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Abstract—Recently, there has been a flurry of research on
the use of Reconfigurable Intelligent Surfaces (RIS) in wireless
networks to create dynamic radio environments. In this paper,
we investigate the use of an RIS panel to improve bi-directional
communications. Assuming that the RIS will be located on
the facade of a building, we propose to connect it to a solar
panel that harvests energy to be used to power the RIS panel’s
smart controller and reflecting elements. Therefore, we present
a novel framework to optimally decide the transmit power of
each user and the number of elements that will be used to
reflect the signal of any two communicating pair in the system
(user-user or base station-user). An optimization problem is
formulated to jointly minimize a scalarized function of the
energy of the communicating pair and the RIS panel and to
find the optimal number of reflecting elements used by each
user. Although the formulated problem is a mixed-integer non-
linear problem, the optimal solution is found by linearizing the
non-linear constraints. Besides, a more efficient close to the
optimal solution is found using Bender decomposition. Simulation
results show that the proposed model is capable of delivering the
minimum rate of each user even if line-of-sight communication
is not achievable.

Index Terms—Reconfigurable Intelligent Surfaces; Two-way
Communications; Optimization, Bender Decomposition.

I. INTRODUCTION

Reconfigurable Intelligent Surfaces (RIS) is a reconfigurable
meta-surface consisting of several passive reflecting elements
and a smart controller. By modifying the amplitude and the
phase of the incident radio waves, RIS can dynamically control
the radio environment for various purposes, such as enhancing
received signal and canceling interference [1]]. The RIS will
then play a role similar to the one played by a relay station
using decode-and-forward or amplify-and-forward with beam-
forming and directional antennas, but at a lower cost, lighter
weight, less power consumption, and no added interference.

RIS has many attractive advantages such as ease of deploy-
ment, spectral efficiency enhancement, and energy-efficiency.
It only reflects the electromagnetic waves regardless of the
technology used in transmitting these waves. For these reasons,
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RIS constitutes a promising software-defined architecture that
could potentially enable telecommunication operators to sculpt
the communication medium that comprises the network.

Several surveys covering RIS state of the art, principles, and
opportunities have been published [2]]-[4]. There is a number
of papers published in this area covering channel estimation,
modeling, and measurements [5]—[7|], and optimization and
resource allocation [8]-[11]. Also, comparing RIS with other
technologies such as relays is addressed by [[12], [13].

Cooperative communications of relaying have been pro-
posed in the literature to increase the overall aggregate data
throughput, extend the network coverage area, and reduce the
users’ transmitted powers, hence, decreasing the interference
to nearby users. Further, in the absence of the direct link,
relays can maintain the communications links between non-
line-of-sight users [14]].

While both relays and RISs serve conceptually similar pur-
poses, the relay plays the role of receiving and retransmitting
the signal with amplification. In [15]], the authors consider
an RIS-assisted two-way relay network in which two users
exchange information via the base station (BS) with the
help of an RIS. They formulated an optimization problem
where the minimum SNR of the two users is maximized
under the transmit power constraint at the BS. The authors
in [[16] proposed an architecture consisting of two side-by-
side RISs connected via a full-duplex relay. They proved
that this architecture has the potential of achieving promising
gains while requiring fewer reflecting elements. Finally, [|17]]
investigated the two-way communication between two users
assisted by an RIS. They considered two users communicating
simultaneously over Rayleigh fading. They formulated an
optimization problem to maximize the signal-to-interference-
plus-noise ratio (SINR). They showed that their proposed
greedy-iterative algorithm can achieve high performance in
terms of spectral efficiency and low computational complexity.

The key difference between a relay and an RIS is that a relay
actively processes the incident signal before retransmitting an
amplified version of the signal. At the same time, an RIS
reflects the incident signal without any amplification using



passive beamforming. The relay achieves a higher signal-to-
noise ratio (SNR) at the cost of a pre-log penalty due to
the two-hop transmission. The authors in [18] compared an
amplify-and-forward relay with RIS showing that RIS is much
more energy-efficient than the relay. Since decode-and-forward
(DF) relay outperforms amplify-and-forward (AF) relay, the
authors in [19] compared a DF relay with RIS. The main
observation in this paper is that very high rates and/or large
number of reflecting elements are needed to outperform DF
relay, both in terms of minimizing the total transmit power
and maximizing the energy efficiency.

This paper considers the use of an RIS to improve commu-
nications between two wireless communicating devices that
can be either two end users or a basestation and an end user.
The problem we consider is when the two communicating
devices do not have a direct line-of-sight between them, then
rather than using a relay station, which requires a line power
connection, and also consumes a significant amount of power,
an RIS panel may be used to provide this enhancement.
The RIS panel does not require a significant amount of
power, and can be powered from a renewable energy source,
e.g., using a solar panel, and can therefore be located at
places where the relay stations may not be otherwise located.
The system model assumes that users are tuned to different
channels, and different elements of the RIS panel are used to
support communication in one direction only, but collectively
they support communications in two directions. The paper
formulates an optimization problem to minimize the energy
consumed by end stations, while taking into consideration the
energy harvested by the solar panel used to power RIS panel’s
microcontroller(s) and elements. The optimization problem
determines the number of RIS panel elements necessary
for operation, and which RIS panel elements are used for
communication in each of the two directions, as well as
the end users transmit powers. A minimum transmission rate
constraint is enforced. The optimization problem is a mixed-
integer non-linear problem. The non-linearity is removed by
linearizing the non-linear constraints. Moreover, a close to
optimal heuristic solution based on Bender’s decomposition
is introduced. Numerical results explain the performance of
the system.

The paper is organized as follows. In Section II we introduce
some use cases that can be adapted to the of model of this pa-
per. Section III introduces the system model. The optimization
problem formulation is introduced in Section IV as well as the
Bender decomposition solution approach. Section V introduces
simulation results, and Section VI concludes this paper with
some remarks.

II. USE CASES

In this section, we present use cases that integrate RIS in the
data communications scheme. Given that our proposed scheme
introduces a general communication model between a source
and a destination assisted by an RIS panel, this model can be
applied to several use cases. We present some of them below.

A. D2D-RIS Use Case

Direct communications can improve the spectrum utilization
and enhance the data throughput between nearby users [20],
[21]]. Several short-range wireless frameworks have been pro-
posed in the literature to allow nearby users to communicate
directly with each other such as Bluetooth, WiFi-Direct, LTE-
Direct, and UAV-Direct [20]], [22]. The major differences
between these frameworks are the communication ranges,
applications, and discovery mechanisms. Although these tech-
niques have larger discovery ranges than self-discovery (with-
out the help of base station), it is sometimes challenging in
infrastructure-less environments (no or minimum access to the
base station). The challenge is how to manage the resources
between the D2D pairs in an efficient way.

The RIS using LTE-direct can enhance the D2D link [23].
The D2D enhancement model can be given as:

o D2D users communicate with each other via a direct link
and an RIS link. One of the users can be a mobile device,
while the other can be another mobile device or a base
station.

o The user’s discovery is done using the LTE direct tech-
nique.

o The base station manages (without being involved in
the data communications) the bandwidth resources and
transmit power allocations to reduce the interference
between D2D users, and therefore increases the aggregate
data rate.

o RIS optimizes the cells/elements assignment between
different D2D pairs using its controller.

B. BS-RIS-BS Use Case

In this use case, one BS is providing the fronthaul/backhaul
connectivity to another BS. If the direct link between the
two BSs suffers from shadowing or even failures, the RIS
will play an important role in providing an alternate path for
the fronthaul/backhaul connectivity between the two BSs. The
authors in [24] considered the deployment of RIS for wireless
multi-hop backhauling of multiple BSs. The performance of
the proposed scheme is evaluated in terms of outage prob-
ability. They showed that the proposed scheme has several
desired features that can be exploited to overcome some of
the backhauling challenges, such as severe attenuation.

C. BS-UAVEIS_USER Use Case

In this use case, the RIS is mounted on a UAV, i.e.,
UAV?IS | to assist the communication between two com-
municating devices, i.e., BS-USER, BS-BS, USER-USER.
This configuration can improve the channel quality in urban
environments given the high probability of line-of-sight that
the UAV can achieve. The authors in [25] proposed a new 3D
networking scheme enabled by UAV?!S to achieve panoramic
signal reflection from the sky. They showed that UAVZ/S not
only enjoys higher deployment flexibility but also is able to
achieve 360 degrees panoramic full-angle reflection.



D. UAV-RIS-BS/USER Use Case

In this use case, the RIS is mounted on a building’s facade
and assisting the communication between the UAV and the BS
or the UAV and the user. The authors in [26] demonstrated
that the proposed configuration can considerably improve the
system’s average achievable rate.

III. SYSTEM MODEL

In this section, we investigate a time-slotted system of a
finite time period divided into T = 1, .., 7T, time slots of equal
duration 75.

A. Network Model

We considers a two ways communications system where
two battery-operated single antenna users, denoted by wu;
and wg, exchange information through the help of the RIS
containing N reflecting elements as shown in Fig. We
assume that u; and wue transmit their signals using different
bandwidth sets, namely B; and Bs, respectively. Also, we
assume that the RIS panel is equipped with reflecting elements
responsible of reflecting the received signal from u; to us and
vise versa.

Renewable —— A
— e
Energy source

l—""RIS with N
elements

Fig. 1:

System model of two-way relaying.

We assume NLoS transmission based on the reflection from
the RIS panel in addition to the LoS transmission. Both wu;
and us transmit their messages x; and xo simultaneously at
time ¢ to all RIS elements with a power denoted by P;(¢) and
P,(t), over By and Bs, respectively. Therefore, the consumed
transmitted energy at w; and wo during time ¢ are given,
respectively, as EY = T, P;(t) and EY = T,P(t). Each RIS
element can take one of the following action: a) towards wu;:
reflect the received message from us to uy over B, b) towards
ug: reflect the received message from u; to us with By, or ¢)
no-action: no reflection and the element will be turned off to
reduce the energy consumption. In other words, due to energy
constraint, some of the RIS elements will help in reflecting the
received signals and the other elements will be turned off. Let
us define P™® as the peak power at u; and us, respectively.
We defined the LoS channel gain between uq and us as his.
The channel gain between u; and RIS, and the channel gain
between us and RIS are defined, respectively, as hy and ho
While, the reverse channel gain between RIS with u;, and
ugy are denoted by h¥(t) and hl (t), respectively, where ()
denotes the hermitian operator. Without loss of generality,
all channel gains are assumed to be constant during the two

transmission phases. Also, all noise variances are assumed to
be equal to 02, and E [|z1[*] = E [|22|?] = 1, where E[]
denotes the expectation operator.

B. Data Rate

The LoS received signals at u; and ug are given, respec-
tively, as:

Yo% (t) = ha1v/pa(t) + nu, (1)
y3°%(t) = ha2v/pa(t) + na, )

where n; is the noise at u;. Let us now define a binary variable
€;n equal to 1 if the element n reflects the signal towards w;
during time slot ¢ and 0 otherwise and given as:

L,
€in (t) = {0

Note that, each RIS element will be used either to reflect to
the fRISt user of the second one. Therefore, the following
condition must be satisfied:

otherwise.

3)

2
ZQ‘,n(t) <1, Vn,Vi, 4)
i=1

The following diagonal matrix represent the properties of
the RIS corresponding to u;:

®,(t) = o diag(e; 1 ()7 (1), ..., e n ()N (1) (5)

where o € (0, 1] denoted as the amplitude reflection coeffi-
cient and ¢,,(t) is the phase shift variables of element n that is
controlled and optimized by the RIS. Therefore, the received
reflected signal to u; and wuy are given, respectively, as:

Y5 (t) = (b (£)@(6)ha(t)) /Py (1) + 71 (D), (6)

Yo' "7 (t) = (b3 ()@ (t)ha () /P, (t) + ra(t), ©)
The data rate at u; and uo are given as:

+ h?(t)in(t)h;(ﬂlz)
2

Ri(t) = maxlog, <1 A0l

g

®)

Pi(t) (Bl + @ X0 €in (O)[hin (D, (0)])

=1 1
0g2< + p

(©))

where 7 = 1 if i = 2 and vice versa. Note that (@) can be
derived from (8)) based on the proof in [27]]. It is worth pointing
out that hY (1)®;()h;(t) = a S0, € By (£)hy,, (1))

if the element n reflects the signal towards wu;,

)



C. Energy Model

In this paper, we assume that the RIS can harvest from
Renewable Energy (RE) such as solar. We model the RE
stochastic energy arrival rate as a random variable © Watt
defined by a probability density function (pdf) fo(6). For
example, for photovoltaic energy, © can be interpreted as the
received amount of energy per time unit with respect to the
received luminous intensity in a particular direction per unit
solid angle.

The power consumption of the RIS panel relates to the
number of reflecting elements, /N, and the bit resolution of
the phase control. Since all the elements of the RIS panel are
theoretically passive, they still consume energy in practical
when the diodes used in each reflecting elements are ON [28]].
However, this power is negligible compared with the power
consumed by the smart controller. This power depends on
the controller circuit implementation and the communication
module used. Hence, it is reasonable to assume that the bit
resolution of all phase shifters are identical on one RIS panel.
Therefore the power consumption of the RIS is given by N P,,
where P, denotes the dissipated power per RIS element caused
by the circuitry required for the adaptive phase shift. Given that
some elements may not be used, the RIS energy consumption
during time slot ¢ can be given by the following:

EFS(t) =T, Y einl(t)P.

1=1n=1

(10)

where T is the time slot slot duration. The harvested energy
at the end of time slot ¢ can be given as

En(t) =Tin6(1), (1)

where 7 is the energy conversion efficiency coefficient, where
0 < n < 1. Notice that the current stored energy in the RIS
depends on the current harvested energy during slot time ¢, the
previously stored energy during previous slots, and the energy
consumption during time slot ¢. Therefore, the stored energy
in RIS at the end of time ¢ based on harvest-store-use model
is given by

Es(t) = [Es(t — 1) + Ep(t) - E®S(1)] " i, vt, (12)

where [z]* = max(0, z). The following constraint need to be
respected to ensure that the harvested energy cannot exceed
the battery capacity as

Es(t—1)+ En(t) < Eg,Vt, (13)

In addition, to ensure the causality energy constraint (i.e., the
RIS cannot consume energy more than the available energy in
its battery at time ¢), we impose the following condition:

EgS(t) < Es(t — 1), ¥, (14)

The energy consumption at user u; for each ¢ is given as:

EY (t) = Topi(t)

K2

(15)

IV. PROBLEM FORMULATION

2

minimize ERSH) 4+ (1 - Ef] t (16)
e, Fe @0 ; €
subject to:
pi(t) < P™ . Vi Vi=1,2. (17)
2
> ein(t) <1, Vn, Vi, (18)
i=1
R;(t) > Ry, VL, Vi=1,2. (19)
EgB(t) < Es(t—1),Vt, (20)
Es(t —1) + Egn(t) < Es, Vt, 2D
where ( is the weight coefficient.
A. Solving The Optimizaton Problem Optimally
For simplification, consider that |h; ,(t)h; , (¢)] = H,; .
Then can be written as:
(1) (ks |+ N o en®H. - )?
10g2 (1+ pz( )(l ul az;2716’ ( ) z,z,n) ) 2 Rth (22)

N
(p;a)(\hm s ei,m)Hi,;,n)Z) > @ 1)e?  23)
n=1

Expanding the terms of the LHS will result in the following:

N
<P£(t) (|h%i|2 + QO“hEi‘ Z ei,n(t)Hiﬁ,n

n=1

N
+a? ( Z 6¢,n(t)Hi,;7n)2>> > (25 _ 7)o 24)

n=1

The term (25:1 en(t)H, ; )2 can be further expanded

71177‘
as follows:

N N
( Z Eiﬁn(t)Hi,i,n)2 = Z eiﬂn(t)H?,i’,n
n=1

n=1

N N
+ Z Z Ei,z(t)ﬁi,y(t)Hi,%,zHii,y

x=1y=1
yF#w

(25)

Then (24) can be written as:



N
pi ()|, * + 20l > pi(Besn(OH, 5, +

n=1
<sz 51n

n=1
non-linearl

+

Zln

(26)

Zzp’ €; xy
\_,_/

z=1y=1
y#z

t)H,; H,; )2(2’%—1)02

non-linear2

where €; 5, (t) is a new binary variable used to linearize
the product of the two binary variables ¢; ,(t) and €; ,(t).
This linearization is well-know and can be represented by the
following inequalities:

gi,zy (t) S Ei,z(t) (27)
gi,xy (t) S 6,‘7y(t) (28)
€iay(t) 2 €ia(t) + €iy() — 1 (29)

The frist two inequalities make sure that €; ;,,, (¢) will equal
to zero if one of the two binary variables ¢; ,(t) and ; ,,(t) or
both of them equal to zero. The three inequalities guarantee
that €; ;,(t) will equal to one if and only if both ¢; ,(¢) and
€,y (t) are equal to one.

The two non-linear terms shown in (26) are having similar
representation of one continuous variable, p;(t), and one
binary variable, either €; ,,(t) or €; 5, (t). These two terms can
be linearized by introducing a new decision variable for each
of them.

We now will consider the general case of linearizing a
continuous variable, p;(t), multiplied by a a binary variable
&2 n(t). In other words, we will linearize p;(t). . (t). Hence,
we introduce a new decision variable p; , , (f) to absorb the
non-linearity resulting from multiplying pl( ) and &, ,,(t). This
non-linearity can be linearized without any approximation
by considering p; , () = p;(t)&:,n(t) where the following
inequalities have to be respected:

pi(t) > p; . ,.(t) >0, (30)
Pion(t) > P& n(t) — P™ + pi(t) (1)
ﬁ:i,z,n(t) S Pmaxgzyn(t) (32)

where P™ is the maximum transmit power. The fRISt two
inequalities ensure that p; _ , (¢) value is between & () and
p;(t). The third inequality guarantees that p; _ , (t) equals to
zero if &, ,,(t) equals to zero. Finally, the three inequalities
guarantee that p; . (t) equals to p;(t) if & n(t) equals to
one.

By considering this linearization and rewriting (26)), the final
linearized constraint can be given as:

N
pi(t)|hy|? + 2alhy;] > ps(t)ein(HH, 5, +

n=1
N
2 ~
a(i:pﬁ,i,n( an+§:§:pzzxy H H )
n=1"=~—" rz=1y=1""~"
linearl yF#x  linear2

> (2 —1)0? (33)

where p;; (t) = p;(t)ein(t) is linearized by the three
inequalities (38)-@0) when replacing ﬁ; () by Diin(t)
and &, ,(t) by €; ,(t). Similarly, ;, l = p;(t)€ay,n(t) is
linearized by the three inequalities (38 ) when replacing
Pi o (8) bY Py, 4, (8) and € (2) by ezyn( )

Now the non-linear constraint (T9) can be represented as a
linear constraint by considering . Then the linear version
of the optimization problem can be rewritten as:

minimize E&S @)+ (1 — EY(t) 34)

Ei,n(t)vei,,ac(t)7€i,y(t)7€i.my(t)v C Z
m(t)zl,ﬁ;,i,”<t),ﬁ;,i,wy(t)

subject to:
pi(t) > P; ;.. (1) >0, (35
Diin(t) = P™ e n(t) — P™ + pi(t) (36)
Diin(t) < P™ein(t) (37
Pi(t) > Pj s 0y (t) >0, (38)
p’L 1 zy( ) > Pmaxgi@y( ) Pde +p7«( ) (39)
iy () < P™ & 2y (1) (40)

B. Bender Decomposition

Although the optimization problem can be solved optimally
based on the solution in Section (IV-A)), this solution is not ef-
ficient due to the presence of large number of binary variables.
In this section, we propose to use Bender Decomposition (BD)
to solve the optimization problem efficiently, in return, the
solution is not guaranteed to be optimal. The BD decomposes
the problem into two simpler problems, namely the master
problem (MP) and the auxiliary problem (AUXP). The MP is
a relaxed version of the original problem, containing only a
subset of the original variables, in our problem, it will contain
the binary variable, and the associated constraints. Its solution
yields a lower bound on the objective function. The AUXP
is the original problem with the variables obtained in the MP
fixed, i.e., € ,(t). Its solution yields an upper bound on the
objective function and is used to generate cuts for the MP.
The MP and AUXP are solved iteratively, until the upper and
lower bounds are sufficiently close [29].



Given that we have two decision variables, p;(t) and ¢; ,,(¢),
we are going to fix p;(¢) in the MP and solve for ¢; ,,(¢) then
we are going to do the opposite in the auxiliary problem.

1) Main Problem (MP): By fixing p;(t) to a given value
Di(t), the MP is given as follows:

minir?i)ze ERS(t) (41)
€i,n t
subject to:
en(t) <1, Vn,Vi, 42)
i=1
Ri(t) > Ry, Vt,Vi=1,2. (43)
EZS(t) < Es(t — 1),V (44)
Es(t—1)+ Ey(t) < Eg,Vt, (45)

The second term of the objective function is eliminated
because it is now constant with respect to p;(t). Also, con-
straint (17 is not considered in this MP for the same reason.
Checking the linearity of this optimization problem, we will
find that the objective function and all constraints are linear
except constraint @3)) which can be written as follows:

N
(ﬁz(t)(|hzi| +ay Ez',n(t)Hz‘,;,n)Z)) > (2% —1)0®  (46)

n=1

N Rin _ 2
(il + @Y eon(®H,,)* > B2 DT @)
n=1 v p'z(t)
Taking square root both sides yields to:
N Ryp _ 2
(il + 0 Y enOB ;) 2 [ B g
n=1 %

The resulting equation above is linear in ; ,, () and, hence,
the MP is now linear and can be solved as an Integer Linear
Programming (ILP).

2) Auxiliary Problem (AUXP): Similar to the MP, by fixing
€;,n(t) to a given value & ,(¢), the AUXP can be given as:

2
minimize EY(t (49)
pi(t)>1 ; ( )
subject to:
pi(t) < P™ Wt Vi=1,2. (50)
Ri(t) > Ry, Vt,Vi=1,2. (51)
E§S(t) < Es(t — 1), ¥4, (52)

Es(t—1) + En(t) < Eg,Vt, (53)

The first term of the objective function is eliminated because
it is now constant with respect to €; ,,(t). Also, constraint
is not considered in this auxiliary problem for the same reason.
Checking the linearity of this optimization problem, we will
find that the objective function and all constraints are linear
except constraint which can be written as follows:

(2Fth —1)0?
(1hz] + o 25:1 EiﬂL(t)Hi,%,n)?

Note that this constraint is now linear in p;(t). Given that
the auxiliary optimization problem’s objective is to minimize
the transmit power of both users, the optimal value of p%(t),
denoted as pg(t) can be obtained by changing the inequality
of constraint to equality.

p;(t) >

(54)

V. SIMULATION RESULTS

We consider an RIS serving a couple of users, u; and uo,
located at coordinates (1, 1) and (1000, 1), respectively. We
vary the x coordinate of the RIS in order to study the optimal
locations under different scenarios. The x coordinates of the
RIS ranges from 1 to 1000, and the y coordinate is 150.
Regarding energy harvesting, we assume that 6(¢) follows a
truncated normal distribution with mean 2 W and variance
0.25 in the interval [0, 2.4]. In our simulation, we calculate
the average solution over 35 different scenarios. The rest of
the simulation parameters are shown in Table [I]

Table I: Simulation Parameters

l Parameter ‘ Value “ Parameter ‘ Value
pmax 1w P, 5 mW
N 50 Ts 1
o? 3.9811e-11 n 0.9
Path loss constant 2 n 50
a 1 Rip 0.1,5,7,7.5

Objective Function vs. RIS's Location
T T T

[ |—a—optR, =5

| — ¥ 7BD:Rm=5
—+—Opt: Rm =0.1

— o —BD: Rm =0.1

Objective Function (Joules)

D

I | |
1 250 500 750 1000
RIS' x coordinate

Fig. 2: Optimal vs. BD Solutions with different R;;, values
and RIS’s locations.

In Fig. 2| we compare the optimal and BD solutions with
different Ry, values and RIS’s locations. The objective is to



minimize energy consumed by the users. It is shown that
Bender Decomposition achieves a close solution to the optimal
solution. On the other hand, we can see that the highest total
energy consumption happens when the RIS is located in the
middle. This is because both users need to reach the RIS that
is located relatively far away from them.

Objective Function is the sum of consumed energy by users and RIS
44 T T T

________________ —~8]
a2 - > e - pS 735

—-©-— Objective Function: R, =7
—x— Objective Function: R, =5
Ug =
361 |—*%—E th =7
— —gUY. -
A -gYR, =5

Objective Function (Joule)
Energy Consumption (Joule)

RIS. o _
—%-—ETTR, =7
34

RIS. o _
0 EYSR, =5

321

0
1 250 500 750 1000
RIS' x coordinate

Fig. 3: Sum of energy consumed by the RIS and users vs.
different R;;, values and RIS’s locations.

Fig. |3| illustrates energy consumption, under different Ry,
values and RIS locations, when the objective is to minimize
the total energy consumed by the users and the RIS. Fig. [3
indicates that the total energy consumption is dominated by the
users’ energy consumption. The users need to transmit with
high powers to reach the RIS since the RIS is either far away
from one user or in the middle but relatively not close to both
of them. Therefore, we investigate energy consumption when
the objective is minimizing the users’ energy consumption, as
shown in Fig. 4 and Fig. [5]

Objective Function vs. R
35 f

25

4

/

151

Objective Function (Joules)
N
T

051

0 I I I

RIS' x coordinate

Fig. 4: Energy consumed by users vs. different R, values
and RIS’s locations.

Fig. @] presents the effect of varying Ry, to the total energy
consumption of the users. It is shown that increasing the value
of Ry, impacts energy consumption of the users. A higher
value for Ry, results in a higher energy consumption. The
reason is that increasing the threshold Ry, increase the data
rate function, as described in constrain @]) Accordingly, this

can lead to increasing the transmission powers of the users,
i.e., energy consumption.
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Fig. 5: Average number of used RIS’s elements vs. different
Ry, values and RIS’s locations.

Fig. [5] shows the average number of used RIS reflecting
elements under different R;;, thresholds and RIS locations. A
higher value for R;; forces either the users to increase their
transmission powers and/or the RIS to exploit more reflecting
elements in order to satisfy the data rate requirement. This is
because the data rate is a function of transmission power and
used reflecting elements. Consequently, RIS tends to utilize
more reflecting elements as the data rate requirement of the
users increases.

When the value of R;j, is 5, the RIS tends to utilize more
reflecting elements when it is located close to the location
of either users, where the first and second users are located
at coordinates (1, 1) and (1000, 1), respectively. In this case,
one user is far away from the RIS, and hence, utilizing more
reflecting elements to support this user is needed. As we move
the RIS toward the middle location between the two users
(when the = coordinate of the RIS is 500), the users are already
required to transmit with a higher power to reach the RIS, and
the RIS does not have to utilize more reflecting elements where
the required data rate demand can be supported. Interestingly,
the RIS is obligated to utilize more reflecting elements as it
move toward the middle point between the users when the
value of Ry is 7 or 7.5. The reason is that the users need
to transmit with high power to support a higher data rate,
which could not be satisfied without utilizing more reflecting
elements by the RIS.

Fig. ] presents the effect of the total number of reflecting
elements on the total energy consumed by users. Total energy
consumed by the user when N = 100 is less than the energy
consumed by them when N = 50, where R;;, = 1 and P™* =
2 W. It is shown that more reflecting elements available to the
users can contribute in reducing the total energy consumption
of the users. For a given Ry, the user can achieve the data
rate goal while transmitting with a lower power level when
the number of the available reflecting element is higher, as
described by equation (22).
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Fig. 6: Energy consumed by users vs. N and RIS’s locations.

VI. CONCLUSIONS

This paper investigates the use of an RIS panel to improve
bi-directional communications between two user, and these can
be end users or a basestation and end user. We considered the
case in which the RIS panel is powered using a solar panel that
harvests energy, and the harvested energy powers the reflecting
elements as well as the panel’s microcontroller(s). An opti-
mization problem was formulated to decide the transmit power
of each of the two users, and the number of elements that will
be used to reflect the signal of any two communicating pairs
in the system while guaranteeing a minimum transmission
rate. The optimization problem assumes that the RIS panel
is located at a given location, and is a mixed-integer non-
linear problem, and its objective is the minimization of the
energy consumed by the end users. The non-linear constraints
are minimized, and a heuristic approach using the Bender
decomposition is used to find a near optimal solution. Nu-
merical results showed that the proposed model is capable
of delivering the minimum rate of each user even if line-of-
sight communication is not achievable. It also showed that the
energy consumption depends on the location of the RIS panel.
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