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ABSTRACT Enhancing Internet of Things (IoT) communications through Reconfigurable Intelligent
Surfaces (RIS) necessitates novel approaches that go beyond the conventional deployment of passive
elements. This paper introduces an efficient method to enhance IoT system performance by combining
active and passive functionality in RISs: an active and passive integrated approach. One identified
enhancement area is efficiently managing signal throughput and exchanges in IoT systems, which is
essential for supporting numerous devices. For this challenge, we propose a thorough process model
that describes channel gains, develops a nonlinear energy harvesting, and identifies device-to-device
communication schemes without violating information causality. The innovative component of our work
is the utilization and strategic application of RIS panels that benefit from the advantages of active
and passive components synergism to solve thermal noise issues and optimize signal reflection and
transmission. An advanced optimization mechanism is developed based on mixed-integer nonlinear
programming: an enabling approach between performance efficiency and maximum service utilization.
Our simulation analysis show that developed RIS panels optimize IoT system performance and surpass
existing performance indicators in conventional RIS-less systems.

INDEX TERMS Batteryless IoT sensor, D2D communications, nonlinear energy harvesting model, RIS

active and passive elements.

I. INTRODUCTION

HE ADVENT of next-generation wireless networks

marks a significant shift in the proliferation of Internet
of Things (IoT) devices, which is rapidly transforming the
landscape of digital communication [1]. The convergence
of cutting-edge wireless technologies and IoT facilitates
seamless integration between the tangible and virtual realms,
thus revolutionizing an array of domains from e-healthcare
and autonomous vehicles to smart cities and residential
ecosystems [2]. As projections indicate a staggering increase
to 50 billion IoT sensors, the critical need for extensive
and intelligent connectivity is undeniable—positioning it as

the cornerstone for the successful deployment of these
burgeoning technologies.

In reality, many IoT sensors are inherently portable
due to their diverse applications, presenting the challenge
of ensuring consistent and continuous operation. Recent
trends show an exponential rise in the deployment of
batteryless IoT (b-IoT) sensors [3], often in locations that
are inaccessible and devoid of proximal power sources [4],
further complicating their power supply. Consequently, a
dependable energy source emerges as a pivotal factor for the
uninterrupted functioning of b-IoT sensors. Traditional power
solutions, such as batteries and solar panels, entail substantial
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installation and maintenance expenses. As the deployment
of b-IoT sensors escalates, there is a corresponding surge
in demand for wireless power transfer, an alternative to
conventional power supplies. The visionary Nikola Tesla
originally conceived the idea of wireless energy transfer,
pioneering the principles of transmitting energy through the
air and its conversion into usable direct current (DC) [5].
This vision laid the groundwork for developing state-of-the-
art power supply techniques, including energy harvesting.

IoT sensors can capture energy directly from external
radio frequency (RF) sources, such as neighboring base
stations (BSs), which appears to be a viable solution to
power the sensors among the various forms of energy
harvesting techniques [6]. Moreover, IoT sensors consume
considerable energy due to continuous services, which may
reduce sensors’ lifetime in an energy-constrained scenario.
To counter the effect, harvesting energy from BS RF signals
enhances the lifetime of IoT sensors by converting RF
energy to electrical energy [7]. However, energy harvesting
is not a straightforward process; instead, an enhanced
channel gain is a significant requirement to overcome the
complexity and ensure improved performance. Thanks to
the reconfigurable intelligent surface (RIS), it can enhance
the gains between nodes and address the challenges by
adjusting the direction of incident signals in a controlled
fashion. The RISs take the system’s performance, including
energy harvesting and node communications, to the next
level. Therefore, the need for efficient channel gains to
assist wireless communications motivates using RISs for
forthcoming next-generation technology.

An RIS panel is a flat metasurface structure designed
to control electromagnetic waves dynamically. It consists
of individually configured elements that intelligently induce
a specific phase change on reflected signals to facilitate
wireless propagation. There are two types of RIS elements:
passive and active. The RIS passive elements reflect the
incident signals, while the active elements reflect and amplify
the incident signals to the receiving nodes. Therefore, RIS
panels make IoT systems energy efficient by reflecting and
amplifying incident signals so that the destination nodes
receive directional and stronger transmit signals. In our
previous work, we completed the first exploratory studies
focused on optimizing RIS active and passive elements
to improve data rates and energy harvesting in b-IoT
systems employing a linear energy harvesting model [8], [9].
As valuable as these fundamental works are, our current
paper aims to go beyond them by exploring the nonlinear
model of energy generation. We make this transition for
various reasons, such as the nonlinear model enabling us to
mirror energy transfer dynamics more accurately, as real-
world energy transfer is only quasi-linear: actual energy
conversion efficiency does not increase linearly with input
power, as limited by the laws of physics and technological
constraints [10].

In wireless communications systems, RIS panels often
compensate for double-fading attenuation [11], [12], [13],
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[14], [15], [16]. However, deploying several RIS elements
may lead to significant overhead, such as higher complexity
and expensive maintenance, due to the power consumption
of internal circuits. Moreover, optimizing the performance
of RISs, which involves adjusting parameters like phase
shift, reflection angle, and amplitude, is challenging due
to the complexity of RIS panel properties. Fortunately,
a combination of active and passive elements in RIS
technology has emerged as a promising solution to overcome
these challenges. By carefully balancing the number of
active and passive elements, nonlinear energy harvesting and
bit transmission can be significantly enhanced. However,
achieving this balance is complicated by the thermal noise
generated by RISs, which requires careful consideration
during optimization. Unlocking the full potential of RIS
technology in improving wireless communications systems’
efficiency, including energy harvesting and data transmission,
requires addressing these challenges through significant
research efforts and innovative solutions. Therefore, further
investigation is necessary to achieve optimal performance
and maximize the benefits of RIS technology.

A. RELATED WORKS AND MOTIVATION

In recent years, researchers from the wireless communities
have studied various essential aspects of IoT systems,
including energy harvesting, bits transmission maximization,
and enhancement of systems with/without the help of RIS
panel [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31].
Particularly, [12], [13], [14], [15], [16], [17], [18], [19], [20]
discussed the IoT systems and illustrated the importance and
possible deployment of RIS. For example, a novel framework
to support IoT data transmission from the BS to optimize
the achievable rate was proposed in [12]. The authors in [13]
claimed that harvesting energy from RF sources is optimal
for low-power IoT sensors. The authors in [14] designed
an energy harvesting model for low-power-consuming IoT
sensors to investigate environmental monitoring systems.
Another novel idea to power IoT sensors was proposed
in [15], where the sensors harvested energy from nearby
smart devices, such as smartphones. The authors in [16]
investigated IoT systems where the energy between the
sensors is shared.

The authors in [17] designed a cognitive radio network
to maximize resource allocation, such as the transfer of
information and energy efficiency. They considered a sec-
ondary user with an undefined backlog of traffic, which
performed the error-free sensing function to maximize the
resource allocation. An energy region was calculated for
a wireless system. The authors looked at a transmitter, a
decoder, and an energy harvesting device to find the optimum
region among the nodes in an opportunistic mobile network.
The authors in [18] expanded the model to maximize systems
throughput for secondary users by considering transmission
power using a stochastic approach. They assumed that the
users harvested energy for another user if they resided
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close to each other. In [19], a wireless network was
studied to maximize spectral efficiency by harvesting energy.
The authors in [20] studied the features of the BS RF
signals and microcontrollers for configuring the status of the
RF systems for b-IoT sensors, which are energized using
harvested energy to convert energy from an external source,
for example, RF signals to DC energy. The concept of
wireless energy transfer for IoT leverages electromagnetic
fields to remotely power devices, a critical advancement
for sustainable IoT ecosystems [21]. RF energy harvesting,
a critical method in WET, transforms ambient RF signals
into electrical energy, enabling batteryless operation of IoT
devices [22], [23]. This foundational technology paves the
way for deploying maintenance-free sensors and devices
across diverse applications, driving innovations in IoT system
design and energy efficiency [24]. The authors in [25] inves-
tigated the impact of renewable energy sources on power grid
stability, highlighting the importance of integrating solar and
wind power generation for sustainable energy systems. The
authors in [26] addressed the minimum length scheduling
problem in full-duplex model for massive machine-type
communications, providing optimal and heuristic algorithms
for discrete-rate transmission configurations.

The RIS panel has been proposed in various wire-
less network domains, such as IoT sensors, cognitive
radio networks, device-to-device (D2D) communications,
unmanned aerial vehicles (UAVs), etc. The possible deploy-
ment of the RIS panels integrated into IoT systems
significantly enhances the system performance [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30]. For example, an
RIS-assisted link between a BS and a user was considered to
maximize the throughput by increasing the elements of the
RIS panel in [27]. They also focused on maximizing energy
efficiency in RIS-assisted wireless networks. An RIS-aided
future wireless network was proposed in [28] for indoor and
outdoor scenarios. The authors considered a single RIS panel
to maximize the system performance matrices. The authors
in [29] studied relay-based wireless networks with the help
of the RIS panel. In their proposed networks, the RIS panel
enhanced the link between transmitter and receiver in the
first hop, while the other hop was enhanced by relay. The
required channel state information estimation was considered
in [30] by embedding RIS active sensors.

The authors in [31] used the Fisher-Snedecor F model
to estimate the channel in the RIS panel-assisted wireless
networks. The mean square error for RIS panel-assisted IoT
systems was investigated in [32] to minimize the mean square
error in their model. The authors in [33] investigated a rate
maximization problem using the RIS panel and UAV. While
energy harvesting from RF sources has been widely studied,
most research is limited to decoding information with a
nonlinear energy harvesting model [34], [35]. A framework
for RIS panel-assisted low-power IoT systems was studied
to investigate the back-scatter communications in [36]. The
authors proposed a spectrum sensing algorithm using RISs
offering significant gain compared to conventional sensing
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without RIS [37]. Unfortunately, none of the works in [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30], [31] explored
the potential RIS active and passive elements benefits for
improving the b-IoT systems’ performance.

B. CONTRIBUTIONS

We focus on enhancing the efficiency of RIS-supported
wireless networks specifically designed for b-IoT sensors. To
the best of our knowledge, this is the first instance of such an
endeavor. Our noteworthy contributions are outlined below:

o Optimal nonlinear energy harvesting with RIS: First, we
use a nonlinear model to identify the optimal energy
harvesting model from the BS RF signals in the first
optimal time slot within a specified given time frame.
Then, we optimize the energy consumption and data
transmission between the BS and b-IoT sensors by
utilizing the harvested energy. We achieve this by deter-
mining the optimal number of RIS active and passive
elements to overcome network fading or shadowing.
We are the first to consider a practical scenario that
combines a nonlinear energy harvesting model with
RIS active and passive elements while considering the
RIS-generated thermal noise. Our research contributes
significantly to the literature by providing a design
approach for optimal nonlinear energy harvesting model
with RIS elements and ensuring improved performance
in b-IoT systems.

e Optimal D2D communications with RIS: Using the
harvested energy and D2D communications protocol,
we aim to maximize the number of bits transmission
while adhering to the information causality constraint.
This constraint guarantees the information is forwarded
from the BS to the next IoT sensor. To achieve this,
we also determine the optimal number of RIS elements
required for efficient D2D communications.

o RIS thermal noise and performance trade-off: As the
number of RIS active elements increases, the thermal
noise also increases, causing the signal-to-noise ratio
(SNR) to no longer be an increasing function. To
address this issue, we establish a trade-off between the
number of RIS elements and the system performance,
considering the impact of RIS thermal noise on both
energy harvesting and D2D communications phases. We
achieve optimal performance while ensuring affordable
overhead, such as hardware complexity and cost.

o Efficient algorithm and performance evaluation: We
jointly optimize the communications time, and BS
power budget, and RIS elements. We tackle the non-
convex mixed-integer nonlinear programming (MINLP)
optimization problem through an efficient iterative
algorithm. Our results demonstrate that RIS-assisted
systems outperform conventional wireless networks.
After comparing the resources utilized in the energy har-
vesting and D2D communications phases, we observed
that energy harvesting requires more RIS elements than
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FIGURE 1. Paper organization.

D2D communications. The results of our study indicate
that significant improvements can be achieved by using
an optimal number of RIS elements.

C. NOTATIONS AND PAPER ORGANIZATION

We distinguish scalar, vector, and matrix with the variables
a, a, and A, respectively. We also define [-]*, [-1F, and
[V as optimal values, conjugate transpose, and feasible
points, respectively. Fig. 1 shows the flow diagram of the
paper organization. We define the proposed system model
with a detailed description of RIS with elements-assisted
networks in Section II. The proposed optimal element finding
is illustrated in Section III. While the results are shown in
Section IV, we conclude in Section V.

Il. SYSTEM MODEL

In this study, ‘batteryless’ stands for IoT sensors that rely
on nonconventional or pre-installed batteries for electrical
power. Batteryless sensors are designed to gather energy
from their surroundings or other sources, such as radio
frequency signals, to power their operations. This lack of
conventional batteries helps them become self-sustaining for
relatively long periods. To operate at two slots of time,
one each for energy harvesting and transmitting information,
the authors have introduced an energy storage element, for
instance, a capacitor or supercapacitor, in the sensor’s design.
During the first time slot, the sensor stores energy gathered
from external sources, such as RF signals directed to it from
a base station using its energy harvester circuit. This energy
is stored and used during a second time slot to transmit
information. By designing them to work in two different
time slots without which the sensor lacks electric energy,
it is ensured that they never run out of energy while also
making the sensor self-regulating. This design is crucial in
ensuring that batteryless IoT systems become the best option
for sensor network operation, especially when the users lack
resources or expertise for their maintenance.

Modeling a single-antenna base station was a conscious
simplification in our choice to examine the effect of the
RIS on enhancing batteryless IoT performance. This is
representative of scenarios involving low-complexity or cost-
sensitive networks, rendering our findings applicable to a
wide range of real-world environments. By introducing such
a straightforward scenario, we determine the RIS’s potential
to enhance connectivity, which is relevant even to circum-
stances where multi-antenna infrastructure is unattainable.
From this point, our future work will advance our model to
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FIGURE 2. system model with RIS elements. Light blue for passive and light brown
for active RIS tiles indicate their distribution, directly impacting the system’s energy
efficiency and signal enhancement in our results.

include base stations with several antennas, replicating more
standard implementations while maintaining the similitude
to MIMO systems in actual deployment.

We investigate IoT systems consisting of BS and IoT
sensors, S and D, communicating in RIS-assisted wireless
networks. The BS and IoT sensors are equipped with a
single antenna. We deploy an RIS panel in the network to
improve the system’s performance. We aim to minimize the
RIS energy consumption while maximizing the number of
bits transmitted. We achieve this objective by employing an
RIS panel equipped with active and passive elements, as
illustrated in Fig. 2. The BS is considered to have single
antenna elements, while each sensor has a single antenna.

We design a wireless system where the total time is a
repetition of the time frame. We define i as the frame number
while i/, and {" are the slots of frame i. The duration of
frame, i, is T(i) which is divided two slots with duration
T() and T(i”). We also assume the coherence time is much
longer than T'(i); hence, the channel conditionals within 7 (i)
are quasistatic. The RIS panel consists of N elements with
m active and k passive elements, where m+k < N. The RIS
panel assists the IoT sensor, S, to harvest energy from the BS
RF signals in T'(i') and also in D2D communications from S
to D in T(i"). We use a nonlinear model for energy harvesting
from the BS RF signals. S communicates to D during T(iﬂ).
The model enforces the information causality constraint to
forward the information received from the BS to another
IoT sensor, D. Finally, we optimize overall RIS energy
consumption and number of bits transmission during 7'(i).
We focus on finding the optimal number of elements, given
by m* and k*, respectively, during 7'(i). Table 1 displays the
mathematical notations utilized in the paper.
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A. CHANNEL GAINS

Without loss of generality, we assume that the channel gains
are the same during each transmission frame with noise
variance. The gains from S to D, BS to S, BS to RIS,
RIS to S, S to RIS, and RIS to D are defined as hgy, hps,
hyy € CV*!, hyg € CV, hg € CV*!, and heg € CPV,
respectively. The channel gains of the communications links
from BS to S and S to D are modeled using Rician fading
and, respectively, are given as follows:

—1

By ,
oy = s (VT 1), (1)
e
N
hyg = ﬁ(,/nhﬁfjﬁ + ). ®)
N
2 81 2%
where Bps = 167;2‘1‘ and Byg = 167;2‘12 . A is the wavelength.

Sﬁ’ and 85 are the path loss exponent. d; and d, are
communicating node distance. The elements of hZi’”, hé‘;‘Y,
hg’f;’s , and hi‘:f are independently and identically distributed

according to CN (0, 1). Yie,s) € [0, +00) is Rician factor.

B. RIS WITH ACTIVE AND PASSIVE ELEMENTS
1) THE CONTROLLING OF RIS PANEL

The RIS updates its configuration states from one to the
next by receiving external commands via either a detached
microcontroller architecture such as a field-programmable
gate array (FPGA) or an integrated microcontroller architec-
ture like a network of communicating chips/elements [38].
FPGA-based architectures are typically bulky and consume
a significant amount of power. On the other hand, the
integrated architecture uses a network of communicating
chips/element to read the state of the elements and adjust
the bias voltages using impedance-adjusting semiconductors.
These circuits receive, interpret, and apply the commands
while exhibiting static and dynamic power consumption [39].

The authors in [40] suggested that these integrated micro-
controllers could work autonomously by harnessing energy
from nano-networking advancements and using asynchronous
logic, eliminating the need for complex and power-consuming
clock distributions. Using integrated architecture, this control
method provides amplitude measurements of reflection
coefficients at a given frequency and is more efficient than the
near-field model. This design improves performance while
reducing hardware complexity and cost by reducing the
microcontrollers needed to control multiple RIS elements. The
passive elements reflect incident signals, and active elements
amplify them, leading to additional energy consumption
related to DC circuit power dissipation.

A wavelength is larger than a single RIS element, which
can be as small as % X % The RIS elements scatter the
signal with approximately equal gain towards the receiving
nodes. As shown in Fig. 2, the RIS panel consists of N
elements. m and k represent the active and passive elements,
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TABLE 1. List of mathematical symbols.

Symbol ‘ Description ‘ Symbol ‘ Description
Constants
fiy Constant (@) Energy harvesting time
A Wavelength T(i”) D2D communications time
o Complexity N RIS elements
21 Noise Psc Switch/control power
Dde DC power am Amplification factor
Wi, Bandwidth § {1 Path loss component
hiy Gains ¢ Efficiency factor
hyq RIS-D gain a, Bi Reflection coefficient
hsr S-RIS gain S Unit power signals
T@} Rician factor Y,y Constants
hps BS-S gain T(i) Time duration for frame, 4
hyp, BS-RIS gain hgq S-D gain
h,s RIS-S gain Z2 RIS thermal noise
diy Distance Pout,m | Active elements output power
0?_} Overall noise Pin,m Active elements input power
Variables
Active elements Pet (1) Active element power at slot ¢
k Passive elements Pss () Passive element power at slot ¢
Db BS power S{.} Received signal
0,p RIS phase shifts Pnl Harvested power
enl Harvested energy | By Number of BS-S bits
[ Feasible point By Number of S-D bits
er element energy Ry S-D rate
Dnl Harvested power Ry BS-S rate
[1* Optimal value enl Harvested energy

respectively. We use m(i') < m and k(') < k during T(/)
while m(i”) < m and k(i”) < k are used during T(i”). For
a total number of elements, (m + k), the RIS panel has the
following number of elements used in energy harvesting and
data transmission phases during the first and second time
slots, respectively, as follows:

m+k <N. 3)

2) ENERGY HARVESTING FROM BS RF SIGNALS

During the energy harvesting phase, the amplitude and phase
shift introduced by the RIS panel elements are encapsulated
within an N x N diagonal matrix. This matrix is defined as:

O = dia ocle’@‘,ocze’pz, oa ek,
g k
i0 i0 i0
Q1€ apy0e™ 2L aye N). 4

The fixed amplitude reflection coefficient for the RIS
elements is denoted by «. For passive elements, indexed by
i=1,2,...,k, the reflection coefficient «; is constrained to
the interval [0, 1]. In contrast, for active elements, identified
by indices j = k+ 1,k + 2, ..., N, the coefficient is set to
a; > 1. Additionally, the phase shift introduced by each RIS
element is represented by 6, with {01, 02, ..., 6;} specifying
the phase shifts for passive elements and {6¢+1, Ok+2, . .., On}
for active elements.
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3) DATA TRANSMISSION

The IoT sensor, S, communicates with another IoT sensor,
D, using a D2D communications protocol. During the data
transmission phase, the N x N diagonal matrix that describes
the amplitude and phase shift introduced by the RIS panel
elements is given as follows:

P = diag(ﬂleid)l, ﬂzei¢2, ce ﬂkej¢k,
,3k+1€‘j¢k+19 ﬁk+26i¢k+2’ o ﬂNe/.(ﬁN)' (5)

where the fixed amplitude reflection coefficient is defined
as B. We limit 8; € [0, 1], where i =1, 2, ..., k for passive
elements and B; > 1, where j = k+1,k+2, ..., n for active
elements. The phase-shift of the RIS elements is defined
as ¢. We define {¢1, ¢2, ..., ¢} for passive elements and
{dr+1, Px+2, - .., ¢} for active elements, respectively.

C. NONLINEAR ENERGY HARVESTING MODEL
We use the complex nonlinear harvesting model to determine
the optimal number of elements. This may necessitate incor-
porating more elements, i.e., in need of multiple elements,
as we incorporate the information causality constraint in the
system. The signal received from the BS to S is:

sps(i') = /Pohiss +hes®(/prhyes + 22) +21,
——
direct link RIS-aided link
= A/Pb (hps + hys®hyp)s + h @z + 21 (6)

where S denotes the unit-power information signal, and z €
CN*! represents the generated thermal noise of the RIS panel
during the energy harvesting from the BS RF signals with a
distribution of CN (0, 022). The term z; denotes the additive
Gaussian channel noise with a distribution of CA/(0, 012).
Given O, we can obtain the capacity of the additive white
Gaussian noise channel with the channel gains as follows:

N
bs®h, = > crne”[hes], b, ] . ™
rb l; b n
The number of RIS elements is denoted by N. To achieve
the maximum rate, 6, should be selected optimally to
maximize the sum of hy®h; . The expression for 6, is
given below:

6, = arg(hws) — arg([hes], [ 1, | ). ®)

The amount of energy harvested from BS RF signals
during T'(i') using a nonlinear model can be described as
shown in [41]:

ey(t) = : )
! 1+ exp(—y1 (P (i) — 2))
where
hos + (@nm(i') + k(i )hi)°
pul(7) = gy et m(;z) UL
1
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In this definition, 7} = [hrs]n[th]n. a;, is the amplifi-
cation factor. The active and passive elements used during
T(i') are represented by m(i’) and k(i’), respectively. ¢ €
[0, 1] is the power split coefficient that indicates the
portion of power assigned to the energy harvesting unit.
Y, y1, and y, define the various parameters required for
the wireless energy harvesting model, where y; and y,
capture the effects of resistance, capacitance, and circuit
sensitivity [41]. Y represents a scaling factor that adjusts
our model’s overall energy harvesting capacity. It scales
the output power to match realistic energy harvesting
scenarios. yj,yp are parameters designed to model the
nonlinear characteristics of the energy harvesting process,
where y; typically represents the impact of circuit resistance
and y, encompasses the effects of capacitance and circuit
sensitivity.

The parameters of our model are defined as follows:
pui(i') represents the effective power available for harvesting,
factoring in the base station’s transmit power pp, the
amplification factor a,, for active RIS elements, and the
combined channel gain hps + (a,m(i’) + k(i'))hy. Y scales
the maximum harvestable energy within a time frame to the
system’s physical limits. y; and y, are model parameters that
encapsulate the energy harvester’s sensitivity to input power,
embodying the effects of circuit resistance, capacitance, and
intrinsic efficiency.

Empirical validation of this model involved comparing
predicted harvested energy against measurements from
prototype energy harvesters under varied RF conditions,
demonstrating its accuracy across a wide range of power
levels. Theoretical support is derived from the physics of
semiconductor materials in rectifying antennas (rectennas),
where the nonlinear diode rectification process exhibits a
sigmoidal power response, which our model effectively
captures. Our nonlinear energy harvesting model is the-
oretically sound and empirically validated through this
comprehensive approach, offering a realistic representa-
tion of energy conversion dynamics in RIS-enhanced IoT
systems.

D. DATA TRANSMISSION FROM BS TOS
We calculate the data rate transmission from the BS to S
during T'(i') as follows:

2
, P (hos + 1 @B}, )
Rb(z) = glma)éN Wilog,| 1+ ) )
;
/ / 2
pb(hsd + (amm(i) + k(i ))hl)
= Wilog,| 1 + 5 ,
%

(1)

where W is the carrier frequency bandwidth. We define
0f = 0Z||hs®||> + 02

VOLUME 5, 2024



IEEE Open Journal of the
€’ Communications Society

E. D2D COMMUNICATIONS

D2D communication is possible between devices due to
direct wireless connections without a central network infras-
tructure layer, eliminating delays and saving energy. To
allow multiple users to communicate seamlessly, our systems
include a dynamic device detection and channel allocation
process. Depending on the application’s scope and power
needs, we support a range of protocols, including Bluetooth
low energy for close-range communication and LoRa for
long-range communication. That flexibility will allow our
systems to adapt to various environments in which our
systems need to be operational, enabling D2D cooperation
to deliver optimal overall performance. The received signal
at sensor, D during T(i”) from b-IoT sensor, S is expressed
as follows:

. ent (i) | en (i)
Sbs(l//) = ﬁhsds + hrdq)< ﬁhsrs + 22 | +z1,

direct link RIS-aided link

en(i')
= P s+ ra @) + a2+, (12

For given @, the gains are defined as follows:

N
hra®hl, = Y A [heal, [B ] (13)
n=1

We can express his as the conjugate transpose of hys. To
achieve the maximum rate using hrd<I>hIs, we select ¢, to
maximize the sum, which is the same phase as hgy. Thus,
we can calculate ¢, as ¢, = arg(hgq) — arg([hrd]n[his]n). To
calculate the rate during T(i//) using harvested energy, we
use the following formula:

M 2
% (hsd + hrd q’hjs>

Rd(i//) = d)lma);w Walog, | 1+ 2 ,
..... d
en (i) 2
42 aan(1) 1))
= Wrlog, | 1 + 2
d

(14)

where the carrier bandwidth is defined as W,. We define
hy = [healulhisl, and 03 = 02|l @] + 02,

F. INFORMATION CAUSALITY CONSTRAINT

The BS sends information to S in 7'(i') time, which is then
forwarded to D in T(i”). The information causality constraint
ensures that S forwards to D only the received information
from the BS. The information causality constraint is:

J / 2
P (Ia + (@) + k() )

2
%p

T(i")Wilogy | 1+
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o (7)1 o)

2

< T((")Wrlog, | 1 +
%a

15)

G. RIS PANEL ENERGY CONSUMPTION

This section focuses on calculating the energy consumption
of the RIS elements by considering both the energy harvest-
ing and data transmission phases. The energy consumption
in the passive elements is primarily due to the circuits related
to the switch and control. On the other hand, active elements
have a higher energy consumption because of the power
consumed by the active loads and power amplification, in
addition to the energy consumed by the switch and control
circuits.

1) PASSIVE ELEMENTS POWER CONSUMPTION

Recall that k is the number of RIS passive elements. We
express the RIS power consumption due to passive elements
as follows:

Pss(@) = k(j)psc fOI‘j € {i/, l'//},

where ps. is the energy consumption of each element,
considering switch and control circuits.

(16)

2) ACTIVE ELEMENTS POWER CONSUMPTION

The focus of analyzing the active elements’ energy consump-
tion is on the DC circuit loss and the output power. The
RIS active elements amplify reflected signals with negative
resistance tunnel diodes and a DC polarization source,
leading to power loss in the DC circuit. The output power
encompasses the energy consumption by the switch and the
control circuit. To get a reasonably tractable and accurate
power consumption model, the power amplifier model
from [42] is used to characterize the power consumption
of the reflection amplifier for active elements. The power
consumed by m number of identical active elements during
energy harvesting is:

Pct = m(pss +pdc) +f(p0Mt,Wl)s

The RIS active elements’ power consumption is analyzed
with a focus on the power dissipation caused by the DC
circuit loss and the output power. The output power includes
the energy consumed by both the switch and control circuit,
represented by pss, and the DC biasing power consumption,
represented by pge, which can be expressed as the sum of
these two, i.e., (pgs + pdc).- The output power dependent
term, f(pour.m), 1S determined by the output power, pousm
for m number of active elements. This term can be modeled
linearly through empirical expression as follows [43]:

A7)

2
Pout,m _ a,,Pin,m
- —’
% 1%

F(Pourm) = (18)

The output power for m number of active elements
is related to the incident signal power pj,, through the
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amplifier efficiency, v. This relationship can be expressed as
follows:

Pinm = |huel 1*pp + 03, (19)

The reflection amplifier operates in a linear region where
output power is proportional to input power, particularly for
tunnel diode-based reflection amplifiers with inputs within
their operational range [44]. The attenuation of the BS-
RIS channel may weaken the transmitted signal, providing
a high amplification gain for the reflection amplifier with
low output power. Most studies only consider DC power
consumption when estimating power consumption as output
amplification power typically comprises a minor component
of the total power consumption compared to DC power
consumption [45]. The active elements in RIS provide signal
amplification, reducing power consumption without requiring
complex and power-hungry RF components. The power
consumption of reflection amplifiers has been reduced to
uW. The system benefits from the active elements in the
RIS by improving signal combination at the receiver and
increasing power amplification.

Power consumption during energy harvesting: Using
(17)-(19) the power consumption expression is:

pout1

pct(i ) = m( )(Pvc + pac) + (20)
where the output power of the active RIS, represented by
Pour, is defined as pou, = dg,pp| el + 03

Power consumption during D2D communications:
Similarly, the active elements power consumption during
D2D communications phase with the help of harvested
energy is expressed as follows:

pautz

pct(i//) = m( )(psc + pdc) + (21)

ap, 403 |Inge | + 03

where pou, = a;, T

3) RIS PANEL ENERGY CONSUMPTION

Overall RIS panel energy consumption during 7'(i) is
expressed as follows:

ey =Y T(P[pss() +paD],

jeli i}

(22)

H. OPTIMIZATION PROBLEM

We formulate the optimization problem minimizing overall
RIS elements’ energy consumption subject to the information
causality constraint, nonlinear energy harvesting model, and
the number of RIS elements. The optimization problem, (P)
is expressed as follows:

P) max  WBy(i") — Wae,(i), (23a)
m.k.pp. T(0").T(0")
st.m+k <N, (23b)
T() + T(i") = TG), (23c)
a;f;j =0, Vj, (23d)

3028

) Yr(i)

en(i) = . ; (23¢)

1+ exp(—=y1 (@) — ¥2))
e =Y T)[pss() + )], (23f)

jE{l”,l’”}
By h

By, =T(i')W, 10g2<1+ Polly +n;k( )° ),(23g)

9

enl(f;) hs + -1/ h 2
T(i”)ngng 1+ TG )( d ka(l ) 2) > By,
94

(23h)

The objective of the function is to maximize the number
of BS-S bits, defined as Bp(i") while minimizing the energy
consumption of RIS elements, defined as e, (i), during 7(i),
as described in (23a). ¥; and W, are constants, where
Uy — U < 0. We optimize number of active, m, and
passive elements, k in both phases, BS transmit power,
Py, and time (T(i'), T(i”)) for energy harvesting and D2D
communications. The total number of active and passive
elements is shown in (23b), where N is the maximum
number of RIS elements used for designing the elements.
The time constraint for energy harvesting, bits transmission
from the BS to S, and D2D communications are shown
in (23c). The amplitude for active and passive elements
is described in (23d). The nonlinear constraint in (23e)
defines the harvested energy from BS RF signals by S as
no less than a threshold, e;,,. The overall RIS panel energy
consumption during 7'(i) is shown in (23f), and the number
of bits transmitted from the BS to S is shown in (23g), where
my (i) = Zje{i,’i-v}(amm(j) + k(j)). The information causality
constraint is defined in (23h). Solving the optimization
problem is non-trivial, as (23) is a non-convex MINLP
due to the coupling of optimizing variables, making it
very difficult to solve optimally. Therefore, a heuristic
solution approach is outlined in Section III to tackle the
challenge.

lll. SOLUTION TO (23)

The objective function in (23) describes a non-convex
optimization problem, which is challenging to solve due to
the interaction of the coupling variables in the objective
function (23a), energy harvesting constraint (23e), data
transmission constraint (23g), and the information causal-
ity constraint (23h). To simplify the complexity of (23),
we break it into three smaller sub-problems and solve
them in iteration. The first subproblem optimizes the RIS
panel elements, given the BS transmit power and their
corresponding time slots. The second subproblem uses the
optimal RIS elements to optimize the time slots. The final
subproblem optimizes the BS transmit power using the
optimal elements and time slots. Each of the subproblems
is investigated in turn in the following subsections. For
clarity and ease of reading, we denote feasible points as
[ -} and optimal values as [ - ]* in the remainder of this

paper.
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A. OPTIMAL RIS ELEMENTS, M* AND K*

PAD max WBy(7) = W2 Y TO)[ps) +pa(D].  (242)
’ Jeli',i"}
st.m+k<N, (24b)
@ =0, Vi, (240)
YI(i')
(i) = , 24d
) = e on® — 320 (240
er) =Y T([pss() +per(]. (24e)
Jeli i}
B Vi)
By(7) = T({)W) 10g2<1 + W) (241)
b
€nl(j,,) hS‘ + +// h 2
T(i”)Wzlogz(H fury (i 2mk(l re) ) > By (7)),
9q
(24g)

We optimize the number of active and passive elements
in (24). We decouple the optimizing variables in pC,(i”)
to solve the objective function in (24a). We, therefore,
reformulate pct(iﬁ) as follows:

afnnhsruzefl(i,) e

TG ©n

P’;t(i//) = m(i/) (psc +pdc) + v ’ (25)
where
YT(i
(1) = e
(os-+m 0y
I +exp| —y1 <§Pbg—lz —)’2>
and
() = (awm! @)+ K D)), @7)

Using (26), we redefine the information causality con-
straint as follows:

tog (1 + /2 (a + (@nm(@”) + k"))’

2\ /1
> 10g2<1 +f (hbs + (ammf(i/) + kf(l/))hl) ) , (28)

where
T(")W, ()

n
T@W;’

- )
o3T(")

==,
T

h= f3 (29)
Using (28) and taking log term out, the following expression

can be found:

2f1
15 (s @)
% — Nsd
ho

We reformulate the optimization problem as follows:

<amm(i") +k(i"),  (30)

(3la)
st e () = T({)pa(i) + T W) + Y T(pss(i). (31b)

JEl "}

(P.A2) max WiBy(i') - Wrel (i),
oy
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(31c)

2

b (hps + mi (i’)hl)2 ) ’

B, = T(i')W; log, (1 +2 2
(4b), (24c), (26). (30)

Due to the coupling of variables m and k in B(i’), (31)
is not convex yet. We also optimize the number of active
and passive elements in (24). To make the expression a
convex function, one approach is to use the first-order
Taylor series expansion. This method approximates the non-
convex function by a linear function at a specific point.
Using this approach, we find a simpler expression that
is both convex and reasonably approximates the original
function. This approximation can be useful in solving the
original problem or equation, as it allows us to use existing
methods and algorithms that require convexity. Specifically,
we approximate Bj, by its first-order Taylor series expansion
around a point (g, ko) as follows:

Bm, ) ~ By(mo, ko) + 220 g
_|_3Bb(mo, ko)

ok
3Bh(al”rrl'2,ko) and 3Bh(§r;<o,ko)

mp)

(k — ko), (32)

where are the partial derivatives
of B, with respect to m and k, evaluated at (myg, ko). This
approximation can be used as a convex approximation of the
original function and is useful in solving the original problem
or equation. By using existing methods and algorithms that
require convexity (justification is illustrated in Appendix B,
we can obtain solutions that are reasonably close to the
optimal solution of the original non-convex problem.

gzmm*+g@ﬁgww+wmy)

~ W 10g2<1 + %(hbs + (ammo(i') + ko (i/))h1)2>
1

2ppamhi (hps + (ammo (') + ko(i')) 1)
o7 n2(1+ Py (os + (@nmo() + ko )n)?)
(m(') = mo({'))
2pphi (hbs + (amm(i/) + k(i/))hl)
o2 n2(1+ pylls + (@nm(@) + kN ?)
(k(i") = ko(7')),

Finally, we rewrite the optimization problem as follows:

+W;

+Wi

(33)

(P.A3)  min W B, (i') — W2l (i). (34)

s.t. (24b), (24¢), (26), (30), (31b), (33)

where m*, k* are the optimal variables. Note that (34) is a
convex problem. Feasible points, n/ and & are initialized
to some reasonable random values. The feasible points are
updated at every iteration until the optimal solutions, m*
and k* are achieved. For the initialization of optimization
problem (P.A3), selecting reasonable random values for m*
and k*, which represent the number of active and passive RIS

3029



AHMED et al.: REVOLUTIONIZING b-loT SYSTEMS TO ENHANCE NONLINEAR ENERGY HARVESTING

elements respectively, requires consideration of the system’s
physical constraints and operational context. Given that m
and k are constrained by the total number of RIS elements
N (i.e., m+k < N), and both must be non-negative integers,
we propose initializing these values within the range [0, NV].
A uniform distribution could be utilized for this purpose,
ensuring 0 < m, k < N. If the sum of the initially selected m
and k exceeds N, a proportional reduction can be applied to
adhere to the total element constraint. This method ensures
that the initial values are within a feasible range, respecting
both the physical limitations of the RIS panel and the
potential operational bias towards more active or passive
elements depending on the system’s specific requirements.
For instance, if the total number of RIS elements is N =
100, one might start with values randomly selected from a
uniform distribution over [0, N] for both m and k, adjusting
them proportionally if their sum surpasses N.

To solve problem (P.A3), we employ an iterative Gradient
Descent (GD) algorithm, well-suited for optimizing convex
functions. The algorithm updates the RIS elements m and
k iteratively by moving in the negative gradient direction
of the objective function \l-’lB’;(i’ ) — \Ilze);(i), subject to the
constraints. The update rule for each iteration is given by:

_ 9 . .
m*D = Proj <m(’) - a%(\IMB’;(/) - ‘I—’zef(l)))
KD = proj( K — aﬂ(\lef (i) - lI/zef(i))

ak\ T )

where o is the step size, and Proj(-) denotes the projection
onto the feasible set defined by the constraints to ensure
m+k < N. The algorithm iterates until convergence, defined
by a small change in the objective function value between
successive iterations.

B. OPTIMAL TIME SLOTS, T*(I') AND T*(I")

To obtain the optimal 7T'(i") and T(i//), we need to reformu-
late (23) in terms of the parameters m*, k*, and p; that are
given. This can be reformulated as follows:

(PB1)  max  WBy(i') — Wae,(i), (35a)
T(@).T(")
st.T(') + T(i") = TG), (35b)
Y1 (i')
n ') = . 35
en(”) 1+ exp(=y1 (pu (") — y2)) (359
ey =Y T()[pss() +per(i)], (35d)
jeli'i"y
e 2
By(i') = T(/)W 10g2<1 o Dol +:§" () )
b
(35e)
T(i")Walog, | 1+ 12 (s zmk(l ) > By,
%4
(356)
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We optimize time (T(i’),T(iN)) for energy harvesting
and D2D communications, respectively. We redefine using
optimal m* and k* for brevity as follows:

mi) =Y (awm* () + (), (36)
jE{i/,i//}
We reformulate (35f) as follows:
! f -/
T(i )10g2<1 + 3 (j,,)) > 7(/)fs. (37)
where
G
fa = ";(;)(hsﬁ(amm*(i”)+k*(i”))hz)2, (38)
d
f(i
P L S
I + exp(—=y1 (pu (') — y2))
and
K (211 * (11 2
fi= %logz(l 4 el ® o) 4 K (7)) )
2 %

(40)

It is generally challenging to make convex (37). To find
a convex lower bound for (37), using a convex relaxation
technique, such as the log-sum-exp (LSE) [46].

Lemma 1: LSE function is a convex and continuously
differentiable function commonly used in optimization.

Proof: Let x = (x1,x2,...,X,) be a vector of real
numbers. Then, the LSE function is defined as:

LSE(x) = log[exp(x1) + exp(x2) + - - - + exp(n)]. (41)

LSE function is convex and continuously differentiable
since the exponential function is convex, and taking the
logarithm of a convex function preserves convexity. The
expression for the derivative of the LSE function with respect
to x; is:

exp(x;)
exp(x1) + exp(x2) + - - - +exp(xn)’

It is well-defined and continuous for all x; as long as at

least one exponent is positive.

The proof is complete. Using LSE, (37) can be used to
approximate as follows:

7(i") log, <e + T{j//)) > T()fs,

The convexity of the approximation in (43) enables us to
optimize it using the LSE convex optimization technique.
Therefore, we can reformulate the optimization problem as
follows:

(P.B2)

9 I SEx) = @2)
axi

(43)

max
T("),T0")

stoe@= Y TQ[pss() +pa(i)], (44b)

Jeti i}

(43), (35c), (35b), (35e)

W1 By (i) — Wae, (i), (44a)
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We also optimize time (T'(i'), T(i”)) for energy harvesting
and D2D communications, respectively. Note (44) is not
a convex problem yet, primarily due to the presence of
pe:(i”) in (44a) and (44b). To make it a convex problem, we
introduce a feasible point and approximate the problem as
follows:

N s () a’zn ef%l(g/l;)) 2
Plali”) = (") psc + pac) + - Ihse .

(45)

where
vl (i)

- : , (46)
1+ exp(—=y1 (pu (@) — y2))

(i)

Finally, we can express the optimization problem as:

(P.B3)  max B, (i) — Wael (i), (472)
s.tel(i) = T(/),ac,(i’) + T(i”)p{:t (z)
+ D TOpss(). (47b)

SN

Jeli i’}
(43), (35¢), (35b), (35e)

We can observe that (47) is a convex problem. We can
initialize the feasible points T (") with some reasonable
random values to solve this problem. At each iteration,
we can update the feasible points using an appropriate
algorithm until we obtain the optimal solutions 7*(i) and
T*(i"). The algorithm is designed to ensure that the feasible
points are updated in a way that converges to the optimal
values of T*(i’) and T*(i"), thereby optimizing the objective
function (47).

C. OPTIMAL BS TRANSMIT POWER, PE

In this sub-section, we utilize optimal values for m*,
k*, T*(i') and T*(i”) to attain the optimal BS power
budget, denoted by pj;. To achieve this, we reformulate the
optimization problem stated in (23) as follows:

(P.C)  max W By(i') — Wae, (i), (48a)
b
YT (i)
tey(!) = , 48b
stenll) = e o @® ) (48)
o)=Y TO[ps() +pa(d]; (48¢)
jE{i’,i”}
* (o 2
By(i') = T* ()W 1og2(1 + W)
b
(48d)
) Y 2
T* (z) ;/((,l)) (sa i (i )h2>
B () Walog, | 1 + p =1,
(48¢)
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where we optimize BS transmit power, pp. The exponential
term of (48b) is dealt as follows:

yr* (i)
o ‘“( () ")

ol

Vi
pp = ; ; ; (49)
¢ (hps + (amm(i') + k(i))h1)>
The optimization problem is rewritten as follows:
(P.C2) max W By(i') — Wae,(i), (50a)
Pb

s.t. (48c), (48d), (48e), (49)
Optimizing variable is pp. We rewrite (48e) as follows:

J1 = logy (1 + fep). (S

n

_ ()W) o (hsa £ mi )
= .—llogz (1 +efz(l) T*(")o2 - 52)

(53)

YT*(i')
N  (hpy+m ()

Note that (51) is a concave function, meaning its second
derivative is negative. To make it a convex function, we can
take its negative, as the negative of a concave function is a
convex function. Therefore, the following function is convex:

., (54)

—logy (1 + pufs) = —logy (1 + feps)
= logy (1 +feps) ") = logs (27" = foms).  (55)

And the inequality can be written as: log, (1 + feps) < f7
which is equivalent to:

1082(2_f7 —fﬁpb> >0,

The inequality is only true for values of fgp, that satisfy
the constraint such that

(27f7 —f6pb) >0,

The optimization problem can be rewritten as follows:

(56)

(57)

(P.C3) max W;By(i') — e, (D), (58a)
b
st.e= D TQ[ps() +pa(d]: (58b)
jeli i)
* () 2
By(i') = T*(i') Wy 10g2<1 | Polls +U”;k (7)) )
b
(58¢)
49), (57)
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Optimizing variable is also pp. To obtain (33) and (58b),
we make an approximation of (20) by assuming it to be
convex, as shown below:

ef .
a2 2 | b |2 + 02

Plali”) = m* (") psc + pac) + —2— . (59)
where
(i) = ) . (60)
1+ exp<—y1 (4“17’; —(h"er"Z,"lz(i/)hl)z - J’2>>
We rewrite the optimization problem as follows:
(P.C4) max W B(i') — Wel (i), (61a)

Py

st =1 Ypa({) + (O Vl(() + X TORG).

Jeti i}

(61b)
(58¢), (49), (57)

where pj is the optimal variable, i.e., optimal transmit power.
Note (61) is a convex function. It can be solved using any
standard optimization toolbox, which provides a range of
algorithms to solve convex optimization problems. Therefore,
the problem of optimizing (61) can be tackled using well-
established and efficient optimization techniques, making
the proposed solution efficient. In forthcoming studies, we
delve into the intricacies of a bi-objective optimization
model, enriching our analysis with a comprehensive array of
optimal operational points. Such an approach is invaluable
for mapping the Pareto frontier, articulating the trade-offs
between energy efficiency and data rates in RIS-enhanced
networks. We intend to provide network designers with a
multi-faceted perspective, equipping them with the means
to balance the competing demands inherent in IoT environ-
ments. The refined iterative algorithm will be adept at sifting
through the complexity of multi-objective problems, yielding
a versatile toolkit for meeting the dynamic requirements of
contemporary communication systems.

D. PROPOSED ALGORITHM

To solve the formulated optimization problem, we use
Algorithm 1, an iterative method that enables the efficient
solving of the non-convex MINLP problem. Importantly, this
algorithm allows various RIS elements, time allocation, and
the BS transmit power to attain the optimization outcome.
Algorithm 1 is given in the appendix and follows a series
of steps crucial in enhancing the performance of RIS-
assisted wireless networks. The iterative algorithm starts with
initializing the values of Wy, V>, m, ¥, Tf(i’), p’;, and € to
reasonable random values. Optimization begins with a repeat
loop until the optimal value is found. In each iteration, the
algorithm finds the optimal active and passive elements of
the RIS using (34). The obtained optimal values m* and k*
are then set as n/ and ¥/, respectively. Next, the algorithm
finds the optimal time slots, T*(i") and T*(iﬁ), using (47),
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Algorithm 1 Proposed Iterative Algorithm

1: Imitialization: ¥, Wy, 0/, K, T/ (7), pf ', and € to some
reasonable random values

2: Optimization:

3: repeat

4: Determine m* and k*, by solving problem (P.A3).
5: Set m/ = m* and ¥ = k*

6:  Find T*(/") and T*(i") using (P.B3), m* and k*

7. Set T'(i") = T*(i')

8:  Find p} using (P.C4), T*(i"), T*(i'), m* and k*

9: Set p’; =p;

10: until Find the optimal value, such as m*, k*, T*(),

T*(i"), and p} such that |x())| — |x(I — 1)| < €, where
x=m*, K, T*({), T*("), p}

along with the values of m* and k*. The algorithm then
updates the values of 77 (') to the new optimal values. After
that, the algorithm finds the optimal transmit power of the
BS, p;;, using (61), along with the optimal values of T* (i),
T*("), m* and k*. The obtained optimal value Py is then

set as p];. The repeat loop continues until the optimal values
of m*, k*, T*(), T*(i"), and pj, are found such that the
difference between the previous and current iterations is less
than €. The algorithm aims to optimize the active and passive
elements of the RIS, the time slots, and the BS iteratively
transmit power until convergence is reached. The proposed
algorithm is summarized in Algorithm 1.

The main subproblems are RIS configuration optimization
in Algorithm 1, energy harvesting optimization, and data
transmission scheduling. The complexity of RIS configura-
tion optimization is O(m), as there are m configurations.
The complexity of energy harvesting optimization is O(n),
as it involves a linear search through n devices. The last
subproblem, data transmission scheduling, has a O(n?)
complexity due to the necessity of pairwise comparisons
for optimal scheduling among n devices. The complexity of
Algorithm 1 is connected to the number of IoT devices, n,
and configurations of RISs, m. Its decomposition into three
subproblems results in O(m + n + n?), due to which the
dominant value n2, including data transmission scheduling,
simplifies the entire complexity to O(n?). This means that the
algorithm’s execution time refers to the square of the number
of devices but is still sustainable for practical utilization in
RIS-facilitated IoT networks.

IV. RESULTS

This section presents the simulation setup of the proposed
model, including specific parameter details, and outlines
the results. Our investigation focuses on stationary nodes,
where their distances determine the gain between nodes.
The channel gain is based on Rician fading, a commonly
used model in wireless communications that accounts for
both line-of-sight and non-line-of-sight components of signal
propagation. The algorithms are simulated using a specific
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set of parameters, which include the thermal noise o2 =

—121.45 dBm, amplification factor a,, € {2.5, 3.0, 3.5}, RIS

passive element power consumption pg. = —10 dBm, RIS
active element power consumption pg. = —5 dBm. We use
W1 = W, = 180 KHz as the bandwidth of the carrier

frequency. The energy efficiency factor and time are set as
¢ € {0.20, 0.30, 0.40} and T(i) € {150, 200, 250, 300, 350}
ms, respectively. We assume wireless energy harvesting
related constant Y to be 1, indicating that the maximum
amount of power that can be charged is 1W. We specify y; =
1000 to model circuit resistance and its associated losses,
indicating notable resistance challenges in energy conversion
efficiency. Conversely, y» = 0.000002 models capacitance
and circuit sensitivity, reflecting high sensitivity and efficient
energy fluctuation management, key for optimizing energy
harvesting. The RIS panel, a key component of the proposed
system, is designed with a minimum of 150 and a maximum
of 500 elements. To solve the optimization performance, we
use the GAMS tool [47], which is a high-level modeling
system for mathematical programming and optimization.
The parameter values selected for our simulations, including
thermal noise level, amplification factor, RIS element power
consumption, and bandwidth, were chosen to reflect real-
world conditions and align with commonly used standards
in RIS technology and IoT communications. This careful
selection ensures that our simulation results are theoretically
sound and practically relevant, enabling a realistic assess-
ment of the system’s performance across various RIS element
counts.

The specific value of the amplification factor, a,, between
2.5 and 3.5 and a bandwidth of 180kHz are chosen in
response to the operational constraints and technological
specifics of existing RIS and IoT technologies. The arbitrary
choice of the amplification factor is directly connected to the
relationship between the noise of the amplification process
and the thermal noise of RIS, thus guaranteeing the selection
of feasible simulation parameters. Similarly, the bandwidth
of 180 kHz agrees with the current NB-IoT standards,
prioritizing IoT coverage’s efficient and broad deployment.
We have chosen to operate at a bandwidth of 180 kHz due
to its prevalence in IoT applications, particularly in the sub-
GHz frequency bands where many IoT devices operate.

In Fig. 3, the simulation results obtained by applying
Algorithm 1 prove the suggested method’s effectiveness
in enhancing the IoT system’s performance. The objective
function increases within the first five iterations, and after
that, it stabilizes and changes very little. This indicates the
convergence of the algorithms, and the results produced
by the algorithms are reliable. The fast convergence of
Algorithm 1 is a desirable feature, as it indicates that
Algorithm 1 can solve the problem efficiently and quickly.
The energy harvesting varying over time is shown in
Fig. 4. The higher efficiency factor guarantees higher energy
harvesting in both algorithms. Specifically, the nonlinear
energy harvesting model yields more energy. For example,
with energy efficiency factor, ¢ = 0.40, compared to a lower
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FIGURE 5. Elements during energy harvesting.

efficiency factor, such as ¢ = 0.30. Notably, the absence of
the RIS panel in the networks leads to poor energy harvesting
performance.

Fig. 5 and Fig. 6 illustrate the variation in the optimal
number of active and passive elements required for energy
harvesting from BS RF signals and D2D communications,
respectively. The analysis aims to determine the optimal
number of RIS elements by varying the amplification factor,
a, for various values of ¢. The difference in the number
of active and passive elements is due to the complexity
of the energy harvesting from BS RF signals and D2D
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communication processes. In both cases, the number of
active elements decreases as a, increases. For example,
in Fig. 5, the active elements use 60% of the overall
RIS elements; in Fig. 6, they use 34% of the overall
RIS elements. Furthermore, the optimal number of passive
elements slightly increases with an increase in the number
of RIS elements. Specifically, for energy harvesting, the
passive elements use only 21% of the overall RIS elements,
while for D2D communications, they use 30% of the
RIS elements. This difference in the percentage of passive
elements used can be attributed to their role in each phase.
In the energy harvesting phase, the active elements with
higher a,, are crucial for achieving higher energy gain. In
contrast, in D2D communications, passive elements play
a significant role in reflecting and directing the signals
between the communicating nodes. The optimal number of
elements, indicated by the intersection points of the active
and passive element curves in Fig. 5 and Fig. 6, represent the
configurations where the system achieves a balance between
energy harvesting and D2D communication efficacy. At these
points, the system capitalizes on the trade-off between the
enhanced directivity of active elements and the reduced
thermal noise contribution from passive elements.

In Fig. 7, we observe the interplay between the efficiency
factor ¢ and the corresponding time allocations for energy
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harvesting 7(i') and D2D communications 7(i"”). As ¢
increases, denoting a more significant share of energy
dedicated to harvesting, the optimal time for energy har-
vesting rises proportionally. At the same time, the time for
D2D communications also increases but at a lesser rate.
This allocation underscores the importance of optimizing
¢ to balance the trade-off between energy collection and
communication duration, which is crucial for the system’s
overall efficacy.

Fig. 8 and Fig. 9 show the data rate transmission using
the RIS panel. To demonstrate the performance, we vary
a,, for different numbers of RIS elements, such as N €
{300, 500}. We compare the RIS-assisted data rate with no
RIS panel, and the proposed model shows an enhanced
transmission rate of about 100% compared to the network
without the RIS panel. It is reasonable to claim that the
higher number of RIS elements results in a higher data
rate. Comparing Fig. 8 and Fig. 9, we observe that the
rate from S to D is higher or equal to the rate from BS
to S, indicating that the information causality constraint
is successfully applied to the network. This claim also
holds when the system does not adopt any RIS panel,
as the information causality constraint is independent of
RIS. The initial selection of 300 RIS elements is based
on prevalent RIS configurations in contemporary empirical
studies. This benchmark facilitates an evaluation of RIS
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panel performance impacts within a range pertinent to current
practical applications. The data presented also highlights the
diminishing returns associated with integrating additional
RIS elements, pointing to the necessity of identifying an
optimal balance between enhanced system performance and
the practicalities of resource allocation. It is important to
note that the information causality constraint is consistently
applied in our simulations, ensuring the system model’s
integrity regardless of the specific RIS panel implementation.
In Fig. 10, we present data rates of our proposed model
with heuristic and conventional (No RIS) communication
systems over varying SNR levels. Our model consistently
outperforms the conventional approach, substantiating the
efficacy of integrating RIS in enhancing data transmis-
sion rates. Fig. 10 also underscores the superiority of the
proposed method over the heuristic strategy, especially
at higher SNR values, highlighting the advantage of our
optimized RIS configurations and signaling the significant
potential of our approach in practical deployments.

V. CONCLUSION

This paper focuses on enhancing RIS-assisted wireless
networks for b-IoT sensors. Previous literature primarily
uses passive elements within RIS to boost performance, but
our study underscores integrating both active and passive
elements for optimization. This integration, however, can
increase thermal noise, potentially limiting SNR improve-
ment. We delve into the balance between RIS elements
and system performance to augment RIS efficiency in
wireless communications for b-IoT systems. Our investi-
gation includes a practical scenario where a b-IoT sensor
harvests energy from nearby BS RF signals during the first
optimal time slot using a nonlinear energy harvesting model.
Subsequently, the sensor transmits bits to another sensor,
thereby improving D2D communications while adhering to
an information causality constraint. Utilizing an RIS panel
with both element types aids in both energy harvesting and
D2D communications. We aim to maximize transmitted bits
and minimize RIS power consumption within the constraints
of our energy harvesting model. Identifying the optimal mix
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of RIS elements, time allocation, and BS transmit power. We
address these challenges through an optimization problem
considering the constraints of nonlinear energy harvesting
and information causality. Iterative algorithms are employed
to tackle this non-convex MINLP problem, demonstrating
through simulations that RIS-assisted energy harvesting sig-
nificantly improves IoT system performance over traditional
benchmarks without RIS integration. Future work will extend
this model to include BS with multiple antennas, aligning
with more common real-world deployments and MIMO
systems. It includes simulations that span a variety of channel
conditions, ensuring that our analysis reflects the dynamic
and stochastic nature of wireless channels.

APPENDIX A
PROOF OF CONVEXITY FOR THE DECOMPOSED
SUBPROBLEMS

Given the optimization problem formulated as:
max f(x) subject to g;(x) <0, fori=1,...,m (62)

where f(x) is the objective function and g;(x) are the
constraint functions, the non-convex nature of the origi-
nal problem (23) stems from the interaction between the
variables in the objective function (23a) and the con-
straints (23e), (23g), and (23h). To demonstrate the convexity
of the decomposed subproblems, we must show that the
second derivative of the objective function f(x) and each
of the constraint functions g;(x) concerning the decision
variables is non-negative. This can be established by the
following: For the energy harvesting model, which involves

a sigmoid function o (x) = m, it is known that:

d?*c (x) 2
e

exp(—ax) — 1

exp(—ax) >0 (63)

(1 +exp(=ax))’ ~
for a > 0. Thus, the energy harvesting model is convex.
The objective function and constraints regarding the decision
variables are linear for the data transmission scheduling.
Given a linear function h(x) = bx + ¢, its second derivative
is:

d*h(x)
dx2

Since the second derivative is zero, it indicates no curvature,
and the function is thus convex.

0 (64)

APPENDIX B

QUANTITATIVE EVIDENCE

We present a quantitative analysis to justify our claim that
convex optimization methods provide solutions that closely
approximate the global optimum of the original non-convex
problem. Our approach involves comparing the outcomes
of convexified solutions with those obtained from global
optimization techniques. We express as follows:

maxf(x), subjectto gi(x) <O0,i=1,...,m, (65)
xeX

3035



AHMED et al.: REVOLUTIONIZING b-loT SYSTEMS TO ENHANCE NONLINEAR ENERGY HARVESTING

where f(x) is a non-convex objective function, g;(x) rep-
resents the set of constraints, and X denotes the feasible
region. We approximate (65) with a convex problem:

maxf(x), subjectto Zi(x) <0, i=1,...,m, (66)
xeX

where f(x) and g;(x) are convex approximations of the
objective function and constraints, respectively. To quantify
the effectiveness of the convex approximation, we conducted
experiments across N different scenarios, comparing the

optimal solutions of the original non-convex problem, x lobal’

with the solutions obtained from the convex approximation,

X5 ver- FoOr each scenario, we calculated the objective

function value difference, Af = |f (xyp0) —f (Fomer)|> and
aggregated the results. The mean and standard deviation of
Af across all scenarios were computed to assess the close-
ness of the convex approximation to the global optimum.
Our analysis reveals that the mean value of Af falls within
a tolerable margin, indicating that the convex approximation
yields solutions remarkably close to the global optimum.
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