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Abstract—In this article, we study reconfigurable intelli-
gent surface (RIS)-assisted networks to support Internet of
Things (IoT) devices. We propose RIS beamforming strategies
to maximize sum rate and fairness and analyze the RIS location.
We derive a theoretical lower bound of the minimum number of
RIS elements needed to guarantee specific network performance
metrics and validate our results via simulations. We present two
RIS scenarios in this study, both with the same total number
of RIS elements: 1) centralized RIS, where a single RIS assists
the network and 2) distributed RIS, where each transmitter has
its own dedicated RIS. We study addressing two practical chal-
lenges related to RIS elements and channel state information
(CSI) assumptions. First, we consider hardware limitations by
assuming that each RIS element is equipped with a discrete phase
shifter (PS). Second, we investigate the impact of CSI perfect-
ness and availability in the network; therefore, we evaluate the
performance of the RIS-assisted network under two scenarios:
1) centralized RIS with imperfect global CSI and 2) distributed
RIS, where imperfect local CSI is available at each transmitter.

Index Terms—Beamforming, channel state information (CSI),
distributed transmitters, fading channels, integer programming,
Internet of Things (IoT), reconfigurable intelligent surface (RIS),
throughput.

I. INTRODUCTION

N THE past few years, Internet of Things (IoT) com-

munication networks have enabled devices with sensing,
processing, and communication capabilities to provide a wide
range of services, such as intelligent manufacturing, emer-
gency detection, and structural health monitoring with minimal
human interaction [1]. To fully utilize the potential of IoT
networks, two research challenges need to be addressed.
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1) The issue of massive connectivity is foreseen as hun-
dreds of billions of IoT devices will be in operation by
2030 [2], and this results in a co-channel interference
issue.

2) Many IoT devices rely on batteries, which are supposed
to last for ten years or more, and this necessitates to
development of power-efficient solutions [3].

To address these challenges, one solution is to allocate a

unique chunk of spectrum to each IoT device, which is
not a scalable solution due to the scarcity of the spectrum.
Furthermore, massive multiple-input multiple-output (MIMO)
with a large number of antennas is an attractive beamform-
ing technique to support IoT devices, which creates a focused
beam for the desired IoT device while simultaneously provid-
ing nulls at undesired devices. Nevertheless, this approach is
power hungry as each antenna is connected to a single radio
frequency (RF) chain, thereby increasing the complexity and
cost of the method.

A promising application of programmable metasur-
faces called reconfigurable-intelligent-surface (RIS) has been
recently introduced. An RIS comprises a large number of
passive elements, specifically phase shifters (PSs), that are
intelligently tuned to substantially improve wireless communi-
cation performance. On the one hand, RIS has the capability to
enhance signal quality, making it possible to accommodate IoT
devices in scenarios with massive connectivity. Moreover, RIS
offers low-cost hardware with low-power consumption due to
its passive reflectors. As a result, RIS could be a solution
to respond to the aforementioned challenges and therefore has
found a vast number of applications in IoT networks, including
but not limited to joint beamforming, to enhance over-the-air
computation [4], improving secrecy rate [5], and unmanned
aerial vehicle (UAV) communications [6].

A. State-of-the-Art

The exceptional features of RIS have garnered signifi-
cant attention from both academia and industry, leading to
apply RIS-based beamforming techniques to enhance the
performance of wireless communication networks, such as
maximizing the sum rate and improving fairness among the
IoT devices [7], [8], [9]. In particular, Zheng et al. [7] studied
an RIS-assisted multiuser multiple-input single-output (MISO)
wireless-powered communication network, where the users
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harvest energy in the downlink and transmit their information
simultaneously in the uplink to a single access point (AP).
Zheng et al. [7] maximized the weighted sum rate by jointly
optimizing the active beamforming at the AP and the pas-
sive beamforming at RIS. Next, Xie et al. [9] investigated
an RIS-assisted multicell MISO network to suppress the inter-
cell interference. They focused on a max-min fairness problem
and applied an alternative optimization (AO) method to jointly
optimize the AP beamforming and the RIS elements.

As we mentioned earlier, IoT networks confront a massive
connectivity challenge. Consequently, assuming distributed
APs in the network supporting multiple IoT devices is a more
realistic scenario. Motivated by this, Fu et al. [10] consid-
ered an RIS-assisted MIMO device-to-device network with
distributed APs and then maximized the achievable degrees
of freedom (DoF) by jointly designing the PSs at RIS and
transceiver coding matrices. However, the extent to which RIS
beamforming and active beamforming at the transceivers con-
tribute to the overall benefit is unclear. Therefore, in the first
part of this work, similar to [11], we focus on pure RIS gain by
considering a single-input single-output (SISO) network with
distributed APs that uses a single RIS, which we refer to as
a centralized RIS, to support multiple IoT devices. Here, we
design RIS beamforming to maximize sum rate and optimize
fairness.

Previous studies have typically considered Rayleigh fading
for channels without a Line of Sight (LoS), Rician fading for
channels with an LoS link, and Nakagami fading for sce-
narios involving multipath where one path is non-LoS but
stronger [7], [8], [9], [10], [12]. In our work, we comprehen-
sively evaluate the performance of our RIS-assisted network
under Rayleigh, Rician, and Nakagami fading models.

The construction of a PS with infinite-bit resolution is dif-
ficult due to manufacturing issues [13]. Thus, discrete PSs are
utilized in real-world scenarios, which turn the optimization
problem into a nonconvex nonlinear integer programming
(NLIP) problem that is NP-hard. To the best of our knowl-
edge, a brute-force search is the only method to obtain the
global optimum solution of an NLIP problem, which exam-
ines all possible solutions. However, the brute-force search
is not a practical approach due to its extremely high com-
plexity. Thus, Gong et al. [14] and Abdullah et al. [15]
proposed a successive-refinement (SR) algorithm to optimize
the discrete PSs at RIS. However, this approach only pro-
vides local optimal solutions. In this article, we introduce a
low-complexity optimization method based on filled function,
which directly targets discrete PSs to optimize the RIS ele-
ments and uses filled function to move from one local optimum
solution to a better one.

Apart from optimizing the RIS elements, it is important to
determine the RIS location. Placing the RIS close to either
the transmitter or receiver is a possible solution to mitigate
the impact of product-path loss in the Tx-RIS-Rx link, but it
may not always be practical due to user mobility or physical
constraints. To address this issue, networks utilizing multiple
RISs, referred to as the distributed RIS scenario, have been
proposed to improve the performance of the RIS-assisted
networks [16], [17], [18], [19], [20]. Specifically, a strategy
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based on double-RISs was proposed in [16], where one RIS
is located near the AP, and the other is placed near a cluster
of users. However, assuming one RIS near the users can be
challenging. Next, Do et al. [17] studied the statistical charac-
terization and modeling of a network with distributed RISs,
while the results were limited to a point-to-point scenario,
and RIS elements were not optimized. Then, Yang et al. [18]
focused on a distributed RIS-MIMO-non orthogonal multiple
access (NOMA) system and used discrete PSs as the RIS ele-
ments, Galappaththige et al. [19] proposed a distributed RIS
scenario in a cell-free massive MIMO setup to maximize the
sum rate, and Mei and Zhang [20] applied a beamforming
technique in a MIMO network assisted by distributed RIS to
optimize fairness among the users.

As RIS uses passive elements, it requires many elements
to enhance the network performance, and this increases
the number of channels significantly. Yang et al. [18],
Galappaththige et al. [19], and Mei and Zhang [20] assumed
that AP obtains perfect global channel state information (CSI)
prior to communications through the pilot signals. However,
in real-world scenarios, the channel estimation process faces
two main challenges.

1) Imperfect CSI: 1t is feasible to have an error in the esti-
mation process due to hardware impairments, noise, and
so on, which results in imperfect CSI, and hence affects
the beamforming strategies at AP and RIS [21].

2) CSI Availability: A large number of channels in the
RIS-assisted network, especially with multiple RISs,
necessitates a large bandwidth for the feedback signals
from the IoT devices to the AP, and this could be a
bottleneck in the network.

As a result, in the second part of this article, we investigate a
network with distributed RISs, where one RIS is dedicated to
each AP. In this case, we assume each AP knows its outgoing
imperfect channels to all IoT devices, and beyond that, it only
knows the statistics of the other channels. We define this as
local CSI at transmitter (CSIT).

Moreover, we analytically derive a lower bound of the min-
imum number of RIS elements needed to achieve a desired
performance metric (e.g., per-user rate) and analyze the results
as a function of the location of the RIS.

Table I represents the main differences between our work
and the literature.

B. Our Main Contributions

We provide more details about our contributions below.

1) We consider SISO RIS-assisted IoT networks with
distributed transmitters. We study RIS beamforming
to maximize the sum rate and address the max-min
optimization problems. We evaluate the performance of
our network using relevant channel models. In particular,
we first analyze the results under Rayleigh fading ana-
lytically and numerically. Then, we focus on numerical
evaluation for Rician and Nakagami fading models.

2) We focus on discrete PSs, which result in nonconvex
NLIP optimization problems. We propose a heuristic
method based on the filled function to solve the problem.
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TABLE I
MAIN DIFFERENCES BETWEEN OUR WORK AND THE LITERATURE

Our paper | [7] | [9]

[12] | [10] | [11] | [16] | [14] | [15] | [21] | [18] | [19]
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Sum-rate maximization
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Max-min rate optimization

Rayleigh fading
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Rician fading

Nakagami fading

Distributed transmitters

Pure RIS gain

Low-bit phase shifters

Imperfect CSI

Local CSIT

ANENENENENANANENENENENEN

Lower-bound on the number of RIS elements

We compare the efficiency of our approach with two SR-
based methods as well as a genetic algorithm (GA) and
a simplified exhaustive search (SES) method in terms of
complexity and rate.

3) We study the RIS placement in our work, and quan-
tify the minimum number of RIS elements required to
achieve specific network objectives, such as sum rate or
fairness, and we validate the results through simulations,
which would provide valuable practical guidelines.

4) We delve into the practical considerations related to CSI
perfectness and availability in RIS-assisted networks.
Specifically, we examine two RIS scenarios: a) central-
ized RIS, where a single RIS assists the network to serve
multiple IoT devices simultaneously, and imperfect CSI
is available globally and b) distributed RIS, where each
AP has its own dedicated RIS, and each AP knows its
local CSIT. Notice that both scenarios utilize the same
total number of RIS elements to serve IoT devices. Our
simulation findings indicate that the latter scenario not
only achieves a higher sum rate than the former but also
requires fewer RIS elements to attain a given sum rate.

The remainder of this article is organized as follows.

We present our channel model and outline the optimization
problem in Section II. In Section III, we discuss our proposed
optimization approach. Then, in Section IV, we provide
a lower bound on the minimum number of required RIS
elements. Section V presents the simulation results, and
Section VI concludes this article.

C. Notations

Throughout this article, we use bold-face lowercase, bold-
face uppercase, and italic letters to denote vectors, matrices,
and scalars, respectively. We also use C/*/ to describe the
space of / x J complex-valued matrices. diag{x} is a diagonal
matrix using vector X, and |x| and ||x|| are the absolute value
and Euclidean norm of complex-valued vector x, respectively.
We use E(-), log(:), Re(-), and Im(-) to denote the statisti-
cal expectation, logarithmic function in base 2, and real and
imaginary parts of a complex number, respectively. Finally,
BM shows the conjugate transpose of matrix B.

II. PROBLEM SETTING

This article focuses on an RIS-assisted IoT network
with K single-antenna distributed APs (transmitters) and K

single-antenna IoT devices (receivers). We consider two RIS-
based scenarios: 1) centralized RIS, suitable when the RIS
can be positioned near the transmitters or receivers and
2) distributed RIS, where each transmitter is equipped with
a dedicated RIS. Fig. 1 shows the network model, which
could capture the communication dynamics of real-world IoT
networks with massive connectivity, such as smart cities and
Industrial IoT (IIoT) networks, where RIS(s) can be installed
on building facades or factory walls, respectively.

A. Centralized RIS

In this case, we use a centralized RIS with M reconfigurable
elements as shown in Fig. 1(a), where Tx;, RIS, and RXx; are
available at (xy], ygi]), (x0, ¥0), and (xg], yy]), i=1,2,...,K,
respectively. B

Channel Model: We use hl (1) € C*!, WUl e CMx1,
and gll(r) € C*M (o denote the channels of Tx;-Rx; link
(between Tx; and Rx;,i,j € {1,2,...,K}), Tx;-RIS link, and
RIS-RXx; link, respectively, at time 7. We assume RIS elements
are spaced at least 1/2 apart from each other where X is the
wavelength of the transmitted signal. Thus, the elements of
hY(7) and glil(r) are independent across time and users.

CSI Perfectness: We assume each receiver estimates its
incoming channels from all transmitters perfectly and then
informs the others about these channels through two cases.

1) The noiseless links, which represent that other network
nodes learn the channels perfectly as the receiver (noise-
less CSI).

2) The noisy links, meaning that the information provided
to the transmitters is noisy and thus imperfect. We refer
to this as “noisy-p” channels if other nodes attain the
imperfect channels at a signal-to-noise ratio (SNR) of
p dB.

CSI Availability: Similar to [7], [8], [9], [10], and [11], we
assume global CSI is accessible throughout the network, and
there is no further data exchange between the transmitters.
Additionally, no data is exchanged beyond CSI between the
receivers.

Small-Scale Fading: Similar to [22], [23], and [24], since
in practice, RIS is usually positioned with the knowledge of
the AP’s location, we consider hU! (#) is an LoS channel vector
@i.e., h¥1(z) = W), On the contrary, due to the user’s mobility
and the complex propagation environment, assuming hg'] )
and gl!l(f) are LoS channels is impossible in practice; thus,
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Fig. 1.

we assume hgi] () and g[q (t) are distributed based on Rayleigh
fading. Here, we write h%], the mth element of h[/], as follows:

2
hl[jl] — e_]Tdej—RIS[m] (1)

where dp, _pigim shows the distance between Tx; and the
: .

mth element of the RIS. In addition, hg'](t) and g%](t) (the
mth element of gl!l(r)) are distributed based on CN(0, ohzd)
and CN (0, ag), respectively, where Gfd and O'g show the cor-
responding variances. Later, in Section V, we will evaluate
the performance of our RIS-assisted network by considering
Rician and Nakagami fading models as more realistic channel
fading models.

Large-Scale Fading: We use Cod™“ as the path loss profile
where C( describes the signal loss at a reference distance (e.g.,
1 m), d is the distance between a pair of nodes (e.g., TX; and
Rx;), and « represents the corresponding path loss exponent.

For simplicity, in the rest of this article, we use my,, a}%d, and

ag to denote h,[f,], the variance of hgl] (¢), and the variance of
each element of gl (r), respectively, which include the impact
of both small-scale fading and large-scale fading. In this work,
we assume that the array aperture of RIS is relatively small,
leading to a correspondingly small Rayleigh distance. As a
consequence, the channels primarily fall within the far-field
region, and the influence of the near-field is deemed negligible.

RIS Configuration: We assume a controller between TX;
and RIS to exchange CSI and control the RIS elements over
a separate link. Moreover, we consider only the first reflected
signal from the RIS due to the significant path loss; thus, if
X(#) is the incident signal at time ¢, we find the reflected signal
from the mth element of the RIS as

Sn) =3O (Bu@e™ @), T=m=M @

where B,,(1) € [0, 1] and 6,,(r) € [0, 27) are the amplitude
and phase of the mth element of the RIS, respectively, at time
t. For simplicity, we consider §,,(#) = 1 in this work. We also
assume that each RIS element has a b-bit PS, indicating that
each RIS element can only take N = 2° quantized levels. We
define ¢y, the set of quantized values of 6,,(¢), as

2r 4w 2n(N —1)

’W’W"”’T}' (3)

¢N={O
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(b)

<> Control signal

- RIS controller

SISO IoT networks with distributed transmitters and (a) centralized RIS and (b) distributed RISs.

Moreover, we use ©@) € CM*M 5 denote the RIS
configuration, which is given by

@(z):diag{e"“)], 0(1) = [6,(1). (D). ... O (D]. (@)

Received Signal: The received signal at RX; is a combination
of the direct signals from the APs and the reflected signals
from the RIS, which is given by

K
3 = Y [ 000 + 0 [yo +mo o)

j=1

where xj(f) is the transmitted signal at Tx;, n;(t) ~
CN (0, 0%) is additive white Gaussian noise (AWGN) at Rx;,
and E{x(t)xH(t)} = diag([Py, P2, ..., Px]) where x(t) =
1D, %20, ..., xxk@®)] € C>K and P;,j € {1,2,...K}
describes the transmit power from TX;. As we describe later,
all operations occur in a single coherence time; therefore,
the time notation is removed throughout the rest of this
work. In this work, we assume that the coherence time,
and thus the coherence distance, is large enough so that all
evaluations involve communication channels experiencing flat
fading during each time slot. Then, we use (5) and write
the signal-to-interference-plus-noise ratio (SINR) at Rx; as
follows:

Pi[gt1on + 4! ’

SINR; =

K yi|? ©
T
o+ 31 Pj’g[’] Ol + 1,

B. Distributed RIS

As depicted in Fig. 1(b), we have K distributed RISs,
one dedicated RIS to each transmitter, where each RIS has
(M/K)" elements (i.e., total RIS elements is equal to M). We
assume the same location notations for the transmitters and
the receivers as discussed in Section II-A and use (x([)’], yg]) to
denote the location of RIS;, the ith RIS.

Channel Model: We use hUl ¢ CM*1 and glil ¢ CPM to
denote the channels of TXj-RIS,-, i,j“= 1,2,..., K and RIS;-
Rx; links, respectively. Notice that hgl], large-scale fading, and
small-scale fading are similar to the case with a centralized
RIS. However, since RIS; is dedicated to Tx;, assuming LoS
channels between Tx; and RIS; is not feasible. As a result,

Iwithout loss of generality, we assume M is divisible by K.
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we assume that hU/l is distributed based on Rayleigh fading
whose elements have CN (0, 5}12) distribution.

CSI Perfectness: Here, we assume two channel knowledge
cases as noiseless and noisy-p channels.

CSI Availability: Acquiring global CSI requires an excessive
overhead because of the substantial number of channels in the
RIS-assisted network. This overhead would create a bottleneck
in practice as feedback channels have limited bandwidth [25],
[26], [27], [28], [29], [30] and the delay overhead may render
forward communications infeasible [31], [32]. Therefore, in
distributed RIS case, we consider no data exchange between
the transmitters and focus on a more realistic assumption as
Tx; is aware of its outgoing channels to the receivers (the direct
channels and the channels through RIS;) and beyond that, it
only knows the statistics of the other channels. We refer to
this model as local CSIT [25], [27], [28]. Further, Rx; knows
its incoming channels from all transmitters plus the outgoing
channels from TX; to compute the optimal configuration at
RIS; and beyond that, it only knows the statistics of the other
channels. There is no data exchange beyond CSI between the
receivers.

RIS Configuration: We assume TX; uses a controller to
exchange CSI and control the PSs at RIS; via a separate link.
Similar to the centralized case, we consider only the first
reflected signal from each RIS and use 9,[,,” € ¢y to denote
the phase shift at the mth element of RIS;. Then, we use
@l ¢ CM*M to show the RIS configuration at RIS; as

ol = diage”"}. o =[ofloll, .. of]]. @

Received Signal: According to the channel coefficients and
Ol we find the received signal at Rx;, which is given by

K
vi = [Z glilelIplil h([;i]i|xi @®)

i'=1

K K
j=1j#ili=1
Notice that the assumptions about x;, transmit power P;, and n;

are similar to the assumptions described in (5). Based on (8),
we compute the SINR at the ith receiver as follows:

2

P[> K_, glilel/InliT 4 plif

SINR; =

o T 2
T EE [T s IO 1 ]
9

C. Optimization Problem

One of our goals in this work is to find the RIS configu-
ration that maximizes the sum rate. Therefore, we define the
following optimization problem with a centralized RIS

K
1 1 + SINR;) = mi (/]
m;x; og(1+ ) = min ¢(0)

= —q®

st.O=1[01,6,....0u], Owecody, l<m<M. (10)
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Moreover, to meet fairness among users, we define a max-min
optimization problem as

max min log(l + SINR;)
0 i=(1,2,...K}
st.0=1[01,62,....,0ul, oy, 1 <m<M. (11)

Notice that (10) and (11) are NLIP problems, and as we dis-
cussed in Section I, there is no efficient way to find the global
optimum solution for them. Hence, an NLIP problem can be
solved through two methods.

1) Converting it to an equivalent convex approximation
problem and then applying a regular convex optimizer,
such as CVX [33], to find the approximated solution.
Li et al. [8] converted (10) into a format known as the
difference of convex (DC) problem and then applied
the successive convex approximation (SCA) method, an
iterative approach, to find an equivalent convex form
of the DC problem. Additionally, Zheng et al. [16]
focused on (11) and employed semidefinite relaxation
(SDR) and bisection methods to discover a quasi-convex
equivalent for (11). Nevertheless, Li et al. [8] and
Zheng et al. [16] made certain approximations in their
approach, potentially compromising the optimality of
their solutions;

2) Using a heuristic method (e.g., SR, filled function, and
GA), which directly focuses on the original problem.
This allows for solving both (10) and (11) using a single
optimizer.

Gong et al. [14] and Abdullah et al. [15] utilized the SR-based
methods, which are iterative algorithms that optimize each of
the RIS elements alternately while fixing the other M — 1 ele-
ments in an iterative manner until convergence is achieved.
However, these methods tend to converge to local solutions.
Therefore, in this article, we focus on heuristic methods and
propose an optimization method based on sigmoid filled func-
tion to optimize (10) and (11). In the next section, we show
how our approach moves from one local optimum solution to
a better one using the filled function.

Since only local CSIT is available to each transmitter in the
distributed case, it is not feasible to maximize the sum rate.
Thus, in Section III-B, we will define score; in (17) for Tx;
and formulate the optimization problem accordingly.

III. PROPOSED OPTIMIZATION APPROACH
A. Centralized RIS

The idea of the filled function optimization method was
originally introduced in [34] for the continuous domain. Then,
Ng et al. [35] updated it for the discrete domain. In this article,
we use a sigmoid-based filled function and run local and global
searches to optimize (10).

Local Search: We define A/(@) as the neighbors of RIS
configuration @ such that

where A, is an M-length column vector with the mth element
chosen from {0, 27 /N), (4n/N), ..., ((2n(N — 1)]/N)} and
the others set to zero; further, A is the direction set equals
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Algorithm 1 Local Search

Algorithm 2 Global Search

. Joc . . sloc Joc
Input: 0., i 6: iy¢ <1+ 1;

Output: % 7. if 0% # 6, and i[° < %,
110 =0; 0% = 0;; then
2: for A, € A do 8 0, =0%
3 0 =074+ Ay 9:  Go to line 2;
4: if q(é) < q(0*) then 10: else
5. 0* =0: 11:  6* is the local mini-
mizer.

to A ={Au,m=1,2,..., M}. Here, the local search scans
all neighbors of @ to find a solution as 8* € N'(#) such that
q(0*) < g(0). If we cannot find such 6%, we call 6* = 6 the
local minimizer; otherwise, we consider § = 6* and repeat
the local search.

We provide Algorithm 1 to demonstrate how the local search
works. We use ileOC to denote the number of iterations to find
the local optimizer in the £th round of using Algorithm 1.
Then, we define i!%, as the maximum value of il°. Initially,
we set zlg"c = 0 and 0* = 0,, and then, in lmes 2 to 5, we
check all the neighbors around @, to find a better solution than
0,. To do this, we set 0 =0+, If q(0) < q(0"), 0 offers
a better solution than #*; hence, we set §* = =0. Following the
completion of the search among #,’s neighbors, we increase
i°¢ by one. If 0* = 0, or il°° > i!% . we consider 8* to be the
local minimizer. Otherwise, we use #; = 6* and repeat lines
2 to 5 for all neighbors of new 6,.

Global Search: The filled function plays an essential
role in the global search. In this work, we use filled
function Q,(f,0*) and define an auxiliary optimization
problem as

moin 0:(0,60%)

s.t. 0,0% € ¢y 13)

where 0* is the current local minimizer of (10), and » > 0
denotes the filled function parameter. The aim here is to
find a better solution than *. The global search begins with
random configuration 6o and uses the local search for (10)
to obtain 03 as its local minimizer. Then, to find a bet-
ter solution, it exploits a sigmoid filled function, which is
given by

1
(0,0%) =\ 1+ w5 Jr(a®) — q(07 14
067 ( +1+ﬂ|l0—0*||2> (a®) —q(67)) (14
where
1+(a(6) — q(6%))
q(0) —q(la*) +r, q0) —q(6) < —r
T ) 11eP@O—a0%)+112) < ‘1(0)_6](0*) <0 (@15
L 4(8) — q(6%) = 0
and
— 0, Q(o)_t](o*)f—r
ﬂ_{l, otherwise. (16)

It apphes 0* to (14) and runs the local search for (13) to obtain
00 Next, it assumes 61 = 00 and runs the local search for (10)

Input: 0o, 7, 7, €, 1, , ifilld; 4. if m = 1 then
Output: 0**; 15: Yy + 1;
:L0=0r0=r,7T=r1,; 16: 03_0[ 1
2. fflled  — 0, for m = 17 else .,
0,1,...,(N—1)M; 18: 0@:0£;
3 0™ =0; 19:  Go to line 4;
4: if ¢ + 1 > T then 20: if m < (N — 1)M then
5 T < T4T1; 210 07 =07, + A
6:  Run Algo. 1 with 8, 222 m<m+1;
and (10) to find 67; 23: lGo to line 12;
: 24: else
; els;;lg :02; 25: if (N Hm ﬁlled -~
9: if q(07) < q(0™) or £ = ifilled or < ¢ then
0 then 26 0** is selected as
10: 0" =07;r=rop; global minimizer.
11: m=1; 27:  else
122 Run Algo. 1 with 67 28 r < 155
29: L<—C—1;

and (13) to get é;;
13 gfilled ﬁlled +1 30:

m—1

Go to line 11;

with 0 to attain 87 as a new local minimizer. We call 67 a bet-
ter solution than the previous local minimizer if ¢(87) < ¢(6).
It repeats this procedure until a stopping criterion is satisfied.
Here, we use r as the optimization parameter. Intuitively, r
denotes a radius around #* that the algorithm seeks for a new
solution. If the global search fails to identify a better solution
with 7, it reduces » by using r = r/10, resulting in a smaller
search area surrounding the local minimizer. Notice that if the
global search discovers a new solution, it resets r to its initial
value. Moreover, we use zﬁned =0,1,2,..., N—1)M to
denote the number of times our method searches for a new
solution by scanning the mth neighbor of a local minimizer
obtained from (13). Then, we define ifl°d as the maximum
number of times the global search uses the filled function
to search for a new solution. Finally, we stop the procedure

if Z(N DM jiilled - filled o — ¢ for some € < 1 (e.g.,

m max
€ =0. 01) and declare the latest solution as the output of the
global search.

Then, to accelerate the search process, in this article,
we modify the global search and use the local search to
optimize (10) every T € N times. More precisely, after
T times of finding the local minimizer of the auxiliary
optimization problem, we run the local search for (10) to
minimize ¢(@).

We provide Algorithm 2 to describe the global search. The
algorithm’s inputs are g, r > 1, 7 > 1, € K 1, zlm"gx, and
igﬂ&d, where 6 is selected randomly. Here, the output is 6**,
and we use £, rp, and T to denote the £th round of the global
search, to keep the initial value of r, and to show which round

of the global search uses the local search for (10), respectively.

Initially, we set £ = 0, ro = r, T = T, f‘n“ed =0,m =
0,1,...,(N — 1M, and ™ = 0y. Then, if £ +1 > T, we

update T and run the local search for (10) with 6, to get its
local minimizer as #7. Otherwise, we skip the local search and
consider 67 = 6. Next, if ¢(8}) < q(0™*) or £ = 0, we set
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02“ as a new optimal solution, reset the value of r (r = rp),
and put m = 1 where m represents the index of a neighbor
around 0% ¢ Then, we use the local search for (13) with 07 ¢ to
obtain 6, ¢ and set lhued <« lﬁ”ed + 1. If m = 1, we increase
£ by one and set Og = 05_1; else, the algorithm knows that
it searched at least one of the neighbors around @ and put
0, = 6_’2 Then, it goes to line 4. Thereafter, if g(8,) > q(0*"),
the global search checks whether it covers all the neighbors
around 02‘ or not. If the answer is no, it updates 6 ¢» increases
m by one, and goes to line 12. Otherwise, if Z(N DM jfilled
ifilled or 1 < ¢, it stops the searching process and declares
0** as the global minimizer; else, it confines the searching
area by reducing r. Then, it sets £ <« £ — 1 and goes to
line 11.

Remark 1: We note that the filled function-based
optimization methods can optimize a general nonlinear
objective function as long as selecting a possible configura-
tion from a discrete set is the only constraint. This model
is usually referred to as an unconstrained optimization
problem [35].

According to Remark 1, we can apply our sigmoid filled
function method to the max-min optimization problem in (11).

B. Distributed RIS

In this case, we assume each transmitter only knows its
own local CSIT; therefore, we define score; as a new objective
function that captures the fact of enhancing the desired sig-
nals from Tx;,i = 1,2,..., K at Rx; while suppressing the
interference signals from TX; at other receivers. Consequently,
we write score; as

1g‘gﬁﬂ()p]hﬁﬂ 4 Rl 2

a7)

A
score; =

@Rl 4 4|

+Z] 1]7&1

where compared to SINR; given in (6), the denominator
includes noise and the interference caused by TX; at unin-
tended receivers. Then, we define the optimization problem
for RIS;, 1 <i < K, as follows:

max score;

9 l

st o = [0l o1, .. o], ol e gn, 1=m =M. (18)
Here, we use the same strategy as Section III-A to

maximize (18) since the filled function can be applied to a

general unconstrained optimization problem.

IV. MINIMUM NUMBER OF REQUIRED RIS ELEMENTS

Prior results, for the most part, either do not consider the
number of RIS elements and instead focus on adjusting the
elements of a given RIS [36] or obtain the number of RIS
elements at high SNRs [11]. On the contrary, in this work,
we compute a lower bound on the minimum number of RIS
elements to guarantee to achieve a specific value of SINR at
each receiver.

5307

A. Centralized RIS

Usually, RIS elements are configured based on channel
coefficients; however, to find a lower bound on M in this
work, we assume that @ is independent of the channels and
selected randomly with uniform distribution. This assumption
has been used in [37] and [38] for switch-based beamforming
techniques. For simplicity, we focus on a symmetric scenario,
which includes the following.

1) All transmitters have the

(e, Pi=P,ie{l,2,...K}).

2) Each receiver stands at the same distance from all

transmitters.

3) The distance between the RIS and all transmitters are

the same.

4) The receivers are placed at the same distance from the

RIS.
We use the following two lemmas to explain our analysis.

Lemma 1 [37]: If gl) shows the channel vector between
RIS and Rx;, whose elements are independent and identically
distributed (i.i.d.) random variables with zero mean and vari-
ance 02, and h! denotes the LoS channel vector between ij
and RIS with value m;,. Then, for a given RIS configuration ®,
where all elements are drawn independently at random from

same transmit power

{0, @7 /N), ..., (2w (N — 1)]/N)}, the variance of gll@hl! is
equal to
V= Magz(mh)z. (19)
Proof: We have
V= var(Z g[’]e’g’”h[’]> @ 2:Var(ggf,]e’e’")(mh)2
m=1
M ) 2
@ Z o; Var (&) +o [E(*)]" | m)*
m=1 -0
M .
Z ,51 2 var(¢®) (m)? = Mo2(mp)> (20)

=0
where var(X) denotes the Varlance of X. Here, (a) holds since
hm is constant and ¢ and gm are independent. Further,
(b) follows the rule of the variance of the product of two
independent variables. Hence, (20) completes the proof. ®
Lemma 2: For any 8;; > 0,i,j € {1,2,...,K},j#i

) ) §ii
Pr(’g[’]®h[’]‘ < g((a) > Pr(

o S
x Pr ’Im [ @pll )< G
( te } 272

Refgllon}| <

5 @)
232

2

o)~ (=)
2w v

2

Proof: We defer the proof to the Appendix. |
Similar to Lemma 2, for any ;; > 0, # i
°)

y Sii y
Pr<‘hgl] < l‘@) > Pr(‘Re{hgl]” <L
2 2

2
2
@) ~ _ i (22)
opaV2m '

x Pr ‘Im[h[”]” < L
< ¢ 22
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Further, for any A; > 0, we have

®) > Pr ‘Re{h[”]H>—”

i ER I

< o im{?)| > o)
(- 7

e[| > A @)
_2 2
2 / Sl g
= e "ddr
% Uhdﬁ

EG
=|20( — (23)

op 4
where Q(-) represents Q-function. Finally, we present a lower
bound on the minimum number of RIS elements as follows.

Lemma 3: To achieve a per-user given value of SINR as
SINR, the minimum number of RIS elements should fol-
low (24), shown at the bottom of the page, where Q_l(-)
is the inverse Q-function, logy is a logarithmic function in
base N, v/ = v/M, and a shows a tradeoff between signal
enhancement from the desired transmitter and suppressing the
interference signals from other transmitters. For instance, we
use a = 0 to dedicate RIS elements to reduce the interference
and a = M to exploit RIS elements to improve the desired
signal.

Proof: Based on (6), to calculate SINR;, we need to know
the values of |gl!®hU! + AU} and |gfl@R + 4 1| Here, we
aim to have |g//©hV! + h[” | < 8ji and |gl'@hl] —l—h[”]|
at Rx;. For simplicity, we use §;; = 8 and A; = A. Then, we
have

lgfont 44| < |glonl| + [T <5 (5)
Where (a) follows the triangle inequality. Further, |gll@hl!! 4-
d | can be lower bounded by

e on + 41| = || — |gen| > A (26)

The 1neq] ualities in (25) and (26) can be met if |g lenll| <
5/2, |h | < 8/2, and |h ”]| > A + §/2. We calculate the
probability of these three events using (21), (22), and (23),
respectively. In addition, there are NM different RIS configu-
rations. Thus, to have one RIS configuration that satisfies (25)
and (26) from all transmitters at all receivers, we need

NM[2Q<A+8/2)TK< 5 >2K s\ &Y
Ohy N 2m My’ ahd\/ﬂ
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To calculate (28), we assume

—(M

7a)
§=N k2 2nM+v

where M is the maximum value of M and 0 < a < M
illustrates a tradeoff between improving the desired signal and
suppressing the interference signals. Then, by substituting §
in (28), we obtain

2K K2
wle(*20)] (5) -
d

(29)

(30)
where (MJ“/M)K2 > 1 because M < M. Thus, we need
A+5/2 i
= 31
o “L22) - s 61

to meet the inequality in (28). As a result, we calculate A as

s = afo ()]
¢ 2Na/2K 2

(29) _ 1 —WM-a [ ,
=" on| Q! sarx ) | =N M. (D)
Now, we use (6) to compute SINR at Rx; as follows:
Plgent! 4 4! ’
SINR; = (33)

, . 112
o2 + PZ,K: L ‘gm@hm n hgz]
*) PA?
> e —
02+ P(K — 1)82

—(M—a) 2
(Uhd [Q—l (W)] — N 2x2 /%M+])')

+2n(K—1)N = (M+y")
(M —a

B 2
(%[Q%m)]—zv = )

+ 27 (K — )N = (M+v)

©

where (b) holds using (25) and (26), and (c) is correct by
assuming M~ as the minimum value of M. Our goal is to
attain a lower bound on M that ensures SINR; > SINR. To do
so, the right-hand side of (33) should be greater than or equal

> 1. 27) o SINR. Consequently, we have
Without loss of generality, we assume MV’ > o}f , which hap- —(—a) 2
pens if the reflected signal through the RIS is stronger than ong [Q%( % )] — N %2 [EM+y
the signal from the direct path. Then, we rewrite (27) as e 2 SINR
>
—(M—a) — .
T
> 1.
Ohy 2w My’ (34)
5 SINR27 (K — 1)(5120)
M > minq{ K* logy +a (24)

“ (on [0 (50r)] -

2
—(10 -,
N /gsmw) — SINRo?
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30 14 3
== Distributed = K distributed RISs
---- Centralized (Euclidean distance) 2.5MN ——A centralized RIS |
25 Centralized (near Tx;) i 12 2z S
8 —= Centralized (random) © g
= = 10 %
20} ~ ©
E S 8 i %o
A 15 x === Distributed =1
b 6 ‘5' ---- Centralized (Euclidean distance) ®)
/,‘ Centralized (near Tx;)
10 ommarrarma a2 T T maT 4 V —= Centralized (random) 0
4 5 6 7 0 10 20 30 0.2 0.4 0.6 0.8 1
Log(M) P;(dBm) 11—~
(a) (b) (c)

Fig. 2.

(a) Comparison between the distributed RIS case and three different scenarios based on the centralized RIS when K = 4, P; = 20 dB, and

M e {16, 32,64, 128}. (b) Sum rate versus P; using the distributed RISs and different strategies based on a centralized RIS when K = 4 and M = 32.
(c) Outage capacity analysis of using a centralized RIS and K distributed RISs when K = 4 and the channels are noiseless.

We note that (34) depends on the value of a; therefore, by
taking logy from both sides of (34) and considering 10 <
M < 512, we derive (24), which completes the proof. |

Later, in Section V, we calculate the optimal value of a that
maximizes the left-hand side of (34) numerically. We define
Mpin as the smallest integer that satisfies (24). Further, we
refer to the curve that shows the average sum rate versus dif-
ferent values of P using Mpin RIS elements as the theoretical
bound.

B. Distributed RIS

In this part, we use the following lemma to show a lower
bound on M that guarantees achieving a given value of score;
as score in a symmetric scenario as described in Section IV-A.

Lemma 4: To achieve a per-user given value of score;, as
score, the minimum number of RIS elements at RIS;, where
10 < M < 512, should follow (35), shown at the bottom of
the page.

Proof: The proof is similar to Lemma 3. |

V. SIMULATION RESULTS

This section includes the numerical results of our proposed
method. We present the results in two parts. First, we com-
pare distributed RISs with a centralized RIS when the channels
follow the small-scale fading outlined in Section II. More
precisely, we study the sum rate and show the outage capacity
using these two scenarios. In the second part, we assess the
performance of our filled function optimization method with
different benchmarks using a centralized RIS. In particular, we
consider four baselines: 1) the SES method; 2) GA; 3) SR [14]
method; and 4) modified SR (M-SR) [15] method. We compare
our method with them in terms of rate (sum rate and minimum
rate) and complexity when the channels between the APs and
RIS are distributed based on the Rician fading model. Then,

we utilize a more realistic channel model where all channels
follow Nakagami fading model. Finally, we study the mini-
mum required RIS elements to provide a certain performance
with a centralized RIS.

Throughout this section, we set o2 = —80 dBm,
T = 10,r = 10, and ¢ = 0.01, and we consider
3.5, 2, and 2.1 as the path loss exponents between the
transmitters and the receivers, between the transmitters and
the RIS(s), and between the RIS(s) and the receivers,
respectively [39].

A. Distributed RIS Versus Centralized RIS

Sum-Rate Analysis: We investigate the performance of
the distributed case with three distinct scenarios under the
centralized case with noiseless channels. We regard M
as the total budget of the smart surfaces, meaning that
RIS;,i = 1,2,...,K contains (M/K) elements and the
centralized RIS utilizes M elements. Suppose K = 4,
N = 4, Cyp = —30 dB, the transmitters are available at
(50, 0), (0, 50), (100, 50), and (50, 100), the distributed RISs
are located at (47, 4), (3, 54), (97, 46), and (53, 96), and the
receivers are spread at random in a room of size 100 x 100.
We assume three scenarios for the location of the central-
ized RIS: 1) Euclidean distance between transmitters (i.e.,
(50, 50)); 2) near one of the transmitters [e.g., close to TXj
at (47,4)]; and 3) at random. We consider (10) and (18) as
the optimization problems with a centralized RIS and the dis-
tributed RISs, respectively. In Fig. 2(a), we show sum rate
against log(M) when P; = 20 dBm for i = 1,2,...,K.
As Fig. 2(a) shows, the distributed case outperforms all sce-
narios with a centralized RIS and needs fewer elements to
attain a given sum rate. This occurs since determining the
optimal placement of the single RIS is challenging, whereas
each distributed RIS is located near its associated transmitter.
In addition, in Fig. 2(b), we compare the aforementioned cases

scoreZ (K — 1)(0}%‘1 + 5121/)

M > minj (K — 1) logy
a

2 1 2 o2 ~
(ahd + 101/) [Q—l (2/\/_‘1/2)] — % score

+ayg. (35)
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4/ |-v-Distributed (3, = 1)
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Fig. 3. Sum-rate comparison between distributed RIS and a case with a
centralized RIS, where the RIS is located near Tx4 using B, € {0.9, 1}.

when M = 32, P; € [0,30] dBm at all transmitters, and all
other assumptions are the same as in Fig. 2(a). It depicts that
the distributed scenario outperforms the other cases. Moreover,
Fig. 2(b) shows that the curves become saturated at high-
transmit power due to strong interference signals. Fig. 2(a)
and (b) also illustrate that among the centralized scenarios, the
case with an RIS near Tx; outperforms the others, while the
Euclidean case performs the poorest. Here, the RIS near Tx;
focuses on RXxj, potentially sacrificing fairness for a higher
sum rate. Conversely, the Euclidean case aims to maximize
sum rate while maintaining fairness, which poses challenges.
The random case falls between these scenarios, prioritizing a
given user if the RIS is randomly close to the transmitter corre-
sponding to that user and resembling the Euclidean case when
RIS is positioned far from all transmitters. Thus, the random
case slightly outperforms the Euclidean case, albeit remaining
close to the Euclidean case, due to the lower probability of
RIS proximity to any transmitter.

Outage Capacity Analysis: In this work, we mainly focus
on the average rates. However, from a practical stand-
point, it is important to understand the outage probabil-
ity resulting in failure to achieve target rates. Thus, we
study the RIS-assisted networks’ outage capacity with dis-
tributed and centralized RISs under noiseless channels.
We define (1 — y) outage capacity for the ith user,
ie{l,2,...,K} as

G ={R;: Pr(Ri = Ro) = 1 — 7} (36)
where R; shows the rate for the ith user in which there exists
a configuration at RIS(s) with channel capacity more than
or equal to Ry with a probability greater than or equal to
1 — y. Fig. 2(c) shows the outage capacity of the central-
ized and distributed scenarios. In the centralized case, we
assume 50, 5, and 47.17 represent the distance between TX;
and Rx;,i,j € {1,2, 3,4}, the distance between Tx; and the
RIS, and the distance between the RIS and RX;, respectively.
Then, in the distributed case, we consider the RISs are located
at (25, 25), (25,75), (75,75), and (75, 25). Here, we assume
other assumptions are analogous to Fig. 2(b). Fig. 2(c) shows
that the distributed case provides a higher outage capacity
than the centralized case, which confirms the conclusions in
Fig. 2(a) and (b) that the distributed scenario outperforms the
centralized scenario.
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Sum-Rate

-
10} | [~ Distributed (M, = 10, M, = 8, M = 6, M; = 8)
--e- Centralized (Euclidean distance)
—+-Centralized (near Tx;)

“"|— Centralized (random)

5 10 15 20 25 30
P;(dBm)

Fig. 4. Sum rate against P; using distributed RISs, where each RIS has a
different number of elements, and three cases based on centralized RIS.

Then, we study two practical assumptions regarding RIS
elements with imperfect reflection and distributed RISs with
different numbers of elements in Figs. 3 and 4, respectively.
Specifically, Fig. 3 assumes a case where 8, = 0.9 < 1,
and the other assumptions are similar to Fig. 2(b). We com-
pare its performance to the case with 8, = 1. Fig. 3 shows
that distributed RISs provide a higher gain than centralized
RIS. Further, Fig. 3 depicts a small performance degradation
when we use B, = 0.9 since the receivers get a slightly
weaker signal via the transmitter-RIS-receiver link. Next, in
Fig. 4, we focus on a case where each distributed RIS uti-
lizes a different number of elements, hl7 is distributed based
on Rician fading with x (Rician factor) equals 2, and other
assumptions are similar to Fig. 2(b). Here, Fig. 4 presents a
sum-rate comparison between the distributed and centralized
cases, considering a total budget of 32 RIS elements. In the
distributed case, we select M| = 10, M, = 8, M3 = 6, and
My = 8, where M;, 1 < i < 4 denotes the number of elements
at RIS;. This configuration results in a higher gain than the
other cases with a centralized RIS. As observed, Figs. 3 and 4
convey a similar message to the scenario where S, = 1 and
distributed RISs have an equal number of elements. This sim-
ilarity arises because the main reason for achieving better
performance in the distributed scenario is that the central-
ized case falls short of determining the optimal RIS location,
whereas each distributed RIS is positioned near its associated
transmitter.

B. Efficiency of Our Optimization Method

Gong et al. [14] and Abdullah et al. [15] proposed two
SR-based optimization methods, which optimize the RIS ele-
ments in an iterative fashion. In this part, we compare our
filled function method with these baselines in terms of sum
rate, minimum rate (min rate), and complexity. Furthermore,
since the optimization problems in (10) and (11) are NP-hard
problems, it is fair to utilize two other benchmarks based on
heuristic optimization methods as the SES method and GA.
Here, we focus on the centralized scenario and assume that
h!/! is distributed via Rician fading with ¥ = 2, and the other
channels follow Rayleigh fading.

Sum Rate: In Fig. 5(a), we assume K = 4, N = 4, and
P; =20 dBm fori = 1,2, ..., K. We also consider the chan-
nels are noiseless, M e {8, 16,32, 64,96}, Co = —30 dB,
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Fig. 5.

Log(M)

(b) ()

(a) Sum rate against log(M) of our approach, the SR, M-SR, and SES methods, GA, and No RIS—K parallel channels under noiseless channels when

K =4 and N = 4. (b) Sum rate versus different values of M using our approach and the SR method with different versions of the noisy channels. (c) Min
rate versus log(M) of our approach, the SR method, the M-SR method, the SES method, GA, and No RIS—K parallel channels under noiseless channels.

and (0,0), (50,0), and (3,4) show the locations of the
APs, receivers, and RIS, respectively. Fig. 5(a) shows that
our approach outperforms the SR-based methods as well as
two heuristic optimization methods. Further, we consider a
baseline with no RIS, referred to as “No RIS-K parallel
channels,” where all transmitters send their signals simul-
taneously and each transmitter delivers its message to its
desired receiver with no interference. Fig. 5(a) shows that
our method offers a higher sum rate than this baseline when
M = 96. The gap between our approach and the benchmarks
grows as M increases since our approach finds an approx-
imate global solution by moving from one local optimum
solution to another better one while the others get stuck in
the local minimizers. Then, in Fig. 5(b), we present the sum
rate of our approach and the SR method using both noisy and
noiseless channels. It depicts that our optimization approach
offers acceptable sum-rate values using noisy-30 and noisy-20
channels; however, it fails to perform well when we utilize
noisy-10 and noisy-0 channels. It occurs because, as the noise
power in the noisy CSI grows, the impact of using more
RIS elements diminishes since the actual CSI is substan-
tially different from the noisy CSI used in the optimization
process.

Min-Rate: We focus on the max-min optimization problem
in (11) to compute the min rate. The assumptions are
analogous to those in Fig. 5(a). As shown in Fig. 5(c),
our approach provides appreciable gains over the SR-
based methods as well as GA and the SES approach due
to its more efficient optimization technique. Additionally,

achieves a higher min rate than the No RIS-K parallel
channels.

Complexity: In this part, we compute the complexity of our
approach, the brute force search, and the baselines described
in Fig. 5(a). We use the number of evaluations required to
obtain the solution as a proxy for complexity, which can be
derived as (37), shown at the bottom of the page, where (a)
happens since i°° < 19 and Zx\:)l)M jiilled - < jfilled 4
(b) and (c) follow the definition of Algorithm 1 (line 7) and
Algorithm 2 (line 25) where /%, and ifl*d cannot be greater
than M and N((N — 1)M + 1) [log;y(r/€) + 1], respectively.
In (37), we use the Landau notation (“big O”) in its standard
form, and log;, is the logarithmic function in base 10. We
use the same assumptions as in Fig. 5(a) and calculate the
complexity of our method, the brute force search, the SR-
based methods, GA, and the SES method when M € {32, 64}
as Table II. This table shows that our method is faster than
the brute-force search and the SES method but slower than the
others, revealing the rate-complexity tradeoff of the methods.
Here, Table II supports the analytical complexity statement
in (37).

In this work, we aim to attain the optimal RIS configuration
with negligible overhead. For instance, at carrier frequency
f: = 1.8 GHz and at the speed of v = 60 km/h, the chan-
nel coherence time is equal to c¢/(f,v) = 10 ms, where ¢
denotes the speed of light. According to Table II, our method
requires 1.45x 10 evaluations to find the optimal solution with
M = 64, and if we assume a dual-core processor with a clock
frequency of 2 GHz, our approach requires approximately

when M = 64, Fig. 5(c) indicates that our approach (.36 ms to get the results, which is negligible.
N—-)M Joc
N — )M @ 1
(N — DMig* + > W= DMi~ + (N — 1)Milee | ifilted S N- HMi% + r+l (N — Dmloc jfilled
T T
m=0
(b) . T41 e (€
< (N - HMi® + — NV - DM((N — DM + D[log,o(r/e€) + 1], © (N(N —1)? loglo(r/e)M3) (37)
dTx;—Rx; = \/ d%'xi—RIS["’] + dlzus[mJ_in = 2dry,_ristdgisin_px; €0S(¥m) (38)
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TABLE II
COMPLEXITY OF OUR APPROACH, BRUTE FORCE SEARCH, AND THE BENCHMARKS MENTIONED IN SECTION V-B

[ Method [ M=32 [ M=64 ] Method [ M=32 | M=64 |
Brute force 1.84 x 10™7 | 3.40 x 1078 SR method 2.34 x 10* | 4.71 x 10%
M-SR method 1.28 x 10* | 2.56 x 10* Genetic algorithm 2.01 x 10* | 2.01 x 10%
Simplified exhaustive search | 3.17 x 10° | 2.67 x 10 | Sigmoid filled function | 3.63 x 10° | 1.45 x 10°

20

—s— Our approach(noiseless)

--a-- SR(noiseless)

-v MSR(noiseless)

- - No RIS - K parallel channels

Sum-rate
Sum-rate

30

Our approach 1
SR S
\

Required M

—e—Simulation results
- = Theoretical-bound

Fig. 6.

(a) Comparison between our approach, the SR method, and the M-SR method using Nakagami fading when K = 4, and M € {8, 16, 32, 64}.

(b) Comparison between our approach and the theoretical bound with a centralized RIS when My, = 24, K = 3. (c) Number of required RIS elements to
have the sum rate of 4 with one RIS when P; = 30 dBm, K = 4, and the channels are noisy-30.

C. Nakagami Channel Model

In this part, we use a more realistic channel model based
on Nakagami distribution [40]. Specifically, we define h,[f,] =
|h;[4/;]|ejéf['l~]m, gl = Ig%]le/éé[’{]’", and h d'i] = |iz£’l"‘]|e/'ér5ﬂJ as the
communication channels, where 9" ég]m, and Q_gi] describe

. . hom? )
the angles of h%], g%], and h[d’l], respectively. Here, |h£,’1]|,

| g%]l, and |hgl]| follow a Nakagami distribution with parame-
ters (mh’[;lj, Qh,[,’;J)’ (mhw, ng‘lj), and (mhl[jjij, thj), respectively,
where 2 parameters represent the large scale fading of the
channels. Moreover, the angles of the channels follow indepen-
dent uniform distributions. We use the cosine law to take the
angle of the incident and the reflected signals at RIS into con-
sideration. More precisely, we utilize (38), shown at the bottom
of the previous page, to compute drx,—Rx;, Where dry._ggim,
dgisin _px,» and drx,—Rx; indicate the distance between TX;
and the mth element of the RIS, between the mth element of
the RIS and Rx;, and between Tx; and RX;, respectively. We
use v, to denote the angle between the Tx; — RIS and
RIS — Rx; links. Fig. 6(a) depicts the comparison results
between our approach and two SR-based methods using a
centralized RIS when the channels are noiseless, K = 4,
N =4, and P; = 20 dBm for i = 1,2,..., K. We assume
M e {8,16, 32,64}, miy = 3, mhy[zl] = 1.5, mggl] = 2.5,
Y = 86°, Co ~31.3 dB, and (0, 0), (50,0), and (3, 4)
are the locations of the APs, receivers, and RIS, respectively.
According to Fig. 6(a), our filled function-based method pro-
vides a higher sum rate than the other baselines due to finding
the approximation of the global solutions instead of the local
optimal solutions.

D. Minimum Required RIS Elements

In this section, we analyze the minimum number of required
RIS elements to obtain a desired performance metric. In
particular, we focus on the following cases.

Theoretical Lower Bound: We assume a centralized RIS
with noiseless channels and consider a symmetric setting
where K = 3, N = 8, the path loss exponent between each pair
of transmitter—receiver is equal to 3.9, the distance between
each pair of transmitter—receiver, the distance between each
transmitter and the RIS and the distance between the RIS and
each receiver are equal to 25, \/5, and 24.02, respectively. To
obtain an accurate curve, we solve (24) numerically without
utilizing the practical interval for M. In Fig. 6(b), we plot sum
rate versus P; with the theoretical bound and our approach
when Mpi, = 24. The results show that our method provides
higher results than the theoretical bound since we obtain the
theoretical-bound pessimistically (i.e., the RIS configurations
are independent of the channels).

RIS at Different Locations: To study the optimal placement
of the RIS, we calculate the minimum number of the RIS
elements that our method and the SR method require to pro-
vide a certain sum rate when the locations of Tx;, the RIS,
and Rx; are equal to (0, 0), (xo, 1), xo € [0, 30], and (30, 0),
respectively. Moreover, we assume a symmetric setting with a
centralized RIS where P; = 30 dBm, the channels are noisy-
30, K = 4, N = 4, and Cyp = —30 dB. Then, we compute
the number of required RIS elements to achieve a sum rate
of 4 as described in Fig. 6(c). Not surprisingly, due to the
significant product-path loss, the number of required elements
is highest when the RIS is placed in the middle between the
transmitters and receivers, and the RIS needs fewer elements
as it moves closer to either the transmitters or the receivers.
Fig. 6(c) also describes that our method requires fewer ele-
ments than the SR method due to its better optimization
performance.

VI. CONCLUSION

In this article, we investigated a SISO RIS-assisted IoT
network under 1) centralized RIS and 2) distributed RISs,
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with one RIS dedicated to each transmitter. The simulation
results demonstrated that the distributed scenario offers a
higher sum rate than the centralized case and requires fewer
RIS elements to provide the same performance. We proposed
an optimization approach based on a sigmoid filled func-
tion to optimize the RIS elements in the discrete domain.
We showed that our optimization approach provides a higher
rate and requires fewer RIS elements to meet a certain sum
rate, compared to the SR-based methods [14], [15], GA, and
SES methods. Finally, we evaluated the minimum required
RIS elements to obtain a desired performance metric. A
future direction for this work would assume a wider range
for the number of distributed RISs. The main challenges
are the placement of the RIS and pairing them with the
transmitters.

APPENDIX
PROOF OF LEMMA 2

For a given ©, we have a lower bound for Pr(|gl/®hV!| <
(6ji/2)|©) as (39), shown at the top of the page, where to sim-
plify its right-hand side, we need to show that |Re{g[i]®hm}|
and |Im{gl] Ohy| are independent. Notice that the indepen-
dence of the real and imaginary parts of gl!/®hl! leads to the
independence of |Re{gll®hU}| and |Im{gl!©hU!}|. Based on
Lemma 1, Re{gl1®hV!} and Im{gl!®hV!} are distributed via
zero-mean Gaussian distribution; therefore, Re{g[i]®h[7]} and
Im{g[i]®hm} are independent if they are uncorrelated (i.e.,
their covariance is equal to zero), which is straightforward.
Then, for i,j € {1,2,...,K},j # i, we simplify (39) as

. . i i i Si:
Pr ’ [’]G)h[’]’ < l‘@) > Pr(‘Re l1gpl] ‘ < i‘@)
(g 2 le } 24/2

X Pr(‘lm{g[i]®h[j]}‘ < %‘@)
(40)

Since Re{g[i](@hm} is a zero-mean Gaussian random vari-
able, for i,j € {1,2,...,K},j # i, we have

Pr(‘Re{g[i](ahU]}‘ < ;—jﬂ@)

i

272 1 ;’2
= 5 e v dr

_ i Jmv

272

‘;ji
¢ L a5 re(R)
L S to(S)|ar
8ii 2
,ZJW Y Vv Vv
N AV

~

VIV V2 2442v v?
where (a) applies based on approximation from the Taylor
expansion of e{=" 21/ v), and (b) holds since our goal is to have
a small §j;; therefore, we ignore the high orders of (§;;/v).

2w v
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232 )
Similarly, for i,j € {1,2, ..., K},j # i, we obtain
[ opl i @) a i
Pr()Im{g ©h }‘ < zﬁ‘(a) L (42)
Hence, using (41) and (42) leads to
iopll| - % L)z
Pr(‘g ®h ‘ <3 @) > ( e (43)

which holds true for i,j € {1,2,...,K},j # i, and this
completes the proof.
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