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ABSTRACT Power splitting based simultaneous wireless information and power transfer (PS-SWIPT)
appears to be a promising solution to support future self-sustainable Internet of Things (SS-IoT) networks.
However, the performance of these networks is constrained by radio frequency signal strength and
channel impairments. To overcome this challenge, intelligent reflecting surfaces (IRSs) have recently
been introduced in IoT networks to improve network efficiency by controlling signal reflections. In this
article, we propose a novel IRS-enabled phase cooperative framework that aims to maximize the energy
efficiency (EE) of the PS-SWIPT based SS-IoT network. Our framework leverages the idea of phase
cooperation between two distinct networks without requiring additional hardware resources. We employed
transmit beamforming (BF) at access points (APs) and phase shift optimization at the IRS with effective
phase cooperation between APs. The EE maximization problem turns out to be NP-hard, so first, an
alternating optimization (AO) is solved for the user’s network using heuristic BF approaches and phase
optimization via semidefinite relaxation (SDR) approaches. To combat the computational complexity of
AO, we also propose a low-complexity alternative solution by exploiting heuristic BF schemes and an
iterative algorithm, i.e., the element-wise block-coordinate descent method for phase shifts optimization.
The proposed solutions’ analysis shows low computational complexity and fast convergence, achieving
near-optimal EE performance for different network settings. We conducted extensive simulations to evaluate
our proposed framework’s performance and unveiled significant EE performance achieved by the IoT
network consistent with the numerical findings. This work demonstrates the potential of IRS phase
cooperation for enhancing the EE of different networks without constraining hardware resources.

INDEX TERMS Intelligent reflecting surface (IRS), SWIPT, power splitting, Internet of Things (IoT),
beamforming, energy efficiency, phase cooperative network.

I. INTRODUCTION

WITH upsurge growth in wireless devices and user-
diverse application needs, significant contributions

are being made to investigate beyond fifth-generation (B5G)
networks. A plethora of these networks are projected
to meet the anticipated demands of improved spectral
efficiency (SE) and energy efficiency (EE) by providing
ubiquitous, reliable, and near-instant services with low power

consumption [1], [2]. In transition to virtual reality, the next-
generation Internet of Things (IoT) network appears as a
paradigm shift and is envisioned to support a variety of
wireless IoT devices (for example, smart phones, wearable
devices, electronic tablets, smart security systems, sensors,
etc.), paving the way for the future smart world [3]. Although
these devices are equipped with diverse sensors, they are
typically low-power and have limited battery life. Thus, these
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devices need to be maintained regularly in order to extend the
battery’s lifespan [4]. These constraints limit the potential use
of IoT networks due to higher costs, deployment challenges,
and increased network complexity [5], [6].
Recently, radio frequency (RF) transmission-assisted

simultaneous wireless information and power transfer
(SWIPT) has received significant attention to address energy
limitations and efficient information transfer for future
self-sustainable (SS)-IoT networks [7], [8]. SWIPT offers
low power, usually in μW, but provides wide coverage
in a sustainable and controllable manner. By exploiting
power splitting-based SWIPT (PS-SWIPT), the PS-based
devices in SS-IoT networks first perform energy harvesting
(EH) and then information decoding (ID) by employing
wireless power transfer (WPT) and wireless information
transfer (WIT) techniques simultaneously [9], [10], [11].
Apart from PS-SWIPT based SS-IoT networks, many inves-
tigations have considered separate network architectures
where WPT and WIT techniques are employed by different
energy harvesting receivers (EHRs) and information decod-
ing receivers (IDRs), respectively [12]. PS-SWIPT based
SS-IoT networks provide green communication with reduced
capital expenditure as compared with separate network
architectures [13]. However, due to different receiver sen-
sitivities and application requirements in practical systems,
these networks typically require significantly higher receive
power in comparison to WIT networks [14]. Moreover,
these networks are more susceptible to channel atten-
uation and are constrained by the received RF signal
strength. Hence, in practical PS-SWIPT systems, poor
efficiency of WPT for SS-IoT networks across large distances
has been identified as the performance barrier. Although
some studies have considered the massive multiple-input
multiple-output (mMIMO) technique to enhance beam-
forming (BF) gain at the SWIPT transmitter to improve
WPT efficiency, the main challenges for practical imple-
mentation remain high power consumption and hardware
costs [15].
Intelligent reflecting surfaces (IRSs) have recently

unlocked a novel communication paradigm to improve
SE and EE for the sixth generation (6G) wireless
networks [16], [17], [18]. It introduces the holographic idea
of transmitting data by reusing an existing radio link,
thus transforming the random wireless environment into a
programmable one [19], [20]. The low-cost passive reflective
elements of IRS can be reconfigured intelligently to modify
the phase reflections of the incident signal. IRS passive
nature results in significantly lower power consumption
without introducing any thermal noise as compared to
conventional relay-aided communication systems that rely on
active transmission sources [21]. IRS can be easily deployed
for both indoor and outdoor applications because of their low
cost and compact size. With these alluring features, IRS is
already being deployed in conventional wireless networks to
improve key performance metrics through the optimization of
adaptive parameters such as active and passive BF, IRS phase

shifts, transmission power, and effective IRS deployment [2],
[22], [23], [24].
While the IRS serves to enhance conventional wireless

communication networks performance, SWIPT applications
are also attracted by the high BF gain achieved by pas-
sive IRS [12], [25], [26]. Many authors have considered
IRS-supported WPT and WIT architectures with separate
EHR and IDR to improve network performance. The
authors in [27] investigated the optimization problem of
weighted sum power maximization for EHRs. The authors
demonstrated that the IRS-enabled SWIPT system did not
require any specific energy-carrying signals and that sending
information signals only to APs was adequate to service
both IDR and EHR, independent of their channel realization.
The authors in [28] solved the transmit power minimization
problem in a multi-IRS framework by jointly optimizing
transmit precoders and IRS phase shifts, subject to the
quality-of-service (QoS) requirements of all receivers, i.e.,
the individual signal-to-interference-plus-noise ratio (SINR)
constraints at IDR and EH constraints for EHR. The authors
in [29] proposed a new dynamic IRS-BF scheme to improve
the throughput of the IRS-enabled wireless communication
framework. Joint optimization was performed to improve
uplink and downlink wireless data transmission efficiency
between hybrid access points and multiple wireless devices.
To optimize the weighted sum rate (WSR) of all IDRs
while adhering to the minimal EH criteria of all EHRs, the
authors in [30] conducted a joint optimization. An optimal
resource allocation algorithm for the IRS-supported SWIPT
system was proposed by the authors in [12]. The authors
minimized the transmission power on the AP subject to
the QoS requirements of IDR and nonlinear EHR by joint
optimization of BF and the transmission mode selection
strategy. The authors in [31], [32] also exploited IRS to
maximize the energy efficiency in secure SWIPT networks.
To unveil the potential advantages of SS-IoT networks,

some investigations have also considered the IRS-supported
SWIPT framework with integrated IDR/EHR. The authors
performed WSR maximization in [13] for a dynamic SS-
IoT network based on MIMO PS-SWIPT with IRS support.
The authors solved the joint optimization problem with
mutually exclusive constraints by providing an efficient
optimization algorithm. The authors optimized the overall
deployment of an IRS-powered wireless sensor network
(WPSN) within [33] by combining the optimized IRS phase
shifts and the transmission time allocation. By exploiting
IRS assistance in the proposed framework, the efficiency of
WPT and WIT techniques was enhanced. The authors in [34]
maximized the EE of the IRS-enabled PS-SWIPT system by
considering both the information signal and the dedicated
energy signal at the AP. For maximizing system throughput
of the wireless powered framework, the author in [35]
provides a maximization solution by optimizing the IRS
phase shifts, transmission time, and bandwidth. The authors
of [36] investigated the same framework for multi-resource
blocks with the objective of maximizing average throughput.
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The aforementioned studies on IRS-enabled SWIPT-IoT
networks primarily focus on optimizing various performance
metrics by deploying IRS to serve IDRs and EHRs within
either separated or integrated frameworks. These works
commonly adopt separate designs for active beamform-
ing/precoding vectors and passive phase shifts, and solve
the corresponding optimization problems using joint or alter-
nating optimization techniques. However, such approaches
face several limitations, including the need for distinct
phase shift configurations and additional IRS hardware to
support multiple IDRs and EHRs across diverse network
architectures. While the authors in [16], [22] introduced
the concept of heterogeneous cognitive radio networks
and employed IRS phase cooperation to enhance sum-rate
performance, their analysis was restricted to user-centric
networks. Moreover, the phase shift design in [22] did
not account for inter-user interference, which may degrade
overall network performance. To address these challenges
and reduce system cost, this work proposes a novel IRS-
enabled phase-cooperative framework for EE maximization
in PS-SWIPT based SS-IoT networks. To the best of our
knowledge, the exploitation of IRS phase cooperation in
this specific context has not been explored in the existing
literature.

A. MAIN CONTRIBUTIONS
To leverage the benefits of IRS in SWIPT networks, we pro-
pose a novel framework that utilizes IRS phase cooperation
across two distinct networks, namely, the user network (Unet)
and the IoT network (Inet). Both networks operate under
the frequency division multiple access (FDMA) scheme to
maximize the EE of a PS-SWIPT based SS-IoT network.
Different from the existing works, our proposed framework
focuses on the use of the IRS phase cooperation scheme
in SWIPT IoT networks, which can significantly reduce
hardware costs since no dedicated IRS deployment or
separate phase shift design is required for the Inet. The key
contributions of this research are discussed next.

• This work presents an early attempt to solve the problem
of EEmaximization for an IRS-enabled PS-SWIPT based
SS-IoTnetworkusing IRSphasecooperationmethod.The
optimization problem is developed to provide improved
EE of the proposed framework by exploiting the phase
cooperation between Unet and Inet networks.

• For the proposed framework, the EE maximization
problem is solved by optimizing the transmit BF vectors
of Unet and Inet, and IRS phase shifts of Unet. The for-
mulated optimization problem turns out to be NP-hard
and arduous to solve directly. Therefore, we first provide
an alternating optimization (AO) solution by employing
active transmit BF optimization and passive phase
shift optimization to solve the optimization problem
at the Unet. Transmit beamformers are optimized by
closed-form sub-optimal heuristic BF solutions, namely,
minimum-mean-square-error (MMSE)/regularized zero-
forcing-BF (ZFBF) and ZFBF. Further, to solve for IRS

phase shifts optimization at the Unet, a computationally
efficient semidefinite relaxation (SDR) approach is
employed. Moreover, the SDR relaxation’s higher-rank
solution is addressed by the Gaussian randomization
method.

• Although the AO approach can solve the formulated
problem efficiently, the SDR scheme results in sig-
nificant computational complexity, particularly when a
large number of IRS elements are used. To address this
problem, we also propose an alternative low-complexity
solution by leveraging the IRS’s short-range/local cov-
erage. This enables us to derive local optimal solutions
to the phase shifts using a low-complexity iterative
solution based on the element-wise block-coordinate
descent (EBCD) method and BF vectors via a heuristic
solution in closed form. The convergence analysis and
computational complexity of the proposed solutions’
unveil potential practical application implications.

• The performance gain in EE for the PS-SWIPT based
SS-IoT network is assessed by optimizing the power
splitting coefficient, transmit BF using a heuristic
approach, and employing the Unet phase shifts via phase
cooperation. Simulation results demonstrate that the EE
of PS-SWIPT based SS-IoT networks can be signifi-
cantly improved by employing IRS phase cooperation,
which significantly reduces hardware installation cost
without constraining resources at Unet.

B. PAPER STRUCTURE AND NOTATIONS
We have organized this article into seven sections. Following
an introduction in Section I, Section II, presents the proposed
framework and related optimization problem formulations.
Section III describes the AO technique for optimizing trans-
mit beamformers and phase shifts. Section IV discusses the
low-complexity alternative solution for the given problem.
The EE optimization problem with the proposed solutions
for IoT network is discussed in Section V of the paper.
Simulation findings and related discussion is provided in
Section VI. Section VII outlines our research conclusion and
future directions.
Notations: In this work, scalar, vector, and matrix are

represented by bold, lowercase, and uppercase letters,
respectively. The complex matrix of the space a × b is
denoted by the symbol Ca×b, and CN represents the complex
Gaussian random variable. The absolute square, Euclidean
norm, and Hermitian operator of a complex-valued vector
a are denoted by |a|2, ||A||2, and (a)H , respectively. The
summation operator, the real part of a complex value, and the
statistical expectation of random variables are represented
by

∑
(·), R[·], and E[·], respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. IRS-AIDED PHASE COOPERATIVE NETWORK
Figure. 1 shows an IRS-enabled downlink phase cooperative
framework with a pair of Unet having KI information decod-
ing receivers/equipment’s (Rk) and Inet having KE+I EH
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and information decoding devices (Dk). Both the networks
are served through separate access points (APs), i.e., (APU)
and (API) for information transfer and energy+information
transfer to Unet and Inet, respectively under multiple-input
single-output (MISO) network configuration. The APU is
fitted with MU and API with MI transmit antennas such that
MU � KI and MI � KE+I, while each receiver pair has a
single antenna. An FDMA protocol is predicated between
APs for channel access, in which both Unet and Inet pairs
operate on distinct license spectrum. Further, within each
network, users access channels via a space-division multiple
access (SDMA) scheme, where K{I,E+I} spatially separated
receivers and devices are served simultaneously. An IRS
with the N low-cost passive reflection elements equipped
with a smart controller is installed between the APU and
Rk. The API shares the Unet’s IRS according to phase
cooperation by exploiting the optimal phase shifts. The IRS
controller maintains a separate wireless link with the APs to
communicate channel state information (CSI), transmission
data, and to receive IRS reflection coefficients designed at
APU. Furthermore, for effective phase shifts cooperation, a
dedicated link is used between APU and API. Moreover, we
assumed perfect CSI at the APs,1 where information transfer
between all nodes is solely performed at APs. The users
are located in the vicinity of blocking objects; hence, they
receive both IRS reflected (r) and direct (d) signals.
Now, consider that APU and API broadcast K different

messages spatially separated for transfer of information and
energy signals to Unet and Inet, i.e., si {i ∈ KI} and sj
{j ∈ KE+I} with normalized power as E{|si|2} = 1 and
E{|sj|2} = 1. At Unet the signal received (yRk) by Rk with
linear active transmit BF vector wRk ∈ C

MU×1 at APU and
passive phase shifts (�) at IRS after r multi-path reflections
is given as in eq. (1)

yRk =
(
hHRr,k

�GR + gHRd,k

) KI∑

i=1

wRi si + zRk , ∀k ∈ KI. (1)

Next, API uses Unet’s IRS phase shifts �, therefore at Inet

the signal received by the Dk using API active transmit BF
vector wDk ∈ C

MI×1 is given in eq. (2)

yDk =
(
hHDr,k

�GD + gHDd,k

) KE+I∑

j=1

wDj sj

+ zDk , ∀k ∈ KE+I, (2)

where in (1) and (2), hHRr,k
∈ C

1×N , hHDr,k
∈ C

1×N are the
channel gains from the IRS to the Unet and Inet, respectively
and GR ∈ C

N×MU , GD ∈ C
N×MI show the respective channel

gains from APU and API to the IRS. The direct channel

1Although the CSI of IRS-enabled networks is often challenging to
obtain, this work focuses on the upper bound for the system under
investigation [36]. As a result, we presume perfect CSI for both APs and
IRS [37], [38]. However, the accurate CSI can be obtained via multiple
channel estimation algorithms investigated in the literature for IRS-enabled
systems [39], [40], [41], [42]. Additionally, the proposed framework can
be exploited further with an imperfect CSI scenario [43].

FIGURE 1. IRS-aided phase cooperative framework with users and PS-SWIPT based
SS-IoT networks.

links from APs to users and IoT devices are represented by
gHRd,k

and gHDd,k
, respectively. The passive reflection matrix of

Unet, represented by the diagonal matrix � ∈ C
N×N , provides

information on the amplitude and the phase shifts reflection
coefficients, i.e.,

� = diag
(
β1e

jθ1 , β2e
jθ2 . . . , βNe

jθN
)
, (3)

where β1, . . . , βN ∈ [0, 1] and θ1, . . . , θN ∈ [0, 2π) show the
fixed amplitude reflection coefficients and IRS phase shifts
variables, respectively. In literature, the amplitude reflection
model is frequently assumed fixed, i.e., βn = 1,∀n ∈ N to
eliminate hardware complexity overhead [20]. The factors
zRk ∈ CN(0, σ 2

k ), and zDk ∈ CN(0, σ 2
k ) denote the respective

receiver additive noise with variance σ 2
k at Rk and Dk.

At Unet, the SINR (�Rk) expression for the kth receiver
is given by eq. (4)

�Rk =
|
(
hHRr,k

�GR + gHRd,k

)
wRk |2

∑
i �=k |

(
hHRr,k

�GR + gHRd,k

)
wRi |2 + σ 2

k

, ∀k ∈ KI,

(4)

where
∑

i �=k |(hHRr,k
�GR + gHRd,k

)wRi |2 is representing
interference term encountered by kth receiver.
The achievable rate of Rk can be denoted in eq. (5) by

RRk = log2
(
1 + �Rk

)
, ∀k ∈ KI. (5)

Accordingly, the sum rate (Rk) of Unet is calculated as

RUnet
k =

KI∑

k=1

RRk , ∀k ∈ KI. (6)

B. PS-SWIPT IMPLEMENTATION AT SS-IOT NETWORK
In order to decode information signals, the SS-IoT devices
require adequate energy, which is usually not available
because of the low energy resources of the IoT network.
Therefore, the received signal power is split for EH and
ID by PS-based SS-IoT devices [44], [45]. Power splitting
enables the simultaneous implementation of EH and ID [46],
in contrast to time switching, which mandates distinct time
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slots for both processes [47]. In order to efficiently decode
their data, the devices used part of the received signal
power for EH and the remaining part for ID. We assume
that the received signal power is divided into (ϕk) and
(1 − ϕk) as the power harvesting coefficient and the ID
coefficient by DKI devices, respectively. Furthermore, as we
are employing a power splitting scheme, we consider that the
entire transmission is taking place in a single time slot, T .
IoT devices receive a fraction of the power from yDk ,

that is, ϕk for EH and the remaining fraction (1 − ϕk) for
decoding information. After performing EH, the received
signal available for ID is represented as in eq. (7)

yID
Dk

= √
1 − ϕkyDk + ωe h

= √
1 − ϕk

(
hHDr,k

�GD + gHDd,k

) KE+I∑

j=1

wDj sj

+ √
1 − ϕkzDk + ωe h, ∀k ∈ KE+I, (7)

here, ωe h is representing the thermal noise introduced by
the circuitry due to phase offset (with zero mean and
σ 2 variance) [48]. Furthermore, the noise factor after EH,
i.e., (

√
1 − ϕk)zDk , is very small and can be ignored.

Consequently, the information signal received at the kth
SS-IoT device (Dk) after EH is represented as in eq. (8)

yID
Dk

=
(√

1 − ϕk

)(
hHDr,k

�GD + gHDd,k

) KE+I∑

j=1

wDj sj

+ ωe h, ∀k, (8)

The corresponding SINR expression is given by

�ID
Dk

=
(1 − ϕk)|

(
hHD r,k�GD + gHD d,k

)
wDk |2

∑
j �=k (1 − ϕk)|

(
hHDr,k

�GD + gHD d,k

)
wDj |2 + σ 2

k

, ∀k, (9)

where
∑

j �=k (1 − ϕk)|(hHDr,k
�GD + gHD d,k)wDj |2 denotes the

interference term encountered by the kth device of Inet.
Consequently, the achievable rate of Rk and the sum rate of
Inet can be stated in eq. (10) and eq. (11), respectively as

RDk = log2
(
1 + �ID

Dk

)
, ∀k ∈ KE+I. (10)

RInet
k =

KE+I∑

k=1

RDk , ∀k ∈ KE+I. (11)

Similarly, the received signal for EH is given by

yEH
Dk

= √
ϕkyDk

= √
ϕk

(
hHDr,k

�GD + gHDd,k

) KE+I∑

j=1

wDj sj +
√

ϕkzDk ,

∀k. (12)

Here, the power harvested from additive noise, i.e.,
√

ϕkzDk ,
is very low compared with signal harvesting power and hence
can be neglected [34], [49]. The Dk can only decode their

data when they have a sufficient amount of energy. Therefore,
the amount of energy harvested by Dk is provided by eq. (13)

EHk = ϕk

KE+I∑

k=1

|
(
hHDr,k

�GD + gHDd,k

)
wDk |2μk, ∀k ∈ KE+I,

(13)

where μk ∈ [0, 1] represents the circuitry’s EH efficiency.
The PS-SWIPT technique is utilized effectively at Inet,
which results in effective communication by exploiting
passive IRS phase shifts at Unet and active BF at API.

C. FORMULATION OF OPTIMIZATION PROBLEM
For the proposed IRS-enabled phase cooperative network
(PCNet), our objective is to maximize the EE of Inet.
Therefore, to perform EE maximization, we first optimize
the power harvesting coefficient, which improves Inet EH
power. Next, we optimize the precoding vectors wDk of
API by exploiting the optimal phase shifts of Unet while
keeping the transmit power of API to a minimum. Compared
to joint optimization techniques, this sequential approach
significantly reduces complexity and hardware cost, while
it can partially compromise the whole cooperative potential.
For solving optimization problems, we initially calculate
the total power consumption in the proposed framework,
which depends on multiple parameters. Therefore, for Inet,
let us define η ∈ [0, 1] as the power amplifier efficiency at
API, hence the total circuit power (PC) consumed at API
is denoted by PC = η + PAPI + ∑KE+I

k=1 PDk , where PAPI
denotes the overall static power consumption at the API.
At the kth IoT device terminal, PDk indicates the hardware
power dissipation. By assuming perfect CSI at all nodes,
we perform EE maximization of Inet by optimization of
the PS coefficient; ϕk {∀k ∈ KE+I}, transmit BF vectors;
WI {WI = [w1, . . . ,wKE+I ] ∈ C

MI×KE+I}, and employing
optimized phase shifts of Unet with minimum transmit power
constraint.
Taking into consideration PS coefficients, individual data

rate limitations of the devices, and the total transmit power
budget, EE is obtained by dividing the sum rate of the devices
by the total power consumption of the network. The EE
optimization problem for Inet is represented as follows:

(P1) : max
ϕ,WI,�

RInet
k

1/η
∑KE+I

k=1 ||wDk ||2 + PC
(14a)

s. t. �ID
Dk

≥ �Dk,min, ∀k ∈ KE+I, (14b)
KE+I∑

k=1

||wDk ||2 ≤ PAPI , (14c)

f (E) ≥ ĒHk

ϕkμk
, ∀k ∈ KE+I, (14d)

|�k,n,n| = 1, ∀n ∈ N, (14e)

0 ≤ θk,n ≤ 2π, ∀n ∈ N, (14f)

0 < ϕk < 1, ∀k ∈ KE+I, (14g)
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TABLE 1. Qualitative comparison of proposed single IRS framework with multi-IRS
frameworks.

where optimization variables are implicitly considered in
the objective function for notational brevity, and f (E) =
∑KE+I

k=1 |(hHDr,k
�GD + gHDd,k

)wDk |2 is used for notational sim-
plicity. The constraint (14b) ensures the QoS requirements,
with �Dk,min = 2RDk,min − 1, showing the minimum SINR
requirement of the k-th IoT device for ID, and RDk,min

represents the minimum data rate required. The maximum
transmission power PAPI at API is constrained by (14c),
where ||wDk ||2 and θn illustrate the respective Euclidean-
norm of wDk and the n-th element of �. The constraint (14d)
guarantees the EH requirements of the devices employing
ĒHk as the minimum amount of energy harvested. The
constraints (14e) and (14f), respectively, define the passive
nature of the reflecting elements of the IRS and the phase
shifts range, while the constraint (14g) represents the bound
range of PS coefficients.
Because of the non-convex objective function and coupled

optimization variables, it appears clearly that (P1) cannot
be solved directly. Furthermore, (14d) and (14f) have PS
relationship constraints that further complicate (P1) because
the feasible region of the PS ratio is not always non-empty.
Therefore, to solve (P1), an alternating optimization solution
is proposed for the given framework by dividing the original
optimization problem into sub-problems and solving them
by employing effective phase cooperation between networks.
To exploit the optimal phase shifts, we solve the problem by
first optimizing passive phase shifts of Unet using AO and
then using those optimized fixed phase shifts � to maximize
EE at Inet using EH coefficients and active BF optimization.

III. ALTERNATING OPTIMIZATION SOLUTION FOR UNET

To solve (P1), an optimization problem is first formulated
for Unet to obtain the optimal phase shifts. Hence, an
EE maximization problem similar to (P1) is developed
for the Unet, and a solution is provided via an AO. In
particular, we dissociate problem (P1) into passive phase
shifts optimization and active BF optimization sub-problems
for Unet and address them alternatively. To solve (P1) via
AO, we employed low computational heuristic sub-optimal
solutions, i.e., MMSE and ZFBF, to obtain the beamformers;
WU {WU = [w1, . . . ,wKI ] ∈ C

MU×KI} with closed-form
solutions, while the passive phase shifts of Unet are optimized
using a semi-definite programming (SDP) approach. Further,
it is noticeable that IRS is deployed for Unet; therefore, in
the case of IRS-enabled Unet, the total power consumed is
given by PC = η + PAPU + PN + ∑KI

k=1 PRk , where the

factor PN denotes the power consumption at the IRS terminal
and PRk shows power dissipation at the k-th user device.
Hence, similar to (P1) but only with the WIT technique,
the optimization problem for Unet with only ID receivers is
formulated as

(P2) : max
WU,�

RUnet
k

1/η
∑KI

k=1||wRk ||2 + PC
(15a)

s. t. �Rk ≥ �Rk,min, ∀k ∈ KI, (15b)
KI∑

k=1

||wRk ||2 ≤ PAPU , (15c)

|�k,n,n| = 1, ∀n ∈ N, (15d)

0 ≤ θk,n ≤ 2π, ∀n ∈ N, (15e)

here, �Rk,min = 2RRk,min − 1 presents the k-th IDR minimum
SINR requirement, and RRk,min shows the minimum data
rate required by Rk receiver. The factors ||wRk ||2 repre-
sent the Euclidean-norm of wRk and θn signify the n-th
element of �. The maximum transmission power available
at APU is denoted by PAPU . While (P 2) bears structural
resemblance to prior works [2], [30], [31], its exploration
within the novel framework of phase cooperation remains
unaddressed in existing literature. It is also notable that
many authors solved the optimization objectives for multi-
IRS frameworks [27], [28]. Although considering multi-IRS
can improve signal reflections and coverage, it also increases
hardware costs and complexity compared with the single-
IRS scenarios. Furthermore, the optimization problem gets
more simplified by employing phase cooperation compared
to multi-IRS scenarios. A qualitative comparison between
single and multi-IRS frameworks is also provided in Table 1.
Hence, unlike these earlier studies, our formulation uniquely
incorporates phase alignment across distributed elements,
introducing a new dimension to the optimization problem.
Furthermore, (P2) poses significant computational challenges
due to the non-convex nature of the objective function and
the related constraints outlined in (15b), (15c), and (15e),
which have not been tackled in this specific context before.
Therefore, to solve (P2), we perform AO by first exploiting
linear BF optimization for the given phase shifts, and then
phase optimization is performed for the obtained sub-optimal
beamformers.

A. TRANSMIT BEAMFORMING OPTIMIZATION
(P2) is transformed into an EE maximization problem under
the individual user’s data rate constraint for a given �.
Hence, for Unet the (P2) is reformulated into sub-problem as
follows

(P2.1) : max
WU

RUnet
k

1/η
∑KI

k=1||wRk ||2 + PC
(16a)

s. t. (15b), (15c) (16b)
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The stated constraints allow (P2.1) to be tractable; as a result,
the heuristic closed-form BF schemes are investigated below
to obtain sub-optimal solution.2

Heuristic Approach: The SE and EE of B5G wireless
communication networks are significantly enhanced by
adaptive transmit BF [50]. In literature, a multitude of
exhaustive and heuristic BF schemes are investigated to
provide optimal and sub-optimal solutions for different
network architectures [51]. Therefore, to avoid the compu-
tational complexity of optimal transmit BF schemes, in this
article we employ two heuristic BF approaches, i.e., trans-
mit MMSE/regularized ZFBF and ZFBF, as our proposed
framework is designed to facilitate low power SWIPT IoT
applications and provide solution for the NP-hard multi-
user transmit BF problem. Albeit these schemes provide
sub-optimal solutions, they are the least complex, provide
closed-form solutions, and can be easily tweaked to provide
the nearest optimal solution under special cases.
Although (P2.1) is tractable, if the users required data

rate increases or the APU transmit power lowers, the
maximization problem becomes infeasible for a given �

under the constraint (15b). To solve this, (P2.1) is reformu-
lated as a power minimization problem given as

(
P*

2.1

)
: min

WU

KI∑

k=1

||wRk ||2 (17a)

s. t. �Rk ≥ �Rk,min , ∀k ∈ KI. (17b)

(P*
2.1) clearly contains a convex objective function and can

be traced using different convex approximation techniques,
including second-order cone program (SOCP) [52], [53],
semidefinite programming (SDP) [54], [55] under the
minimum transmit power, or a fixed-point iteration algo-
rithm [56], [57]. However, to solve the hidden convexity of
constraint (15b), we employed the inner product property
of phase rotation from [50], which states that for absolute
values of SINRs, the inner product of signal power is
positive and real valued, i.e.,

√
|(hHRr,k

�GR + gHRd,k
)wRk |2 =

(hHRr,k
�GR + gHRd,k

)wRk ≥ 0. Additionally, let’s define two-
fold channel gains as follows for ease of representation:
fHRk

= (hHRr,k
�GR + gHRd,k

). Hence, using the inner product
property, the constraint (15b) can be reformulated as [58]

1

�Rk,minσ
2
k

|fHRk
wRk |2 ≥

∑

i �=k

1

σ 2
k

|fHRk
wRk |2 + 1 ⇔

1
√

�Rk,minσ
2
k

R
(
fHRk

wRk

)
≥

√
√
√
√

∑

i �=k

1

σ 2
k

|fHRk
wRk |2 + 1, (18)

here, R{·} shows the real part; so, (18) provides a
reformulated SINR that is a convex second-order cone
constraint [50], [59]. Now, by using this new constraint (18),
(P*

2.1) can be solved feasibly using convex optimization

2Heuristic BF schemes discussed in Section III are applied to both Unet

and Inet . Here, general notations are used, i.e., k ∈ K{I,E+I}.

theory [50], [58]. Specifically, the strong duality and Karush
Kuhn Tucker (KKT) conditions are sufficient to solve
(P*

2.1) [60]. Hence, by employing strong duality and KKT
conditions, the Lagrangian function defined for (P*

2.1) is
obtained as

L(WI,�I) =
KI∑

k=1

||wRk ||2 +
KI∑

k=1

λk

(∑

i �=k

1

σ 2
k

|fHRkwRi |2 + 1

− 1

�Rk,minσ
2
k

|fHRkwRk |2
)
, (19)

where �I = [λ1, . . . , λKI ], λk ≥ 0 (k ∈ {1, . . . ,KI}) is
the Lagrangian multiplier associated with the k-th SINR
constraint and can be computed using convex optimization
or fixed point equations [61]. The dual function is
minw1,w2,...,wKI

L = ∑KI
k=1 λk and the strong duality property

of [(P2.2), [62]] implies that the total power is
∑KI

k=1 ||wRk ||2.
By exploiting KKT conditions from [60] and using a power
allocation scheme discussed in [58] (Theorem 3.16), the
optimal BF vector for (P*

2.1) under given � is expressed as

w∗
Rk

= √
Pkw̄∗

Rk
, where w̄∗

Rk

=
(
IMU + ∑KI

i=1
λi
σ 2
k
fRif

H
Ri

)−1
fRk

∥
∥
∥
(
IMU + ∑KI

i=1
λi
σ 2
k
fRif

H
Ri

)−1
fRk

∥
∥
∥

, (20)

where the factor Pk shows the BF power at the APU and
w̄∗

Rk
signify the uniform BF direction for k-th user. The

factor IMU shows the identity matrix. Since we obtain the
BF directions, the unknown power factors associated with
KI users can be obtained by using the equality condition of
constraint (18) at the optimal solution. Hence, for KI known
BF linear equations, the corresponding power factors can be
obtained as [62]

⎡

⎢
⎣

P1
...

PKI

⎤

⎥
⎦ = A−1

⎡

⎢
⎣

σ1
...

σKI

⎤

⎥
⎦, (21)

where [A]ij =
{

1
�Rk,min

|fHRk w̄Rk |2, i = j,

−|fHRk
w̄Rk |2, i �= j,

.

Now, (20) and (21) combined provide an optimal closed-
form BF solution for (P*

2.1) as a function of simple Lagrange
multipliers. Using this optimal BF structure obtained by solv-
ing (P*

2.1), we can easily solve our original EE optimization
problem, i.e., (P2.1). The solution to (P*

2.1), provides optimal
BF vectors under minimum transmit power; therefore, this
solution can feasibly satisfy the constraint (15b) of (P2.1).
Further, using optimal BF vectors of (P*

2.1), the optimal BF
solution for (P2.1) is provided as

w∗
Rk

= √
Pk

(
IMU + ∑KI

i=1
λi
σ 2
k
fRif

H
Ri

)−1
fRk

∥
∥
∥
(
IMU + ∑KI

i=1
λi
σ 2
k
fRif

H
Ri

)−1
fRk

∥
∥
∥

, ∀k ∈ KI. (22)
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For KI users, the matrix inversion in (22) remains
the same; hence the optimal BF matrix for Inet can be
represented as W∗

U {W∗
U = [w∗

1, . . . ,w
∗
KI

] ∈ C
MU×KI} and

the channel matrix for IRS-enabled network as FU =
[f1, f2, . . . , fK] ∈ C

MU×KI where fHRk
= (hHRr,k

�GR + gHRd,k
).

The resultant combined channel response can be expressed
as

∑KI
i=1

λi
σ 2
k
fRi f

H
Ri

= 1
σ 2 FU�FHU . Thus, it is feasible to derive

the compact BF matrix as

W∗
U =

(

IMU + 1

σ 2
FU�FHU

)−1

FUP
1
2 , (23)

where � = diag(λ1, . . . , λKI), is a diagonal matrix
having KI λ-parameters. P

1
2 shows the square root of

power allocation matrix given as P = diag(P1/||(IMU +
1
σ 2 FU�FHU )−1f1||2, . . . ,PKI/||(IMU + 1

σ 2 FU�FHU )−1fKI ||2).
So, the optimum BF from (23) will provide the optimal
SINR, which in result maximizes (P2.1).

The closed-form BF solutions for the ZFBF and transmit
MMSE/Regularized ZFBF schemes are presented below
using (23).

1) ZFBF

ZFBF is a potential technique for reducing inter-user
interference [63], [64]. It is referred to as the channel
inversion scheme since it contains the channel matrix’s
pseudo-inverse FHU , i.e., FU(FHUFU)

−1. When using ZFBF,
interference power is reduced while SINR is optimized.
By cancelling noise and interference, this criteria decouples
the selection of the BF direction. Hence, using asymptotic
properties from [58], the relation for ZFBF is obtained as

W∗(ZFBF)
U = FU

(
FHUFU

)−1
�−1P̄, (24)

where the factor P̄ shows the modified power allo-
cation matrix provided as P̄ = diag(P1/||(σ 2IKI +
�FHUFU)

−1f1||2, . . . ,PKI/||(σ 2IKI + �FHUFU)
−1fKI ||2). At

large SNRs, ZFBF is considered to be the asymptotic optimal
option; nevertheless, performance degrades at moderate
SNRs.

2) TRANSMIT MMSE/REGULARIZED ZFBF

In a multi-user scenario, MMSE is acclaimed as the
sub-optimal heuristic solution because it can overcome
ZFBF’s asymptotic optimality and provide better results at
intermediate SINRs. Hence, using (20) and (21) and setting
λk = λ, ∀k ∈ KI, the subsequent expression for MMSE
optimal BF is obtained as

W∗(MMSE)
U = FU

(

IKI + λ

σ 2
FHUFU

)−1

P
1
2 . (25)

Expression (25) is also named as regularized ZFBF [64], [65]
as it contains an identity matrix, which acts as a regulariza-
tion matrix in (25). Here, λ is referred as the regularization
parameter that satisfies the sum property of transmission
power, i.e.,

∑KI
i=1 λi = P with λ = P/K. Consequently, using

a standard line search method, (25) provides an optimal

solution for a particular transmission case by adjusting the
λ-parameter.

B. PASSIVE PHASE OPTIMIZATION
By utilizing the optimal transmit beamformers W∗

U obtained
in Section III-A, the phase shifts optimization can be solved
for (P2). The reformulated sub-problem is given as

(P2.2) : max
�

RUnet
k

1/η
∑KI

k=1||wRk ||2+PC
(26a)

s. t. (15b), (15d), (15e) (26b)

The non-convex constraints make (P2.2) an NP-hard
optimization problem; however, by making a few variable
changes, the problem can be feasibly transformed into a
tractable form. Let hHRr,k

�GRw∗
Rk

= νHai,k and hHDd,k
w∗

Rk
=

bi,k where ν = [ν1, . . . , νN]H for νn = ejθn ,∀n ∈ N and
ai,k = (hHRr,k

)�GRw∗
Rk

∈ C
NIRS×1. Also, it is notable that

although the same IRS phase shifts matrix, �, is shared by
all the users, the SINR constraints in (15b) are not always
mandated to be satisfied for a feasible solution of (P2.2). As
a result, a slack variable, βk, is introduced to deal with the
KI residual SINR. The reformulated sub-problem is stated
as follows by substituting new variables

(
P*

2.2

)
: max

ν,{βk}KI
k=1

∑
k∈KI

βk (27a)

s. t. |νHak,k+bk,k|2
∑KI

i �=k |νHai,k+bi,k|2+σ 2
k

≥ �Rk,m in + βk, (27b)

|νn| = 1, ∀n ∈ N, βk ≥ 0, ∀k ∈ KI. (27c)

where (15d) transforms into a non-convex unit-modulus
constraint, i.e., |νn|2 = 1,∀n. Although (P2.2∗) is a non-
convex optimization problem, the fully separable phase shifts
allow the constraints to be expressed in quadratic form given
as

Xi,k =
[
ai,kaHi,k ai,kb

H
i,k

aHi,kbi,k 0

]

, ν̄ =
[
ν

1

]

.

By using algebraic manipulations, we obtain ν̄HXi,kν̄ =
Tr(VX) where V = ν̄ν̄H . The conditions V � 0 and
rank(V) = 1 should be satisfied by V. Since the rank-
one constraint is non-convex and makes the problem (P∗

2.2)

arduous to tackle, we drop this constraint by employing the
SDR approach and relax the resultant problem as
(
P∗∗

2.2

)
: max

V∈Hn,{βk}KI
k=1

∑

k∈KI

βk (28a)

s. t. Tr
(
VXk,k

) + |bk,k|2 ≥ �Rk,m in

[{ KI∑

i �=k

(
Tr

(
VXi,k

) + |bi,k|2
)}

+ σ 2
k

]

+ βk, (28b)

diag(V) = [I]N+1×1, (28c)

V � 0, βk ≥ 0, ∀k ∈ KI, (28d)

where V ∈ H
n guarantees V � 0. (P∗∗

2.2) is now a standard
semi-definite convex programming (SDP) problem that can
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Algorithm 1 AO Algorithm for Solving (P2)

Initialization: r: the iteration number, ξ > 0: convergence
accuracy, w(0)

Rk
, ν(0): initial feasible solutions;

Calculate the initial objective value of problem (P2);
Perform: AO algorithm;
1. Given ν(0), w(r)

Rk
: Calculate w(r+1)

Rk
by solving

problem (P2.1) with Heuristic Approach;
2. Given w(r+1)

k and ν(r): Calculate ν(r+1) by solving
problem (P∗∗

2.2) with SDR Approach;
i. Obtain V by solving (P∗∗

2.2) using CVX;
ii. Perform Gaussian randomization to obtain

ν̄ = U
∑ 1

2 r;
iii. Obtain phase shifts using

ν = eja rg(ν̄[1:N]/ν̄[N+1]);
3. Update: transmit beamformers W∗

U, phase shifts ν∗;
Repeat r = r+ 1 until (P2) objective value falls below a
threshold accuracy i.e., (15a)≤ ξ .

be solved optimally using the MATLAB-based modelling
tool CVX for convex optimization [66]. However, (P∗∗

2.2)

does not always provide a rank-one solution, so a Gaussian
randomization approach can be used to obtain this solu-
tion [54], [57]. In particular, we first perform the eigenvalue
decomposition of V as V = U

∑
UH . Afterwards, we obtain

the modified solution to (P*
2.2) as ν̄ = U

∑ 1
2 r, where r ∼

CN(0, IN+1) ∈ C
(N+1)×1 is a random vector selected from

a large number of random generalized circularly symmetric
complex Gaussian (CSCG) vectors for maximizing the
objective function of (P*

2.2). The resultant solution of the
problem (P*

2.2) is obtained by ν∗ = ejarg(ν̄[1:N]/ν̄[N+1])

which satisfies the constraint (27c). The resulting approach
offers at least a π/4-approximation of the optimal values
for a particular objective function over a large number of
randomizations.

C. COMPUTATIONAL COMPLEXITY ANALYSIS OF AO
Algorithm 1 summarizes the AO algorithm for address-
ing the problem (P2). The AO method described in
Sections III-A and III-B is an iterative, multi-stage
optimization algorithm. To optimize transmit beamformers
and phase shifts, there are two sub-problems in the outer
loop, and each sub-problem needs to be solved using
an iterative update approach, respectively. In particular,
the MMSE algorithm requires inverse matrix operations
with complexity O(KIM3). Additionally, a one-dimensional
search (using standard line search) for λ is also required.
Therefore, MMSE algorithm complexity is illustrated as
O(Iλ(KIM3)), where Iλ shows the iteration numbers required
to find λ. For phase shift optimization, the problem
(P2.2) optimizes the IRS phase shifts at each iteration
by relaxing the SDP problem using an interior point
approach. Thus, the computational complexity of the
problem (P2.2) in solving the SDP problem can be expressed
as O((N + 1)3.5) [28]. The total complexity of solving

Algorithm 1 isO(Iout(Iλ(KIM3)+Iinn(N + 1)3.5)), where Iinn
and Iout show inner and outer iterations to reach convergence,
respectively.

IV. LOW COMPLEXITY ALTERNATIVE SOLUTION
Although the AO approach presented in the above sec-
tion provides a high-quality converging solution for (P2.2),
it is computationally complex due to the SDR scheme, and
this complexity becomes more significant with increasing
number of IRS elements. To alleviate this issue, we propose
a low-complexity alternative that decouples the optimization
of active beamforming and IRS phase shift design. This
strategy takes advantage of IRS’s short-range/local coverage,
which allows users lying in the vicinity of an IRS-enabled
network to receive reflected signals at their respective ends.
Accordingly, the IRS phase shifts and transmit beamformers
are optimized independently for all users, while adhering to
their respective QoS constraints.

A. PHASE SHIFTS OPTIMIZATION
By employing the sum of all users effective IRS chan-
nel gains and leveraging the variable changes made in
Section IV-B, we reformulate the optimization problem (P2.2)

and use an iterative approach to solve for phase optimization.
The reformulated sub-problem by substituting variables is
given by

(P2.3) : max
ν

∑
k∈KI

||
(
νHar,k + dHd,k

)
||2 (29a)

s. t. |νn| = 1, ∀n ∈ N, (29b)

where ν = [ν1, . . . , νN]H for νn = ejθn ,∀n ∈ N,
ar,k = diag(hHRr,k

)GR ∈ C
1×MU , and gHRd,k

= dHd,k. The
constraint (15e) is now transformed into a unit-modulus
constraint, i.e., |νn|2 = 1,∀n. (P2.3) is still a non-convex
optimization problem due to constraint (29b). However, the
phase optimization can be solved by an iterative method due
to the fully separable phase shifts in constraint (29b). Thus,
we exploit low complexity EBCD approach for solving (P2.3)

by iteratively optimizing each element of ν, i.e., νn (∀n ∈ N)

given the other phase shifts, νl (∀l ∈ N) where l �= n as
fixed. The sub-problem is presented as

(
P*

2.3

)
: max

ν
f (ν) (30a)

s. t. |νn| = 1, ∀n ∈ N. (30b)

With fixed νl, (P2.3) becomes a linear objective function
given as

f (ν) =
N∑

l �=n
νlQ(l, l)νHl + 2R{νnϑn} + S (31)

where

Q =
∑

k

ar,kaHr,k, ∀k ∈ KI, (32)

ϑn =
N∑

l �=n
Q(n, l)νHl − ϑ̃(n), (33)
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Algorithm 2 EBCD Algorithm for Solving (P2.3)

Input: ν
(0)
n : initial feasible solution, r: iteration number,

ξ > 0: convergence accuracy;
Output: Optimal solution, i.e., ν∗

n;
Solve: Objective function, i.e., f (ν(0)

n );
Repeat
for r = r + 1do
for n = 1 to Ndo

1. Solve (37) to calculate optimal ν∗
n {∀n ∈ N},

for fixed νl {∀l ∈ N}, l �= n;
2. Obtain ν∗

n = {ν∗
1, . . . , ν

∗
l , . . . , ν

∗
N}

3. Set ν
(r+1)
n = ν∗

n and calculate f (ν(r+1)
n );

4. Perform iterations till stopping criteria meets i.e.,

||f (ν(r+1)
n )−f (ν(r)

n )||
f (ν(r+1)

n )
< ξ ;

end
end

until convergence;

ϑ̃ =
∑

k

ar,kdHd,k, ∀k ∈ KI. (34)

S = Q(n, n) − 2R
N∑

l �=n
νlϑ̃(l) +

∑

k

|dHd,k|2, ∀k ∈ KI. (35)

By dropping constant term S from (31) and taking into
account the unit-modulus constraint with some algebraic
properties, the sub-problem (P*

2.3) becomes the given update
rule,

(
P**

2.3

)
: max

νn
2R{νnϑn} (36a)

s. t. |νn| = 1, ∀n ∈ N. (36b)

Consequently, by fixing νl {∀l ∈ N}, l �= n the optimal
solution to (P**

2.3) becomes

ν∗
n =

{
1, if νn = 0,
−ϑHn|ϑn| , ∀n ∈ N, otherwise.

(37)

According to (37), each block of N − 1 phase shifts can be
optimized iteratively by fixing the other N phases until the
convergence is achieved in this block, which is implied by the
fractional decrease in (P*

2.3) objective function value below
a positive tolerance threshold. Algorithm 2 summarizes the
EBCD method for solving problem (P2.2) to obtain optimal
phase shifts.

B. TRANSMIT BF OPTIMIZATION
By exploiting phase shifts obtained from Algorithm 1, the
effective channels of Unet users can be modeled easily.
Further, at the APU without phase shifts consideration, the
transmit BF is performed for the given channel models by
solving the following sub-problem

(P2.4) : min
WU

KI∑

k=1

||wRk ||2 (38a)

Algorithm 3 Overall Low Complexity Alternative Algorithm
for Solving (P2)

Initialization: r: the iteration number, ξ > 0: convergence
accuracy, w(0)

Rk
, ν(0): initial feasible solutions;

Repeat
1. Update IRS phase shifts by solving (P2.3).
2. Update transmit beamformers by solving (P2.4).
3. Perform iterations until the objective value of (P2)

falls below threshold accuracy i.e., (15a)≤ ξ .
until convergence;

s. t. �Rk ≥ �Rk,min, ∀k ∈ KI, (38b)

(P2.4) is similar to (P2) without considering IRS phase shifts.
The problem can be solved feasibly using Heuristic approach
discussed in Section IV-A.

C. COMPUTATIONAL COMPLEXITY ANALYSIS OF
ALTERNATIVE SOLUTION
Algorithm 3 outlines the proposed low-complexity algorithm
for solving the (P2) optimization problem. This alternative
approach offers closed-form solutions for the optimization
variables, significantly enhancing computational efficiency.
By decoupling the optimization variables in (P2.3) and (P2.4)

and solving them independently, the overall complexity is
substantially reduced, making the method particularly suit-
able for large-scale IRS deployments with a growing number
of elements. Specifically, the computational complexity of
solving (P2.3) is O(I0N), where I0 denotes the number
of iterations required for convergence. For (P2.4), which
is solved using the MMSE technique, the complexity is
O(KIM3). Consequently, the overall computational com-
plexity for jointly solving (P2.3) and (P2.4) is given by
O(Iout(Iλ(KIM3) + IinnN)), where Iinn and Iout represent the
number of inner and outer iterations, respectively, required
to achieve convergence.

V. EE OPTIMIZATION AT INET

The problem of phase shifts optimization is solved in
Sections III-B and IV-A by exploiting the SDP approach
using SDR and an iterative solution via EBCD meth-
ods, respectively. By exploiting these phase shifts of Unet

using the phase cooperation approach, the problem of EE
maximization at Inet can be feasibly solved. In this section,
we first optimize the EH coefficient (ϕk) of Inet by deriving
a closed-form solution that can effectively improve the
resultant EE. For a given BF vector and by employing phase
shifts of Unet, the optimization problem (P1) will become

(P1.1) : max
ϕ

RInet
k

1/η
∑KE+I

k=1 ||wDk ||2 + PC
(39a)

s. t. (14b), (14d), (14g) (39b)

To solve (P1.1) a closed-form solution for ϕk is derived by
using the achievable data rate constraint of Inet given as

RDk > RDk,min, ∀k ∈ KE+I, (40)
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where RDk,min is the minimum predefined data rate. Since
Dk can only decode data when (40) is met. Consequently,
the EH coefficient obtained by solving (40) is the optimized
ϕk, and it is given by

ϕk = 1 − �Dk,minσ
2
k

|fHDk
wDk |2 − �Dk,min

∑
j �=k |fHDk

wDj |2
− ε. (41)

Proof: Please, refer to the Appendix. �
By defining a pre-threshold ĒHk and using (41), the

constraint (14b) can be easily satisfied. Next, by substituting
optimize ϕk in (P1), the resultant problem can be simplified
to a transmit BF optimization similar to (P*

2.1), which can be
feasibly solved by using Section III-A heuristic approach.

VI. SIMULATION RESULTS AND DISCUSSION
In this section, we present numerical results to evaluate the
performance of the proposed framework and optimization
schemes. The performance is assessed by considering EE
maximization for both users and PS-SWIPT based SS-
IoT networks. The channel model is created based on the
3GPP propagation environment, and we adopt the simulation
parameters from various existing works [27], [34], [35]. We
consider two APs, APU and API, equipped with multiple
antennas for serving Unet and Inet, whereas within each
network we consider 6 users and 6 SS-IoT devices equipped
with single antennas and distributed randomly in a circular
region centered at (10, 0) with radius r{U,I} = 6 m
separately. The APs are located at (0; 0; 0), and the IRS is
deployed at a location of (XIRS = 6 m;YIRS = 8 m; 0).
For further simulation setup, the 3-D coordinate system
with network deployment is shown in Fig. 2. The channel
links between the APs-IRS and IRS to Unet and Inet are
mutually independent; hence, we adopt a line-of-sight (LoS)
channel model, i.e., the Rician fading model for APs-IRS,
whereas the channel links between the IRS to Unet and
Inet follow Rayleigh distribution as the users and devices
are deployed randomly. For the considered framework, the
path loss channel model is designed according to the 3GPP
propagation environment, and the channel model is expressed
as

GR,D = √
P(Lx)

{√
κ

1 + κ
GLoS +

√
κ

1 + κ
GNLoS

}

, (42)

hH{R,D}r,k
= √

P(Lx)

{√
κ

1 + κ
hH(L oS)

{R,D}r,k

+
√

1

1 + κ
hH(N LoS)

{R,D}r,k

}

, (43)

gH{R,D}d,k
= √

P(Lx)gH{R,D}d,k
. (44)

Here, P(Lx) is the distance dependent path-loss model given
by P(Lx) = C0(dx/d0)

−ax , where C0 is the path loss at the
reference distance d0, dx, and ax ∀x ∈ {APs-IRS, IRS −
Rk, Dk, APs − Rk, Dk} shows the distances and path loss
exponents of the individual links, respectively. Whereas,
aAPs-IRS = 2, aIRS-Rk,Dk = 2.5, and aAPs-Rk,Dk = 3.5 show

FIGURE 2. 3D-setup for network deployment.

their respective path losses. For the proposed network model
under consideration, we consider a bandwidth of 1 MHz
and noise variance σ 2

k , ∀k ∈ {U,I}. Moreover, we consider
κ = 5 dB as the Rician constant factor, GLoS, hH(L oS)

{R,D}r,k
, and

GNLoS, hH(N LoS)
{R,D}r,k

represent the LoS and non-LoS (NLoS)
components of reflected paths, respectively. The elements
of GNLoS and hH(N LoS)

{R,D}r,k
follow the Rayleigh fading model

with identical independent distribution (i.i.d.). The channel
coefficients for the direct path, i.e., without the IRS scenario
gH{R,D}d,k

are generated at random from a Gaussian normal
distribution. Furthermore, we consider that all users and IoT
devices have the same SINR requirements, i.e., �{R,D}k,m in =
4 dB, ∀k. Some other parameters we consider are η{R,D}k =
0.8, PC{U,I} = 5 dBm, μDk = 0.8, and εDk = 10−5.
The simulation results for the proposed framework are

evaluated based on the following baseline schemes.

• Baseline Scheme 1 (AO with IRS): The maximization
problem is solved for Unet using transmit BF and phase
shifts optimization by applying AO with IRS. The BF
vectors are optimized using heuristic approach whereas
the phase shifts are optimized via computationally
efficient SDR scheme. The CVX tool [66] is used to
solve the phase optimization, with threshold accuracy
and line-search accuracy set to ξ{U,I} = 0.001 and
ζ{U,I} = 0.1, respectively. For the proposed approach,
we consider 10000 Gaussian randomizations for. The
EE maximization is then performed for Inet by using
the heuristic BF algorithm and the Unet optimal phase
shifts �.

• Baseline Scheme 2 (Low Complexity Alternative
Solution with IRS (LCAS)): The phase shifts and BF
vectors are optimized via low complexity alternative
solution. For IRS phase optimization, EBCD approach
with 3000 iterations and a convergence accuracy of
ξ = 0.001 is used.

• Baseline Scheme 3 (Discrete IRS Phase Shifts (DPS)):
A discrete set of IRS phase shifts is considered by
using the approaches of [67] and [35]. The optimal
discrete phases are obtained as ν∗

n = exp(jβn,l∗) ∀n ∈
{1,N},∀l∗ ∈ {1,L}, where L = 2B0 shows the total
number of discrete phase shifts, and B0 represent the
IRS phase resolution bits. The optimal set of DPS are
selected from SDR or EBCD approach for employing
phase optimization.
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FIGURE 3. Convergence behaviour of Algorithms 1 and 3.

• Baseline Scheme 4 (Random IRS phase shifts (RPS)):
The phase shifts of IRS are randomly generated, and the
BF optimization is performed by heuristic schemes. For
SWIPT network PS ratio is obtained via closed-form
expression.

• Baseline Scheme 5 (Without IRS (W/O IRS)): The
system model is reduced to conventional wireless PS-
SWIPT based Inet without IRS support. The APs
employ a direct communication link in the presence of
obstacles, considering the practical path loss channel
model.

To benchmark the performance of MMSE scheme, we also
analyze rate curves of above baseline schemes using ZFBF
method discussed in Section III-A.

A. CONVERGENCE ANALYSIS OF ALGORITHM 1 and 3
First, we analyze the convergence behavior of algorithms 1
and 3 with continuous phase shifts as presented in Fig. 3. We
analyze the EE performance curves versus iteration numbers
for the discussed framework using a fixed number of APs
antennas and varying IRS reflection elements, i.e., MU = 10
and N = 32, 64, and 128, respectively. The performance
curves in Fig. 3 prove the convergence of the AO and
the LCAS algorithms, clearly indicating that after a few
iterations, the EE curve shows stable convergence behavior
at a single point, thus confirming the convergence of both
algorithms. It is also noteworthy that when the algorithms
converge, they achieve a relatively similar performance at a
small number of IRS elements, validating the theoretical and
computational analysis discussed in Sections III-B and IV-A
for Algorithms 1 and 3.

B. PERFORMANCE ANALYSIS OF UNET

For the proposed PCNet, the optimal phase shifts of Unet

are exploited by Inet to improve the EE performance
without constraining resources. Hence, we first investigate
the performance of Unet from some aspects with the outlined
baseline schemes. The sum rate and EE performance metrics
are plotted against the maximum transmit power, i.e., PAPU

FIGURE 4. Sum rate versus PAPU .

FIGURE 5. Energy efficiency versus PAPU .

at APU, respectively, in Figures 4 and 5. As expected, with
increasing PAPU , both the sum rate and EE curves show
an increasing trend. By employing Algorithms 1 and 3, the
curve achieves a significant performance gain compared to
other baseline schemes. Furthermore, it is noted that the
proposed scheme with continuous phase shifts (CPS) and
DPS performs better than RPS and W/O IRS approaches,
which confirms that IRS can improve the performance of the
WIT networks. For transmit BF comparison, it is shown from
gain curves that ZFBF is asymptotically ideal at high values
of transmit power, whereas transmit MMSE BF achieves
higher performance than ZFBF through the entire range of
transmit power; however, MMSE performance relies strongly
on careful adjustment of the controlling parameter λk.

Next, we investigate the EE performance vs. the number
of IRS reflection elements N, which can be easily observed
to have a monotonically increasing trend as shown in Fig. 6.
With increasing N, the respective energy and information
signals become stronger at the intended receiver end; hence,
the EE performance of all baseline schemes shows improve-
ment compared to the W/O IRS case, and the performance
of proposed Algorithms 1 and 3 outperforms other schemes.
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FIGURE 6. Energy efficiency versus reflecting elements N .

Moreover, even the EE curve when employing the RPS
scheme also shows higher EE performance than the W/O
IRS scheme, particularly with large N, implying that the
IRS can bring a substantial rise in the performance gain of
conventional networks. Moreover, it supports the utilization
of IRS in place of active antennas and expensive RF modules
to reduce system costs.

C. PERFORMANCE ANALYSIS OF INET

In this section, by exploiting the optimal phase shifts of
Unet obtained via SDR and EBCD approaches, the EE
performance is evaluated for a PS-SWIPT based SS-IoT
network via effective phase cooperation. For the given
optimal phase shifts and optimal PS coefficients, the EE
curves vs. maximum transmit power available at PAPI are
shown in Fig. 7 for the considered baseline schemes. As
expected from Unet results, the EE of Inet also rises with an
increasing PAPI trend. By employing a heuristic BF approach
for the given optimal � and ϕk, the EE curves of Inet achieve
a significant performance gain compared with the W/O IRS
scheme, which confirms that using IRS phase cooperation
we can enhance SWIPT IoT networks performance.
Next, we unveil the potential of the varying IRS elements

of Unet on the EE performance of Inet in Fig. 7. We consider
different IRS reflecting elements for optimizing Unet � and
exploiting these constant optimal phase shifts via phase coop-
eration; EE curves are evaluated for Inet. The performance
curves validate the effectiveness of phase cooperation with
a monotonically increasing trend, as shown in Fig. 7 results.
Again, the EE achieved by the baseline scheme increases
compared to the W/O IRS phase cooperation case. This
implies that with improved phase shifts, a substantial rise
in performance gains for PS-SWIPT based SS-IoT networks
can be achieved.
Fig. 8 shows the PS-SWIPT network EE performance

against the overall circuit power consumption PC at API.
We set transmit antennas at MI = 10, exploit phase shifts
with N = 64, and PC ranges from 0 to 15 dBm. Further, we
considered a different transmit power budget for the proposed
scheme. Fig. 8 curves demonstrate that the EE declines when

FIGURE 7. Energy efficiency versus PAPI .

FIGURE 8. Energy efficiency versus PC at Inet .

FIGURE 9. Energy efficiency versus minimum energy harvested by Dk for
information decoding.

the circuit power increases, which is consistent with the EE
maximization principle. However, as PC further increases,
the slope of the declining curve decreases since optimization
is more prevalent in increasing network EE when PC is
low. The performance of EE curves with phase cooperation
outperforms those without phase cooperation.
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Finally we illustrate the EE versus minimum energy
harvested requirement of SS-IoT devices, i.e., ĒHk using the
baseline schemes in Fig. 9. As we can see, the proposed
solution with phase cooperation outperforms the bench-
marks significantly. Besides, IRS-enabled phase cooperative
systems are more resistant to minimum energy harvested
than conventional systems, as demonstrated by the difference
between the scheme with optimal phase shifts and the scheme
without phase shifts with increasing minimum harvested
energy.

VII. CONCLUSION AND FUTURE WORK
This article investigated a novel IRS-enabled PS-SWIPT
based SS-IoT phase cooperative framework with the for-
mulation of the EE maximization problem for designing
optimal transmission BF vectors, IRS phase shifts, and PS
coefficients. To solve the non-convex optimization problem,
first we applied an AO to the user network to derive transmit
BF vectors using closed-form heuristic solutions and optimal
phase shifts using a relaxed SDP scheme. Furthermore, we
have proposed an alternative solution of lower complexity
by decoupling the original optimization problem into sub-
problems to obtain the optimal phase shifts through an
iterative EBCD approach and transmit beamformers using
a heuristic scheme. Later, the EE maximization problem is
solved for the SS-IoT network by optimizing PS coefficients
and exploiting optimal phase shifts of the users network via
a phase cooperation approach. A quantitative comparison of
the proposed framework with the baseline schemes shows
that the proposed framework can achieve high EE benefits
at a low level of complexity. Further, the proposed frame-
work can significantly reduce hardware costs by deploying
IRS in conventional networks. With multiple IRSs-aided
phase cooperative networks, the proposed framework can
be feasibly extended in the future to a multi-user MIMO
SS-IoT network scenario. Future research may investigate
hierarchical and distributed optimization strategies to further
improve the scalability of the proposed phase-cooperative
framework, particularly in the context of large-scale IoT
network deployments. Additionally, the performance of the
considered network can be further analyzed by employing
heuristic methods and stochastic gradient descent techniques
for phase optimization under imperfect CSI conditions.

APPENDIX
A. DERIVATION OF OPTIMIZED EH COEFFICIENT
By substituting achievable rate expression in (40) we
obtained

log2
(
1 + �ID

Dk

) ≥ RDk,min, ∀k ∈ KE+I. (45)

Substituting SINR from (9) we have

log2

(

1 +
(1 − ϕk)|

(
hHD r,k�GD + gHD d,k

)
wDk |2

∑
j �=k (1 − ϕk)|

(
hHDr,k

�GD + gHD d,k

)
wDj |2 + σ 2

k

)

≥ RDk,min . (46)

Let us substitute fHDk
= (hHDr,k

�GD + gHDd,k
) for simplification

of representation
(

(1 − ϕk)|fHDk
wDk |2

∑
j �=k (1 − ϕk)|fHDk

wDj |2 + σ 2
k

)

≥ 2RDk,min − 1, (47)

(
(1 − ϕk)|fHDk

wDk |2
∑

j �=k (1 − ϕk)|fHDk
wDj |2 + σ 2

k

)

≥ �Dk,min, (48)

where �Dk,min is the minimum SINR.

(1 − ϕk)|fHDk
wDk |2 ≥ �Dk,min

(∑

j �=k
(1 − ϕk)|fHDk

wDj |2 + σ 2
k

)

, (49)

(1 − ϕk)|fHDk
wDk |2 − �Dk,min

∑

j �=k
(1 − ϕk)|fHDk

wDj |2

≥ +�Dk,minσ
2
k , (50)

(1 − ϕk) ≥ �Dk,minσ
2
k

|fHDk
wDk |2 − �Dk,min

∑
j �=k |fHDk

wDj |2
, (51)

ϕk ≤ 1 − �Dk,minσ
2
k

|fHDk
wDk |2 − �Dk,min

∑
j �=k |fHDk

wDj |2
. (52)

To ensure that ϕk always satisfy the condition mentioned
in (52), we introduce a new small slack variables ε such
that (52) becomes

ϕk = 1 − �Dk,minσ
2
k

|fHDk
wDk |2 − �Dk,min

∑
j �=k |fHDk

wDj |2
− ε. (53)
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