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Abstract—This paper examines radio resource allocation in a
full-duplex (FD) reconfigurable intelligent surface (RIS)-assisted
wireless-powered (WP) industrial internet-of-Things (IIoT) com-
munication network. The system model includes an FD access
point (FD-AP) that communicates with FD energy harvesting
(EH) multi-users (MUs), referred to as an FD-FD RIS-assisted
WP-IIoT network. The FD-AP is equipped with two sets of mul-
tiple antennas: one set for downlink (DL) energy beamforming
and another for uplink (UL) information signal reception. The
FD-MUs have one antenna for DL energy signal reception and
another for UL information transmission. This paper addresses
the UL sum-rate maximization problem for the FD-FD RIS-
assisted WP-IIoT system by jointly optimizing the RIS phase
shift and power resources. Additionally, this paper presents
two benchmarks as specific cases of the FD-FD RIS-assisted
WP-IIoT system model, namely, (i) FD-HD RIS-assisted WP-
IIoT network: FD AP and half-duplex (HD) two MUs groups,
and (ii) HD-HD RIS-assisted WP-IIoT network: HD AP and
HD MUs. The numerical results demonstrate that the FD-
FD system outperforms both benchmarks in the low transmit
power regime. Also, compared to the baseline non-RIS-assisted
WP-IIoT network, the RIS-assisted WP-IIoT network achieved
a significant UL sum-rate gain.

Index Terms—Full duplex (FD), reconfigurable intelligent sur-
face (RIS), energy harvesting (EH), sum-rate, resource allocation.

I. INTRODUCTION

AS Internet-of-Things (IoT) networks are rapidly deployed
in manufacturing settings, this has given rise to the con-

cept of industrial IoT (IIoT) networks [2]. IIoT networks are
transforming traditional industrial automation and process con-
trol by facilitating seamless connectivity among components

This work was partially presented at IEEE VTC spring 2025 in [1]
containing the system analysis results without optimization and consideration
of threshold energy harvesting model.
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such as sensors and industrial equipment across various loca-
tions and enabling real-time automation and decision-making
[3]–[5]. While IIoT networks offer enhanced capabilities and
benefits, including increased efficiency and productivity [5],
[6], their widespread deployment, compactness and mobility
of wireless devices encounter significant challenges. One
significant challenge is the energy constraints on the battery-
operated devices, which necessitate periodic battery replace-
ments or frequent recharges, as well as maintaining reliable
communication in the harsh industrial wireless communication
environments [7]–[9]. This issue raises maintenance costs and
contradicts the need for green communications and a self-
sustainable IIoT network because of climate change concerns.

The energy constraint issue faced by IIoT devices has been
notably addressed by recent advancements in energy harvest-
ing (EH) technologies, such as wireless powered communica-
tion networks (WPCN) [7], [8], [10], [11]. These technologies
enable self-sustaining devices to harvest energy from near and
far-field radio frequency (RF) sources. In particular, WPCN
integrates wireless energy transfer (WET) and wireless infor-
mation transfer (WIT), where a hybrid access point (AP) trans-
mits energy signals to the IIoT devices during downlink (DL)
communication. The energy signals received in the DL are
stored and later utilized to transmit information signals from
the IIoT devices to the AP in the uplink (UL) [7], [8], [10].
Although WPCN is a promising technology that ensures a
stable power source for IIoT devices, it still encounters signif-
icant network challenges in practical deployment due to severe
signal loss caused by RF signal attenuation over long distances
[7], [12]. Therefore, more effective and cost-efficient solutions
are needed to enhance the DL WET. Advanced techniques,
such as relaying and massive multiple-input-multiple-output
(massive MIMO), can improve spectral efficiency (SE) [13].
However, these techniques often lead to increased network
energy consumption and hardware costs [12], [14]. Conversely,
to facilitate and expand EH and information transfer coverage
areas, reconfigurable intelligent surfaces (RIS), composed of
numerous passive, energy-efficient, and low-cost reflecting
elements, can be deployed within IIoT networks to enhance
coverage and spatial diversity [15], [16].

An RIS can modify and dynamically adjust the reflecting
elements to control the reflected RF signals that are incident
upon it [17]. Therefore, integrating RIS with WPCN tech-
nologies serves as an effective solution for achieving efficient
and extended coverage of a self-sustaining IIoT network using
RF EH. However, RIS may suffer from EH inefficiencies due
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to issues such as double fading and the absence of a direct
channel between the access point (AP) and IIoT devices, re-
sulting in reduced SE. Consequently, establishing a direct link
is essential to enhance the spectral efficiency. Compared to its
half-duplex (HD) counterpart, full-duplex (FD) transmission
can improve the SE of the RIS-assisted IIoT network [8].
Unlike HD systems that alternate between information and
energy transfer over different dedicated time slots, FD systems
allow DL WET and UL WIT to occur simultaneously using the
same communication resources. This improves SE and reduces
latency by eliminating the need for separate time slots [8].
Although FD transmission has the potential to increase SE, it
requires complex self-interference cancellation (SIC) methods
to effectively mitigate self interference (SI) [8], [18].

To reap the above benefits of integrating RIS into WPCN to
provide signal coverage for devices in coverage-limited areas,
this work proposes a unique WPCN IIoT system architec-
ture in which both the DL and the UL transmission occur
simultaneously via the direct channel and reflection of the
RIS, thus potentially enhancing the spectral efficiency and
the amount of energy harvested. The system consists of an
FD AP equipped with a dual-set multi-antenna consisting of
WET DL transmitter and WIT UL receiver antennas, and
communicates with a dual-set (i.e., single-antenna DL WET
receiver and single-antenna UL WIT transmitter) FD-MUs. For
more insight, two special cases of the system model presented
are considered. The first scenario considers an FD AP RIS-
assisted WPCN system with HD MUs, while the second
scenario discusses an HD AP RIS-assisted WPCN system
with HD MUs, therefore, the operations of DL WET and UL
WIT are orthogonal over time. In addition, the IIoT network
resources are optimized to improve system performance.

The rest of this paper is organized as follows. Section II
discusses the related works. Section III, describes the RIS-
assisted WP-IIoT system model and problem formulation.
Section IV contains the derived closed-form solutions and the
alternating optimization (AO) algorithms. Section V contains
the simulation results. Finally, section VI concludes the paper.

Notations: Capital letter bold (A), small-letter bold (a) and
small-letter (𝑎) alphabets denote a matrix, a vector and a scalar
variable, respectively. A ∈ C𝑁×𝑀 is a matrix with dimensions
N by M and a ∈ C𝑁 represents a vector with dimensions N
by 1. ℎ∗ and ℎ𝐻 represent the conjugate transpose and trans-
pose of variable ℎ, respectively. CN(0, 1) denotes circularly
symmetric complex Gaussian random variable with zero mean
and unit variance. A summary of frequently used variables and
abbreviations are respectively outlined in Tables I and II.

II. RELATED WORKS

Various works have investigated non-RIS-assisted WPCN
system models in works such as [8], [19], [24]–[29]. However,
this work focuses on RIS-assisted WPCN system models.
Therefore, the literature reviewed below consists of novel
works on RIS-assisted WPCN which are found in [1], [7],
[10], [16], [17], [20], [22], [23].

TABLE I: Summary of Frequently Used Variables

Variable Definition
𝐾 Total Number of users communicating with the AP
𝐾1 Number of users communication with the AP in DL
𝐾2 Number of users communicating with the AP in UL
S1 Number of users in DL group
S2 Number of users in UL group
𝑀 Total number of antennas
𝑀t Number of AP transmit antenna
𝑀r Number of receive antennas
𝑁 Number of RIS elements
𝛾𝑘 Received SINR at MU 𝑘

𝜏1 Time allocation for WET (Phase 1)
𝜏2 Time allocation for WIT (Phase 2)
he,𝑘 Effective DL transmission channel
fe,𝑘 Effective UL transmission channel
𝜖DL DL distance dependent pathloss
𝜅DL Rician K-factor between AP-RIS
𝜅DL,𝑘 Rician K-factor between RIS-MU
hD,𝑘 DL channel from AP to MU 𝑘

HD,R DL channel from AP to RIS
hR,𝑘 DL channel from RIS to MU 𝑘

h𝑘,U UL channel from MU 𝑘 to AP
h𝑘,R UL channel from MU 𝐾 to RIS
HR,U UL channel from RIS to AP 𝑘
HAP SI channel at the AP 𝑘
Ĝ Effective SI channel at the AP 𝑘

TABLE II: Summary of Frequently Used Abbreviations

Abbreviation Definition
AP Access Point
CoI Co-channel Interference
CSI Channel State Information
DL Downlink
EH Energy Harvesting
FD Full-Duplex
HD Half-Duplex
IoT Internet of Things
IIoT Industrial Internet of Things
Imp-CSI Imperfect Channel State Information
Imp-SIC Imperfect Self Interference Cancellation
MIMO Multiple-Input-Multiple-Output
PSR Power Splitting Ratio
PS Power Station
RF Radio Frequency
RIS Reconfigurable Intelligent Surface
SI Self-Interference
TDD Time Division Duplexing
TS Time Switching
UP Uplink
WET Wireless Energy Transfer
WIT Wireless Information Transfer
WMMSE Weighted Minimum Mean Squared Error
WPCN Wireless Powered Communication Network
WPT Wireless Power Transfer

A. Current State-of-The-Art: Exiting Works

For instance, the work studied in [8] has investigated WPCN
protocols to facilitate communication between an FD AP
and MUs. The FD AP has multiple antennas and operates
in FD mode, while MUs are HD single antenna devices.
Each MU communicating with the FD AP is assigned to
one of two groups based on the time allocation and channel
access for either UL or DL. To maximize the UL sum-rate,
a weighted sum-rate maximization problem is formulated to
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TABLE III: Summary of comparison with related works.

Reference Objective Technology UE groupRIS EH Model EH Recycling BS Users
[7] Sum-rate Maximization ✔ Power threshold ✘ HD-SISO HD-MU ✘
[8] Weighted sum-rate maximization ✘ Power threshold ✘ FD-MIMO HD-MU ✔

[10] Sum-rate optimization ✔ Sigmoid ✘ FD-MIMO HD-MU ✘
[16] Sum throughput maximization ✔ Power threshold ✘ HD-SISO HD-MU ✔
[17] Sum throughput maximization ✔ Sigmoid ✘ HD-SISO HD-MU ✘
[19] UL fair-throughput maximization ✘ Sigmoid ✘ FD-MIMO HD-MU ✘
[20] Rate and energy-efficiency maximization ✔ Sigmoid ✘ HD-SISO HD-SU ✘
[21] SI minimization and rate maximization ✔ ✘ ✘ FD-MIMO HD-MU ✔
[22] Weighted sum-throughput optimization ✔ Sigmoid ✘ FD-MIMO HD-MU ✘
[23] Weighted sum-throughput maximization ✔ Sigmoid ✘ FD-MIMO FD-MU ✘
[1] Sum-rate Analysis ✔ Power Threshold ✔ FD-MIMO FD-MU ✘

This work Sum-rate maximization ✔ Multi-stage rectifier ✔ FD-MIMO FD-MU ✘

jointly optimize the channel assignment, time resource, and
power resource allocations. Also, in [19], the authors studied
multi-antenna resource scheduling for an FD-aided WPCN
system, where HD single antenna MUs harvest energy from
the FD-AP in the DL to power their own WIT. To support
MUs, this FD-WPCN system adopts a classic TDMA protocol.
The UL fair-throughput of MUs is maximized by joint design
of the transceiver beamformer, resource allocation, and user
scheduling. However, the study in [7] proposed a hybrid-
relaying scheme designed to simultaneously enhance the per-
formance of DL energy transfer from an AP and UL data
transfer from users to the AP. Using a proposed time switching
(TS) and power splitting ratio (PSR), the RIS can switch
between EH and signal reflection in the TS scheme or adjust its
reflection amplitude in the PSR scheme. The RIS and users
are each equipped with an EH circuit. The HAP and users
have a single antenna each, and the mode of transmission in
this system is TDMA. By formulating sum-rate maximization
problems for the TS and PS schemes, both the RIS phase
shifts and network resource allocation were jointly optimized
for EH and WIT by proposing a two-step algorithm to obtain
a near-optimal solution with accuracy. In [16], the authors
introduced an RIS-assisted wireless-powered heterogeneous
network consisting of two heterogeneous groups of devices.
Specifically, one group of devices is charged by external
energy supplies (i.e., EH devices), while the other group of
devices is powered by internal energy supplies (i.e., non-
EH devices). The EH devices harvest energy signals from
a separate power station (PS) via the RIS in the DL, and
both groups perform information transfer through the RIS
with an AP in the UL. The PS, AP, and devices have single
antennas, and the devices communicate with the AP in TDMA
mode. The RIS is deployed to enhance the DL WET and
UL WIT. Therefore, a sum throughput maximization problem
was formulated subject to the constraints of individual energy
consumption, transmission time scheduling, and RIS phase
shifts.

In [17], the authors examined a new transmission policy for
resource allocation in an RIS-empowered IoT system. Similar
to the system architecture in [16], an energy station wirelessly
charges multiple IoT devices in the DL, and these devices
transmit their data signals to the AP in the UL. A specific
scenario is considered where circuit power consumption is

overlooked. The RIS phase shift, transfer time scheduling, and
PSR are optimized to maximize the sum throughput. The work
in [20] explored single-user achievable rate maximization in
an active RIS-assisted WPCN where both the HAP and the
user have single antennas, and communication between HAP
and UE is TDD. The active RIS phase shifts are optimized
in both WPT and WIT phases, and the time allocation is
optimized to maximize the achievable rate. The authors in [21]
jointly optimized the precoder matrix and RIS phase shifts
to enhance both UL and DL communication. The work in
[10] investigated the performance of RIS enhanced FD WPCN
where a HAP concurrently transmits energy and receives
signal. A sum-rate maximization problem is formulated, and
iterative algorithms are proposed to determine dynamic or
static beamforming across uplink and downlink time slots.
The authors in [22] studied an RIS-aided FD WPCN where a
hybrid node (HN) operating in FD mode transmits information
to MU devices in the DL, while receiving energy signals from
a PS in the UL, with both processes supported by an RIS. The
weighted sum throughput is examined by jointly optimizing
the active transmit beamformer at the PS and HN, along with
the passive RIS phase shifts.

Furthermore, the work in [23] investigated an RIS-aided
MIMO FD WPCN system, where an FD-HN broadcasts
energy signals to multiple devices for their EH in DL and
receives information signals from the devices in the UL with
the help of an RIS. Both nodes have multiple antennas, and
using a designed time scheduling transmission protocol, a
weighted sum-throughput maximization optimization problem
is formulated by jointly optimizing the DL and UL time
allocation, precoding matrices at devices, transmit covariance
matrices at the FD-AP, and RIS phase shifts. Additionally, in
[1], the authors investigated an FD RIS-assisted WPCN system
where both the multi-antenna AP and EH MUs operate in FD
mode. Energy recycling is considered at the MUs, and the
RIS functions as a non-EH device. The sum-rate performance
is analyzed with random RIS phase shifts.

B. Beyond State-of-The-Art: Contributions

Motivated by the above discussions, this paper examines a
scenario involving all devices operating in an FD mode under
imperfect SIC (imp-SIC) conditions in an RIS-assisted IIoT
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network. The system comprises an FD-AP and FD-MU EH
IoT-enabled sensor devices (FD-MUs) in an IIoT network.
The overall objective of the system is to support simultaneous
WET and WIT by exploiting the RIS to enhance both WET
and WIT phases. The goal of this work is to maximize
the system UL sum-rate by jointly designing the transceiver
beamforming at the FD-AP and the transmit power at the FD-
MU. In the considered FD RIS-assisted WP-IIoT system, the
SI at the FD-AP arises due to its simultaneous transmit and
receive operation. Similarly, the FD-MUs experience a loop-
back SI, which impacts energy harvesting. Table III provides
a brief comparison of this study with previous RIS-assisted
WPCN works. The main contributions of this paper can be
summarized as follows.

• System architecture: In this study, unlike existing works,
a unique FD-FD RIS-assisted WP-IIoT system is pro-
posed, in which the FD-AP simultaneously performs DL
RF energy transfer and receives UL messages from FD-
MUs. Given the significant power loss incurred as the
distance between the FD-AP and FD-MUs increases, an
RIS device is introduced into the network to enhance
the performance of both DL WET and UL WIT phases
concurrently. The uniqueness in this proposed system
architecture lies in the consideration of all FD nodes in an
RIS-assisted WPCN system scenario, which have not yet
been considered. In addition, two special cases: FD-HD
and HD-HD RIS-assisted WP-IIoT systems are presented
and used as benchmarks. Importantly, these benchmark
cases are examined within the same framework, which
has not been considered in other works, but mostly
studied separately in reviewed literature.

• Energy scavenging : To distinguish this work from other
FD RIS-assisted WPCN research works, where MUs are
typically restricted to time-division HD operation, such
as in [10], [19], [22], [23], our system model considers
the effective loop-back SI at the FD-MUs as recycled RF
energy that contributes to the energy harvested, which is
yet to be investigated. This novel method of recycling the
effective loop-back SI at FD-MUs as an additional energy
source is a distinct feature that has not been investigated
in existing RIS-assisted WPCN studies. Moreover, the
proposed system adopts the multi-stage rectifier circuit
EH model similar to the EH model proposed in [30],
which is more realistic than the linear, sigmoid, or thresh-
old EH models leveraged in prior literature.

• System imperfections:In addition to the perfect CSI sce-
nario considered in [7], [8], [16], [17], [20]–[22], this
work investigates the impact of imperfect channel state
information (imp-CSI) at the FD-AP on the UL sum-rate
and FD-MUs EH, thereby reflecting practical conditions
where channel gains cannot be perfectly estimated. Given
the complexity of channel estimation through the RIS, we
adopt the approach in [8] for tractability. Furthermore,
since the FD-AP experiences SI due its FD operation,
imperfect SIC at the FD-AP is considered for the RIS-
assisted WP-IIoT system model.

• System optimization and efficacy: Finally, two opti-

DL WPT

UL WIT

Self Interference

UL Co-channel Interference

Example

FD-AP
RIS

IoT Sensor

Fig. 1: FD-FD RIS-assisted WP-IIoT network system model.

mization problems are formulated to cover the proposed
system and the benchmarks. The proposed FD-FD system
model sum-rate is maximized by jointly optimizing the
AP transmit and receive beamformers, transmit powers of
the AP and MUs, and the RIS phase shift. For the FD-
HD and HD-HD benchmark systems, MU resource and
time allocation are also optimized. Based on the solutions,
an AO algorithm is proposed for the FD-FD system and
its benchmarks. Additionally, the computational complex-
ity and overhead cost analysis for the various system
configuration algorithm implementations are presented.
The proposed FD-FD system is compared to the FD-HD
and HD-HD system benchmarks in simulations, where
the FD-FD is shown to be superior in certain instances
compared to the benchmarks.

III. THE FD-FD RIS-ASSISTED WP-IIOT NETWORK

In this section, the FD-FD RIS-assisted WP-IIoT system is
presented. As shown in Fig. 1, the IIoT communication system
consists of an FD-AP, an RIS, and 𝐾 EH FD-MUs, where
both the DL WET and UL WIT occur simultaneously over
the same frequency. However, to enable efficient EH at the
MUs due to the large attenuation over long distances, an RIS
having 𝑁 passive reflecting elements with adjustable phase
shifts is introduced to extend the coverage area and increase
spatial diversity of the WET signals. This implies that there
is a direct link between the FD-AP and EH FD-MUs. The
FD-AP is equipped with 𝑀t DL WET antennas and 𝑀r UL
WIT receive antennas1. Also, each FD-MU is equipped with
two antennas, one is a DL WET and the other is a UL WIT.

In this system model, it is assumed that the RIS is a non-
EH device and only passively beamforms the DL WET and
UL WIT signals2. Also, imp-CSI at the FD-AP, which leads
to imp-SIC at the FD-AP, are assumed. The CSI of all links
can be obtained using existing channel estimation approaches
available in literature, such as [31]. The individual channel
elements are modeled with estimation errors as

ℎ𝑧 = ℎ̂𝑧 + ℎ̃𝑧 , (1)

where, ℎ̂𝑧 ∼ CN(0, 1 − 𝜎2
𝑧 ) is the estimated channel and

ℎ̃𝑧 ∼ CN(0, 𝜎2
𝑧 ) is the channel estimation error, where 𝜎2

𝑧

1Note, in this paper, it is assumed 𝑀t = 𝑀r = 𝑀.
2For future work, EH RIS will be considered.
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is the error variance. In this paper, 𝜎2
𝑧 is not estimated but

is assumed to be a fixed known value. In practice, this value
is determined by the pilot SNR and training length from the
pilot-based channel estimation stage (e.g., MMSE). Also, CSI
reciprocity is assumed [8]. In order to achieve efficient WET
and WIT communication, the spacing between the antenna
elements at the FD-AP is considered large enough so that
the small-scale fading between any two different antennas can
be assumed to be independent [32], [33]. This assumption is
extended to the antenna elements at FD-MUs, and a similar
assumption holds for the reflection elements spacing of the
RIS. Additionally, the total transmission period is T, which is
fully used for the simultaneous WET and WIT transmissions.

With an assumed quasi-static flat-fading environment, the
DL channels between; (i) the FD-AP and FD-MU 𝑘 (i.e., 𝑘 =

1, . . . , 𝐾), (ii) the FD-AP and the RIS, and (iii) the RIS and
the FD-MU 𝑘 are denoted by hD,𝑘 ∈ C1×𝑀t , HD,R ∈ C𝑁×𝑀t

and hR,𝑘 ∈ C1×𝑁 , respectively. The UL channels between; (i)
the FD-MU 𝑘 and FD-AP, (ii) the FD-MU 𝑘 and RIS, and (iii)
the RIS and the FD-AP are defined as h𝑘,U ∈ C𝑀r×1 = h∗

D,𝑘 ,
h𝑘,R ∈ C𝑁×1 = h∗

R,𝑘 , and HR,U ∈ C𝑀r×𝑁 = H∗
D,R, respectively,

due to channel reciprocity. The WP-IIoT network adopts the
harvest-then-transmit protocol at the MUs. Furthermore, since
both the FD-AP and FD-MUs experience SI, their interference
channels are respectively defined as HAP ∈ C𝑀r×𝑀t and ℎ𝑘 ∈
C1×1. Note, the SI at the MUs act as an extra source of RF
energy scavenging termed as energy-recycling in this paper.
Finally, co-channel interference (CoI) exists between the FD-
MUs, and the CoI between FD-MU 𝑘 and FD-MU 𝑗 ( 𝑗 ∈
{1, . . . , 𝐾}, 𝑗 ≠ 𝑘) is given as ℎ 𝑗 ,𝑘 ∈ C1×1. The FD-FD RIS-
assisted WP-IIoT system details are presented next.

A. FD-FD System Signal Flow and Rate Formulation

During signal exchange in the FD-FD RIS-assisted IIoT
network, both DL WET and UL WIT occur simultaneously.
The DL WET and UL WIT are discussed as follows.

DL Energy harvesting: During the DL WET, MUs harvest
energy transmitted from the FD-AP via direct and RIS cas-
caded links. Additionally, because of FD operational mode,
the MUs harvest energy from the UL WIT signal, turning the
negative SI signal into a positive energy scavenging signal,
which we term as RF energy signal recycling. This implies
that the FD-FD system harvests more energy compared to the
existing FD-HD and HD-HD systems [8]. The DL WET signal
received at FD-MU 𝑘 from the FD-AP is given in (2), where
𝑃UL
𝑗

is the transmit power of FD-MU 𝑗 , and 𝑠UL
𝑗

is the UL WIT

1

β - Stage

- Stage

RAt,k

Rld,k

C1,1

C1,2

Cµ,2

Cµ,1

D1,2

D1,1

Dµ,1

Dµ,2

yET
k (t)

Vout,k

iDC
dio,k

Circuit ground

Diode

Capacitor

Alternating current

Matched network resistance

representation of
EH circuit Input

RF signal

Simple rectifier EH model

Fig. 2: Schematic diagram of EH circuit

signal transmitted to the FD-AP from the FD-MUs, where
(E{|𝑠UL

𝑗
|2} = 𝑃UL

𝑗
). The FD-AP transmitted signal to FD-MU

𝑘 is defined as E{|𝑠DL
𝑘

|2} = 1, and nDL
𝑘

is the antenna noise
at FD-MU 𝑘 and follows a complex Gaussian distribution
with zero mean and noise variance, 𝜎2

𝑘
. The effective DL

channel (i.e., direct + RIS cascaded link) of FD-MU 𝑘 is
defined as he,𝑘 = (hR,𝑘𝚽HD,R + hD,𝑘). Also, the FD-AP DL
beamformers and the RIS reflection co-efficient elements are
defined as p = {p𝑘 , 𝑘 ∈ 𝐾}, 𝚽 = diag(𝑒 𝑗 𝜙1 , 𝑒 𝑗 𝜙2 , ..., 𝑒 𝑗 𝜙𝑁 )
and {𝜙𝑛}𝑁𝑛=1 ∈ [F1], with F1 = {𝜙𝑛 | 0 ≤ 𝜙𝑛 ≤ 2𝜋}
denoting the set of continuous phase shift values [16]. The EH
mathematical model adopted is the multi-stage rectifier non-
linear EH model [29], [30], [34], which is based on the realistic
simple rectifier EH model [35]–[37]. Moreover, the multi-stage
rectifier non-linear EH model accounts for the received RF
signal’s slight ”amplification” during DL WET by adopting a
voltage multiplier within the EH circuitry [29], [30].

The equivalent circuit of a typical multi-stage rectifier EH
model is shown in Fig. 2 Since each stage consists of 2 diodes
and 2 capacitors, a 𝛽-stage rectifier has 2𝛽 diodes and 2𝛽
capacitors in total (i.e., multiple cascaded rectification and
voltage boosting stages). Two equivalent circuits correspond to
the RF signal and DC (0 Hz), respectively. RF power enters the
input of the rectifier and is converted into DC at the output.
At the RF frequency, capacitors can be simplified as short-
circuited, so the 2𝛽 diodes are placed in parallel between
input and output ports. Since the capacitors do not pass DC
power, the 2𝛽 diodes are in series at 0 Hz. Using the EH
model adopted, the generalized harvested energy at FD-MU
𝑘 is derived and presented in (3), where 𝑅At,𝑘 is the antenna
impedance load, 𝑅ld,𝑘 is the power management system load,
𝑉T,𝑘 is the diode thermal voltage, and 𝜂𝑘 is the ideality factor
respectively. In this paper, it is assumed that the SI components
present at the FD-MU 𝑘 contribute to the power harvested
during WET in energy recycling. The multi-stage rectifier non-
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yUL
𝑘 =

𝐾∑︁
𝑘=1

(HR,U𝚽h𝑘,R + h𝑘,U)
√︃
𝑃UL
𝑘
𝑠UL
𝑘︸                                       ︷︷                                       ︸

Signal from the FD-MUs

+ ĜxDL︸︷︷︸
Residual Self Interference

+ nUL︸︷︷︸
Noise

(4)

r̂UL
𝑘 = w𝐻

𝑘 fe,𝑘

√︃
𝑃UL
𝑘
𝑠UL
𝑘 + w𝐻

𝑘

𝐾∑︁
𝑗=1, 𝑗≠𝑘

fe, 𝑗

√︃
𝑃UL
𝑗
𝑠UL
𝑗 + w𝐻

𝑘 Ĝ
𝐾∑︁
𝑗=1

p 𝑗 𝑠DL
𝑗 + w𝐻

𝑘 nUL (5)

linear EH model derivation is presented in Appendix A.
UL Information transfer: During the UL WIT, the received

signals from all the MUs is defined in (4), where the effective
UL channel of FD-MU 𝑘 is fe,𝑘 =

(
HR,U𝚽h𝑘,R + h𝑘,U

)
. The

FD-AP uses the receive filter, w𝑘 , to detect the received
signal from FD-MU 𝑘 , where the decoded FD-MU 𝑘 signal
is mathematically defined in (5). The effective SI channel at
the FD-AP is modeled as Ĝ =

(
HR,U𝚽HD,R + HAP

)
. Now,

assuming the RIS elements phase shifts and Ĝ are known
at the FD-AP, the FD-AP applies SIC technique [8], [38] to
detect the received data of MU 𝑘 . However, the SIC technique
is imperfect, meaning there is some residual SI (RSI) signal
modeled as 𝜎2

𝐺̂
∥w𝑘 ∥2 ∑𝐾

𝑗=1 ∥p 𝑗 ∥2, having independent and
identically distributed Gaussian components with zero mean
and variance 𝜎2

𝐺̂
. Note, in the instance where the RIS is co-

located to the FD-AP, the SI at the FD-AP can be canceled by
subtracting it from the UL received signal [15], [21], hence
no RSI. Therefore, the UL rate of FD-MU 𝑘 is expressed as

𝑅UL
𝑘 = log2 (1 + 𝛾UL

𝑘 ), (6)

with the signal-interference-noise-ratio (SINR) given as

𝛾UL
𝑘 =

𝑃UL
𝑘

|w𝐻
𝑘

fe,𝑘 |2∑𝐾
𝑗≠𝑘 𝑃

UL
𝑗
|w𝐻
𝑘

fe, 𝑗 |2 +
∑𝐾
𝑗=1 |w𝐻

𝑘
Ĝp 𝑗 |2 + 𝜎2

AP∥w𝐻
𝑘
∥2
.

(7)
Sum-rate optimization problem: In this paper, the system

sum-rate maximization problem is considered. The system
sum-rate is maximized by joint design of the DL and UL
transmission parameters, and the RIS passive beamformer,
taking into account FD-AP and MUs power constraints. The
system sum-rate maximization problem with respect to (w.r.t.)
joint optimization of the associated variables (p𝑘 ,w𝑘 ,𝚽, 𝑃UL

𝑘
)

for the FD-FD RIS-assisted WP-IIoT system is formulated as

maximize
p𝑘 ,𝚽,w𝑘 ,𝑃UL

𝑘

𝐾∑︁
𝑘=1

𝑅UL
𝑘 subject to

𝐾∑︁
𝑘=1

∥p𝑘 ∥2 ≤ 𝑃DL
max (8a),

𝑃UL
𝑘 ≤ 𝑃̃EH

𝑘 ,∀𝑘 (8b), 𝜙𝑛 ∈ F1, ∀𝑛 (8c),

(8)

where 𝑃DL
max is the available power at the FD-AP. Constraint

(8a) represents the DL transmit power budget which means the
total allocated power for WET cannot exceed the maximum
available power at the FD-AP. Constraint (8a) is a monotoni-
cally increasing function. The UL power budget of the MUs
is also defined by constraint (8b), which is a monotonically
increasing function. The power used for UL WIT should not
exceed the total amount of power harvested. Finally, constraint
(8c) ensures the phase shift of the 𝑛th reflector element lies
within the range F1. It can be noted that the objective function
of problem (8) is a non-convex optimization problem and
challenging to solve due to the coupling of variables in the
objective function [8], [38].

DL WPT

UL WIT

Self Interference

UL Co-channel Interference

Example

FD-AP
RIS

IoT Sensor

IoT Sensor
S1

S2

Phase I, Time slot: τ1

Example

FD-AP
RIS

IoT Sensor

IoT Sensor
S1

S2

Phase II, Time slot: τ2

S2 : IoT sensor Group 2

S1 : IoT sensor Group 1

Fig. 3: FD-HD RIS-assisted WP-IIoT network system model.

B. Special Cases: FD-HD and HD-HD Systems

Here, the derivations of the FD-FD system model are
extended to consider two special cases of the FD-FD RIS-
assisted WP-IIoT network, which are used as benchmarks
in this work. The two special cases considered are, namely,
(i) FD-AP and two-user groups HD-MUs (FD-HD) [8], and
(ii) HD-AP and HD-MUs (HD-HD) [8] RIS-assisted WP-IIoT
network3. The benchmarks are discussed as follows.

FD-HD RIS-assisted WP-IIoT System: In this system setup
as illustrated in Fig.3, the FD-AP operates in FD mode while
the 𝐾 MU IIoT sensor devices operate in HD mode. The 𝐾
MU IIoT sensor devices are separated into two groups (i.e.,
HD-MUs) based on whether MUs are communicating in the
DL or UL in time slot 𝜏𝑙 . The two groups are identified as, S1
group consisting of 𝐾1 EH IIoT sensor devices which perform
DL WET in phase 1 (𝜏𝑙) and UL WIT in phase 2 (𝜏𝑙). The
second group, S2 is made up of 𝐾2 EH IIoT sensor devices
that perform UL WIT in phase 1 (𝜏𝑙) and DL WET in phase
2 (𝜏𝑙) [8]. For example, the first group S1 MUs perform DL
EH in 𝜏1, while the second group S2 MUs send their UL
messages to the FD-AP. Next, the first group S1 MUs perform
UL communication in 𝜏2, while the second group S2 MUs

3Note that [8] does not consider RIS-assisted communication.
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yDL
𝑘,𝑙 =

(
hR,𝑘,𝑙𝚽HD,R,𝑙 + hD,𝑘,𝑙

) 𝐾∑︁
𝑗∈𝑆𝑙

p 𝑗 ,𝑙𝑠DL
𝑗 ,𝑙︸                                          ︷︷                                          ︸

Energy signal

+
𝐾∑︁

𝑗𝑌 ∈𝑆𝑙

(
h 𝑗 ,𝑙,R𝚽hR,𝑘 + ℎ 𝑗 ,𝑙,𝑘

) √︃
𝑃UL
𝑗 ,𝑙
𝑠UL
𝑗 ,𝑙︸                                             ︷︷                                             ︸

UL co-channel interference

+ nDL
𝑘︸︷︷︸

Noise
(9)

𝑃̃EH
𝑘,𝑙 =

𝜏𝑙𝛽
2
𝑘
𝑅2

At,𝑘

( ∑
𝑗∈𝑆𝑙 |he,𝑘𝑙p 𝑗𝑙 |2

)2

4𝜏𝑙𝑅ld,𝑘𝜂
2
𝑘
𝑉2

T,𝑘

+
𝜏𝑙𝛽

2
𝑘
𝑅3

At,𝑘

( ∑
𝑗∈𝑆𝑙 |he,𝑘𝑙p 𝑗𝑙 |2

)3

32𝜏𝑙𝑅ld,𝑘𝜂
4
𝑘
𝑉4

T,𝑘

+
𝜏𝑙𝛽

2
𝑘
𝑅4

At,𝑘

( ∑
𝑗∈𝑆𝑙 |he,𝑘𝑙p 𝑗𝑙 |2

)4

1024𝜏𝑙𝑅ld,𝑘𝜂
6
𝑘
𝑉6

T,𝑘

(10)

yUL
𝑘,𝑙

=

𝐾∑︁
𝑗∈𝑆𝑙

(HR,U𝚽h 𝑗 ,𝑙,R + h 𝑗 ,𝑙,U)
√︃
𝑃UL
𝑘,𝑙
𝑠UL
𝑘,𝑙︸                                           ︷︷                                           ︸

Signal from the FD-MUs

+ Ĝ𝑙xDL︸ ︷︷ ︸
Residual Self Interference

+ nUL
AP︸︷︷︸

Noise
(11)

𝑅UL
𝑘,𝑙 =

2∑︁
𝑙=1

𝑎𝑘,𝑙𝜏𝑙log2 (1 + 𝛾UL
𝑘,𝑙 ), 𝛾

UL
𝑘,𝑙

=

𝑃UL
𝑘,𝑙

|w𝐻

𝑘,𝑙
f̂𝑘,𝑙 |2∑𝐾

𝑗∈𝑆𝑙 , 𝑗≠𝑘 𝑃
UL
𝑗 ,𝑙
|w𝐻

𝑘,𝑙
f̂ 𝑗 ,𝑙 |2 +

∑𝐾
𝑗∈𝑆𝑙 |w

𝐻

𝑘,𝑙
Ĝ𝑙p 𝑗 ,𝑙 |2 + 𝜎2

AP∥w𝐻

𝑘,𝑙
∥2

(12)

undergo DL EH.
For simplicity, 𝐾1 = 𝐾2 = 𝐾/2. The HD-MUs communi-

cation occurs within the time periods 𝜏1 and 𝜏2. Also, due to
the HD operation of the MUs, the HD-MUs do not experience
SI, therefore, no energy recycling. The FD-HD RIS-assisted
WP-IIoT system DL received signal, DL power harvested, UL
receive signal, UL achievable rate, and UL achievable SNR are
derived and presented in (9), (10), (11) and (12), respectively
above, where 𝑙 = 3 − 𝑙, and 𝑙 = {1, 2} [8].

HD-HD RIS-assisted WP-IIoT System: In the HD-HD
scenario, the system consists of an HD-AP and HD-MUs.
Therefore, no MU groupings, CoI, and SI are present. Hence,
the equations in this system scenario are similar to the FD-FD
system without the MU groupings, no CoI, SI, and energy
recycling components. The SINR and rate for the HD-HD
system are derived, respectively, as

𝑅UL
𝑘 = 𝜏2log2 (1 + 𝛾UL

𝑘 ), and (13)

𝛾UL
𝑘 =

𝑃UL
𝑘

|w𝐻
𝑘

f̂e,𝑘 |2∑𝐾
𝑗≠𝑘 𝑃

UL
𝑗
|w𝐻
𝑘

f̂e, 𝑗 |2 + 𝜎2
AP∥w𝐻

𝑘
∥2
. (14)

For the special cases system scenarios, the joint optimization
problem w.r.t. the dependent variables is formulated as

maximize
𝜏𝑙 ,𝑎𝑘,𝑙 ,p𝑘,𝑙 ,𝚽,w𝑘,𝑙 ,𝑃UL

𝑘,𝑙

𝐾∑︁
𝑘=1

𝑅UL
𝑘,𝑙

subject to 𝑃UL
𝑘,𝑙

≤ 𝑃̃EH
𝑘,𝑙

;∀𝑘 (15a)

𝐾∑︁
𝑘=1

2∑︁
𝑙=1

∥p𝑘,𝑙 ∥2 ≤ 𝑃DL
max (15b)

𝑎𝑘,𝑙 ∈ {0, 1}, 𝑎𝑘,1 + 𝑎𝑘,2 = 1;∀𝑘 (15c)
0 < 𝜏𝑙 < 1, 𝜏1 + 𝜏2 = 1 (15d)
𝜙𝑛 ∈ F1, ∀𝑛 (15e).

(15)
In Problem (15), the variables 𝑎𝑘,𝑙 is a binary variable and
determines the association of an MU to a transmission group,
𝑆𝑙 at a given time for the FD-FD system, and its a non-
convex constraint. For instance, when 𝑎𝑘,𝑙 = 1, this implies
MU𝑘 belongs to the EH group, 𝑆1 in 𝜏1. The time allocation
constraint for communication over the two phases is defined
by (15d), which is a linear constraint. Constraint (15e) is the
same as constraint (8c).

IV. PROPOSED SYSTEMS OPTIMIZATION

In this section, solutions to Problems (8) and (15) are
presented based on joint optimization of the various network
resource variable. From the individual or isolated variables
closed-form solutions, an alternating optimization algorithm is
proposed to find the optimal resource variables that maximize
the sum-rate. The solutions are presented as follows.

A. FD-FD System Sum-rate Maximization

Problem (8) is a non-convex optimization problem and hard
to solve w.r.t all variables. Therefore, the problem is split
into three main components, namely, the (i) RIS phase shift
determination, (ii) the DL energy beamformer determination,
and (iii) the other variables determination. The determination
of components (i) and (ii) are easy and straight forward.
However, sub-problem (iii) contains the sum-rate component
which is still non-convex. Hence, the sum-rate-to-WMMSE
equivalency approach is used to relax the problem and solve
for the individual variables; 𝑃UL

𝑘
, p𝑘 , w𝑘 and 𝚽. Note that

the WMMSE equivalent problem is convex with respect to
each individual variable. Therefore, each variable is solved
separately based on the WMMSE equivalent problem to find
their closed-form solution. These closed-form solutions are
adopted in an AO algorithm to acquire the optimal variables
that maximize the system sum-rate.

RIS phase shift determination: The optimal RIS phase shift
design is obtained in closed-form as follows. From (6), the UL
WIT achievable rate of the MU𝑘 at the FD-AP is a monotoni-
cally increasing function w.r.t. ∥fe,𝑘 ∥2= ∥HR,U𝚽h𝑘,R +h𝑘,U∥2.
Therefore, maximizing problem (8) w.r.t. 𝚽 is equivalent to
the maximization of ∥fe,𝑘 ∥2 [7], [17]. Hence, the RIS phase
shift optimization problem is defined as4

P1: maximize
𝚽

∥HR,U𝚽h𝑘,R + h𝑘,U∥2 subject to (8c). (16)

Due to the non-linear objective function and unit-modulus con-
straint on 𝚽, the problem is non-convex [7], [17]. By applying
the change of variables to ∥HR,U𝚽h𝑘,R + h𝑘,U∥2 = ∥v𝐻𝚯 +
h𝑘,U∥2, where, v = [𝜈1, 𝜈2, ..., 𝜈𝑁 ]𝐻 = [𝑒 𝑗 𝜙1 , ..., 𝑒 𝑗 𝜙𝑁 ], and

4Due to channel reciprocity, the optimal RIS phase shift obtained for UL
WIT is the same for DL WET.
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𝚯 = HR,Udiag(h𝑘,R) ∈ C𝑀×𝑁 . Thus, using the triangular
inequality, the upper bound of (16) is derived as

|v𝐻𝚯 + h𝑘,U | ≤
𝑁∑︁
𝑛=1

|𝜈𝑛 [HR,U] (:,𝑛)h𝑘,R [𝑛] | + |h𝑘,U |, (17)

With g𝑛 ≜ [HR,U] (:,𝑛)h𝑘,R [𝑛] ∈ C𝑀 , problem P1 becomes

P1.1: maximize
𝜙𝑛






 𝑁∑︁
𝑛=1

𝑒 𝑗 𝜙𝑛g𝑛 + h𝑘,U






2

subject to (8c). (18)

The objective function of (18) can be expanded as




 𝑁∑︁
𝑛=1

𝑒 𝑗 𝜙𝑛g𝑛 + h𝑘,U






2

=

𝑁∑︁
𝑛=1

∥g𝑛∥2 + ∥h𝑘,U∥2 + 2R𝑒
(
h𝐻𝑘,𝑈

𝑁∑︁
𝑛=1

𝑒 𝑗 𝜙𝑛g𝑛

)
.

(19)

Hence, to maximize the ∥fe,𝑘 ∥2, the RIS phase shift of the 𝑛th
reflecting element, 𝜙𝑛 is aligned with the direct uplink signal
h𝑘,U. Adopting the optimal phase shift solution formulation
approach in [17], the optimal phase shift of each RIS element
should satisfy 𝑒 𝑗 𝜙𝑛g𝑛 = |g𝑛 |𝑒arg(h𝐻

𝑘,Ug𝑛 ) . Thus, the optimal RIS
phase shift of the 𝑛th reflection element, 𝜙★𝑛 is derived as

𝜙★𝑛 = −arg(h𝐻𝑘,Ug𝑛), (20)

where arg(·) denotes the phase operator. Thus, the optimal
phase shift matrix, 𝚽★ is derived from the phase shift vector,
v as 𝚽★ = diag(𝑣1, 𝑣2, ..., 𝑣𝑁 ), where 𝑣𝑛 = 𝑒

(− 𝑗arg(h𝐻
𝑘,Ug𝑛 ) ) .

Therefore, through optimal phase shifts 𝚽★, the reflected and
direct links between IIoT devices and AP are aligned.

DL energy beamformer determination: The optimal DL
energy beamformer is deduced from the Lagrangian duality
approach. Based on Theorem 1 in [8], the optimal DL energy
beamformer is deduced by differentiating the Lagrangian
function of Problem (8) w.r.t p𝑘 and using the Kuhn Tucker
(KKT) conditions. The Lagrangian function of problem (8)
over all variables and constraints is written as

P2: L(w𝑘 , p𝑘 , 𝑃UL
𝑘 , 𝜆DL, 𝜆UL

𝑘 ,𝚽)

=

𝐾∑︁
𝑘=1

log2 (1 + 𝛾UL
𝑘 ) + 𝜆DL𝑃DL

max −
𝐾∑︁
𝑘=1

𝜆UL
𝑘 𝑃UL

𝑘

− 𝜆DL
𝐾∑︁
𝑘=1

∥p𝑘 ∥2 +
𝐾∑︁
𝑘=1

𝜆UL
𝑘 𝑃̃EH

𝑘 .

(21)

From (21), the optimal p★
𝑘

for MU 𝑘 is expressed as

p★𝑘 =

√︃
𝑃DL

maxu𝐵,1, (22)

where u𝐵,1 is the unit-norm of the dominant eigenvector
corresponding to the maximum eigenvalue of matrix 𝐵 ≜∑𝐾
𝑗=1 𝜆

UL
𝑗
[(𝐶1) + (𝐶2)2 + (𝐶3)3)ĥe, 𝑗 , ĥ𝐻e, 𝑗 ], where 𝐶1, 𝐶2 and

𝐶3 are given as 𝛽2
𝑘
𝑅2

At,𝑘/4𝑅ld,𝑘𝜂
2
𝑘
𝑉2

T,𝑘 , 𝛽2
𝑘
𝑅3

At,𝑘/32𝑅ld,𝑘𝜂
4
𝑘
𝑉4

T,𝑘
and 𝛽2

𝑘
𝑅4

At,𝑘/1024𝑅ld,𝑘𝜂
6
𝑘
𝑉6

T,𝑘 respectively.5 The optimal p𝑘

5Note that, u𝐵,1 is obtained using the estimated channel ℎ̂𝑘,𝑙 due to channel
estimation and not the actual channel. The channel ℎ̃ 𝑗𝑙 is not used to determine
U𝐵,1.

solution is obtained by differentiating (21) and using the
KKT conditions w.r.t p𝑘 . Hence, p𝑘 is found from eigenvalue
decomposition (EVD), and noting that the solution derived for
the optimal p𝑘 depends on the optimal 𝜆DL as follows.

The KKT conditions are given as

p𝑘 [𝜆UL
𝑘 (𝐶1 + 𝐶2 + 𝐶3)h𝐻e,𝑘he,𝑘 − 2𝜆DLI𝑀 ] = 0, (23)

𝜆DL
(
𝑃DL

max −
𝐾∑︁
𝑘=1

∥p𝑘 ∥2
)
= 0, 𝜆UL

𝑘 ≥ 0, (24)

𝐾∑︁
𝑘=1

𝜆UL
𝑘

(
𝑃̃EH
𝑘 − 𝑃UL

𝑘

)
= 0, and 𝜆DL ≥ 0. (25)

From the KKT conditions, let denote
A = 𝜆UL

𝑘
(𝐶1 + 𝐶2 + 𝐶3)h𝐻e,𝑘he,𝑘 − 2𝜆ULI𝑀 and

B = 𝜆UL
𝑘

(𝐶1 + 𝐶2 + 𝐶3)h𝐻e,𝑘he,𝑘 . When 𝜆DL = 0, Ap𝑘 =

0 and 𝜆UL
𝑘

= 0, then −2𝜆DLI𝑀 = 0, which contradicts
the complementary slackness condition. If 𝜆DL > 0 and
𝜆UL
𝐾

> 0, then (23) satisfies the complementary slackness
condition. Hence, 𝜆DL and 𝜆UL

𝑘
> 0. From EVD of a matrix,

A is decomposed as A = (U𝐵Λ𝐵U𝐻
𝐵

− 2𝜆ULI𝑀 ), where
U𝐵 ∈ C𝑀×𝑀 is a unitary matrix with eigenvectors and
Λ𝐵 = diag(𝜆𝐵,1 , ..., 𝜆𝐵,𝐾 ) eigenvalues with 𝜆𝐵,1 ≥ · · · ≥ 𝜆𝐵,𝐾 .
The optimal energy beamformer is solved for by multiplying
through (U𝐵Λ𝐵U𝐻

𝐵
− 2𝜆ULI𝑀 )p𝑘 = 0 by U𝐻

𝐵
and solving for

p𝑘 . Therefore, p𝑘 is aligned with the dominant eigenvector
of B corresponding to u𝐵,1 which is a unit-norm eigenvector
with the largest eigenvalue 𝜆𝐵,1 (i.e., Au𝐵,1 = 0). Hence,
the optimal beamformer p★

𝑘
is presented in (22). Note that,

the interference from both the direct and RIS reflected links
is accounted for in he. Hence, from the derived optimal
beamformer, p★

𝑘
, the transmitted signal is projected in the

direction that constructively aligns with the reflected links,
thus avoiding interference.

Other variables determination: From the sum-rate maxi-
mization problem in (8), the equivalent WMMSE minimization
problem can be reformulated and deduced as [8]

P3: minimize
w𝑘 ,𝜗UL

𝑘
,𝑃UL
𝑘

𝐾∑︁
𝑘=1

(𝜗UL
𝑘 𝑒UL

𝑘 − log𝜗UL
𝑘 ) subject to (8b),

(26)
where, 𝜗UL

𝑘
is the UL MMSE weight for MU𝑘 and the MSE

of the estimated signal at MU𝑘 in UL-WIT is 𝑒UL
𝑘

= E{(𝑠UL
𝑘

−
𝑠UL
𝑘
)𝐻 (𝑠UL

𝑘
− 𝑠UL

𝑘
)} and expanded as

𝑒UL
𝑘 = 1 − 2R𝑒

{√︃
𝑃UL
𝑘

w𝐻
𝑘 f̂e,𝑘

}
+

𝐾∑︁
𝑗=1

𝑃UL
𝑗 w𝐻

𝑘 f̂e, 𝑗 f̂𝐻e, 𝑗w𝑘 + w𝐻
𝑘

(
𝐾∑︁
𝑗=1

p𝐻𝑗 p 𝑗𝜎2
𝐺̂
+ 𝜎2

AP

)
w𝑘 .

(27)

Now, Problem (26) is decomposed into single-variable sub-
problems with other variables fixed to find each variables
optimal closed-form solution separately [8]. Specifically, the
optimal receive filter, w★

𝑘
while fixing 𝜗UL

𝑘
and 𝑃UL

𝑘
is deduced
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from differentiating 𝑒UL
𝑘

w.r.t w𝑘 then equate to zero. Solving
for w★

𝑘
from the differential is given as

w★𝑘 =

(
𝑃UL
𝑘 f̂𝐻e,𝑘 f̂e,𝑘 +

𝐾∑︁
𝑗=1, 𝑗≠𝑘

𝑃UL
𝑘 f̂𝐻e, 𝑗 f̂e, 𝑗 + 𝑐I𝑀

)−1√︃
𝑃UL
𝑘

f̂e,𝑘

(28)
where, 𝑐 = (∑𝐾

𝑗=1 ∥p 𝑗 ∥2𝜎2
𝐺̂
+𝜎2

AP)∥w𝑘 ∥2. Next, the optimal UL
MMSE weight, 𝜗UL

𝑘
is found by differentiating the objective

function in (26) w.r.t 𝜗UL
𝑘

, equating to zero and solving for
𝜗UL★
𝑘

, which is derived as

𝜗UL★
𝑘 =

1

1 −
√︃
𝑃UL
𝑘

w𝐻
𝑘

f̂e,𝑘

(29)

By simplifying and grouping like terms of the objective func-
tion in Problem (26) w.r.t. 𝑃UL

𝑘
, the expression for equation

components associated with 𝑃UL
𝑘

and other variables is denoted
as ΩUL, and obtained as

ΩUL =

𝐾∑︁
𝑘=1

[
𝜗UL
𝑘

(
𝐾∑︁
𝑗=1

∥p 𝑗 ∥2𝜎̂2
𝐺̂
+ 𝜎2

AP

)
∥w𝑘 ∥2 + 𝜗UL

𝑘 − log 𝜗UL
𝑘

+
𝐾∑︁
𝑗=1
𝜗UL
𝑘 𝑃UL

𝑗 |w𝐻
𝑘 f̂e, 𝑗 |2 −

√︃
𝑃UL
𝑘
𝜗UL
𝑘 (w𝐻

𝑘 f̂e,𝑘 + f̂𝐻e,𝑘w 𝑗 )
]
.

(30)
This implies that the optimal UL transmit power of MU𝑘 is
deduced by considering the terms in (30) associated with only
𝑃UL
𝑘

and denoting as

Θ =

𝐾∑︁
𝑘=1

[
𝜗UL
𝑘

𝐾∑︁
𝑗=1

𝑃UL
𝑗 |w𝐻

𝑘 f̂e, 𝑗 |2 −
√︃
𝑃UL
𝑘
𝜗UL
𝑘 (w𝐻

𝑘 f̂e,𝑘 + f̂𝐻e,𝑘w 𝑗 )
]
.

(31)
the optimization problem for finding the optimal UL power,
𝑃UL★
𝑘

is written as

minimize
𝑃UL
𝑘

Θ subject to (8b). (32)

From the Lagrangian function written as

L(𝑃UL
𝑘 , 𝜆UL

𝑘 ) = 𝜆UL
𝑘 (𝑃UL

𝑘 − 𝑃̃EH
𝑘 ) +

𝐾∑︁
𝑘=1

(
𝜗UL
𝑘

𝐾∑︁
𝑗=1

𝑃UL
𝑗 |w𝐻

𝑘 f̂e, 𝑗 |2

−
√︃
𝑃UL
𝑘
𝜗UL
𝑘 (w𝐻

𝑘 f̂e,𝑘 + f̂𝐻e,𝑘w𝐻
𝑗 )

)
,

(33)
the optimal UL power allocation 𝑃UL★

𝑘
is found by differenti-

ating (33) and equating to zero and finding 𝑃UL
𝑘

. The optimal
UL power allocation, 𝑃UL★

𝑘
is deduced as

𝑃UL★
𝑘 =

(
𝜗UL
𝑘

w𝐻
𝑘

f̂e,𝑘∑𝐾
𝑗=1 𝜗

UL
𝑗
|w𝐻
𝑘

f̂e,𝑘 |2 − 𝜆UL
𝑘

)2

. (34)

Next, the UL power budget of MU𝑘 is satisfied by solving for
𝜆UL
𝑘

. By substituting (34) into the power budget constraint in
(8b), 𝜆UL

𝑘
is expressed as

𝜆UL
𝑘 =

𝐾∑︁
𝑗=1
𝜗UL
𝑗 |w𝐻

𝑗 f̂e,𝑘 |2 −
𝜗UL
𝑘

w𝐻
𝑘

f̂e,𝑘√︃
𝑃̃EH
𝑘

. (35)

The AO algorithm for determining the maximum system sum-
rate is presented in Algorithm 1.

Algorithm 1 FD-FD: Sum-Rate Optimization Scheme

1: Determine the RIS phase-shift {𝜙𝑛} using (20).
2: Initialize: 𝜆UL

𝑘
and 𝑃UL

𝑘
.

3: repeat
4: for each mobile user 𝑘 do
5: Update {p𝑘}, {w𝑘}, {𝜗UL

𝑘
} from (22), (28), (29).

6: Update {𝜆UL
𝑘

}, {𝑃UL
𝑘

} according to (35), (34).
7: end for
8: until The objective function of Problem (8) converges.

Algorithm 2 FD/HD-HD: Sum-Rate Optimization Scheme

1: Determine the RIS phase-shift {𝜙𝑛,𝑙} using (36).
2: Initialize: 𝜆UL

𝑘,𝑙
, 𝑃UL

𝑘,𝑙
, and 𝜏𝑙

3: repeat
4: repeat
5: for each mobile user 𝑘 do
6: Update {p𝑘,𝑙}, {w𝑘,𝑙} using (37), (43)
7: Update {𝜗UL

𝑘,𝑙
}, {𝜆UL

𝑘,𝑙
} according to (38), (40).

8: Update {𝑃UL
𝑘,𝑙

} according to (39).
9: if FD-HD then

10: Update {𝑎𝑘,𝑙} and {𝑎𝑘,𝑙} using BBA [8]
11: else
12: For HD-HD: {𝑎𝑘,𝑙} = 1 and {𝑎𝑘,𝑙} = 0
13: end if
14: end for
15: until Sum-rate (15) converges with fixed {𝜏𝑙}.
16: Update {𝜏𝑙} with Golden Line Search method.
17: until convergence.

B. Special Cases Sum-rate Maximization

FD-HD System Sum-rate Maximization: The formulated
optimization problem (15) is a non-convex mixed-integer
programming problem when jointly optimizing all variables
[8]. The only difference between the special case FD-HD
system and the system presented in [8] is the introduction
of the RIS. Hence, the solution and derivation steps for our
benchmark are the same as in [8] but with the RIS component
adding a cascade channel within each closed-form solution.
Additionally, the optimal RIS phase shift is determined in
our benchmark, while it is not determined in [8]. Therefore,
the closed-form individual variables solutions are presented
as follows, with its associated AO algorithm presented in
Algorithm 2.

Here, the solutions to the optimal RIS phase shift and the
DL energy beamformer are derived and have similar solutions
in (20) and (22), respectively. The RIS phase shift and the DL
energy beamformer are respectively deduced as

𝜙★
𝑛,𝑙

= −arg(h𝐻𝑘,Ug𝑛), and (36)

p★𝑘,𝑙 =
√︃
𝑃DL

maxu𝐵,1, (37)

Similarly, the derivation of the other variables follows the
same sum-rate-to-WMMSE conversion. With the exception of
the user grouping and time allocation, the other variables are
solved using the same approach. Therefore, the receive filter,
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TABLE IV: Comparison of computational complexity and overhead costs.

Scheme Computational Complexity Overhead Cost

Proposed FD-FD O
(
𝑁 + I𝑇

[
𝐾8 + log(1/𝜖𝑇 )

] )
𝐾 (𝑖𝑜 + 𝐵) + 𝐹

FD-HD O(𝑁 + 𝐼𝑂
[
𝐼𝑇

[
29𝐾9 + log(1/𝜖𝑇 )

]
+ 𝐾 + log(1/𝜖𝑂 )

]
) 𝐾 (𝑖𝑜 + 2𝐵) + 𝐹

HD-HD O(𝑁 + 𝐼𝑂
[
𝐼𝑇

[
𝐾9 + log(1/𝜖𝑇 )

]
+ 𝐾 + log(1/𝜖𝑂 )

]
) 𝐾 (𝑖𝑜 + 𝐵) + 𝐹

UL power allocation, and UL Lagrangian are respectively
derived as

𝜗UL★
𝑘,𝑙 =

1

1 −
√︃
𝑃UL
𝑘,𝑙

w𝐻
𝑘,𝑙

f̂e,𝑘𝑙

, (38)

𝑃UL★
𝑘,𝑙 =

(
𝑎𝑘,𝑙𝜗

UL
𝑘,𝑙

w𝐻
𝑘,𝑙

f̂e,𝑘𝑙∑S𝑙
𝑗=1 𝑎 𝑗 ,𝑙𝜗

UL
𝑗 ,𝑙
|w𝐻
𝑗,𝑙

f̂e,𝑘𝑙 |2 − 𝜆UL
𝑘

)2

, (39)

and

𝜆UL
𝑘 =

S𝑙∑︁
𝑗=1
𝑎 𝑗 ,𝑙𝜗

UL
𝑗 ,𝑙 |w

𝐻
𝑗,𝑙 f̂e,𝑘𝑙 |2 −

𝑎𝑘,𝑙𝜗
UL
𝑘,𝑙

w𝐻
𝑘,𝑙

f̂e,𝑘𝑙∑2
𝑙=1

√︃
𝑃̃EH
𝑘,𝑙

, (40)

The user grouping problem is a mixed integer linear program-
ming (MILP) problem given as

minimize
𝑎𝑘,𝑙

𝐾∑︁
𝑘=1

𝑅UL
𝑘,𝑙 subject to

2∑︁
𝑙=1

𝑎𝑘,𝑙 = 1, 𝑎𝑘,𝑙 ∈ {0, 1}. (41)

This problem is non-convex but can be solved using the
branch-and-bound approach (BBA) employed in [8].

The optimal time allocation, 𝜏★
𝑙

, is solved by considering
the optimization problem expressed as

maximize
𝜏𝑙

𝐾∑︁
𝑘=1

𝑅UL
𝑘,𝑙 subject to (15d). (42)

Problem (42) is convex, a simple golden line search method
(GLSM) can be used to obtain the optimal, 𝜏★

𝑙
[8].

HD-HD System Sum-rate Maximization: The FD-HD sys-
tem optimal closed-form solutions for pUL★

𝑘,𝑙
, 𝑃UL★

𝑘,𝑙
, 𝜗UL★
𝑘,𝑙

, 𝜏★
𝑙

and 𝚽★ are reused for the HD-HD system [8]. However, due
to the absence of RSI in the HD-HD system, the solution for
w★
𝑘,𝑙

is modified as

w★𝑘,𝑙 =
( ∑︁
𝑗∈S𝑙

𝑃UL
𝑗 ,𝑙 f̂e, 𝑗𝑙 f̂𝐻e, 𝑗𝑙 + 𝜎

2
𝑙 I𝑀

)−1√︃
𝑃UL
𝑘,𝑙

f̂e,𝑘𝑙 , (43)

Note, in the HD-HD system, all MUs are in the same group
and perform DL WET in phase 1 and UL WIT in phase 2.

C. Computational Complexity and Overhead Analysis

Here, the complexity of the algorithms proposed is dis-
cussed. Note that the convexity and convergence for FD-FD,
FD-HD, and HD-HD are similar to those presented in [8].
Therefore, for brevity and reduced repetition, the convexity
and convergence proof are not presented in this paper, but
can be inferred from [8]. Algorithm 1 and 2 are imple-
mented centrally at the AP and determine all the optimal
variables, including the transmit power, {𝑃UL

𝑘
}𝐾
𝑘=1 of MUs.

For Algorithm 1 and 2, the Big O computational complex-
ity for solving (8) and (15) are O

(
𝑁 + I𝑇

[
𝐾8 + log(1/𝜖𝑇 )

] )

and O(𝑁 + 𝐼𝑂
[
𝐼𝑇

[
29𝐾9 + log(1/𝜖𝑇 )

]
+ 𝐾 + log(1/𝜖𝑂)

]
), re-

spectively, where 𝐼𝑇 and 𝐼𝑂 denote the computations of
iterations of Algorithm 1 and 2, respectively, to converge.
𝜖𝑇 and 𝜖𝑂 are the convergence criterion for both Algo-
rithms, respectively, and 𝐾 represents the sum-rate calcula-
tion in the GLSM used for determining the time-slots. The
total arithmetic computations in the FD-FD system for all
variables {𝜙𝑛}𝑁𝑛=1, {p𝑘}𝐾𝑘=1, {w𝑘}𝐾𝑘=1, {𝜗UL

𝑘
}𝐾
𝑘=1, {𝜆UL

𝑘
}𝐾
𝑘=1

and 𝑃UL
𝑘

}𝐾
𝑘=1 and the sum-rate convergence calculation is

𝐾8. In the FD-HD system, the computations for all vari-
ables {𝜙𝑛,𝑙}

𝑁,2
𝑛=1,𝑙=1, {p𝑘,𝑙}𝐾,2𝑘=1,𝑙=1, {w𝑘,𝑙}

𝐾,2
𝑘=1,𝑙=1, {𝜗UL

𝑘,𝑙
}𝐾,2
𝑘=1,𝑙=1,

{𝜆UL
𝑘,𝑙

}𝐾,2
𝑘=1,𝑙=1, {𝑃UL

𝑘,𝑙
}𝐾,2
𝑘=1,𝑙=1, {𝑎𝑘,𝑙}𝐾,2𝑘=1,𝑙=1 and the sum-rate

convergence and {𝜏𝑙} is 29𝐾9. For the HD-HD system, the
MUs are in a single group and therefore have an arithmetic
computation of all variables as 𝐾9, while the calculations for
the number of elements in all three systems are 𝑁 .

The number of bits to transmit {𝑃UL
𝑘

}𝐾
𝑘=1 to MUs in the

FD-FD system is 𝐾 (𝑖𝑜 + 𝐵) + 𝐹, and 𝐾 (𝑖𝑜 + 2𝐵) + 𝐹 in
both FD-HD and HD-HD systems, where 𝑖𝑜, 𝐵 and 𝐹 are
the number of index bits of MUs, real numbers bits, and
information bits, respectively. From both algorithms presented,
it can be deduced that Algorithm 1 for optimizing the FD-FD
system has the least computational complexity and overhead,
while Algorithm 2 for optimizing HD-HD system has a mod-
erate and slightly modified computational complexity given as
O(𝑁 + 𝐼𝑂

[
𝐼𝑇

[
𝐾9 + log(1/𝜖𝑇 )

]
+ 𝐾 + log(1/𝜖𝑂)

]
) since this

system has no user groupings. Algorithm 2, also for optimizing
the FD-HD system, has the highest computational complexity
in this case. Both FD-FD and HD-HD have the same overhead
cost. The computational complexity and overhead cost for the
three schemes are summarized in Table IV.

However, to mitigate the complexity of Algorithms 1
and 2, a staggered (Stg) partial-update variant, updat-
ing disjoint variable blocks in alternation, is introduced
[29], together with a benchmark maximum ratio combin-
ing (MRC) scheme for comparison. Stg updates only a
subset of the problem variable blocks per iteration, while
the remaining blocks are left unchanged for that itera-
tion. The Stg approach offers a reduced computational
burden as O(𝑁 + 𝐼𝑇 [𝐾x + log(1/𝜖𝑂)]) for FD-FD system,
and O(𝑁 + 𝐼𝑂 [𝐼𝑇 [2x𝐾x + log(1/𝜖𝑇 )] + 𝐾 + log(1/𝜖𝑂)]), and
O(𝑁 + 𝐼𝑂 [𝐼𝑇 [𝐾x + log(1/𝜖𝑇 )] + 𝐾 + log(1/𝜖𝑂)]) for FD-HD
and HD-HD respectively, with x(≤9) denoting the number
of variables updated per iterations [29]. The MRC baseline
scheme is non-iterative, hence has a very low complexity given
as O(𝑁 + 𝐾2).

V. NUMERICAL EVALUATION AND DISCUSSION

This section presents performance simulations on the pro-
posed FD-FD RIS-assisted WP-IIoT system. The system pa-
rameters used in the simulation are summarized in Table V.



11

TABLE V: Simulation variable definitions and values.

Variable Values Variable Values Variable Values
𝜅DL, 𝜅DL,𝑘 10 dB 𝐾 6 𝜂𝑘 1.05
𝑀t, 𝑀r 10 𝑁 60 𝜎2

𝐺̂
-110 dBm

𝜏1, 𝜏2 0.5 𝛽k 4 𝜎2
AP -96 dBm

𝑅At,𝑘 50Ω 𝑅Ld,𝑘 100kΩ 𝑉T,𝑘 25.86 mV

Fig. 4: Example of simulated system topology.

TABLE VI: Scenarios and cases definitions.

Case Proposed FD-FD FD-HD [8] HD-HD [8]
With RIS FF-WR FH-WR HH-WR
No RIS FF-NR FH-NR HH-NR

An example of the simulation topology is shown in Fig.
4, where the FD-AP and the RIS are located at (0,0,25)m
and (60,60,22.5)m respectively. The FD-MUs are randomly
deployed within a circular area centered at (80,0) with a radius
of 5m and height 1.5m. We set signal attenuation at −10
dB, and assume a pathloss exponent of 2.5 between the AP-
RIS and RIS-MUs channels, and 2.9 between the AP-MUs
channel [7]. We compare two benchmarks, namely, the FD-HD
and the HD-HD systems to the proposed FD-FD system. In
addition, the cases of RIS present or absent are considered for
all scenarios. The combination of the scenarios with the cases
are defined in Table VI. The results presented were obtained
from running 104 random channel realizations.

Now, the proposed network communication channels are
modeled as follows. The large-scale fading channels are
modeled as

√︁
𝐴0 (𝑑/𝑑0)−𝛼, where 𝐴0, 𝑑0, 𝑑 and 𝛼 are the

signal attenuation value, reference distance of 1m, the inter-
device distance, and the pathloss exponent, respectively. hD,𝑘
and h𝑘,U = h∗

D,𝑘 are the AP-MU direct link small-scale
fading components modeled as Rayleigh fading channels with
CN(0, 1) [7]. The AP-RIS and RIS-MU small-scale fading
channels components are modeled as Rician fading channels
and given as HR,U = H∗

D,R, h𝑘,R = h∗
R,𝑘 , with

HD,R =
√
𝜖DL

(√︂
𝜅DL

𝜅DL + 1
H̄D,R +

√︂
1

𝜅DL + 1
H̃D,R

)
, (44)

hR,𝑘 =
√
𝜖DL,𝑘

(√︂
𝜅DL,𝑘

𝜅DL,𝑘 + 1
h̄R,𝑘 +

√︄
1

𝜅DL,𝑘 + 1
h̃R,𝑘

)
(45)
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Fig. 5: Convergence of proposed algorithms for 𝑃DL
max10 dB.

where 𝜖DL and 𝜖DL,𝑘 are the distance-dependent pathloss of AP
to RIS, and RIS to FD-MU 𝑘 respectively, and 𝜅DL, and 𝜅DL,𝑘
are the Rician factors [7]. H̃D,R and h̃R,𝑘 are the non-line-
of-sight (NLoS) scattering components with their elements
distributed as i.i.d complex Gaussian with zero mean and unit
variance. The line-of-sight (LoS) components are expressed
using the uniform linear array (ULA) as;

a𝑁 (𝜃) = [1, 𝑒 𝑗2𝜋 𝑑𝜆 sin𝜃 , ..., 𝑒 𝑗2𝜋
𝑑
𝜆
(𝑁−1)sin𝜃 ], (46)

where 𝜃 is the angle of departure (AoD) at the FD-AP, or
the angle of arrival (AoA) at the RIS. 𝑑 and 𝜆 are the element
spacing and signal wavelength. H̄D,R and h̄R,𝑘 are respectively
expressed as;

H̄D,R (𝜃) = a𝐻𝑁 (𝜃AoA,1)a𝑀𝑡 (𝜃AoD,1), and h̄R,𝑘 (𝜃) = a𝑁 (𝜃AoD,2),
(47)

where 𝜃AoD,1 is the AoD from the ULA at the FD-AP, and
𝜃AoA,1 is the AoA at the ULA at the RIS. Similarly, 𝜃AoD,2
is the AoD of FD-MU 𝑘 at the RIS. It is important to
note that adopting the standard Rayleigh/Rician models in
IIoT scenarios is reasonable, as they jointly capture the rich
scattering and strong LoS components. In IIoT settings, the
environment is characterized by several metallic machines and
reflective surfaces that produce severe multipath and frequent
shadowing. In such a harsh industrial environment, IoT devices
cannot be deployed without LoS, hence, it is appropriate to
adopt Rayleigh/Rician models [39].

A. Simulation Results and Discussion

Performance of Proposed Algorithm: The convergence
behavior of the proposed algorithm, and the new variant
is presented in Fig. 5, including the MRC scheme as a
baseline for comparison. As shown in Fig. 5, the proposed
optimized (Opt) scheme and the Stg converge to similar sum-
rate values. However, Opt achieves faster convergence with
very few iterations. Although Stg distributes its computational
load in blocks across each iteration, it requires a few additional
iterations for convergence. The MRC baseline is non-iterative,
hence appears as a constant curve across iterations. It attains
a lower sum-rate because it does not actively suppress MU
interference or RSI, but it provides a useful low-complexity.
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Fig. 6: Effects of AP transmit power on system performance.

Fig. 6 shows the influence of the AP transmit power, 𝑃DL
max,

on the system. As shown in Fig. 6a, the system sum-rate for all
three systems improves with increasing 𝑃DL

max. This is because
MUs harvest more energy when 𝑃DL

max increases, as seen in Fig.
6b. However, the sum-rate for all schemes attain saturation
due to increased interference from other MUs due to UL
transmission. It can be observed that in the low PDL

max regime
(−20 < PDL

max < 12) dB, the FF-WR system outperforms both
the FH-WR and the HH-WR systems due to the HD and time
splits components. When PDL

max < −5 dB, the HH-WR system
is seen to outperform the FH-WR system. This behavior is due
to the dominant effect of the RSI in the FH-WR system. At
PDL

max > 12 dB region, the FH-WR system shows an increase
in system performance compared to the FF-WR due to the
larger MUs and RSI interference signal strength in the FF-
WR system. The FH-WR system suffers from 𝐾/2 interfering
signals from other MUs during UL WIT, while the FF-WR
system is affected by 𝐾 − 1 interfering signals during UL
WIT. For example, at PDL

max = 30 dB, the FH-WR system
achieves approximately 3 bps/s/Hz sum-rate gain over the FF-
WR system, and approximately 6 bps/s/Hz over its FH-NR
counterpart. The NR scenarios have a similar behavior to the
discussed WR scenarios. The results also show the impact
of channel imperfections based on channel error factor, 𝜎2

𝑧 .
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).

Fig. 7: Effects of RSI on system performance.

With 𝜎2
𝑧 = 10−3, the sum-rate reduces marginally due to

increase in error during channel estimation. Fig. 6b shows
that the WR systems yield higher harvested power because
of energy beamforming diversity gain from the RIS. As PDL

max
increases, the total power harvested by each MU𝑘 increases.
HH systems slightly harvest more power (approximately 0.1
dBm at PDL

max = 30 dB) than the FH and FF systems due
to no effective SI suppression in determining the DL energy
beamformer p𝑘 , as done for the FD systems which affects the
power harvesting performance. FF-WR system is observed to
harvest slightly more energy than the FH-WR system due to
the recycled channel.

In Fig. 7, the effect of RSI power/variance on system
performance is shown. It is evident that as the overall RSI
power (𝜎2

𝐺̂
) increases, the sum-rate for the FD systems re-

duces. This is due to the increase in RSI power occurring at
the AP, meaning there is a higher SI effect. In the low 𝜎2

𝐺̂

regime (𝜎2
𝐺̂
< −90 dBm), the FH-WR system shows superior

performance (i.e., approximately 2.1 bps/s/Hz, at 𝜎2
𝐺̂
= −120

dBm) in sum-rate gain over the FF-WR system. This is due
to the FH-WR having less MUs’ interference compared to the
FF-WR at the high AP transmit power and fewer users per
group. In the high 𝜎2

𝐺̂
regime (−90 > 𝜎2

𝐺̂
< −40) dBm,
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(b) MU𝑘 harvested power vs 𝑁 .

Fig. 8: Effects of RIS elements on system performance.

the FF-WR system shows a better performance (about 1.9
bps/s/Hz, at 𝜎2

𝐺̂
= −70 dBm) than the FH-WR system. This

performance gain can be attributed to the negative influence
of the MU grouping becoming predominant, because the RSI
power effect is doubled with the MU grouping. This is evident
in the approximately similar gains difference observed before
and after −90 dBm. The FD NR systems show similar behavior
while outperforming HD NR at low RSI. Furthermore, across
all RSI regimes, it is observed that the sum-rate remains un-
changed in the HD systems. This is because the HD system is
independent of SI. However, considering (−110 > 𝜎2

𝐺̂
> −80)

dBm, both HH-WR and HH-NR systems outperform both FD
systems because of the high RSI values present in the FD
systems. Fig. 7b also shows the impact of the RSI power on
the power harvested by each MU𝑘 . It can be observed for all
systems that the power harvested by each MU𝑘 is unaffected
by RSI during the EH stage. As the RSI power increases, the
power harvested by each MU𝑘 remains unchanged since the
DL energy beamformer is unaffected by SI and can only affect
the UL decoder.

Fig. 8 shows the impact of RIS elements on the system
performance. The FH-WR system show significant sum-rate
gain across the increased 𝑁 elements. With 𝑁 = 60, the sum-
rate gain of FH-WR over FF-WR is approximately 2 bps/s/Hz.
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(b) MU𝑘 harvested power vs AP-User distance [m].

Fig. 9: Effects of AP-User distance on system performance.

This is due to the lesser interference signal present in the
FH-WR compared to the FF-WR. The NR systems have a
constant sum-rate and MU amount of power harvested because
no RIS is present. However, it can be observed that the FD
NR systems outperform the HH-WR system when 𝑁 < 50,
and for 𝑁 > 50, the HH-WR shows better performance over
the FD-NR systems. This observation shows that setting the
appropriate number of RIS elements is important to highlight
the performance of an HD-WR system over FD NR systems.
A similar observation can be seen in Fig. 8b. The amount of
power harvested by each MU𝑘 first increases and begins to
saturate as the number of RIS elements increases (𝑁 > 80).
This is because of the non-linearity (non-linear region) of the
multi-stage rectifier EH circuit, hence, scaling the number of
RIS elements only adds a small harvested power.

The illustration of the influence of varying the AP-MU
distance on the sum-rate and power harvested in presented
in Fig. 9. From Fig. 9a, it can be observed that increasing
the distance of MU𝑘 from the AP results in sharp sum-
rate reduction. This is because as the distance increases, the
MUs move further away from the AP and RIS. Meaning
a reduction in the received signal strength due to signal
attenuation. This increasing distance amplifies pathloss on
both the direct AP-MUs links and the AP-RIS-MUs cascaded
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(a) Sum-rate vs number of IoT devices, 𝐾 .

(b) MU𝑘 harvested power vs number of IoT devices, 𝐾 .

Fig. 10: Effects of number of MU𝑘 on system performance.

links. Hence, the AP receives weaker signals during UL WIT,
and the SINR drops. Again, as shown, under the considered
system parameters (𝑃UL

max = 20 dB and 𝑁 = 60), the FH-
WR scheme consistently outperforms the FF-WR scheme
across all distances, reflecting its more favorable trade-off
between interference management at certain instances and
energy harvesting. Similarly, from Fig. 9b, the power harvested
by MU𝑘 decreases slowly when the distance between the AP
and MUs increases. This is because the pathloss experienced
on the links reduces the RF power incident on the rectifier
network, hence, the signals received by the MU𝑘 during WET
are weaker.

Fig. 10 shows the effect of the increasing number of MUs
on the system sum-rate performance. As illustrated in Fig. 10a,
with a fixed 𝑃DL

max = 10 dB, it can be observed that the sum-rate
initially improves sharply as the number of MUs, 𝐾 , increases
with few IoT devices (MU𝑘 = 4), for all WR systems. This
is because more power is harvested when the number of IoT
devices increases between 2 > MU𝑘 < 6, as shown in Fig.10b.
However, the sum-rate attains saturation when the number of
MUs increases beyond MU𝑘 > 6. This is due to the increased
MU𝑘 UL WIT interference from other MUs, coupled with
the RSI. For all the NR systems, the system sum-rate first
increases slightly due to the increase in power harvested as

MUs increase (up to 𝐾 = 6 MUs). However, for MU𝑘> 6,
the sum-rate reduces due to the absence of RIS beamforming
gain with increased UL WIT interference from other MUs, and
RSI. In Fig.10b, the average MU power harvested increases
up to MU𝑘 = 4, for both WR and NR systems. For the
WR cases, when MU𝑘> 4, the average MU power harvested
starts to decrease due to the fixed power budget spread across
more IoT devices, and the necessity of SI suppression, which
affects the DL energy beamformer, hence affecting the power
harvested. In the NR system, this is slightly different as the
power harvested tends to saturate since the DL beamformer
experiences reduced RSI due to the absence of the RIS.

VI. CONCLUSION

This paper has evaluated the spectral SE performance of
an FD-FD RIS-assisted WPCN IIoT network using a practical
EH model in which FD IIoT devices communicate with an
FD-AP. The FD-AP and IIoT devices are equipped with
dual-set multiple and dual-set single antennas, respectively,
and both nodes operate in FD mode. First, an advanced
multistage rectifier circuit EH model and rate expressions were
derived for the proposed FD-FD system. For benchmarks, the
derivations for an FD-HD system and an HD-HD system were
presented. Using the WMMSE approach, iterative algorithms
are developed to optimize the RIS phase shift, transmit, and
receive beamformers in all schemes, while optimizing UE
groupings and slot durations in the benchmark schemes for
UL sumrate maximization. The simulation results showed the
superiority of the proposed system model over benchmarks
in special instances. Other issues that can be addressed in the
future are multi-user scheduling effects, circuit-level validation
of loop-back SI recycling efficiency, and energy efficiency
analysis.

APPENDIX A
MULTI-STAGE RECTIFIER EH MODEL DERIVATION

As shown Fig. 2, an expression for the energy harvested at
each MU𝑘 is derived. The EH expression is first derived for a
simple single-stage rectifier (i.e., 𝛽𝑘=1) and the result derived
is extended to 𝛽𝑘-stage scenario. Using [29], [30], [35]–[37],
the derivations are shown. From the Shockley diode equation,
the instantaneous current through the diode is defined as

𝑖𝑑𝑖𝑜,𝑘 (𝑡) = 𝑖𝑠,𝑘

(
exp

(
𝑉𝑖𝑛,𝑘 (𝑡) − 𝑉̂𝑜𝑢𝑡,𝑘 (𝑡)

𝜂𝑘𝑉T,𝑘

)
− 1

)
, (48)

where, 𝑉𝑖𝑛,𝑘 (𝑡) is the input voltage of the EH circuit, 𝑉̂𝑜𝑢𝑡 (𝑡)
is the voltage across the diode, 𝑖𝑠,𝑘 is the saturation current,
𝜂𝑘 is the ideality factor, and 𝑉T,𝑘 is the thermal voltage of the
diode. For direct current (DC) analysis, a low-pass filter (LPF)
is applied to remove the alternating current (AC) component.
Hence, the DC component, 𝑖DC

𝑑𝑖𝑜,𝑘
of the diode current of MU𝑘

is approximated as

𝑖DC
𝑑𝑖𝑜,𝑘 ≈ 𝑖𝑠,𝑘 exp

(
−𝑉̂𝑜𝑢𝑡,𝑘
𝜂𝑘𝑉T,𝑘

)
exp

(
𝑓𝐿𝑃𝐹 (𝑉𝑖𝑛,𝑘 (𝑡))

𝜂𝑘𝑉T,𝑘

)
− 𝑖𝑠,𝑘 , (49)

Assume the DC current of MU𝑘 , 𝑖DC
𝑑𝑖𝑜,𝑘

≈ 0 due to low received
signal power and high impedance of 𝑅ld,𝑘 . By applying the
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Taylor series expansion up to the 4th order and neglecting the
odd powers in 𝑉𝑖𝑛,𝑘 because they do not contribute to the DC
output, 𝑉̂𝑜𝑢𝑡 of the single-stage rectifier becomes

𝑉̂𝑜𝑢𝑡,𝑘 = 𝜂𝑘𝑉T,𝑘 ln

[
1 +

𝑓𝐿𝑃𝐹 (𝑉2
𝑖𝑛,𝑘

(𝑡))
2𝜂2
𝑘
𝑉2

T,𝑘

+
𝑓𝐿𝑃𝐹 (𝑉4

𝑖𝑛,𝑘
(𝑡))

24𝜂4
𝑘
𝑉4

T,𝑘

]
.

(50)
By applying the approximation In(1 + x) ≈ 𝑥, for small 𝑥,
the equation in (50) is expanded, hence the output voltage is
written as

𝑉̂𝑜𝑢𝑡,𝑘 =

(
𝑓𝐿𝑃𝐹 (𝑉2

𝑖𝑛,𝑘
(𝑡))

2𝜂𝑘𝑉T,𝑘
+
𝑓𝐿𝑃𝐹 (𝑉4

𝑖𝑛,𝑘
(𝑡))

24𝜂3
𝑘
𝑉3

T,𝑘

)
(51)

For the multi-stage rectifier ( 𝛽𝑘 > 1), the output voltage
becomes 𝑉𝑜𝑢𝑡,𝑘 = 2𝛽𝑘𝑉̂𝑜𝑢𝑡,𝑘 , hence deduced as

𝑉𝑜𝑢𝑡,𝑘 = 2𝛽𝑘

[
𝑓𝐿𝑃𝐹 (𝑉2

𝑖𝑛,𝑘
(𝑡))

2𝜂𝑘𝑉T,𝑘
+
𝑓𝐿𝑃𝐹 (𝑉3

𝑖𝑛,𝑘
(𝑡))

24𝜂3
𝑘
𝑉3

T,𝑘

]
(52)

From the multi-stage rectifier voltage expression, the output
voltage is derived as

𝑉𝑜𝑢𝑡,𝑘 =

(
𝛽𝑘 𝑓𝐿𝑃𝐹 (𝑉2

𝑖𝑛,𝑘
(𝑡))

𝜂𝑘𝑉T,𝑘
+
𝛽𝑘 𝑓𝐿𝑃𝐹 (𝑉4

𝑖𝑛,𝑘
(𝑡))

12𝜂3
𝑘
𝑉3

T,𝑘

)
(53)

Given that 𝑉𝑖𝑛,𝑘 (𝑡) = 𝑦ET
𝑘
(𝑡)

√︁
𝑅At,𝑘 where 𝑦ET

𝑘
(𝑡) ≜ 𝑦DL

𝑘
, and

𝑉𝑖𝑛,𝑘 (𝑡) increases with 𝑅At,𝑘 as 𝑉2
𝑖𝑛,𝑘

(𝑡) = 𝑦ET
𝑘
(𝑡)2𝑅At,𝑘 , then

the stored output power is defined as 𝑃̃𝑘 = 𝑉2
𝑜𝑢𝑡,𝑘

/𝑅ld,𝑘 , where
𝑅ld,𝑘 denotes the system power load of MU𝑘 . Hence, we can
write the expression

𝑉𝑜𝑢𝑡,𝑘 =

(
𝛽𝑘𝑅At,𝑘 𝑓𝐿𝑃𝐹 (𝑦ET

𝑘
(𝑡)2)

𝜂𝑘𝑉T,𝑘
+
𝛽𝑘𝑅

2
At,𝑘 𝑓𝐿𝑃𝐹 (𝑦

ET
𝑘
(𝑡)4)

12𝜂3
𝑘
𝑉3

T,𝑘

)
(54)

Finally, the 𝛽𝑘-stage DC output voltage is derived as

𝑉𝑜𝑢𝑡,𝑘 ≈
𝐾∑︁
𝑘=1

(
𝑈∑︁

𝑢 even,𝑢≥2
𝜈𝑢,𝑘𝛼𝑢,𝑘𝑞

ET𝑢/2
𝑘

)
, (55)

where 𝑞ET
𝑘

=
∑𝐾
𝑘=1 |he,𝑘p𝑘 |2 + |

√︃
𝑃UL
𝑘

hER,𝑘 |2, 𝜈2,𝑘 =

𝛽𝑘𝑅At,𝑘/𝜂𝑘𝑉T,𝑘 , 𝜈4,𝑘 = 𝛽𝑘𝑅
2
At,𝑘/12𝜂3

𝑘
𝑉3

T,𝑘 , 𝑈 = 4, 𝛼2,𝑘 = 1/2,
and 𝛼4,𝑘 = 3/8. By squaring (55), the derived expression for
the output DC voltage can be simplified as

𝑉2
𝑜𝑢𝑡,𝑘 =

(
𝛼2,𝑘𝛽𝑘𝑅At,𝑘 (

∑𝐾
𝑘=1 |he,𝑘p𝑘 |2 + 𝑃UL

𝑘
|hER,𝑘 |2)

𝜂𝑘𝑉T,𝑘

+
𝛼4,𝑘𝛽𝑘𝑅

2
At,𝑘 (

∑𝐾
𝑘=1 |he,𝑘p𝑘 |2 + 𝑃UL2

𝑘
|hER,𝑘 |2)2

𝜂3
𝑘
𝑉3

T,𝑘

)2 (56)

The harvested output power for the FD-FD system is defined

as 𝑃̃EH
𝑘

=
𝑉2
𝑜𝑢𝑡,𝑘

𝑅ld,𝑘
, with its expanded version presented in 3

of Section III. Similarly, the derivation for the FD-HD and
HD-HD follow the steps presented for the FD-FD. Hence, the
FD-HD and HD-HD harvested output power is deduced as

𝑃̃EH
𝑘,𝑙

=
𝜏𝑙𝑉

2
𝑜𝑢𝑡,𝑘

𝜏𝑙𝑅ld,𝑘
with the expanded equation presented in (10).

■
—
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