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Abstract: This paper investigates the potential of active reconfigurable intelligent surfaces (RIS) to
enhance wireless-powered communication networks (WPCNs), addressing the evolving connectivity
needs of the internet of things (IoT). Active RIS, capable of amplifying and reflecting signals, offers
a solution to surpass the limitations of passive RIS, such as double-fading attenuation, aiming to
significantly improve network throughput and coverage. Our research focuses on exploiting the
amplification capabilities of active RIS to boost the overall network sum throughput, engaging in
a comprehensive optimization of critical network parameters, including time allocation, reflection
coefficients, and phase shift matrices specific to active RIS. The formulated problem is non-convex
and highly complex due to the coupling of optimization variables. We employed a successive convex
approximation algorithm to solve the throughput maximization problem by converting the non-
convex constraints into approximated convex constraints and solving them iteratively. Through
extensive simulations, we demonstrate that our active RIS-assisted network substantially outperforms
networks facilitated by passive RIS, marking a significant advancement in WPCN performance.
These findings underscore the potential of active RIS technology in realizing the full capabilities of
IoT connectivity.

Keywords: active reconfigurable intelligent services; wireless power transfer (WPT); wireless
information transfer (WIT); iterative convex optimization; successive convex approximation

1. Introduction

The rapid evolution of communication technologies has revolutionized the internet
of things (IoT), in which thousands of devices connect and communicate with each other
and the wider world. Cellular networks have emerged as the primary infrastructure for
connecting IoT devices. They provide widespread coverage and reliable connectivity,
making them an essential component of the IoT ecosystem [1]. Although 5G and beyond
5G (B5G) technologies are on the horizon, their global implementation is still developing.
These technologies promise significant advances in speed, latency, and connectivity. Despite
their potential, 5G and B5G technologies deliver lower data rates and face challenges in
supporting advanced forms of communication. These limitations highlight the need for
more advanced solutions [2].

Researchers are already considering sixth-generation (6G) technology as a potential
solution to the shortcomings of 5G and B5G. 6G is envisioned to offer unprecedented capa-
bilities in terms of speed, capacity, and new communication paradigms. Nevertheless, the
potential increase in energy consumption is one of the significant concerns with the advent
of more advanced technologies. This can have environmental and economic implications.
IoT devices often operate on battery power, and their limited lifespan can pose challenges,
particularly in scenarios where continuous operation is critical. Energy consumption and
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battery lifespan issues impact the ability to maintain a seamless and intelligent connection
among loT devices. This is crucial for applications where real-time data and communication
are essential. Energy-efficient communication refers to strategies and technologies that
maximize energy efficiency and environmental impact in communication technology [3,4].

The network’s lifetime can be extended through the promising technique of wireless
energy harvesting. This method can offer wireless networks an essentially boundless power
source by gathering energy from the surrounding environment. There is an increasing focus
on wireless-powered communication networks (WPCNs) as an economical and energy-
efficient solution. These networks are designed to deliver appropriate energy, enable
adaptable wireless energy transfer, and facilitate efficient communication [5-8].

1.1. Wireless Powered Communication Networks

In WPCNs, a hybrid access point (H-AP) engages in simultaneous wireless energy
transfer (WET) to, and wireless information transfer (WIT) from, multiple wireless nodes.
The H-AP acts as the principal energy source, emitting electromagnetic power to nodes
within the network’s perimeter. Within this framework, a “harvest-then-transmit” paradigm
is predominantly employed, indicating that the nodes lack autonomous energy storage.
Instead, these entities accumulate and store energy conveyed by the H-AP, utilizing this
harvested power for subsequent information transmission towards the H-AP in the uplink
phase. This mechanism obviates the necessity for traditional electrochemical batteries,
thereby diminishing maintenance requisites [6,9]. The interaction between communication
and energy transfer is integral to a WPCN. The energy requirements of wireless devices
(WDs) to meet their uplink communication quality standards determine the strategy for
downlink energy transfer. On the other hand, uplink information transmission is causally
constrained by the amount of energy available at each WD after undergoing energy harvest-
ing through wireless power transfer (WPT) in the downlink. Consequently, coordinating
information and energy transmissions is essential for preventing interference and opti-
mizing the overall system performance [10]. Optimal time allocation for WET and WIT is
crucial for ensuring the desired minimum requirements in WPCNSs. The distribution of time
slots between WET and WIT significantly impacts the network’s performance. Furthermore,
the efficiency of wireless energy transfer diminishes with increased distance from the H-AP
due to augmented path loss and attenuation, leading to reduced energy reception by distant
devices. Advances such as relay cooperation and massive multiple-input multiple-output
(MIMO) technologies have been proposed to enhance energy and spectral efficiencies and
increase the range of WIT of the network.

Recent works have focused on throughput analysis of wireless-powered IoT networks
in various scenarios [11-14] in different scenarios. Liu et al. proposed an optimal transmis-
sion policy that maximizes the throughput of a mobile WPCN by optimally pairing the
energy consumption of one transmission with the energy harvesting probability, consider-
ing the mobility of the energy access point and data access point and the resultant variable
distances. Their approach introduces a two-layer algorithm that effectively addresses the
joint optimization problem, dividing the network into energy-sufficient and energy-limited
states [11]. Zheng et al. investigated throughput maximization by optimizing time, power,
and channel allocation by introducing two algorithms for a wireless-powered IoT system: a
generated data packets-based throughput maximization (GDPTM) algorithm for short-term
throughput maximization when IoT nodes have sufficient energy, and a deep deterministic
policy gradient (DDPG)-based multi-node resource allocation (DMRA) algorithm for re-
source allocation when energy is insufficient [12]. Tang et al. presented a two-stage design
method to optimize energy efficiency in a millimeter-wave-based WPCN with an H-AP
and multiple IoT devices, addressing non-convex optimization through stable grouping,
optimal antenna allocation using the principle of two-side exchange stability (TES), and
optimal sub-time slot and bandwidth allocations using the Dinkelbach algorithm and the
Lagrange dual method [14]. Nonetheless, the real-world implementation of these technolo-
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gies faces challenges related to power usage, expenses associated with hardware, and the
complexities of signal processing [8].

1.2. Reconfigurable Intelligent Surface-Aided Wireless Networks

Reconfigurable intelligent surfaces (RISs) are a promising technology that may address
the escalating demands of wireless networks, particularly in the context of advances in
5G and B5G [15]. These RISs are designed as artificial planar structures equipped with
integrated electronic circuits that enable them to adapt and manipulate incoming electro-
magnetic waves in a controlled manner. RISs are constructed from low-profile, lightweight,
and cost-effective materials, allowing them to be easily shaped with desired geometries.
This facilitates their deployment on various surfaces within various environments, includ-
ing building facades, walls, and ceilings. The incorporation of RISs in wireless networks
offers several advantages. The propagation from transmitters to receivers can be optimized
by intelligently steering the signals reflected by the RIS, significantly enhancing the result-
ing signal quality. This, in turn, results in higher spectral efficiencies than current wireless
systems [16]. Furthermore, RISs can be pivotal in mitigating co-channel interference, a
critical concern in densely populated urban environments with a high concentration of
communication terminals. This is achieved by selecting distinct propagation paths for
interfering signals, enhancing overall network performance [17]. Through the progression
in metasurface technology and micro-electro-mechanical systems (MEMS), RIS components
can undergo real-time modifications utilizing adjustable phase shifters [18]. This capacity
for dynamic alteration facilitates the adaptability of RIS to diverse communicative scenarios
and fluctuating environmental contexts.

1.2.1. Passive RIS-Aided Networks

Most research efforts focused primarily on passive RISs [19-26], equipped with pas-
sive loads (positive resistance), that reflect the incident signal with the desired phase shift
and reflection gain no larger than one. In contrast to conventional active relays, passive
RIS operates without expensive transmit/receive radio-frequency (RF) chains [27]. This
characteristic leads to a substantial decrease in power consumption. By leveraging pas-
sive elements, passive RISs can manipulate and redirect electromagnetic waves without
requiring energy-intensive electronic components. This makes passive RISs an appealing
technology for enhancing wireless communication networks, particularly in scenarios
where power efficiency and cost-effectiveness are paramount considerations. Furthermore,
passive RISs operate in a full-duplex mode without amplification, noise processing, or
self-interference management. Shi et al. explored the benefits of integrating a passive
RIS into a WPCN to enhance WET and WIT efficiencies [8]. Their research focused on
maximizing the secrecy throughput across devices through simultaneous optimization of
the RIS’s phase shift matrices and time allocations for both downlink and uplink phases.
In a related study, Zheng et al. harnessed the capabilities of RIS to boost both energy
and spectral efficiencies within cooperative WPCNs [20]. Their methodology, centered
on IRS-facilitated cooperation, resulted in a notable throughput enhancement of 91.85%
compared to scenarios lacking IRS support. Differently, Hameed et al. integrated a passive
RIS within a cognitive radio (CR)-enhanced WPCN framework, assessing the influence of
the RIS on aggregate throughput for cognitive users, especially in environments potentially
populated by primary users [25].

Recent research has addressed the limitations of systems using a single RIS by imple-
menting advanced strategies. These strategies include deploying multiple RISs, fostering
RIS cooperation, applying dynamic control, and utilizing hybrid beamforming to fully
exploit RIS technology in enhancing wireless communication [28-35]. A multi-RIS con-
figuration involves placing RISs near both the H-AP and wireless devices, significantly
improving communication efficiency. This arrangement introduces additional flexibility
through a dual-reflection path involving each RIS, offering extra advantages, particularly
when direct and single-reflection paths are obstructed [28]. Han et al. proposed a co-
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operative double-IRS-aided MIMO system to boost signal coverage and communication
performance, focusing on capacity maximization by jointly optimizing transmit and passive
beamforming matrices. This work introduces a low-complexity algorithm and, through ex-
tensive numerical analysis, shows that the system substantially outperforms conventional
single-IRS setups by leveraging cooperative power and spatial multiplexing gains [31].
Nhu et al. introduced and analyzed two multi-RIS-aided wireless system schemes, the
exhaustive RIS-aided (ERA) and opportunistic RIS-aided (ORA), using statistical mod-
els for end-to-end channel characterization. Their findings reveal that the ERA scheme
outperforms the ORA in terms of outage probability and ergodic capacity, underscoring
the significant impact of RIS configurations and placements under independently non-
identically distributed fading channels on system performance [33]. Hou et al. presented
a distributed RISs framework (DRF) to improve 6G wireless communication in the THz
domain, demonstrating through simulations how distributed RISs effectively mitigate
human blockage, enhance THz signal coverage, and improve signal-to-noise ratios (SNRs)
and quality of service (QoS), thereby establishing a foundation for efficient THz internet of
things (IoT) networks [34]. Li et al. explored the coverage probability in a 3D downlink
millimeter-wave network assisted by RIS, emphasizing the influence of the number of RISs
and unit cells per RIS on network performance in the presence of blockages. The results
indicate that densely deployed small-scale RISs more effectively enhance coverage in areas
with dense blockages or short distances, while sparsely deployed large-scale RISs are more
suitable for environments with sparse blockages or longer transmission distances [35].

However, deployments involving passive RISs, despite their pronounced advantages,
encounter specific limitations. These limitations are coherent with theoretical insights
suggesting optimal placement of a RIS proximal to either the H-AP or the devices to
mitigate the channel gain attenuation across the communication channels connecting the
RIS with both the H-AP and end devices [16]. Consequently, passive-RIS configurations
may face challenges such as limited transmission range, critical obstruction issues, dimin-
ished passive beam gains, and constrained multiplexing gains due to channel correlations.
These factors underscore the imperative for continued research and the development of
innovative deployment tactics to fully leverage RIS’s potential in enhancing communica-
tion performance.

1.2.2. Active RIS-Aided Networks

Despite the potential of passive reconfigurable intelligent surfaces (RIS) in enhancing
wireless communications, they encounter a particular challenge referred to as double-fading
attenuation. This occurs because reflected signals must go through multiple links, reducing
their strength and limiting the coverage area of each RIS [36]. One approach to mitigating
this issue aims to increase the number of elements on the RIS. On the other hand, this can
be technically complex and expensive, involving hardware design and implementation.
This may not always be practical in real-world scenarios. Another option is to position the
RIS closer to the H-AP or end devices. This reduces the range of signals that travel through
the multiple links, which helps improve the signal strength and coverage. Nevertheless,
adjusting the proximity of the RIS also comes with practical challenges [37]. In light
of these complexities, researchers are exploring active RIS technology as an alternative
solution [38—46]. In contrast to passive RIS, active RIS have the ability to not only reflect
signals but also actively boost them. This attribute provides a more effective solution to
mitigate signal degradation without necessitating a large array of reflectors. This innovation
presents a promising avenue for markedly improving the practicality and efficiency of
wireless communications, potentially leading to enhanced network throughput and broader
coverage. Zhang et al. have documented that active RIS can furnish a substantial increase
in sum-rate performance by 130% within a standard wireless framework, a considerable
improvement over the 22% gain offered by passive RIS, thereby addressing the challenge
of multiplying channel gain attenuation [38]. Furthermore, Zeng et al. investigated the



Electronics 2024, 13, 1402

50f 17

deployment of an active RIS in a WPCN, leveraging its advantages to optimize the weighted
sum throughput, thereby ensuring equitable throughput distribution [40].

The evaluation of an active RIS-enhanced WPCN aimed to harness the advantages
offered by active RIS technology. Incorporating active RIS into WPCNs introduces significant
benefits, yet it also presents novel challenges. The simultaneous optimization of resources,
like time allocation, along with the tuning of active RIS components, grows in complexity
due to the presence of both WET and WIT within WPCNSs. Active RIS, with its capability for
signal amplification, adds further complexity to the optimization task by introducing more
variables and constraints, particularly with the need to manage the amplified thermal noise
that impacts both downlink and uplink transmissions. Achieving stability between enhancing
signal strength and reducing noise on the uplink adds further complexity. Overcoming these
challenges necessitates innovative and sophisticated approaches to fully exploit active RIS
technology for WPCN performance enhancement. This entails navigating the complexities
associated with integrating and efficiently operating active RIS components in the network.
The primary contributions of this work are outlined as follows.

¢  The study compares active and passive reconfigurable intelligent surfaces (RIS) to op-
timize the total throughput in wireless-powered communication networks (WPCNs).
We introduce an approach involving active RIS to enhance WPCN performance. An
optimization problem was formulated to maximize the total throughput of wireless
devices within the WPCN. This entailed optimizing the amplification coefficients,
phase shift matrices of RIS elements, and time allocations for both downlink and
uplink while ensuring that the minimum energy requirements of wireless devices
were met.

*  We exploited an approach based on alternating optimization (AO) to tackle the non-
linear total throughput optimization challenge. By dividing the complex maximization
problem into smaller, manageable sub-problems and addressing them in a sequential
manner, we were able to iteratively find a near-optimal configuration for the RIS
components, considering specific time allocations. We utilized successive convex
approximation (SCA) methods to reformulate the original non-convex problem into
a set of convex sub-problems, which were then resolved through iterative processes.
Additionally, we employed a feasible point pursuit strategy to identify an initial viable
point, thereby accelerating the algorithm’s convergence rate.

*  The study used numerical simulations to assess the proposed methodologies. The
performance evaluation showed that the active RIS-assisted WPCN significantly out-
performed a network assisted by passive RIS. This highlights the substantial impact
and superior performance of using active RIS in enhancing the efficiency of WPCNSs.
Important notations and their definitions are in Table 1.

Table 1. Notations.

Symbol Definitions

xeA x is the element in set A

|a| The absolute value of a complex-valued scalar 4

IEY The norm of a complex-valued vector a

(Alap The element in matrix A positioned at a;;, row and by, column
diag(a) The diagonal matrix of vector a

rank(A) The rank of matrix A

(a)H The conjugate transpose of a complex-valued vector a

A>=0 Positive semidefinite matrix A

j The imaginary unit, i.e., > = —1

caxb The space of a x b complex-valued matrices
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2. Active RIS-Aided WPCN
2.1. System Model

This section introduces a WPCN assisted by an active RIS, as depicted in Figure 1.
The network comprises an H-AP with a single antenna, an RIS featuring M active reflec-
tive elements, and N single-antenna wireless devices, labeled as WDy, WD, ..., WDy.
An active RIS is comprised of a smart controller and designed reflecting elements, ad-
justed by the controller via FPGA-based control. Each element reflects signals with a
customized phase and amplitude based on electromagnetic principles. The flat-fading chan-
nel gains from H-AP to RIS; from RIS to the ny,, the users are showing as g € CMx1 and
hn, € CMX1, respectively. Obstacles block the direct path between the H-AP and the
devices, necessitating the use of reflective elements to aid in the transmission of wireless
energy and information. Conversely, the algorithm designed can also accommodate scenar-
ios where direct connections exist between the transmitter and the receiver. The channels
for downlink communication enable the WET from the H-AP to the devices, whereas the
uplink are responsible for WIT from the devices back to the H-AP. The communication links
are modeled as quasi-static, exhibiting flat fading properties that stay uniform throughout
a coherence period marked by T. On the other hand, these channel characteristics may vary
between different coherence intervals. Despite this variability, the transmitter is assumed to
possess immediate access to the current channel state information at the initiation of each
coherence interval. For simplicity, the convention of setting T = 1 was adopted throughout
this paper.

Active RIS

Obstacles

Figure 1. Active RIS-assisted energy and information transmission network.

The coherence period is segmented into two distinct phases, as depicted in Figure 2.
In the initial phase, identified by the time slot 7, the end devices harvest energy from the
signal transmitted by the H-AP. These devices do not have a power supply battery and rely
entirely on the energy for their subsequent uplink communication tasks. In the subsequent
phase, using the remaining time (1 — 7), all devices simultaneously send their information
signals to the H-AP.

Wireless Energy Transfer Wireless Information Transfer
via RIS via RIS
H-AP —> WDs WDs ——— > H-AP

Figure 2. Time division duplex frame-based transmission scheme.
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2.1.1. Energy Transmission
In the first phase, 1y, device received the energy signal sent by H-AP is
vn = V/Pa (bl @ug)xo + 0@z +20, Vo M

Here, xo, E[|x0|?] = 1, is the energy signal sent by H-AP in the downlink trans-
mission; Py is the transmission power available at the H-AP; ®; = diag(aj, ay,...,apm)
diag(ef O o2 . . elfMm ), is the active-RIS reflection matrix. In this matrix, a,, and 6, corre-
spond to the amplification factor and phase shift of the my, reflecting element, respectively
(m=1,2,3,..., M). Specifically, z; ~ CN (0, 0'[2) and z, ~ CN(0,0?) denote the amplifica-
tion noise at each element of the RIS and the additive noise at the WD;,, respectively. In
practical contexts, the receiver noise had a negligible impact on the energy-receiving nodes.
Consequently, z,, can be disregarded safely within further problem formulations. Unlike
the noise-free scenario seen with passive RIS, amplification noise for IRS elements cannot
be overlooked in this case.

Therefore, the amount of energy harvested at the 1, device during the downlink
interval T, denoted by E;, is expressed as

2
E, = gnT(PA hnHCDdg’ +a%||hnH<1>d|2>, Y, 2)

where 0 < g, < 1is the energy harvesting efficiency at the n;, device.

2.1.2. Information Transmission

During information transmission on the uplink, the H-AP employs NOMA, using
successive interference cancellation (SIC) to mitigate multi-user interference. In particular,
the H-AP initiates the process by decoding the information signals of all devices denoted by
k, where k < n, to decode the information signal of the n;;, wireless device. Subsequently,
the decoded signals corresponding to these ky, users are sequentially subtracted from
the received signal, following the order of k = 1,2,...,n — 1, effectively eliminating
interference [47].

The signal received from a user indexed as k, with k > n, is treated as noise. Conse-
quently, the attainable throughput of the n;;, user, measured in bits per second per Hertz
(bps/Hz), can be expressed as follows:

2
Pn|gH¢uhn| v
2 s vn
Z}I;n.u prlgH ®yhy|” + 0'12||8H(I’u”2 + 07

(T, pn, ®u) = (1 —1)log, |1+ 3)

®, = diag(by, by, ...by)diag(e/“1,e/“2,. .. elM) is the active-RIS reflection matrix for
uplink with by, and wy,; form =1,2,3,..., M, are the amplification factor and phase shifts
of the my, reflecting elements. p, is the harvested power of WD,,, and 02 is the noise
variance at the H-AP.

Therefore, the achievable total throughput in the 1 — 7 interval for the ny;, device is
given by [48,49].

N H 2
Pn‘g q)uhn|
R(T, pn, ®u) = Y (1—1)log, |1+ 5 (4a)
n=1 Z}Ifzn.u pi|gH @, hy| +‘712||qu)1£“2+‘712
2 2
R0y 00) — (1 oog, |+ i T (Pali@asl” + of Il ) et )
T, P4, = (1-1)lo
dr Pu &2 oZ||gH,[]2 + o2
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2.2. Sum Throughput Maximization Problem

The objective of this study was to enhance the aggregate throughput of wireless
devices by efficiently leveraging available resources in an active RIS-assisted WPCN.
Equation (4) shows that the time allocation for uplink and downlink transmissions and
the active RIS configuration directly influenced the total throughput. When downlink
time allocation is increased, the harvested energy increases, diminishing the time avail-
able for end devices to transmit information, ultimately reducing network throughput.
On the other hand, decreasing the downlink time allocation would offer more time for
information transmission but at the expense of harvested energy. Therefore, finding the
optimal balance between the downlink and uplink time allocation becomes imperative
to maximize throughput. In contrast to passive RIS, the design of active RIS increases
complexity because of the need to optimize the amplitude coefficients. This optimization
process considers the total power budget allocated for IRS elements. Similarly, the RIS
reflecting elements can be manipulated, aligning their beams constructively in the intended
direction. This adjustment has the potential to enhance network performance significantly.

The main goal was maximizing the overall throughput by jointly optimization and
involving both time allocation and the configuration of active RIS matrices. This approach
seeks to achieve the utmost efficiency in utilizing the available resources. The optimization
problem is expressed as follows:

R(T, &4, ®

max (T, ®@q, Pu) (5a)
2

st oo (Panlieg] + oF @) = e Vo (5b)
PyllgH®@4]1* + o [|@4|* < Py (5¢)
Pn”han’qu =+ ‘712||‘I)u||2 <P, Yy (5d)
am < Amax, m=1,2,3,...M (5e)
b < byax, m=1,2,3,... M, (5f)
0<7t<1 (5g)

In Problem (5), the optimization maximizes the total throughput among all N devices.
Constraint (5b) aims to ensure the minimum harvesting energy requirement on the down-
link. On the other hand, unlike passive RIS scenarios, active RIS introduces additional
constraints denoted as (5¢)—(5f). These constraints address amplification power considera-
tions. In particular, (5¢) and (5d) pertain to amplification power limitations, where P; is the
available total power in the active IRS for amplification. Constraints (5e) and (5f) establish
a power amplification restriction. Within the active IRS framework, it is possible to allocate
the available power for amplification to enhance the incident signals through active loads,
albeit after accounting for power consumption associated with hardware. Nevertheless,
the amplification of incident signals is capped at predetermined maximum amplitudes,
denoted as a4x and by,qx for the downlink and uplink, respectively.

Constraint (5g) introduces the total time constraint governing the downlink and uplink
phases. Solving Problem (5) analytically is notably complex owing to the intricate nature of
the non-convex objective function and the interconnected constraints on optimal variables.
As a result, an alternating optimization method was used to solve the maximization
problem. This approach overcomes the challenges associated with the complexity and
interdependencies of the problem.

3. AO-SCA-Based Algorithm

The sum-throughput optimization Problem (5) is notably intricate and challenging
to address due to the interdependence of variables and the non-linear nature of both the
objective functions and constraints. To tackle Problem (5), the approach involved breaking
it down into two more manageable sub-problems, which were then addressed through
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iterative solutions. Initially, the focus was on stabilizing the uplink beamforming vector,
which allowed for the optimization of RIS matrices on the downlink. Subsequently, with
the downlink beamforming parameters set, attention was turned to optimizing the uplink
beamforming, thus achieving a near-optimal solution for this component as well.

3.1. Optimize the Downlink RIS Matrix by Fixing the Uplink RIS Matrix

In this step, the uplink RIS matrix and time allocations were first fixed to opti-
mize the downlink RIS vectors for phase and amplitude coefficients. We defined v; =
[a1e/%1, aze/%, .. aprel®™] and h,, = diag(g)h,. Problem (5) was then reduced into the
following maximization of sum-harvested power problem by fixing T and ®, and omitting
unnecessary constant terms in the objective function.

al T H. |? 21w Ho 112
H}%X n;l Gnﬁ (PA henvd‘ +o7 HhenvdH > (6a)
st. (5b), (5¢), (5d),and (5e) (6b)

2
A concave lower bound needs to be found for these terms because terms |hglvd’ and
|hflv,|” in (5b) are convex with respect to v,. Let vg) be the value of v, in the i, iteration
of successive convex approximation process. Therefore, this lower bound was obtained

using the first-order Taylor underestimation as follows:

hgﬂvd]z > 2R(V§)Hhmhgvd) ~ |ne )
= fon (Vd/ Vt(ii)) @)
Hence by applying (7), we can rewrite Problem (6) in equivalent form as follows:
N T 2
max 3 6 Pa[wliva[ el ) &)
st 0> Z}:T — (Paf (va i) + 2, (va)), Vi (8b)
0> Palgval +o?lvall> — P (59
0> A, (PA hgvd‘z +a%||h{jvd|2> — P, Vs (8d)
0>am —amex, m=1,2,3,...M (8e)

where A, = ¢ 1= (||hfi®,? + 07|/ ®@,||?). Hence, Problem (8) is convex and can be easily
solved by CVX.

Initialization

A feasible starting point for Problem (8) can be identified. The SCA technique achieves
convergence when initiated from a feasible point. Given its iterative nature, the SCA
method may require extensive computation time if the initial variables are not aptly chosen.
To ensure rapid convergence of the SCA algorithm, a feasible point was derived using
a feasible point pursuit strategy. In this context, slack variables s; = [s11,512,...,51,N],
2, 83 = [531,532,...,53N), and s4 = [s41,542,...,54 M| Were introduced to facilitate the
determination of a feasible starting point for the subsequent problem formulation.
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max Zsln—i—sz +Zs +Zs4m (9a)

V,51,52,53,84

st 0> egm,; - (PA for (vd,v;)) +o2f, (vd,vg))) —s) v, (9b)

n

2 .

0> Palg"vy| +F vl = P — s} (9)
2 .

0= Au(Pafptivi] It ) ~ i, v, (9d)

0>y —pay — 55, m=1,23,... M (9¢)

Hence, the non-convex issue presented in Problem (6) can be transformed into an

iterative convex problem, as outlined in Problem (9). At each iteration, the solution
to Problem (9), represented by |v [ (i ),sg ),sg), sg),si)} , serves as a feasible point for the

iy, iteration.

3.2. Optimize the Uplink RIS Matrix by Fixing the Downlink RIS Matrix

Next, the amplitude and phase shift vectors for the uplink were optimized by fixing
the downlink RIS matrix and time allocation. Moreover, v, = [bl el byelv2, . .. b MerM}
and Problem (5) is reformulated into the following sub-problem.

2
ZnN:1 Pn|hﬁ,€vu|
oflgt®,|? + o2
s.t. (5d),and (5f) (10b)

(10a)

max (1—1)log, |1+

Zn 1 Pn| 51 M|
o7 |gH®u>+o7
the objective function, and Problem (10) is rewritten as

An auxiliary variable y > is introduced because of the non-convexity of

max (1—1)log,[1+ 7] (11a)
Vu
st. 0> M ot f (v v(i)> —0? (11b)
L = ’)/ I g urvu a
2
0> pu|hflv,| +o?|vu|® - P (11¢)
0> by — byax, m=1,2,3,...M (11d)

defines the concave lower bound of

wherefg<v,4,vg)) = ZR(VE[) gglv ) - ‘g Vu)

|g Vu | and VE, I shows the uplink vector solution in iy, iteration. Similarly, as in Problem (9),

the initial feasible point of Problem (11) can be found.
Problem (8) and Problem (11) are solved successively until the convergence meets and

() (%)

the sub-optimal point is reached for {v g Vi } . Next, a 1-D exhaustive search is used to

find the optimal value of T for the given {vfi*), v,(f)} . The proposed AO-SCA-based solution

is summarized in Algorithm 1.
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Algorithm 1 The proposed AO-SCA-based algorithm to find solution to Problem (5)
1: Set the initial values for T, v, v,, tolerance value ¢
2: // main loop:
3: repeat

4:  Search the initial feasible point for {v‘go), Sgo)l Sg ), Sgo)l 54(1 )} by solving Problem (9)

using CVX solver and find q = 2n 1 GnTe (PA hlfqu ’ +(712||th,1 ||2> -

(Zn 1sln +Zn 1S3n+zm lS4m)

5. // initial loop.

6: i=20

7. repeat

8: Solve Problem (8) wusing MATLAB CVX solver and compute
{ ULSMOLENOLINOL s(i)*}

781" ,8" 4837 /84

9: i = i + 1 ) ] ) ] ] ) )

10: Assign VL(;) — vt(fl)*, ng) «— sghl)*,sg) +— sg Rk , s:(;) — sglfl)*, sil) —
S(i*l)*
4 o '

11: Compute q(i) = ZnN_1 inrT(PA nvg) 2||hnHV,Ezl)||2)
(Zn lsln+52 +En 153n+2m 1S4m)

12: Trgll =

13; qq@iﬁl) <

14:  // main loop:
15:  Assign v} < V((;)

16:  Next

17: Set the value for vy = v}

18:  Solve Problem (11) as similar to step 4-15 and get v;,
19: until convergence achieved

20: output v}, vy

21: Do exhaustive search to find t*

3.3. Complexity Analysis

This study examined the computational complexity of Algorithm 1. Problem (5) was
solved using a convex optimization solver based on the interior-point method.

The complexity of the Algorithm 1is O (IAO(IA + 1) [(2M + 2N 4+ 1)>°log(1/€)] + K) ,

where I4 and I are the iterations of the SCA method for solving the uplink and downlink
RIS matrices; 140 is the average number of iterations of the main loop of AO to make the
Algorithm 1 to converge. On the other hand, K presents the search space for an exhaustive
search of the optimal time allocation and e is the preset solution accuracy.

4. Comparative Analysis and Discussions

In this section, the comparative analysis of active RIS-assisted networks was compared
with the other passive networks, and a detailed discussion of the numerical results is
provided. In the simulation setup, this study considered a three-dimensional coordinate
system, where the H-AP and the IRS are located at (0m, 0m, 0m) and (2m, 0m,2m), respec-
tively. On the other hand, the wireless devices are distributed randomly and uniformly
within a radius of 2m centered at (2m, 0m, 0m). The maximum power budget was set for
the H-AP and active RIS, i.e., P4 = P; = 30 dBm, the receiver energy—harvesting efficiency
at ¢, = ¢ = 0.8, and noise variance for H-AP and active RIS elements, 7> = (TI = —70 dBm.
In the simulation setup, we modeled the distance-dependent path loss as p, = AOTO'

where Ayg = —30 dBm is the free space path loss at the reference distance of dy = 1m; and
« is the path loss component, which is set to 2 and 2.2 for H-AP to RIS and RIS to users,
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respectively. Obstacles block the direct channels from the H-AP to users, necessitating
the support of RIS for wireless communication. The reflection links through the RIS are
characterized by Rician fading, expressed as

_ | X _10s 1 Nios
8=\ 14x8 TVii<8 (12)

where « represents the Rician factor, set at 3. Here, gN'O% symbolizes the non-line-of-sight

components, adhering to standard Rayleigh fading with zero mean and unity variance, and
gLO% is the line-of-sight component. The LOS component can be described using a far-field

e o . T
uniform linear array (ULA) formulation as gLOS = [1,e/2misin(@®)  o—j2r(M—1)sin(f)

where s denotes the distance between elements of the RIS (assumed to be half the wave-
length A/2), and 0 is the angle related to either the angle-of-departure (AOD) or angle-of-
arrival (AOA) at the RIS elements.

Figure 3 presents the convergence behavior of the proposed solution. In particular,
it depicts the sum throughput maximization function for different numbers of IRS ele-
ments. The proposed algorithm demonstrates remarkably fast convergence. This rapid
convergence can be attributed to the careful initialization procedure, which leverages an
initial pursuit method to set the initial variable values. This strategic initialization method
improves the subsequent optimization process, facilitating the efficiency of the algorithm
in reaching convergence.

8 T T T

—6— Active RIS-L=5
—— Active RIS-L=10
7r Active RIS-L=20| 7
—<— Active RIS-L=30
6h 4
g 5 - 4 a & & 1
2 < < < < |
z
=
g 4r 1
i
§3]
2
331 1
ok ]
1+ -© -~ D
0 I I I I I I I I
1 2 3 4 5 6 7 8 9 10

Number of Iterations
Figure 3. Convergence of the proposed A0-SCA-based algorithm.

Figure 4 presents the relationship between the total throughput and the number
of RIS elements. The achievable throughput increased as the number of RIS elements
increased. Two scenarios were compared for further analysis: one employing an active
RIS-based WPCN and the other utilizing a passive RIS-based WPCN. In both scenarios, two
different time allocation strategies were considered: optimal and equal division between
the downlink and uplink phases. A substantial increase in throughput was observed using
an active RIS instead of a passive one. Furthermore, the figure depicts the importance
of optimizing time allocation rather than employing an equal division strategy because
it enhances the overall throughput significantly. Hence, strategic time allocation plays a
critical role in maximizing the efficiency and performance of the communication network.
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Figure 4. Sum throughput in bps/Hz versus the number of IRS elements.

This study examined the relationship between the total available power at the H-AP
and its impact on the overall total throughput in this system (Figure 5). Each wireless node
could harvest more energy when the transmit power was increased. This surplus energy
increased the power available for transmitting information in the uplink. Consequently,
the increased power resources led to higher throughput levels because more energy was
allocated to the data transmission process. On the other hand, the active RIS elements
may impose a maximum threshold on the amplitude, which is influenced by the practical
limitations associated with RIS elements. Active RIS elements provide greater flexibil-
ity in managing power allocation and signal amplification, leading to improved overall
system performance.

10 T T
——f— Passive RIS-L=15
9t ~——h— Passive RIS-L=30| |
Active RIS-L=15
—— Active RIS-L=30

Sum-Throughput in (bps/Hz)
o
T
.

0 | I I I
10 15 20 25 30 35 40 45 50 55 60
Total Available Power at H-AP in dBm

Figure 5. Sum throughput in bps/Hz versus transmit power available at H-AP.

Figure 6 shows a detailed analysis of the throughput as it relates to the maximum
amplitude constraint, .y, of the signal incident on the active RIS. It is predicated on
the assumption that the amplitude constraints for both downlink and uplink phases are
identical, denoted as ayax = bmax = &max. The findings distinctly demonstrate an increase
in total throughput with a rise in &4, a phenomenon credited to the active RIS’s capability
to deliver enhanced amplification gain. This effectively counters signal degradation and
boosts the signal strength received by the devices.
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Figure 6. Sum throughput versus the increasing maximum amplitude limit.

4.1. Discussion on Practical Applicability of Active RIS in WPCNs

This study has demonstrated the theoretical advantages of employing active RIS in
WPCNs to maximize network throughput. While our results offer promising insights into
the potential of active RIS, translating these theoretical findings into practical applications
necessitates addressing several challenges and considerations.

4.1.1. Computational Efficiency

In Section 3.3, we conducted a comprehensive complexity analysis of the proposed AO-
SCA algorithm, thoroughly quantifying the computational resources required. Furthermore,
Figure 3 in our document illustrates the algorithm’s fast convergence, demonstrating the
practical viability of our method. This rapid convergence is attributed to the feasible point
pursuit method used for algorithm initialization, which significantly reduces computational
effort by providing an efficient starting point. This approach addresses computational load
concerns and operational latency, making our algorithm suitable for dynamic environments
where quick adaptation is critical.

However, future research should investigate algorithmic optimizations to reduce
computational requirements without sacrificing performance. In this context, exploring
artificial intelligence (Al)-based algorithms, particularly reinforcement learning (RL), offers
a promising direction for future work. RL’s model-free optimization capabilities, capa-
ble of dynamically adapting to changing network conditions, make it ideal for complex,
dynamic systems where traditional optimization methods may be inadequate. Investigat-
ing RL could yield innovative, data-driven strategies for managing RIS-aided WPCNSs,
potentially revealing new avenues for throughput maximization and energy efficiency im-
provement. Additionally, the implementation of distributed computing techniques could

lighten the processing load on individual network nodes, enhancing the system'’s scalability
and efficiency.

4.1.2. Deployment Challenges

Integrating active RIS into existing network infrastructures introduces several deploy-
ment challenges, such as power supply requirements for active components and ensuring
compatibility with prevailing communication standards. To tackle these challenges, we
incorporate constraints (5c)—-(5f) in Problem (5), focusing on amplification power and
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amplitude limitations within the active RIS framework. Constraints (5c¢) and (5d) specifi-
cally address the limitations on power available for signal amplification by the active RIS.
Furthermore, constraints (5e) and (5f) establish the boundaries for power amplification,
permitting the distribution of available amplification power to enhance incoming signals
through active loads while factoring in the power consumption of the hardware compo-
nents. Nonetheless, the signal enhancement via amplification is restricted to predetermined
maximum amplitudes for the downlink and uplink phases, respectively. Integrating these
constraints into the optimization problem offers critical insights for designing efficient and
robust WPCNs that demonstrate the practical application of active RISs in enhancing net-
work efficiency. Future research could focus on designing energy-efficient active RIS units
and developing adaptable interface modules to ensure smooth integration with diverse
network architectures.

5. Conclusions

This paper conducted a comparative analysis of active RISs and passive RISs, specif-
ically focusing on optimizing resource allocation in RIS-assisted wireless-powered com-
munication networks (WPCNs). The objective was to maximize the total throughput
of the network by harnessing the active capabilities of RISs. In conclusion, RISs are a
promising technology to enhance wireless networks by intelligently manipulating elec-
tromagnetic waves, improving signal quality, and mitigating interference. Passive RISs
offer an energy-efficient solution but may have limitations in coverage and spatial gain.
Active RIS technology has been introduced to address these limitations, which reflect sig-
nals and actively amplify them, potentially overcoming challenges such as double-fading
attenuation. This study demonstrated the substantial potential of active RIS technology
in enhancing WPCN performance. The results provide valuable insights for designing
efficient and robust wireless communication systems that can leverage the capabilities
of active RISs to achieve improved network efficiency and coverage. Active RISs are a
transformative improvement in wireless communication technology, with the promise of a
more capable and efficient wireless future.
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