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ABSTRACT The integration of wireless powered communication network (WPCNs) with intelligent
reflecting surface (IRS) technology has emerged as a promising solution for enhancing the energy and
spectral efficiency of the network. Recent studies have explored the benefits of active and passive reflecting
element surfaces in various networks. However, most existing works on IRS-assisted WPCNs mainly
focus on comparing an active IRS to single/multiple IRSs or to a hybrid IRS comprising active and
passive elements on the same surface. In this paper, we explore a hybrid, active and passive IRS-assisted
WPCN which can significantly improve network capacity. By introducing a distributed pair of active
and passive IRSs, signal amplification and multiple reflection links can boost the wireless link capacity.
To enhance network performance, this new framework utilizes both active and passive IRS elements to
optimize wireless energy transfer (WET) on the downlink and wireless information transfer (WIT) on
the uplink. However, designing a joint deployment of active and passive IRS elements becomes more
challenging due to the joint operations of downlink WET and uplink WIT in WPCNs. To address the
complexity of the non-convex optimization problem associated with the hybrid IRS-aided architecture,
we use a systematic divide-and-conquer methodology. This decomposes the main problem into three
interconnected sub-problems that are solved sequentially using sophisticated techniques. Furthermore, the
study examines two practical deployment scenarios for active and passive IRS elements, namely ‘Hybrid
Case-1" (where active IRS is placed near the hybrid access point (H-AP) and passive IRS is placed near
wireless devices) and ‘Hybrid Case-2’ (where active IRS is placed near wireless devices and passive
IRS is placed near the H-AP). Extensive simulations and numerical analysis demonstrate the superiority
of our proposed hybrid IRS-based framework over single active IRS and conventional double passive
IRSs-assisted network, making it a promising and compelling solution for practical WPCN deployments,
ensuring enhanced network performance and throughput fairness in wireless power and communications
technologies.

INDEX TERMS Hybrid active and passive intelligent reflecting surface (IRS), throughput fairness, wireless
energy transfer (WET), wireless information transfer (WIT), non-convex optimization, semi-definite
program (SDP), semi-definite relaxation (SDR), successive convex approximation (SCA), lagrangian
optimization.

. INTRODUCTION
HE INTERNET of Things (IoT) has emerged as
a transformative technology that connects billions
of smart devices, enabling data-driven decision-making,
automation, and improved efficiency across various
industries [1], [2], [3]. However, the rapid growth of IoT

devices brings forth significant challenges, particularly
concerning power supplies and connectivity. Traditional
battery-powered IoT devices often suffer from limited
lifespans and environmental concerns, requiring frequent
maintenance due to battery disposal. To overcome these
challenges, a revolutionary concept known as the wireless
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powered communication network (WPCN) in the IoT has
emerged, promising to unlock new horizons for energy-
efficient and seamless IoT ecosystems [4], [S]. A WPCN in
the IoT combines the principles of wireless power transfer
and wireless communications to create a paradigm where
IoT devices harvest energy from a radio frequency signal
transmitted by an energy provider, eliminating the need
for traditional batteries. This integration of power and data
transmission not only ensures continuous and sustainable
operation of IoT devices but also opens up new possibilities
for IoT applications in various domains [2].

In a conventional WPCN architecture, there is a hybrid
access point (H-AP) that plays a central role in coordinating
multiple wireless devices for wireless energy transfer (WET)
on downlink and wireless information transfer (WIT) on
uplink. The H-AP serves as the power transmitter, generating
and transmitting wireless power to devices in the network.
In the context of WPCNSs, a harvest-then-transmit protocol is
considered [6], which means that the wireless devices within
the network do not have their own battery sources. Instead,
they rely on harvesting energy from the H-AP to power
their operation. The devices harvest and store the wireless
power transmitted by the H-AP and utilize the harvested
energy to transmit information to the H-AP on uplink,
eliminating the need for traditional batteries, and reducing
maintenance. Efficient performance of a WPCN relies on
the joint design of energy and information transmission. It
is essential to find the optimal allocation of time for both
WET and WIT to achieve the required quality of service
(QoS) in the network. The allocation of time for energy
transfer and information transmission directly impacts the
energy efficiency and throughput of the WPCN. Moreover,
wireless power transfer also faces challenges when devices
are at a considerable distance from the H-AP because
the transmitted energy suffers from more significant path
loss and attenuation. As a result, a distant device receives
considerably less energy, making it more challenging for the
device to sustain operations and transmit data on uplink (UL).
This is called doubly-near-far problem, which is a significant
throughput fairness issue that arises in WPCNSs, leading to
imbalanced energy harvesting and data transmission capa-
bilities depending upon the channel conditions between the
H-AP and the devices [6], [7]. To enhance energy harvesting
(EH) efficiency and extend the distance of information
transmission in WPCNs, researchers have proposed various
technologies. Some of these technologies include relay coop-
eration and massive multiple-input multiple-output (MIMO)
technology, among others. However, practical implementa-
tions of these technologies come with challenges related to
power consumption, hardware cost, and signal processing
complexity [8].

Recently, intelligent reflecting surface (IRS)-assisted wire-
less networks have emerged as a promising solution to
address the increasing demands of mobile and communi-
cation devices. By utilizing a smart radio environment, the
IRS, also known as the reconfigurable intelligent surface
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(RIS), can enhance the energy and spectral efficiency of
networks. These surfaces consist of multiple reflecting
elements that can independently reconfigure their reflecting
properties, enabling better control over signal propagation,
and enhancing network performance [9], [10], [11], [12],
[13]. By optimizing signal reflections and controlling signal
paths, IRSs can mitigate signal attenuation and enhance
coverage, leading to improved signal quality and increased
data rates for devices. Moreover, an IRS can help manage
interference, optimize resource allocation, and improve
overall network performance. The concept behind IRSs is
to deploy reflective surfaces with the ability to control
the amplitude or phase of incident or reflected signals.
By intelligently adjusting the properties of these surfaces,
IRSs can effectively combat fading environment impairments
and interference challenges [12], [14], [15], [16]. With
advancements in metasurfaces and micro-electromechanical
systems (MEMS), it is now possible to reconfigure IRS
elements in real time using controllable phase shifters [17].
This dynamic reconfiguration allows adaptability to various
communication scenarios and environmental conditions. For
example, several authors deployed the single passive IRS
to improve network performance [5], [8], [13], [18], [19].
Shi et al. discussed how deploying a single passive IRS in
a secure WPCN can significantly enhance downlink energy
transfer and uplink information transmission efficiency [8].
They maximized the secrecy throughput of all devices
while jointly optimizing the phase shift matrices of the
passive IRS and time allocations on downlink and uplink.
Zheng et al. exploited the IRS to enhance energy and
spectral efficiency by maximizing the minimum throughput
in cooperative WPCNs [18]. Their proposed IRS-assisted
cooperation method achieved 91.85% higher throughput than
cooperation without an IRS. Hameed et al. combined the
single passive IRS with a cognitive radio (CR)-enabled
WPCN and studied the effectiveness of a passive IRS on
the sum throughput of cognitive users in the presence
of potential primary users [13]. In [16], the author high-
lighted the benefits of the joint exploitation of the IRS
technology within the context of non-orthogonal multiple
access (NOMA)-enabled simultaneous wireless information
and power transfer (SWIPT) IoT networks. However, these
single-IRS deployments have limitations in fully optimizing
the IRS benefits for communication performance. The single-
IRS deployment strategies mentioned earlier align with a
theoretical finding, indicating that an IRS should be placed
near the transmitter or receiver to minimize severe path loss
over the two links involving the IRS, its assisted base station
(BS), and the devices [15]. So, a single-IRS deployment’s
limitations include limited coverage, potential blockage
issues, constrained passive beamforming gain, and limited
spatial multiplexing gain due to correlated channels [20].
To overcome the limitations of single-IRS systems,
researchers are exploring advanced strategies like multiple
IRS deployments, cooperation, dynamic control, and hybrid
beamforming to maximize IRS potential for wireless
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communication enhancement [20], [21], [22], [23]. In a
double-IRS system, the IRSs are placed near the base
station and near the devices, enhancing their communication
performance. This system introduces new degrees of freedom
through a double-reflection link across the two IRSs, provid-
ing additional benefits when direct and single-reflection links
are blocked [20], [21]. Zheng et al. showed the effectiveness
of cooperative passive beamforming (CPB) when multiple
IRSs are deployed to enhance wireless communication
performance because the traditional approach of decoupled
passive beamforming design becomes suboptimal [23]. This
is because the inter-IRS channels play a significant role in
the system’s overall performance and must be considered.
In this scenario, passive beamforming across multiple IRSs
should be cooperatively designed to take advantage of the
multiplicative beamforming gain and to avoid undesired
interference. By jointly optimizing passive beamforming
across multiple IRSs, interference can be minimized, and
the system can benefit from the additional gain achieved
through their collective operation. Studies have shown that
if the double-reflection channel is line-of-sight (LoS), it can
achieve a higher passive beamforming-gain scaling order
than each single-reflection link as the number of reflecting
elements (L) becomes large: (O(L*)) versus O(L?)) [24].
This gain is attributed to the CPB advantage over the
inter-IRS LoS channel. This promising performance of
the double-IRS system led to investigations using more
than two IRSs in a wireless network to further enhance
communications performance. By appropriately assigning
multiple IRSs to help different links simultaneously, overall
system performance can be further improved.

Despite the aforementioned advantages of deploying single
and multiple IRSs to improve network performance, passive
IRS-aided systems face a specific limitation known as
double-fading attenuation. This is due to the fact that
reflected signals must pass through a cascaded channel
consisting of transmitter-IRS and IRS-receiver links. This
limitation significantly constrains signal power at the receiver
and limits the effective coverage of each IRS [25]. The
proposed solutions to address the practical issues of the
passive IRS include two approaches: deploying more passive
elements, and adjusting IRS proximity. However, equipping
the IRS with a large number of reflecting elements can
be technically challenging and costly. It requires careful
design, fabrication, and installation, which may not be
feasible or cost-effective in real-world scenarios. The other
approach involves placing a passive IRS closer to either
the transmitter or the receiver. By reducing the distance
between the IRS and the transceivers, the cascaded channel
path loss can be mitigated, leading to improved signal
power and coverage. However, this proximity adjustment
can also present practical limitations [26]. In light of
these practical challenges and complexities, researchers
have been exploring alternative solutions such as active
IRS technology. Active IRS enables simultaneous signal
reflection and amplification, offering a more efficient way to
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compensate for the cascaded path loss without the need for
an excessive number of reflecting elements. An active IRS
shows promise in overcoming the limitations faced by the
passive IRS, and holds the potential to significantly improve
wireless communications performance in a more practical
and effective manner [27], [28], [29], [30], [31], [32], [33],
[34], [35], [36]. The key technology in an active intelligent
reflecting surface is the simultaneous signal reflection and
amplification capability. Unlike the conventional passive IRS,
where the reflecting elements do not actively amplify signals,
the active IRS introduces active elements with a signal
amplification capability. Zhang et al. showed that in a typical
wireless system, active IRSs can achieve a significant sum-
rate gain of 130% [27], superior to the passive IRS at only
22%, thus overcoming the double-fading attenuation effect.
Zeng et al. considered a single active IRS deployment in a
WPCN and exploited the potential benefits of an active IRS
by maximizing the weighted sum throughput to guarantee
throughput fairness [29]. In [37], [38] and [39] the authors
presented hybrid approaches for active and passive elements
on the same surface, and compared the superior performance
of a hybrid active/passive IRS with single or multiple passive
IRSs in wireless networks. Dong et al. showed that a hybrid
architecture has a 40% improvement over the conventional
IRS-aided system [37]. Fu and Zhang considered distributed
pairing of an active IRS and a passive IRS, and discussed
the deployment of IRS elements in the uplink throughput
maximization problem [40]. However, there is still a need
to study hybrid active/passive IRSs to design the resources
in WPCNS.

There are some existing studies exploiting the benefits
of integration of WPCNs with single/multiple active and
passive IRSs [2], [5], [8], [13], [18], [19], [29], [35], [41],
[42], [43], [44], [45] and references therein. [29], [35], [44]
considered a single active IRS deployment in a WPCN
and exploited the potential benefits of an active IRS by
maximizing the throughput of the network. However, in most
existing work on IRS-assisted WPCNs, researchers mainly
focus on comparison of an active IRS to single/multiple
passive IRSs. In [45], Fu et al. presented the study on
the downlink WIT/WPT from a multi-antenna base station
to a single-antenna user over a multi-active/passive IRS
(AIRS/PIRS)-enabled wireless link. The optimal active IRS
deployment for multi-AIRS/PIRS enabled WIT and WPT
is presented. To the best of our knowledge there is no
prior work is done on the hybrid active and passive assisted
WPCNs. When we introduce a pair of active and passive
IRSs, multiple reflection links can boost the wireless link
capacity and improve network performance. Hence, To
exploit the benefits of multiple reflection, we propose a
novel architecture for the WPCN with the pairing of an
active IRS and a passive IRS. Nevertheless, it becomes more
challenging to design joint deployment of active and passive
IRS elements due to the joint operations of downlink WET
and uplink WIT in WPCNs. In particular, by employing
active IRS elements capable of signal amplification, new
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optimization variables and constraints arise, making the joint
design of resource allocation and joint active/passive IRS
beamforming on downlink and uplink highly challenging.
Amplified thermal noise in the active IRS also becomes
a crucial consideration, impacting both downlink wireless
energy transfer and uplink wireless information transfer. On
uplink, achieving a balance between maximizing received
signal power and minimizing noise adds to the complexity.
Addressing the complexities effectively demands innovative
and non-trivial efforts to harness the full potential of
hybrid active/passive IRS technology for improved WPCN
performance. To the best of our knowledge this is the first
work that studies hybrid distributed active and passive IRSs
in WPCNs. The main contributions of this paper are as
follows.

« We propose a novel, hybrid active and passive IRS-
aided architecture for a WPCN, which combines the
benefits of active- and double-IRS effects to enhance
overall network performance. The system consists of
both active and passive IRS elements working together
to assist WET on downlink and WIT on uplink.
In this architecture, we jointly optimize active and
passive beamforming strategies on both downlink and
uplink to achieve throughput fairness in the WPCN. To
address the challenge of the doubly-near-far problem,
where devices may experience significantly different
received signal strengths, we maximize the minimum
throughput of all end-user devices. This optimization
involves jointly optimizing the amplitude and phase
shift matrices of active and passive IRS elements, along
with the time allocations for WET and WIT. Leveraging
the advantages of the active IRS, we optimize the
amplitude of the incident signals to further improve
overall network performance.

e The throughput fairness problem formulated in the
hybrid active/passive IRS-aided architecture is non-
convex and highly complex, making it numerically
challenging to solve directly. To address this, a divide-
and-conquer approach is adopted, breaking down the
main problem into three sub-problems as follows,
and iteratively solving them until convergence is
achieved. Active and Passive Downlink Beamforming
Optimization: In this step, the time allocations and
uplink optimization variables are fixed, converting
the problem into a semi-definite program (SDP).
The approach uses semidefinite relaxation (SDR) and
the penalty function method to find a near-optimal
solution for active and passive beamforming. Active and
Passive Uplink Beamforming Optimization: With time
allocations and downlink optimization variables fixed,
this sub-problem is addressed using a provably con-
vergent successive convex approximation (SCA)-based
second-order cone programming (SOCP) approach. The
active and passive beamformers are updated simulta-
neously in each iteration to find a solution. Downlink
and Uplink Time Allocations Optimization:In the final
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step, active and passive beamforming are fixed, and the

problem is converted into convex form. The Lagrangian

optimization method is applied to find the optimal solu-

tion for time allocations. By dividing the main problem

into these three sub-problems and iteratively solv-

ing them, the divide-and-conquer approach overcomes

the numerical complexity and non-convexity of the

throughput fairness problem in the hybrid active/passive

IRS-aided architecture. This approach helps achieve

near-optimal solutions for joint optimization of active

and passive beamforming and time allocations, ensuring

improved network performance and throughput fairness.

« We explore two practical scenarios for deployment of

the active/passive IRS in a network. In Hybrid Case-1,

we deploy the active IRS near the hybrid access point

and the passive IRS near the devices. In Hybrid Case-

2, we deploy the active IRS near the devices and

the passive IRS near the H-AP. Through extensive

simulations and numerical analysis, we demonstrate that

Hybrid Case-1 outperforms Hybrid Case-2. We also

compare the performance of the proposed active/passive

IRS-aided WPCN with a system that uses an active

single-IRS and another system with a conventional

passive double-IRS. The results show that the proposed

hybrid system performs significantly better in terms of

network performance and throughput fairness, making

it a superior choice for practical deployment in WPCNSs.

The rest of the paper is organized as follows. In Section II,

we define the system model of the hybrid active/passive-

IRS WPCN, and we formulate the throughput fairness

problem. The solution proposed for the formulated problem

is explained in Section III. We analyze complexity notations

and convergence of the proposed algorithm in Section IV.

We discuss the set parameters for numerical analysis, and

present simulation results, in Section V. Finally, we discuss

the conclusions of our findings in Section VI. Important
notations and their definitions are in Table 1.

Il. SYSTEM MODEL AND PROBLEM FORMULATION

In this paper, we consider the hybrid, active/passive IRS-
aided wireless powered communication network shown in
Fig. 1, which consists of a single-antenna hybrid access
point, IRS-1 equipped with L; reflecting elements, IRS-2
equipped with L, reflecting elements, and K wireless devices
denoted, {uj, us,...,ug}, with a single antenna each. The
IRSs are attached to a smart controller to dynamically
tune the reflecting coefficients of the IRSs (also called
reflect beamforming) to reconfigure the incident wave with
the desired phase and amplitude adjustments. Moreover, an
active load is attached to the active IRS, which enables
the IRS to amplify the coefficients of incident signals to
the level needed to meet network QoS. IRS-1 is placed
near the H-AP, and IRS-2 is placed near the devices. The
communication channels from H-AP to IRS-1, from H-AP
to IRS-2, from IRS-1 to IRS-2, from IRS-1 to the kg user,
and from IRS-2 to the &y, user are showing as g| € CLix1,
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TABLE 1. Notations.

Symbol Definitions

x €A xis the element in set A

lal The absolute value of a complex-valued
scalar a

|EY The norm of a complex-valued vector a

[Al,  The element in matrix A
positioned at a;, row and by, column

diag(a) The diagonal matrix of vector a

Tr(A)  The trace of matrix 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., j> = —1

C**b  The space of a x b

complex-valued matrices

g € (CL2X1,G e Chixla hy ;€ CLix! and hy, € (CLIXI,
respectively. The direct channel between the H-AP and the
devices is blocked by obstacles, so the IRSs are deployed to
assist with wireless energy transfer and wireless information
transfer. However, the proposed algorithm is extendable to a
case with direct links between the H-AP and the devices. The
downlink (DL) channels transmit wireless energy from the
H-AP to the devices, and the uplink (UL) channels transfer
information signals from devices to the H-AP. UL and DL
channels are assumed to be quasi-static, flat fading channels
that remain constant during the whole coherence interval,
denoted 7, but they can vary from one coherence interval to
another. However, instantaneous channel state information is
assumed to be stored in the transmitter at the beginning of
the coherence interval.

Nevertheless the perfect channel estimation is challenging
but there are some preliminary studies have been done on
channel estimation of IRS-assisted networks. Reference [46]
presented a novel three-phase framework for precise channel
estimation in IRS-enabled uplink multiuser communication
systems. This framework harnesses IRS channel correlations,
employing LMMSE estimators to address challenges in
reducing estimation time, error propagation, and optimizing
pilot power allocation. In [47], author proposed an efficient
always-ON reflection channel estimation protocol for uplink
cascaded channels in IRS-aided MU-MISO setups with
the significant reduction in pilot overhead. Reference [48]
presented an efficient uplink channel estimation scheme for
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Power Transmission

FIGURE 1. A hybrid active/passive IRS-assisted WPCN that consists of a
single-antenna H-AP, distributed active and passive IRSs with L,, and L, reflecting
elements, respectively, and K wireless devices. There is no direct link between the
H-AP and wireless devices because of ob The H-AP tr wireless energy
on downlink and the devices transmit wireless information on uplink.

Wireless Information Transfer

Wireless Energy Transfer
Ul U2 (XX UK
via IRS-1 and IRS-2 via IRS-2 and IRS-1
Users U, ——> H-AP

FIGURE 2. A TDD frame-based scheme: the coherence time interval is split in two.
In the first part, the H-AP broadcasts an energy signal to all devices via IRS-1 and
IRS-2. The second part is divided into K slots in which the devices transmit
information signals to the H-AP.

the double-IRS aided multi-user MIMO system with both
IRSs always turned ON during the entire channel training
for maximizing their reflected signal power which are shown
to achieve high channel estimation accuracy with practically
low training overhead. Without loss of generality, we set
T =1 for the rest of the paper.

The total coherence interval is divided into two phases,
as shown in Fig. 2. In the first phase, the H-AP transmits
wireless energy on downlink in time slot #y, and devices
harvest energy and store it in embedded rechargeable
batteries. It is assumed that devices have no active power
source and use the harvested energy for communications on
uplink. The second phase is further divided into K time slots
denoted {11, 12, , tx}, in which u; sends an information signal
in the ky time slot.

A. DOWNLINK POWER TRANSMISSION

During downlink power transmission, the H-AP broadcasts
energy signal x., E[|xe|2] = 1, to the devices via IRS-1
and IRS-2. From here, we consider IRS-1 the active IRS
where an active load is attached to the IRS to amplify the
incident signal, and IRS-2 is considered the passive IRS,
which can only adjust the phase of the incident signal without
amplification. The transmitted signal reaches the devices via
both active and passive IRSs (IRS-1 and IRS-2). Thus, the
signal received at the ky, user is

=P (hfkl“z,dGHT‘J,d& +h¥, g + hfkl"z,ng)XO
+ (hgkrz,dGHrl,d + h?’ﬂ‘],d)Z[Rs +z, Yk, (D)
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Here, P; is the transmission power at the H-AP; T";; =
diag{a,-,leﬁi'f,ai,gejeiz,...,ai,Lieje"‘Li} for i € [1,2] shows
the downlink reflection matrices for IRS-1 and IRS-2; a1 ; €
[0, o1 max], @imax = 1, is the reflection coefficient of the
I reflection element in the active IRS, and ay; € [0, 1] is
the reflection coefficient of /;;, reflection element in passive
IRS. However, 6;; € [0,2x], i = 1, 2 is the reflection phase
of the I element in IRS-1 and IRS-2; zs € CL*1 and
7 represent the thermal noise at IRS-1 and the kg, user,
respectively, distributed as CA'(0,0/1.,) and CN(0, o}),
respectively. Unlike the passive IRS, thermal noise at the
active IRS cannot be ignored because the active IRS has
the ability to amplify the incident signal. However, we can
ignore energy harvesting by zj.

Proposition 1: We define Q; = diag(g;)Gdiag(hyy) €
Chixl2 Q, = Gdiag(hyx) € CH*[2, g\ = diag(g))hyx €
CLixl and g = diag(ga)hoy € CLxl a5 cascaded
links between H-AP — IRS-1 — IRS-2 — k4 user,
IRS-1 — IRS-2 — k; user, H-AP — IRS-1 — ky
user, and H-AP — IRS-2 — k;, user, respectively. By
defining v; = [al,lefgfv’,ozl’ge/'@’vz, . ..,ozlyLle"leLl ¥ and
Wy = [az7e%27, aype®2, ..y p,e™2]H we can rewrite
Eq. (1) as

Yk =/P: (Wf{ Oftvy + glliva + ggkwd>x0
+ (Fz,ngkrz,d + h7kF1,d)ZIRS +z, Yk (2)

The total energy harvested at uy, as transmitted by the H-AP
via IRS-1 and IRS-2 is expressed as
‘2

Ey = sitoPi|WHQvy + gl va + g5 wa

2 2
+gkroa,2(\w50§,kvd\ + bl ) vk ()

where 0< ¢x < 1 is energy harvesting efficiency at the ky,
receiver.

B. UPLINK INFORMATION TRANSMISSION
After the devices harvest energy during the downlink phase,
in the next uplink information transmission phase, they
send independent information signals to the H-AP in their
allocated time slots. We assume all the energy harvested
by each user is utilized to send information on uplink. In
time slot #;, u; sends information signal x; ~ CN (0, px) to
the H-AP, in which p; denotes the average transmit power
available at ug, which is given by

ot va,wg) = O @)
The signal received at the H-AP as sent by u; via IRS-2
and IRS-1 is given by

Tk = /Pk (g7rl,uGF2,uh2,k + g o + g?rl,uh],k>xk
+ T uzirs + 24, VK, )

where z4 ~ CN (O, oj) is noise at the H-AP, and I';, =
diag{; &/, Bi 262, ..., Bip, @t} for i € [1,2] is the
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uplink reflection matrices for IRS-1 and IRS-2, in which
B1.1 € 10, Br.max)s Bimax = 1, is the reflection coefficient of
the I, reflection element in the active IRS, and B, ; € [0, 1]
is the reflection coefficient of the I reflection element in
the passive IRS. However, w;; € [0,2x], i = 1,2, is the
reflection phase of the /;, element in IRS-1 and IRS-2.
Proposition 2: We define v, = [,81,1e7‘”1v1, /312@7")12, -
Bro, @1 and w, = [Bre2, Prre@?, ...,
Bo. Lze/""“2 19 and using Proposition 1, we can rewrite Eq. (5)

as
ey = Vpk(VSIQkWu + g?’kvu +g5{kwu>xk
+¢iT 1 uzirs + 24, VK, (©6)

The achievable uplink throughput of u in bits per second
per hertz (bps/Hz) is

Rk(pk» tks VM? wl,t)

2
H H
pi|VEOrw, + gl v + g,

1+ ) Vkv

= t; log,
2
of lgivul” + a3

)

C. THROUGHPUT-FAIRNESS OPTIMIZATION PROBLEM
In this section, we discuss the challenges of the doubly-
near-far problem in wireless networks, particularly when
employing multiple IRS elements. From Eq. (3) and Eq. (7),
we observe that a nearby user with better channel conditions
can harvest more energy and achieves higher throughput than
the distant user, which creates an imbalance in the system.
This issue is exacerbated by cascaded channel path loss.
Additionally, harvested energy and throughput depend on
both uplink and downlink time allocations, but due to the
total time constraint, increasing both simultaneously is not
feasible. To address this problem, we propose throughput
fairness optimization to maximize the minimum throughput
among devices by jointly optimizing active and passive
beamforming and time allocations on both uplink and
downlink. Therefore, from Egs. (3) to (7), we can formulate
the throughput fairness problem as follows:

P1  max min Ry (P, tk, Vi, Wy) (8a)
10.{tc},va.Wa,  k
Vu, Wy
2
st Pgiva + o Ivall® < Prus (8b)
2
piftfov| o Ivall? = Pris. VK (80)
[valil < o max 1=1,2,3,...L; (8d)
[wal)l =1, [=1,2,3,...1, (8e)
|[Vu]l| S ﬂl,mwm l= 172737-"L17 (8f)
|[Wu]l| =1’ l=172’39"'L2 (8g)
K
Yl 520 (8h)
j=0

In P1, (8a) shows the maximization of minimum through-
put among all K devices. Unlike a passive IRS, an
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active IRS introduces new constraints: (8b), (8c), and (8d).
Constraints (8b) and (8c) are amplification power constraints
in which Pgys is the available amplification power budget
in the active IRS, and (8d) is the limitation on power
amplification. An active IRS is allowed to allocate available
power to extend the amplitude of incident signals with active
loads after consuming power with the hardware. However,
incident signal amplification is limited to a predetermined
maximum amplitude: & max, Bi.max for downlink and uplink,
respectively. However, a passive IRS only adjusts the phase
of passive elements, and cannot amplify the incident signal.
Therefore, in constraint (8e¢) for a passive IRS, the amplitude
of the incident signal is limited to 1, and (8f) is the total
time constraint on downlink and uplink.

Owing to the non-convex objective function and highly
coupled optimal variable constraints, P1 is highly complex,
and difficult to solve analytically. Therefore, we divide the
problem into sub-problems and solve them using SDP and
SCA techniques.

lll. PROPOSED ALGORITHM FOR P1

From P1, we see that the formulated problem is highly
complex and difficult to solve due to highly coupled variables
and non-convexity of objective functions and constraints.
Therefore, to solve P1, we decompose the problem into
three sub-problems and solve them in turn. In the first stage,
we exploit semidefinite relaxation to solve for downlink
beamforming and find a near-optimal solution for active and
passive phase shift matrices and amplitude coefficients of
the active IRS. In the next stage, we find a near optimal
solution for uplink beamforming by both active and passive
IRSs by using SCA technique. In the last stage, we use the
Lagrangian method to optimize time allocations for downlink
and uplink transmissions.

A. ACTIVE AND PASSIVE DOWNLINK BEAMFORMING
OPTIMIZATION

In this stage, we first optimize the active and passive
downlink beamforming vectors for phase and amplitude
coefficients by fixing the uplink beamforming matrices
and time allocations. For fixed uplink active and passive
beamforming, w,, v,, and time allocation {tg,t,..., t},
problem P1 is reduced to the following harvesting power
maximization problem to design the downlink passive and
active beamforming vectors (constant/irrelevant terms are
omitted for brevity).

(9a)
(9b)

P1.A  max minpg(vy, Wg)
Vd,Wd k
s.t. (8b), (8c), (8d), (8e)

Here, we introduce a slack variable y, and the equivalent
problem can be written as

Pl1.A  max y (10a)

Y.Vd,Wa

fo HNH H H 2
s.t. gkt—Pt W, Qi vVa+ 871 Vd + 82, Wa
k

VOLUME 5, 2024

to 2 2
+ gkgoleWsIQS{kvd‘ + [wih )
>y Vk (10b)
(9b) (10c)

Nonetheless, it is still challenging to solve P1.A due to
the coupling of v; and w, in constraint (10b). Moreover,
P1.A is still non-convex and difficult to solve optimally due
to unit-modulus constraint (8e). Therefore, we propose to
alternatively optimize the active and passive beamforming
vectors by fixing one and then the other. Hereafter, we use
the SDR technique to transform P1.A into a convex problem.
In particular, for the given wy, we solve P1.A for vy, and
the equivalent problem can be written as

P1.A.1 max y (11a)
¥:Vd
s.t. (8b), (8¢c), (8d), (10b) (11b)

Proposition 3: We define ka = WngH + g7 o and g =
ggkwd. We can represent |W5Q][(—[Vd + gykvd + ngWdlz =
vy + q> =  VIFVa + lqil®, given that Fx =
[, fegr; g, 0] € CEFDx@iFD and v, =
[va 117 e CE+Dx1 Furthermore, we define G| = gig!,
Hy; = h],kh{-{k’ Qi = Q2iwaw/ QY and V4 = Vv
which requires Vy4 = 0 and rank(V,) = 1.

By dropping the rank-1 constraint, we can transform P1.A
into relaxed convex problem as follows:

P1.A.1 max y (12a)
v.Va
st. 0> Al — BTr(Qz,ka) - BTr(ﬁl,ka)
k
— Tr(VaFi) — lqel®.  Vk (12b)

0= Ax(Tr(VaFio) + ) + BTr(Qz. Vo)

+ BTr(H, xV4) — C, Yk (12¢)
0> Tr(GiVy) + BTr(Vy) — Pris (12d)
Vi =0 (12¢)

where I:ILk, Qz,k, and G; are matrices with extra zero
2
rows and columns, and Ay = §k§‘2Pt’ B = %’ and Cy =
Proc—o2 v |2 . .
HT\ShHG—Iv”F”' P1.A.1is an SDP and can be efficiently solved
1kvu

with existing convex optimization solvers such as MATLAB
CVX [49]. However, the SDR technique might not lead to
a rank-one solution, but we can retrieve a feasible rank-one
solution to P1.A.1 by converting the rank-one constraint into
a tractable convex constraint.

rank-1 Constraint: By using an exact penalty function
method, we can write the equivalent form of the rank-
one constraint as Tr(Vy) < A1(Vy4) given that A; is the
largest eigenvalue of V; and where strict equality holds
if rankVy; = 1. We thus have the following optimization
problem

Pl1A.1 m%x y —8(Tr(Vy) — A1 (V) (13a)
v,Va
s.t. (12b), (12¢), (12d), (12¢) (13b)
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where § is the penalty factor. We can efficiently solve P1.A.1
by adjusting the value of the penalty factor that gives the
rank-one solution. However, Problem (12) is still non-convex
because of the A;(Vy) term in the objective function. To
handle this, we exploit the SCA technique by approximating
this term by its first-order Taylor series approximation, which
is a global lower bound because A1(Vy) is convex. Hence,
we derive the Taylor underestimation of A;(Vy) as

Vo) = 2 (V) 4+ 3 (Vg =V )™ (14)

where x;™ is the corresponding eigenvector of A; in the ny,
iteration.

By incorporating Eq. (14) into Problem (13), the solving
method of P1.A.1 becomes iterative and can be more
time-consuming if its variables are not initialized properly.
Therefore, for fast convergence in the solution, an initial
feasible point was generated by exploiting a feasible point
pursuit method [50]. For this, the slack variables s; =
[51,17 8§1,2, -« -Sl,K], Sy = [52,17 §2,2, . .S2,K] and §3 are
introduced to generate a feasible point in the following
problem:

m1n Zs1k+252k+S3 (15a)
Sl 52 Sx k=1
subject to 0 > A_k — BTr(Q2,kV4) — BTr(H; xV.)

— Tr(VaFi) — lgel® = s1x. Vk (15b)
0= Ax(Tr(VaFio) + ¢ ) + BTr(Qz. Vo)
+ BTr(I?ILka) — Cr — 52k, VK (15¢)
0 > Tr(G1Vy) + BTr(Vy) — Pris — 53 (15d)
Vi=0;5>0; i=1,2,3 (15¢)

By solving Problem (15), we extract the initial values of
eigenvalue Al(ijO)) and corresponding eigenvector x;© by
using eigenvalue decomposition (EVD). Then, we solve
Problem (13) in iterations until convergence is achieved.
In each iteration, the optimal solution of Problem (13)
[Vfin), in)’ (2"), ")] is achieved, which is a feasible point in
ny, iteration.

Next, we optimize the passive beamforming vector wy for
the given v4, where P1.A is equivalent to

P1.A2 max y (16a)
Vs Wd
s.t. (8¢c), (8e), (10b) (16b)

Following the similar transformation for P1.A.1 in (11)-
(14), we can solve P1.A.2 using SDR and SCA as well.
Hence, by defining, s; = vad + g2k, and my = g‘;{kvd.
Equivalently, |Wdevd+g7kvd+ggkwd|2 — |wgsk+mk|2 =

WSW,+|myi|?, given that Sk = [sgs!, semll; mystl, 0] €
(C‘(, LADxUat+D) gnd wy; = [wy 117 € CL2tDxL Fyrther,
by defining Szyk = Qg kaVng,k, and W, = v‘vd\Tvg which
requires Wy = 0 and rank(W,;) =

1130

P1.A.2 can be equivalently be written as

PLA2 max y —§[Tr(Wy) — (o1 (W)
d

v, W
+ o1 Wy =W ™)]  (17a)
st 0> Alk — BTr(WaS24) — Di
— Tr(WzSk) — lmi|*,  Vk (17b)
0> Ak<Tr(WdSk) + Imk|2> + Dy
+ BTr(WySo4) — Cr.  Vk (17¢)
Wy =0 (17d)

where ¢1" is the corresponding eigenvector of the largest
eigenvalue p; of W, in the ny iteration and Dy =
Bl vall?.

B. ACTIVE AND PASSIVE UPLINK BEAMFORMING
OPTIMIZATION

In this sub-problem, we optimize the active and passive
beamforming vectors for uplink by fixing the other optimal
variables, specifically, the given downlink beamforming
vector, Vg, Wy, and the time allocations {fg, 1, ..., }. To
tackle the max-min problem in P1, we introduce an auxiliary
variable and rewrite the problem for designing the uplink
beamforming vectors, v,, w,.

P1.B n’r%%u n (18a)
2
Pk VkaWu + g?{kvu + ngWu
s.t. trlogy| 1+ o) =1
of lgfvul” + oi
(18b)
(8c), (8f), (8g) (18c)

The problem is still challenging to solve owing to non-
convex constraint (18b). The following lemmas can be used
to transform P1.B into a solvable formulation.

Lemma 1 [51]: For any x and y, we have the following
inequality

ZR{xHx}

x| %2 %2 X
{1+ ) >m{1+2=— )= .
y y y y
Ry P
y || y+1EP

Based on Lemma 1, a lower bound is imposed on con-

straint (18b) to find a solvable convex form of P1.B.
Proposition 4: For a fixed w,, we define X; = Qxw, +

g1k and Y = gg «Wu- We can reformulate P1.B as follows:

19)

Pl.B.lI}]leX n (20a)
H 2
Pk‘V(") Xy + Yk‘
st. n|J 1+ ———
oj ‘ g{l V,Sn) + crj
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" 2
pk‘vffl) Xk + Yk‘

H (1)

2
2 2
o ‘gl Vu +o,

! "o
2Ripi\ Vi~ Xk + Yi (Vu Xk + Yk)

2
et + o3
_ . )
P ve Xy + Yk‘
- 2
o7l + ok
i 2 2
of i vu|” + of + pe| Vi Xi + Y| n
X 2 AP
2| oH (™) 2 mH X Y, Tk
| O1 81 Vu + o) + Pk|Vu K+ Yk
(20b)
(8c), (8f) (20c¢)

where Vf,") shows the solution to P1.B.1 in the ny, iteration.
Hence, we iteratively solve convex problem P1.B.1 using
the CVX solver until convergence is achieved.

Similarly, for a fixed v,, we define J; = Vf Qi+ g2k, and
7 = gf «Yu- Using Lemma 1, we can reformulate P1.B as
follows:

P1.B2 max n (21a)
1, Wy
2
s.t. 111(1 +Ek‘JkW£tn) —i—Zk‘ )
(n) 2
- Ek‘JkWu +Zk’
H
+ ZR{Ek(JkW,(,”) + Zk) (kaf,”) + Zk)}
2
- (Ek‘JkW,([’) +Zk’ ) X
1+E Zi)?
+ Er|Jiwy + Zi| i Ztﬂ (21b)
1+ Ek‘kal(tn) +Zk‘ k
w,;l =1, 1=1,2,3,...L (21c)
where E; = Lk and wf,") shows the solution to

P1.B.2 in the ny, iteration. However, we are left with the non-
convexity of constraint (21c) because of the unit-modulus
term. So, we tackle this equality by first relaxing it to an
inequality constraint, i.e. |[w,];] <1, [ =1,2,3,...L,
and then we redefine the objective function as n — ¢ AR
where ¢ is the regularization term. If it is sufficiently
large, the optimal solution of P1.B.2 can be obtained when
convergence is achieved. Note the concavity term, —¢ ||w,||,
in the objective function. However, we can convexify the
objective function using first-order Taylor approximation.
In summary, the equivalent convex P1.B.2 to solve uplink
passive beamforming vector w, is given by

P1.B2  max n— g{zn(w;m”wu) - ||w§,">||2} (222)
st |[wy]yl <1, 1=1,2,3,---Ly (22b)

(21b) (22¢)
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C. DOWNLINK AND UPLINK TIME ALLOCATIONS
OPTIMIZATION

In this subsection, we tackle downlink and uplink time
optimization in P1 by fixing the uplink and downlink
beamforming vectors. To be specific, the time allocation
problem for given {wy, v4, W, v, } is

P1.C max 7 (23a)
1,10, {tc}
1
st tklog2|:1 +Mkﬂ >n  (23b)
(8c), (8h) (23c)
where M, = gk(P,|w§’QkHvd+g’Zkvd+g§{de|2+af\h’,%kvd|2)X

0‘12|gll-lvu‘2+aj
‘V7(2k‘vu4‘g7kvu 4‘gg%‘vu|2n1
o8] vul>+a}
be the maximum value of all feasible solutions under
constraint (23b). To solve P1.C, we first consider the
feasibility problem of throughput-fairness optimization.
Hence, for any n > 0, the time allocation optimization
problem is written as

The optimal value of n* will

P1.C Find [y, 11, ...1tx]
s.t. (23b), (8c), (8h)

(24a)
(24b)

Since P1.C is a standard convex optimization problem,
we can solve it using the Lagrangian dual optimization
method [6], [52]. The Lagrangian function of PI1.C is
given by

LM, to, tr, s Xk, Ok) =1
K

+y Xk(rk log2|:l +Mki—0:| - r/)
k=1 k
K
+ull—- th
j=0
K
+ Z Vi (8N — to) (25)
k=1

where N is the constant term in (8c), and w, x =
X1, x25 --- xx1', ® = [91, 92, ... 9k]" are the non-negative
Lagrangian multiplier. Therefore, the dual function is

D(u, x, %) = max L, to, tk, 1, X, ) (26)

The dual problem is

P1.C (dual) min D(u, x, ) (27a)
w.x,%

st. £>0,x =090 (27b)

Lemma 2: For the given (n, u, x, ), optimal time allo-
cation solution {fj, {#x}*} is given by

1

e P — (28)
T + Zf:l Ay
A*
= —1’;* Vk (29)
1+ oy Af
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Algorithm 1 The Proposed SDR and Penalty Function
Method-Based Algorithm to Solve P1.A

1: Set the initial values for wy, v, time allocation {tq, t1, ...
tolerance value &

2: /I main loop:

3: repeat

4:  Set the initial values for wy

5:  Find the initial feaslble solution for given y(o) and obtain

N/38

A 1(V£10)) and x% using CVX solver and compute f(o)
0
y© — 5@ vy = 2 v
6: /l initial loop
7. i =0
8:  repeat
9: Solve Problem (13) using MATLAB CVX solver and
compute Vg)*, y(’)*,f,gl)*
10: i=1i+ 1 o ‘
11: A551gn f(,(l) “«~ fo(l_l) , v, ® <~
V(z n* Ly« l=D*
12: Tf() l( 1))
] fl
13: e < £

14 /I “main loop: .

15:  Assign Vd <« V(l)

16: Compute v \/>x1

17:  Extract v¥ ! by definition described in Proposition 3
18:  Next

19:  Set the value for v; = v¥

20: Do steps 5-17 to find wg by solving Problem (17)

21:  Assign Wd <« wfi)

22: until convergence achieved
23: output v}, w7

where A} can be found by solving the Karush-Kuhn-Tucker
(KKT) conditions of the Lagrangian function in (25).
Proof: See Appendix A.
With feasible optimal solution {fj, {#}*}, we update
(u, x, ) by using the following sub-gradient method:

. o . P +
xH = xf - Al (t}f logz[l +Mkt_2:| - 77)} . Vk (30)
L k

. . . +

oIl = [ﬁ,@ — ANy — to)] . Vk 31)
. _ . . K +

Ml+1 — Ml _ Ag 1 _ Zl“] (32)

where [x]t = max(0,x), i is the iteration number and
{A1, Ay, A3} are the step sizes for the updates. We
iteratively solve for (u*, x*,9*) when convergence is
achieved. However, we will find n* by using a bisection
search. We summarize the time allocation procedure in
Algorithm 3.

IV. CONVERGENCE AND COMPLEXITY ANALYSIS

The complete algorithm of our proposed solution is presented
in Algorithm 4 and graphical explanation is presented in
Fig. 3.
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Algorithm 2 The Proposed SCA Based Algorithm to Solve
P1.B

1: Set the initial values for wy, v4, time allocation {#g, t{, ..., #},
tolerance value &
2: /I main loop:
3: repeat
4: Set the initial values for w,,
5. /I initial loop:
6 n =1
7.  repeat
8: Solve Problem P1.B using MATLAB CVX solver and
compute v(”)>k pm*
9: n=mn+1 N
10: Assign ™ « n(”_l)* W v(n D
H: 23}9,,<»z—l>
13: /I main loop:
14:  Assign v} < v
15:  Next
16:  Set the value for v, = v};
17:  Find the initial feasible solution for given n(o) and w,(,O)
18:  // initial loop:
19: n =1
20:  repeat
21: Solve  Problem (22) wusing MATLAB CVX
solver and compute w(")>I< r](")*, f,S”)* n —
4{27%( ) = 1>||2}
22: n=mn-4+1 N
23: Assign () < fln=D* wy, (M «~
wi' DT g =D,
24: ntil
g

26: I/ outer loop:

27:  Assign W) < w,(,"

28:  Next

29:  Set the value for w, = w}
30: until convergence achieved
31: output w}, v

A. CONVERGENCE PROPERTY

In the subsequent analysis, we examine the convergence of
the proposed solution based on Algorithm 1- Algorithm 3.
Assuming the optimal solution of (13) is denoted as V(")
we can verify the iterative Problem (13) for convergence as

follows:
AVITY) =y = (n(Vi) = (Vi)
=y = 8(Te(VHD) = 2 (V)
Xl(n)H(V<n+1> V(”))Xl(n))
-y aln(¥9) (17
:f(Vg”)

Similarly, we can prove that the optimal solution of (18)
is Wfln). It can be verified that the objective func-
tion of Problem (9) is non-decreasing and convergent if

(33)
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FIGURE 3. The flowchart of the proposed solution.

Algorithm 3 The Proposed Lagrangian Optimization Method
and Bisection Search-Based Algorithm to Solve Problem

Pl1.C

1: Set the initial values for Wy, Vg, Wy, Vi, Dmins Dmax, 4, X, B, €

2: repeat

3 N <« NmintNmax

4:  Solve P1.C using Lemma 2 and find optimal solution for
{5, 1))

5. Compute D(u, x, ) using (25) and check for the feasibility
of the solution

6:  if D(u, x,®) > n, solution is infeasible, set 1;;qx < 1 and
go to step 4

7. else Update u, x,? using (30)-(32), and go to step 5 until
stopping criterion of sub-gradient method achieved

8: Set Nyin < 1

9: until n,0x — Npin < €
10: output n*,t(’;, {te}*

Constraints (10b) and (10c) are satisfied, given that V; and
W, are bounded by (8d) and (8e), respectively.

The feasibility condition of the optimal solution in the
nth

iteration must adhere to Constraints (10b) and (10c).

Algorithm 2 also produces a non-decreasing objective
R . (n+1) __(n+1) (n) n)

function, i.e., f(vy S Wy ) = flvy,,wy ), where

(n)

(n

vy, wy, )) is the feasible solution in the n™ iteration.
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Algorithm 4 The Proposed SDR, SCA and Lagrangian
Optimization-Based Algorithm to Solve Problem P1

1:

7:
8:

9:
- until min{RY} — min{R( ™V} < ¢

10
11

Set the initial values for W4, Vi, Wy,
Vus s s X O, € {t0, 11, - 1), &

: Set i = 0, and compute min{Rl((O)} using Eq. (7) with initialized
variables

: repeat . ,
Solve P1.A to obtain {wg),vt(;)} with  fixed
w0 V=D g a5 DY using Algorithm 1
Solve PLB to obtain {w{’ v’} with fixed
{wg), vg), {to, 11, ..., tk}(i_l)} using Algorithm 2
Solve P1.C to obtain {9, 11, ..., 1%}® with fixed

{wg), vfii), w,(j), v,(,i)} using Algorithm 3

Compute min{R](j)} using Eq. (7) and check for the feasibility
of the solution -

if min{Rkl } < min{R]((l_ )}, solution is infeasible, go to step
4

else i =i+ 1, and go to step 4

*

: output wh, Vi wh v ()t

Furthermore, due to the inequality in (19) and the satis-

faction of Constraints (8f) and (8g), the objective function
remains bounded, ensuring convergence.
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With the optimal solution of vg), wg), VS), wg), t(()i), t,((i)

in the i iteration in Algorithm 4, the objective function
of Problem (8) is: fpl(v,(fH), w,(fH), ng), SH), tgH),
{f1(<1+1)}) > fpl(Yngl)’ W’(41+1)"V((1l+1_)’ W((;H)’ t(()z)’ {t](;)}) >
Fp1vi s wi v w0 ) = ey Wl vy,
wg), t(()i), {t,ii)}). This sequence of inequalities demonstrates
that the algorithm’s objective function is guaranteed to
converge.

B. COMPLEXITY ANALYSIS

Here, we analyze the computational complexity of
Algorithm 4, which is a combination of the complexities of
three sub-problems in Steps 4-7.

In Step 4, we solve the SDR problem for active and passive
downlink beamforming vectors, which involves L + Ly + 2
variables and 4K 4 3 constraints. The computational com-
plexity for this step is O1(Iy(I1a[(L1+ 1) (L1 +1)®+ (L1 +
D2QK +2)] +hp[(La + DO ((Ly + DO + (Lo + D?*(2K +
1)1)), where Iy, I14, and Iy, represent the iteration numbers
of the outer and inner iterations in Algorithm 1. Similarly,
in Step 5, we solve the SCA problem for active and passive
uplink beamforming vectors, which involves L + L, +2 and
4K + L1 + Ly + 2 variables, respectively. The computational
complexity for this step is O2(I,(12a[(2K + 2L + 2)331 4+
Lp[(2K + 2Ly + 2)331)), where I, I»,, and Iy, represent
the iteration numbers of the outer and inner iterations in
Algorithm 2. In Step 6, we solve the time allocations using
the Lagrangian dual method and Bisection search, which has
a computational complexity of O3(I313,(K + 1)2), where I
and I3, stand for the BS and inner iterations, respectively, in
Algorithm 3. Finally, the total computational complexity of
Algorithm 4 is O4(I7[O1 4 O2+ O3]), where It represents
the total number of iterations in Algorithm 4.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide and discuss numerical results
to validate the proposed schemes and to evaluate the
performance of the hybrid active and passive IRS in WPCNGs.
Under the simulation setup, we consider a three-dimensional
Cartesian coordinate system. The H-AP, IRS-1, and IRS-2
are located at (0,0, 0), (1, 1,5), and (3, —1, 5), respectively
(in meters). However, devices are randomly and uniformly
distributed centered at (3, 0, 0) within a radius of 0.5m. The
distance dependent path loss is modeled as Py = LODD;OQ,
where L( is signal attenuation at a reference distance of
Im and set at —304dB and 2 is the path loss exponent
set at 2.2 for all links. Moreover, direct links between
H-AP and users are blocked by obstacles so the IRSs
assist wireless communication between H-AP and devices.
However, reflected links are modeled with Rician fading

given by
K oS 1 LOS
= [— 4+ — ,
& 1+KgL V 1+/<gN

where « is the Rician factor set to 3, g"5 denotes the non-
line-of-sight (NLOS) standard Rayleigh fading components

(34)
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with zero mean and unit variance, and g'? is a line-

of-sight (LOS) component that can be modeled using a
far-field uniform linear array (ULA) [53], given as gLOS =
[1 e /2masin®) | e=2m5 (=D sinOT jn which s shows the
spacing between IRS elements (which is considered A/2),
and 0 is the angle-of-departure (AOD) or angle-of-arrival
(AOA) of the IRS elements. The other parameters are set
for total transmit power budget at H-AP and active IRS as
P7 = 30dBm, Pjrs = 30dBm, respectively,1 the noise power
at H-AP and IRS as Oﬁ = 012 = —70dBm, and the energy
harvesting efficiency ¢; = ¢ = 0.8, for all k.

In order to show the effectiveness of hybrid active and
passive IRSs in a WPCN, we consider the following basic
schemes in the simulations for comparison and analysis.

1) Single Active IRS: In a single active IRS, we deploy
an IRS with L elements, which is placed near the
H-AP. Here, we jointly optimize uplink and down-
link beamforming amplification coefficients and phase
shifts with time allocations.

2) Hybrid Active/Passive IRSs (proposed): From Fu and
Zhang, we noticed it is important to find the optimal
position or placement of the active IRS between
the H-AP and the devices [40]. Thus, in hybrid
active/passive IRSs, we discuss two different cases in
which we deploy the active IRS in different places
as shown in Fig. 4. In the first case, denoted Hybrid
Case-1, we deploy the active IRS near the H-AP and
the passive IRS near the devices, which is formulated
and solved in Egs. (1)-(30). However, in Hybrid Case-
2, we deploy the active IRS near the devices and the
passive IRS near the H-AP. We explain the problem
formulation and the proposed solution for Hybrid
Case-2 in Appendix B.

3) Double Passive IRSs: Here, we consider two passive
IRSs and jointly optimize the phase shift matrices
and time allocations for uplink and downlink. For this
we fix the amplification coefficients of IRSs o ; =
ary=pr1=P=1,forle[l,2,3,...L; or L] in
Eqgs. (1)-(30).

We provide a convergence analysis of the proposed
algorithms. Fig. 5 illustrates the convergence of Algorithm 1
and Algorithm 2 based on the SDR and SCA methods,
respectively. The graphs demonstrate that both methods
exhibit rapid convergence, reaching a solution at or before
the fifth iteration across different values of L. Additionally,
we display the convergence of the alternating optimization-
based Algorithm 4 in Fig. 6, which jointly solves the
throughput fairness problem by combining all the sub-
problems. The results show that the algorithm yields feasible
solutions where the minimum throughput increases in each
iteration, indicating successful convergence. These conver-
gence analyses validate the effectiveness and efficiency of

1. For fairer performance comparison we set transmission power equal
in all schemes. For double passive IRSs scheme, we set the transmission
power to 33.1 dBm.
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FIGURE 4. Top view of simulation setup.
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FIGURE 5. Convergence of Algorithm 1 and Algorithm 2 for different IRS elements.

our proposed methods in achieving near-optimal solutions
for the hybrid active/passive IRS-aided WPCN, facilitating
improved network performance and throughput fairness.
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FIGURE 7. Minimum throughput versus Active and Passive IRS locations from the
H-AP.

Fig. 7 illustrates the impact of the locations of both active
and passive IRSs from the H-AP. Our findings reveal that
the placement of the passive IRS has a negligible effect on
the minimum throughput. In contrast, as the active IRS is
positioned farther from the H-AP, a substantial decrease in
minimum throughput is observed. The results highlight a
significant distinction in the influence of location between
passive and active IRSs. While the passive IRS, with its
reflective properties, demonstrates a consistent minimum
throughput across various locations, the active IRS, due
to its ability to actively amplify signals, exhibits a more
pronounced impact on throughput as its distance from the
H-AP increases. This is because the active IRS located
near the H-AP can actively amplify the incident signals,
compensating for the propagation loss and enhancing the
received signal power at the H-AP. As the active IRS is
positioned farther and farther away from the H-AP, the
system’s performance gradually degrades. This is because,
at longer distances, the amplification effect becomes weaker,
and the cascaded path loss between the H-AP and the active
IRS increases, diminishing the benefits of the active IRS.
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FIGURE 8. Minimum throughput versus increased distances of Active IRS from the
H-AP.

Furthermore, Fig. 8 shows the effect of the active IRS’s
location from the hybrid access point in Hybrid Case-1 and
double passive IRS schemes, where reflecting elements L;
and L, are both set to 15. Additionally, we consider two cases
for the single active IRS scheme with reflecting elements
L = 15 and L = 30. The results indicate that the hybrid
system achieves higher throughput when the active IRS is
placed closer to the H-AP. We compare the performance of
our proposed algorithm with the double passive IRSs and
the single active IRS schemes. The results consistently show
that our proposed algorithm outperforms the other schemes,
demonstrating its effectiveness in achieving better network
performance and throughput enhancement. An interesting
observation is that the single active IRS with L = 15 has
lower performance compared to the double passive IRSs.
This is because, at a shorter distance, the double passive
IRSs can provide strong multi-reflection paths, compensating
for the lack of active amplification. However, when the
reflecting elements of the single active IRS is increased to
L = 30, its performance surpasses that of the double passive
IRSs when placed closer to the H-AP. This is due to the
stronger active amplification effect with the larger number
of reflecting elements, which helps overcome the multi-path
reflection advantage of the double passive IRSs.

Nonetheless, as the active IRS moves even farther away
from the H-AP, its performance starts to degrade compared
to the double passive IRS. This is because, at such long
distances, the limitations of active amplification and the
increased cascaded path loss outweigh the benefits of the
single active IRS, making the double passive IRS scheme
more effective. In contrast, the proposed hybrid approach
capitalizes on the active and multi-reflection effects, achiev-
ing better overall performance regardless of the active
IRS’s location. The combination of active and passive IRS
elements enables the system to adapt to various scenarios,
and optimizes the network’s performance, making the hybrid
approach the most favorable choice for practical deployment
in WPCNes.

1136

4 ; ;
—&— Hybrid Case-1
—&— Hybrid Case-2
351 Double Passive IRS | |
—— Single Active IRS
= 3r 1
=
Z
2 25F
= o
]
=
£ 15
=R
0.5
|

0 | | |
5 8 11 14 17 20
Maximum Amplitude Threshold, A, [dB]

FIGURE 9. Minimum throughput versus the increasing maximum amplitude limit.

Fig. 9 illustrates a comprehensive comparison of minimum
throughput with respect to the active IRS’s maximum
amplitude limit, denoted as Ay, of the incident signal.
The analysis assumes a uniform amplitude limit for both
downlink and uplink transmissions, i.e., @ max = Blmax =
Apay for all links /. The results clearly show that increasing
Apmar leads to a corresponding increase in the minimum
throughput. This is due to the active IRS’s ability to pro-
vide enhanced amplification gain, compensating for signal
attenuation, and improving the received signal power at the
devices. In addition to the impact of Ay, the deployment
of the active IRS also significantly influences the system’s
performance. Notably, Hybrid Case-1 where the active IRS
is placed near the H-AP, consistently outperforms Hybrid
Case-1 where the active IRS is placed near the devices.
The reason is that when the active IRS is located close to
the receiver, it effectively amplifies the attenuated signals,
leading to stronger signals reaching the receiver.

Moreover, joint deployment of active and passive IRSs
in the proposed hybrid system yields superior performance
compared to both single and double passive IRS configura-
tions. This is due to the complementary effects of the active
IRS’s amplification and the multiple IRSs’ multi-reflection
effects. The active IRS enhances the signal power, while the
multiple IRSs provide multiple reflected signals, resulting in
improved overall performance. Interestingly, we also notice
that the single active IRS scheme performs better than the
double passive IRS scheme when maximum amplitude limit
Amax 1s higher. This is because the single active IRS can
leverage its higher amplification power to overcome the
double path loss effects observed in the double passive IRS
configuration.

Fig. 10 examines total downlink energy harvesting as a
function of maximum amplitude limit A,.. As expected,
the total energy harvesting increases as Ay, increases.
This highlights the significant energy harvesting benefits
provided by the active IRS, which amplifies the incident
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signals and improves the energy capture capability of the
wireless-powered devices.

Fig. 11 displays the minimum throughput plotted against
the number of intelligent reflecting surface elements, rep-
resented as L = L; + Lp, in various deployment designs.
As expected, the sum rate shows an increasing trend
with a larger number of IRS elements, indicating the
potential of IRS-assisted systems to enhance overall network
performance. Remarkably, the proposed algorithm exhibits
significant improvements in the minimum rate experienced
by devices. The algorithm effectively leverages the benefits
of intelligent reflecting surfaces, resulting in substantial
throughput enhancements, and ensuring a more equitable
user experience across the network. These promising results
underscore the efficacy of the proposed approach for opti-
mizing throughput in 6G wireless-powered communications
networks.

Figure 12 shows an analysis involving amplified thermal
noise and its impact on the average achievable throughput
in the uplink. Our findings revealed a notable trend: as
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FIGURE 12. Impact of amplified thermal noise on the average achievable
throughput.

amplified thermal noise increases, the achievable throughput
decreases. This observation shows a critical limitation
associated with active IRS elements. While increasing active
elements can potentially boost throughput, it also leads
to amplified thermal noise, posing challenges in striking
a balance between maximizing received signal power and
minimizing noise in the uplink. Despite these challenges,
our study demonstrated that our proposed hybrid architecture
outperforms a single active IRS in this context. This compar-
ison demonstrates the superiority of our hybrid approach in
managing the trade-offs between maximizing signal power
and mitigating amplified thermal noise, ultimately resulting
in improved performance in the uplink scenario.

Figure 13 shows the sum throughput under specific
conditions: K = 2, di = 2m, and d» = 4m, while
varying the number of elements in the IRSs, denoted as
L = L; 4+ L,. The data is obtained through averaging over
100 randomly generated channel realizations. An interesting
observation arises from comparing the two hybrid cases,
Hybrid Case-1 and Hybrid Case-1. Notably, Hybrid Case-
1 demonstrates superior performance compared to Hybrid
Case-1. Furthermore, For the Hybrid Case-1, the far user
experiences higher throughput in comparison with the Hybrid
Case-1. This particular outcome highlights the effectiveness
of placing active IRS elements closer to the H-AP. This
observation underscores the significance of the IRS’s place-
ment concerning the H-AP, where the strategic deployment
of active IRS elements near the H-AP yields improved
throughput fairness, especially for users situated at greater
distances.

Fig. 14 presents the feasibility analysis of our proposed
algorithm for different numbers of IRS elements, compared
with the random allocation of resources approach. In the
random allocation of resources approach, we randomly select
phases and amplitudes for the active and passive beams, and
we distribute time resources by equally dividing them into
K+1 time slots. Simulations are conducted for 100 randomly
distributed channels. The results show that our proposed
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FIGURE 14. Feasibility analysis for the proposed algorithm and random allocations
of resources versus number of IRS reflecting elements.

algorithm achieves maximum feasibility compared to the
random allocation of resources. Conversely, the scheme using
random IRS phase shifts yields significantly fewer feasible
solutions, even below 20%. This limitation arises because
random phase shift allocation fails to ensure alignment
between IRS beams on the uplink and downlink with the
communication channels, resulting in suboptimal network
performance.

Additionally, we observe that the in-feasibility of solutions
increases with the growing number of elements. This chal-
lenge is attributed to the increased complexity of designing
an optimal solution as the number of elements rises.
Therefore, this emphasizes the significance of optimizing
IRS passive beamforming on both the uplink and downlink
to enhance network performance.

VI. CONCLUSION

This paper presents a hybrid, active and passive IRS-based
framework to enhance throughput fairness in wireless pow-
ered communication networks. We addressed the challenge
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of the doubly-near-far problem where nearby devices with
better channel conditions experience higher energy harvest-
ing and throughput compared to devices at a distance.
The cascaded channel path loss in networks with multiple
IRSs exacerbates this issue. To tackle this, we formulated a
throughput fairness optimization problem, jointly optimizing
active and passive beamforming and time allocations for
both uplink and downlink, aiming to maximize the minimum
throughput among devices. Through extensive simulations
and numerical analysis, we demonstrated the superiority of
our proposed framework over alternative configurations, such
as systems employing a single active IRS or the conventional
double passive IRS. The results showed that our hybrid
approach significantly improves network performance and
throughput fairness, making it a compelling choice for practi-
cal WPCN deployments. To efficiently solve the non-convex
optimization problem, we decomposed the optimization
problem into three sub-problems and iteratively solved them.
This approach, along with sophisticated techniques such as
semi-definite relaxation, successive convex approximation,
and the Lagrangian method, facilitated convergence of the
optimization process and the achievement of near-optimal
solutions. Overall, our hybrid active/passive IRS-based
framework has the potential to revolutionize WPCNs,
addressing the challenges of throughput fairness and offering
enhanced network performance. As the demand for wireless
power and communication technologies continues to grow,
our proposed approach represents a promising step towards
more efficient and equitable wireless networks in the future.

APPENDIX A
By taking the partial derivative of L(n, to, t, i, Xk, Ox) With
respect to fy and #, respectively, we have

K
L XM
— = - s 35
n kZHMk,O o Zk (35)
L 10 M2
== il logy (1 4+ M2 ) — —— B
oty Xk gz( * ktk> 1+Mk;—2
— i+ NN, Vk (36)
K
oL
i 37)
j=0
oL
— = Ny — 19, Yk 38
’ED Nk — 10 (38)
Based on KKT conditions the closed form solution of
1% and.t,f, can be obtained by %’ = 0, and % = 0,
respectively.
K
XM
— =ty % 39)
k=11 +Mk% k=1
t*
; M — 9N,
1og2(1+Mk—2> )
I 1+ M2 Xk
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By solvirlg Eq. (40), we can find an optimal solution
of A} = ;—% which also satisfies the Eq. (39) for given
u, X, ¥, otherwise we update u, x, 9 using Egs. (30)-(32)
until feasibility met.

Moreover, by % =0, we get

K
k k
k=1

And, with the optimal solution of (39) and (40), A}, we have
ty = Ajt5. Hence using (41), we can derive (28) and (29).

(41)

APPENDIX B

Here, we will show the problem formulation and solution
For Hybrid Case-2. However, we omit the detailed expla-
nation and expressions to avoid repetitions of content or
straightforward implementations. In Fig. 1, we consider IRS-
1 consists of L; passive elements and IRS-2 consists of L,
active elements. We can reproduce the Eq. (1) and Eq. (5)
for the Hybrid Case-2 as follows

Yk = \/E(hgkf‘z,dGHf‘J,dgz + hgkl"z,dgz + h?,kl"z,dgz)m

+ W Poaziks + 2k, Yk, (42a)

Tk = A/Pk (g?f‘l,uGrz,uhz,k + gH T o + 87F1,uh1,k)xk
+ (800G 2 + g2 )ams + 240 Y (430)

Now, ;g = diag{a; ¢/, a;2e®%2, ... a;p,eLi} for i €
[1,2] with a1 € [0,1] and a2 € [0, o0z maxl, o1 max = 1.
And T;, = diag{B; e/, Bi2e/®2, ..., Bip, et} for i €
[1,2] with Bi; € [0, 1], and B2 € [0, Bimax]ls Bimax = 1.
By using definitions of {vy, wy, v,, w,} from Proposition 1
and Proposition 2 we will reproduce the P1 for the Hybrid

Case-2 as follows

P2 max min Ry (pk, te, Vu, Wu) (44a)
to, At} va, W,k
Vu, Wy

st. |[vall <=1, [=1,2,3,---L; (44b)

walil < max, 1=1,2,3,...Ly (44c)

[vul)l =1, [=1,2,3,...L, (444)

|[Wu]l| S ,Bl,max» l = 15 27 37 .. 'L2 (446)

(8b), (8c), (8h) (44f)

Next, we can solve P2 using the proposed approach
discussed in Section III.
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