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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

ITH 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 ToT 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 uW, 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-
vation 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
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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 (U™¢")
and the IoT network (I"¢). 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 I"¢'. The key
contributions of this research are discussed next.

« This work presents an early attempt to solve the problem
of EE maximization for an IRS-enabled PS-SWIPT based
SS-IoT network using IRS phase cooperation method. The
optimization problem is developed to provide improved
EE of the proposed framework by exploiting the phase
cooperation between U™’ and I"¢' networks.

o For the proposed framework, the EE maximization
problem is solved by optimizing the transmit BF vectors
of U™ and 1", and IRS phase shifts of U™, 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 U"'. 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
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phase shifts optimization at the U"¥, a computationally
efficient semidefinite relaxation (SDR) approach is
employed. Moreover, the SDR relaxation’s higher-rank
solution is addressed by the Gaussian randomization
method.

o 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.

o 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 U™’ 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 U™,

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 x b is
denoted by the symbol C**?, and C\ 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)”, 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.

Il. 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 U"® having K information decod-
ing receivers/equipment’s (Rg) and 1" having Kgi+; EH
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and information decoding devices (Dy). Both the networks
are served through separate access points (A Ps), i.e., (APy)
and (AP:) for information transfer and energy+information
transfer to U™’ and I"¢, respectively under multiple-input
single-output (MISO) network configuration. The APy is
fitted with My and APt with M+ transmit antennas such that
My > K1 and M1 > Kg41, while each receiver pair has a
single antenna. An FDMA protocol is predicated between
APs for channel access, in which both U"! and I" pairs
operate on distinct license spectrum. Further, within each
network, users access channels via a space-division multiple
access (SDMA) scheme, where Ky g1y 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 APy and
Ry. The AP; shares the U™"”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
APy. Furthermore, for effective phase shifts cooperation, a
dedicated link is used between APy and AP;. Moreover, we
assumed perfect CSI at the APs,! 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 APy and AP; broadcast K different
messages spatially separated for transfer of information and
energy signals to U™ and I"“, ie., s; {i € Ki} and s;
{j € Kg4+1} with normalized power as E{|s;|*} = 1 and
E{|sj|2} = 1. At U™ the signal received (yr,) by Ry with
linear active transmit BF vector wg, € CMux1 4¢ APy and
passive phase shifts (®) at IRS after r multi-path reflections
is given as in eq. (1)

K1
v = (b 0GR +gfl, ) > wrisi+ 2w, Ve K (1)
i=1
Next, AP uses U™"’s IRS phase shifts ©, therefore at 1"’
the signal received by the Dy using AP active transmit BF

vector wp, € CMrx1 is given in eq. (2)
Ke+1
YD = (hgr,k ©Gp + ggd,k) Z WD;Sj
j=1
+zp;, Yk € Kgq1, (2

where in (1) and (2), hf € C>N, hf e C™V are the
channel gains from the IRS to the U™ and 1", respectively
and Ggr € CV*Mv_ Gp e CN*M1 show the respective channel
gains from APy and AP: 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].
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FIGURE 1. IRS-aided phase cooperative framework with users and PS-SWIPT based
SS-loT networks.

links from APs to users and IoT devices are represented by
ggd’k and gfj . respectively. The passive reflection matrix of
U™, represented by the diagonal matrix ® € CN*V, provides
information on the amplitude and the phase shifts reflection
coefficients, i.e.,

O = diag(ﬂwjel Bad® ﬁNeJ"N), 3)

where 81, ..., 8y €[0,1]and 60y, ..., 6y € [0, 27r) show the
fixed amplitude reflection coefficients and IRS phase shifts
variables, respectively. In literature, the amplitude reflection
model is frequently assumed fixed, i.e., 8, = 1,Vn € N to
eliminate hardware complexity overhead [20]. The factors
R, € CNO, okz), and zp, € CNO, crk2) denote the respective
receiver additive noise with variance ak2 at Ry and Dy.

At U™, the SINR (I'g,) expression for the kth receiver
is given by eq. (4)

|(nf, O6r +gff,, )wr, 1

Yiik |(h{{r’k®GR + g{{dyk)wRilz + o}

FRk = N Vk S Kl,

“)

where >, |(h£1rk®GR + ggdk)wkil2 is  representing
interference term encountered by kth receiver.
The achievable rate of Ry can be denoted in eq. (5) by

Rg, = log,(1+Tx,), Vk € Ki. ®)
Accordingly, the sum rate (Ry) of U™ is calculated as
Ki
Ry =D Re,. VkeKki 6)
k=1

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 (¢f) and
(1 — @) as the power harvesting coefficient and the ID
coefficient by Dg; 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, 7.

IoT devices receive a fraction of the power from yp,,
that is, ¢r for EH and the remaining fraction (1 — @) for
decoding information. After performing EH, the received
signal available for ID is represented as in eq. (7)

¥y = /1 — uypy + @en
Kg+1
=41- (pk<thlr,k®GD + gFDId’k) Z WD), 5;

=1
+ V1 —@rzp, + wen, Yk € Kg41, @)

here, weyp is representing the thermal noise introduced by
the circuitry due to phase offset (with zero mean and
o2 variance) [48]. Furthermore, the noise factor after EH,
ie., (M)ZDk, is very small and can be ignored.
Consequently, the information signal received at the kth

SS-1oT device (Dg) after EH is represented as in eq. (8)

Ke41
y})Dk = (\/ 1 — (pk) (hgr.k@GD + ggd,k> Z WD; Sj
J=1
+ wen, Vk, 3

The corresponding SINR expression is given by

" (1= gl (0, OGD + gl )W,
Sia (=00l (b OGp + gl Jwn, |2 + o

D , Vk. (9)

where Zﬁék a- (pk)|(hgr_k®GD + gg d’k)ijlz denotes the
interference term encountered by the kth device of I™.
Consequently, the achievable rate of Ry and the sum rate of
1" can be stated in eq. (10) and eq. (11), respectively as

Rp, = logy(1 + D)), Vk € Kg41. (10)
) Ke+1

Ri =) Ry Vke€Kgqr. (11)
k=1

Similarly, the received signal for EH is given by

EH
ka = A/ (pkka
Kg41

= V¥ <hgr,k®GD + ggd,k) Z WD;Sj + v/ PkZDy»
Jj=1
Vk. (12)

Here, the power harvested from additive noise, i.e., \/@xzp;,
is very low compared with signal harvesting power and hence
can be neglected [34], [49]. The Dy can only decode their
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data when they have a sufficient amount of energy. Therefore,
the amount of energy harvested by Dy, is provided by eq. (13)

Kg41
En =iy |(0fh, 06D +gff, )wo, s Vi € K,
k=1
(3)

where uy € [0, 1] represents the circuitry’s EH efficiency.
The PS-SWIPT technique is utilized effectively at 1",
which results in effective communication by exploiting
passive IRS phase shifts at U™ and active BF at AP;.

C. FORMULATION OF OPTIMIZATION PROBLEM

For the proposed IRS-enabled phase cooperative network
(PCpe:), our objective is to maximize the EE of 1.
Therefore, to perform EE maximization, we first optimize
the power harvesting coefficient, which improves I EH
power. Next, we optimize the precoding vectors wp, of
AP: by exploiting the optimal phase shifts of U"* while
keeping the transmit power of AP1 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 1"¢,
let us define 1 € [0, 1] as the power amplifier efficiency at
AP+, hence the total circuit power (Pc) consumed at AP
is denoted by Pc = n + Pap, + ZkKil Pp,, where Pap,
denotes the overall static power consumption at the AP;.
At the kth IoT device terminal, Pp, indicates the hardware
power dissipation. By assuming perfect CSI at all nodes,
we perform EE maximization of I by optimization of
the PS coefficient; ¢ {Vk € Kg41}, transmit BF vectors;
Wi (Wr = [wy, ..., wWg, ] € CMxxKe+1} | and employing
optimized phase shifts of U"¢" 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 I"¢ is represented as follows:

RIncl
(P;) : max e k (14a)
eW5O 1/n3 w12 + P
s.t. TB) > I'p s Vk€Kppr,  (14b)
Ke+1
2 lIwo,|I? < Pap,. (14c)
k=1
E
F© = VieKgy,  (14d)
PkMk
|®k,n,n| = 17 Vl’l € N9 (146)
0 <6, <2m, VneN, (14f)
0<gr <1, VkeKgq, (14g)
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TABLE 1. Qualitative comparison of proposed single IRS framework with multi-IRS
frameworks.

Feature Single IRS . _|Multi-IRS Networks
(Phase Cooperation)

Hardware Constrains Lower cost Higher cost

Power Consumption Lower Higher

Network Management Simplified Complex

Deployment Cost Lower Higher

Optimization Complexity Lower Higher

where optimization variables are implicitly considered in
the objective function for notational brevity, and f(£) =

kKjI |(hgrk®GD + gg ) WDy | is used for notational sim-
plicity. The constraint (14b) ensures the QoS requirements,
with I'p, ... = 2RPemin — 1, showing the minimum SINR
requirement of the k-th IoT device for ID, and Rp,
represents the minimum data rate required. The maximum
transmission power Pap; at APp is constrained by (14c),
where ||ka||2 and 6, illustrate the respective Euclidean-
norm of wp, and the n-th element of ®. The constraint (14d)
guarantees the EH requirements of the devices employing
E?-tk 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 (P;) 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 U" using AO and
then using those optimized fixed phase shifts ® to maximize
EE at 1" using EH coefficients and active BF optimization.

lIl. ALTERNATING OPTIMIZATION SOLUTION FOR uNET

To solve (Pp), an optimization problem is first formulated
for U™ to obtain the optimal phase shifts. Hence, an
EE maximization problem similar to (P;) is developed
for the U", and a solution is provided via an AQO. In
particular, we dissociate problem (P;) into passive phase
shifts optimization and active BF optimization sub-problems
for U and address them alternatively. To solve (P;) via
AO, we employed low computational heuristic sub-optimal
solutions, i.e., MMSE and ZFBF, to obtain the beamformers;
Wy (Wy = [wy,...,wg] € CMoxKi} with closed-form
solutions, while the passive phase shifts of U are optimized
using a semi-definite programming (SDP) approach. Further,
it is noticeable that IRS is deployed for U"; therefore, in
the case of IRS-enabled U", the total gower consumed is
given by Pc = n + Pap, + Py + > ., Pr,. where the
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factor Py denotes the power consumption at the IRS terminal
and PR, shows power dissipation at the k-th user device.
Hence, similar to (P;) but only with the WIT technique,
the optimization problem for U™ with only ID receivers is
formulated as

RU}’[(T
(P2) : max —t (15a)
Wo.® 1/n3 L [IwR, 12 + Pc

S. t. FRk > FRk,min’ Vk € Kj, (15b)

K1
D lIwrl? < Pap,, (15¢)

k=1
|®k,n,n| =1, VneNl, (15d)
0<6n,<21, VneN, (15¢)

here, 'Ry in = 2RRemin _ presents the k-th IDR minimum
SINR requirement, and Rg, ., shows the minimum data
rate required by Ry receiver. The factors ||ka||2 repre-
sent the Euclidean-norm of wg, and 6, signify the n-th
element of ®. The maximum transmission power available
at APy is denoted by Pap,. While (P2) 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, (P») poses significant computational challenges
due to the non-convex nature of the objective function and
the related constraints outlined in (15b), (15¢), and (15e),
which have not been tackled in this specific context before.
Therefore, to solve (P3), 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

(P») is transformed into an EE maximization problem under
the individual user’s data rate constraint for a given ©.
Hence, for U™ the (P;) is reformulated into sub-problem as
follows

Rgnet
(P2.1) : max (16a)
Wo  1/n3 L IIWR 2 + Pc
s.t. (15b), (15¢) (16b)
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The stated constraints allow (P;.1) to be tractable; as a result,
the heuristic closed-form BF schemes are investigated below
to obtain sub-optimal solution.>

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 (Py1) is tractable, if the users required data
rate increases or the APy transmit power lowers, the
maximization problem becomes infeasible for a given ®
under the constraint (15b). To solve this, (P;.1) is reformu-
lated as a power minimization problem given as

K1
* . : 2
(szl) cmin Y Iwg, |
Wo o

s.t. g, > FRk,min’ Vk € Kj.

(17a)

(17b)

(P;_ 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., \/ |(hH @GR + gFR’ . k)kalz =

(hH OGR + gR . k)ka > 0. Addltlonally, let’s define two-
fold channel gains as follows for ease of representation:
k = (h rk®GR + ngk). Hence, using the inner product

property, the constraint (15b) can be reformulated as [58]

1
2
ﬁwf{kw}zk >y 2|f§’ka,{| +tle
Ry min Ok i#k k

\%

: R(fgk WRk)

— > [T
1—‘Rk,min Ulcz i#k O

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;_l) can be solved feasibly using convex optimization

ka|2+1 (18)

2Heuristic BF schemes discussed in Section III are applied to both U’
and 1. Here, general notations are used, i.e., k € K{j g41}-
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theory [50], [58]. Specifically, the strong duality and Karush
Kuhn Tucker (KKT) conditions are sufficient to solve
(P;]) [60]. Hence, by employing strong duality and KKT
conditions, the Lagrangian function defined for (P;l) is
obtained as

LWz, A I>—Z||ka|| +Zxk(20 £ wi 2 + 1

k=1 i#k
i we ) (19)
— o 7 IRyWR s
1—‘Rk,min k ‘
where At = [A, ..., ], A = 0 (k € {1,...,K1}) is

the Lagrangian multiplier associated with the k-th SINR
constraint and can be computed using convex optimization
or fixed point equatlons [61]. The dual functlon is

,,,,,

of [(Pz_g), [62]] 1mphes that the total power is Zkz] ||ka||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;l) under given ® is expressed as

* = % = %
Wgr, = vV PkWg,, Wwhere wgp

-1
K1 A
(IMU + Zi:ll U_lngif{in> fry 20)

) —1
H <IMU + Zszll %fRifllili) fry

where the factor Py shows the BF power at the APy and

v'v}’gk signify the uniform BF direction for k-th user. The
factor Ins, shows the identity matrix. Since we obtain the
BF directions, the unknown power factors associated with
Kj users can be obtained by using the equality condition of
constraint (18) at the optimal solution. Hence, for Kj known
BF linear equations, the corresponding power factors can be
obtained as [62]

Py o1
D =A" , 1)
PK[ GK[
[ VR 1, i=j,
where [A];; = FRk g /

_|fHkWRk| ’l 7+_.]s

Now, (20) and (21) combined provide an optimal closed-
form BF solution for (P;l) as a function of simple Lagrange
multipliers. Using this optimal BF structure obtained by solv-
ing (P;_l), we can easily solve our original EE optimization
problem, i.e., (P2.1). The solution to (P; 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;_l), the optimal BF
solution for (Py.1) is provided as

-1
K A
(IMU + Z,‘:I1 U_sziflliI,-) ka
Wfik =Py k , Vk € K.

-1
Ki A
H (IMU + 2 (,—szR,-fg,) fr, H

(22)
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For Kj users, the matrix inversion in (22) remains
the same; hence the optimal BF matrix for I" can be
represented as Wi {Wj = [w],...,wg] € CMuxK1} and
the channel matrix for IRS-enabled network as Fy =
[f,fa, ..., fx] € CMuXKl where fgk = (h{{rk(@GR +g§’dk).
The resultant combined channel response can be expressed
as Z[K:II %fRifIliIi = U%FUAFSI . Thus, it is feasible to derive
the compact BF matrix as

1
®* 1 H 1
Wi = (In + _ZFUAFU FyP2, 23)
o

where A = diag(Ay,..
having Kj A-parameters. P2 shows the square root of
power allocation matrix given as P = diag(Py/||(Ip, +
LFG AR T2, P /I, 4+ SFuAFD) ™k 1).
So, the optimum BF from (23) will provide the optimal
SINR, which in result maximizes (P>.1).

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

., Aky), 1s a diagonal matrix

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 F#, i.e., Fy(F/Fy)~!. 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

WP =y (R ) AT, 24)
where the factor P shows the modified power allo-
cation matrix provided as P = diag(Py/ ||(O’21KI +
AFHFD) U112, ., Pr /1101 + AFHFy) g 113, 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,b, MMSE 1is 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
A = XA, Yk € K1, the subsequent expression for MMSE
optimal BF is obtained as

-1

wWiMMSE) _ g (IKI 4 %FGIFU> PI. (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, A is referred as the regularization
parameter that satisfies the sum property of transmission
power, i.e., Zﬁl A; = P with A = P/K. Consequently, using
a standard line search method, (25) provides an optimal
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solution for a particular transmission case by adjusting the
A-parameter.

B. PASSIVE PHASE OPTIMIZATION

By utilizing the optimal transmit beamformers W;; obtained
in Section III-A, the phase shifts optimization can be solved
for (Py). The reformulated sub-problem is given as

Une[
P :maxk— 26a
(P22) SR e P Pe (262)
s.t. (15b), (15d), (15¢) (26b)

The non-convex constraints make (Py») an NP-hard
optimization problem; however, by making a few variable
changes, the problem can be feasibly transformed into a
tractable form. Let hiy ©Grwg = v"a;; and hfj wi =
bix where v = [vy,..., vyl for v, = e Vn € N and
ajr = (hy JOGrwg € CMrRsx! 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 (Py,). As
a result, a slack variable, B, is introduced to deal with the
Kj residual SINR. The reformulated sub-problem is stated
as follows by substituting new variables

(Py,) : max > ok Br (27a)
v B
v ag k+bi il
b P > TRy + B (27D
° Z;;lkh’Hai,k'i‘bi,k\z-i-okz = " Rimin + Br ( )
val=1, VneN, B=0, Vkek.  (2Tc)

where (15d) transforms into a non-convex unit-modulus
constraint, i.e., |vn|2 = 1,Vn. Although (P>>+) is a non-
convex optimization problem, the fully separable phase shifts
allow the constraints to be expressed in quadratic form given

as
H H
X, = agkai’k aj kb 5= v
’ ai,kbi,k 0 1

By using algebraic manipulations, we obtain ﬁHXi,kf) =
Tr(VX) where V = w»p. 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;z)

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

(P35) : > B

keKy
s.t. Tr(VXex) + biil® = Try s,

Ky

H > (Tr(vx,-,k) + |b,-,k|2)} + o,f} + B, (28b)
ik

dlag(v) = [I]N-‘rlxlv

V>0, p=>0, Vkek,

max

(28a)
Vel (B,

(28¢)
(28d)

where V € H" guarantees V > 0. (P7%) is now a standard
semi-definite convex programming (SDP) problem that can
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Algorithm 1 AO Algorithm for Solving (P3)

Initialization: r: the iteration number, £ > 0: convergence
accuracy, wg)k) , v©: initial feasible solutions:
Calculate the initial objective value of problem (P3);
Perform: AO algorithm,;
1. Given v, w}({?: Calculate w]({:rl) by solving
problem (P 1) with Heuristic Approach;
2. Given w,((r'H) and v Calculate v+ by solving
problem (P3%) with SDR Approach;
i. Obtain V by solving (P3%) using CVX;
ii. Perform Gaussian rapdomization to obtain
v=UY"2r;
iii. Obtain phase shifts using
v =8N/ VN5
3. Update: transmit beamformers W3, phase shifts v*;
Repeat r = r+ 1 until (P2) objective value falls below a
threshold accuracy i.e., (15a)<é&.

be solved optimally using the MATLAB-based modelling
tool CVX for convex optimization [66]. However, (P3%)
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 Vas V=U>»" U”. Afterwards, we obtain

the modified solution to (P;Q) as v = UZ% r, where r ~
CN(0, Iy, 1) € CN+Dx1 i5 a random vector selected from
a large number of random generalized circularly symmetric
complex Gaussian (CSCG) vectors for maximizing the
objective fupction of (P;Q). The resultant solution of the
problem (P;‘z) is obtained by v* = e/arg(ﬁ[l;N]/\_J[NH])
which satisfies the constraint (27¢). The resulting approach
offers at least a m/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 (P;). 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(KiM?). Additionally, a one-dimensional
search (using standard line search) for A is also required.
Therefore, MMSE algorithm complexity is illustrated as
O (KiM?)), where I, shows the iteration numbers required
to find A. For phase shift optimization, the problem
(P22) 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 (P> ) in solving the SDP problem can be expressed
as O((N + 1)33) [28]. The total complexity of solving
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Algorithm 118 Oy (I, (KiM?)+Tinn (N 4 1)3)), where I,
and I,,,; 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 (P,3),
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 I'V-B, we reformulate the optimization problem (P> )
and use an iterative approach to solve for phase optimization.
The reformulated sub-problem by substituting variables is
given by

(P23)  max Yo (v + )P 29)
s.tlvl=1, VneN, (29b)

where v = [v,...,von] for v, = &% ,¥n € N,
arx = diaglhfl )Gr € C>M, and gff = dff,. The

constraint (15e) is now transformed into a unit-modulus
constraint, i.e., |vn|2 =1,Vn. (P3) 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 v, i.e., v, (Vn € N)
given the other phase shifts, v; (VI € N) where | # n as
fixed. The sub-problem is presented as

(PZ 3) :max  f(v)
: v
s.t. vy =1, VYneN.

(30a)
(30b)

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

N
fO) =Y vQU Dvf +2R{v,0,} + S (31)
I#n
where
Q=) apal}. VkeKi. 32)
k
N
O =) Q. by — d(n), (33)

I#n
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Algorithm 2 EBCD Algorithm for Solving (P> 3)

Input: vflo): initial feasible solution, r: iteration number,
& > 0: convergence accuracy;
Output: Optimal solution, i.e., v};
Solve: Objective function, i.e., f (vﬁlo));
Repeat
for r = r+ ldo
for n =1 to Ndo
1. Solve (37) to calculate optimal v} {Vn € N},
for fixed v; {VI € N}, # n;
2. Obtain vy = {v], ..., v}, ..., vy}
3. Set v TD — v* and calculate FiThy;
4. Perform iterations till stopping criteria meets i.e.,

Lo el _ .

FotD) ’
end

end
until convergence;

9 =Y adl,. Vkeki (34)
k
N ~
S =Q(n,n) — ZRZvlﬂ(l) + Z (1%, Vk e Ki. (35)
I#n k

By dropping constant term S from (31) and taking into
account the unit-modulus constraint with some algebraic
properties, the sub-problem (PZB) becomes the given update
rule,

(36a)
(36b)

Consequently, by fixing v; {V/ € N},I # n the optimal
solution to (P;g) becomes

1,if v, = 0,
U* = _ﬂH
" SRR Vn € N, otherwise.
n

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

(PZZ) : max 2R{v,v,}
. -

s.t. |y =1, VneN.

(37)

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

K1
(P24) : min ;nwmﬁ (38a)
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Algorithm 3 Overall Low Complexity Alternative Algorithm
for Solving (P»)

Initialization: r: the iteration number, £ > 0: convergence
accurac O 50 jnitial feasibl lutions;
Y, WR,» V0 1nitial feasible solutions;

Repeat

1. Update IRS phase shifts by solving (P>3).

2. Update transmit beamformers by solving (P2.4).

3. Perform iterations until the objective value of (P3)

falls below threshold accuracy i.e., (152)< &.

until convergence;

s.t. T, > FRk,min’ Vk € K, (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 (P») optimization problem. This alternative
approach offers closed-form solutions for the optimization
variables, significantly enhancing computational efficiency.
By decoupling the optimization variables in (P;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 (P23) is OWN), where Iy denotes the number
of iterations required for convergence. For (P;4), which
is solved using the MMSE technique, the complexity is
O(KiM?). Consequently, the overall computational com-
plexity for jointly solving (P3) and (P>4) is given by
(’)(Iout(l,\(KIM3) ~+ IininN)), where [, and Iy represent the
number of inner and outer iterations, respectively, required
to achieve convergence.

V. EE OPTIMIZATION AT TNET

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

I’lf/
Rk

(P1.1) : max Kol (39a)
¢ 1/ny Ei wo |12 + Pe
s.t. (14b), (14d), (14g) (39b)

To solve (P;.1) a closed-form solution for ¢ is derived by
using the achievable data rate constraint of I"¢' given as

Rp, > RDk,min’ Vk € Kg41, 40)
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where Rp, ,, is the minimum predefined data rate. Since
Dy can only decode data when (40) is met. Consequently,
the EH coefficient obtained by solving (40) is the optimized
¢k, and it is given by

FDk min Glcz
Ve =1-— - —€. (41
|fI]§kWDI\' |2 - FDk,min Zj;ﬁk |fgkaj|2
Proof: Please, refer to the Appendix. |

By defining a pre-threshold EHk and using (41), the
constraint (14b) can be easily satisfied. Next, by substituting
optimize ¢ in (Py), the resultant problem can be simplified
to a transmit BF optimization similar to (P; 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, APy and APz, equipped with multiple
antennas for serving U™ and 1", 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 ry,;; = 6 m
separately. The APs are located at (0; 0; 0), and the IRS is
deployed at a location of (X[rgs = 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 U™ and I" 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 U™ and
1" 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
Grp = vP(Ly) [ KX _glos 4 [ K _gNosl (4
14+« 1+«

H . K H(Lo0S)
bk by, = VP (Lx){\/ T3 < MR.D)

1 HWNLoS)
Y T MR D) [ 43)
gl{r{?,D}d,k =V P(L")gl{r{?sD}d,k' (44)

Here, P(L,) is the distance dependent path-loss model given
by P(Ly) = Co(dy/dp)~*, where Cy is the path loss at the
reference distance dy, dy, and a, Vx € {APs-IRS, IRS —
Rk, Dk, APs — Rg, Di} shows the distances and path loss
exponents of the individual links, respectively. Whereas,
AAPs-IRS = 2, AIRS-Ry, Dy = 2.5, and AAPs-Ry, Dy — 3.5 show
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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 cr,?, Vk € {U, I}. Moreover, we consider

x = 5 dB as the Rician constant factor, G°S, hﬁ{(]b‘;sl, and

GNLoS hﬁ{%?of) represent the LoS and non-LoS (NLoS)
components of reflected paths, respectively. The elements
of GNLoS and h{g};;?of) follow the Rayleigh fading model
with identical indeperhdent distribution (i.i.d.). The channel
coefficients for the direct path, i.e., without the IRS scenario
gf{?,D}dk 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., I'\R D} i =
4 dB, Vk. Some other parameters we consider are n(r pj, =
0.8, Pcyy,;; =5 dBm, up, = 0.8, and ep, = 107°.

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 U" 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 &y, 1y = 0.001 and
tu, 1) = 0.1, respectively. For the proposed approach,
we consider 10000 Gaussian randomizations for. The
EE maximization is then performed for I"¢ by using
the heuristic BF algorithm and the U 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
& =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 v = exp(jf,,1x) Vn €
{1, N}, VI* € {1, £}, where £ = 250 shows the total
number of discrete phase shifts, and By 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.

o Baseline Scheme 5 (Without IRS (W/O IRS)): The
system model is reduced to conventional wireless PS-
SWIPT based 1" 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., My = 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 uVET

For the proposed PCpg;, the optimal phase shifts of U™
are exploited by I" to improve the EE performance
without constraining resources. Hence, we first investigate
the performance of U™ from some aspects with the outlined
baseline schemes. The sum rate and EE performance metrics
are plotted against the maximum transmit power, i.e., Pap,
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at APy, respectively, in Figures 4 and 5. As expected, with
increasing Pap,, 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 A.
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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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 1NET

In this section, by exploiting the optimal phase shifts of
U"" 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 Pap, are
shown in Fig. 7 for the considered baseline schemes. As
expected from U™ results, the EE of I also rises with an
increasing Pap, trend. By employing a heuristic BF approach
for the given optimal © and ¢, the EE curves of T¢ 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 U on the EE performance of I in Fig. 7. We consider
different IRS reflecting elements for optimizing U™’ ® and
exploiting these constant optimal phase shifts via phase coop-
eration; EE curves are evaluated for 1. 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 APr.
We set transmit antennas at M1 = 10, exploit phase shifts
with N = 64, and P¢ 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
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the circuit power increases, which is consistent with the EE
maximization principle. However, as P¢ further increases,
the slope of the declining curve decreases since optimization
is more prevalent in increasing network EE when P 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., EHk 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.

VIl. 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
logy(14+T1)) > Roy e ¥k € K1 (45)

Substituting SINR from (9) we have

(1= ¢0)|(h, ,OGp + gt )W, )

ek (1= g0l (0, OG + gl )wn, 2 + 07
Z RDk.min'

10g2<1 +

(46)

4324

. H _ H H . . .
Let us substltgte fp, = (hDr,k@)GD + gp, ) for simplification
of representation

< (I— (pk)|ffD]kak|2 ) > ZRDk,min -1, @7
Y (L — @I w2+ 02 ) ~ ’
( (1 — @) Iff wo, |2 ) _ )
Z 1 Dkmin>
Zj;ﬁk a- ‘Pk)|fngD,|2 + GkZ -

where I'p, ;. is the minimum SINR.

(1 — @I, wo, |* = Tp (Z (1 — o)l wp, > + o,f), (49)

J#k
a- (pk)lfngDklz - FDk,minZ (I — o)l D,(WD,|2
J#k
2 +FDk.minU](2’ (50)
PDewin 07
(1 — (pk) > ,min 7 (51)
|fngDk |2 - l—‘Dk.min Z]y’:k |fngDj|2

Ip, .. 072

or =1 Ds.min Ok (52)

BT H :
|kaka|2 = I'Dy i Zj;ﬁk |kaWDj|2
To ensure that ¢y always satisfy the condition mentioned

in (52), we introduce a new small slack variables € such

that (52) becomes
2
_ 1—‘Dk,mino'k
H 2 H 2
|kaWDk| - l—‘Dk,min Z];ﬁk |kaij|

Yk = —e€. (53)
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