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Abstract—Future wireless communication technologies must be
upgraded to serve the upcoming seamless data-intensive appli-
cations and support a minimum information rate. To this end,
an intelligent reflecting surface (IRS) technology was recently
proposed as a viable solution to cover the uncovered regions
with enhanced performance by means of a controlled wireless
environment using multiple reflecting elements. In this paper,
to elevate the end-user experience, we intend to improve the
outage probability (OP) performance utilizing multiple IRS for
multiple-input-multiple-output (MIMO) communication systems
under a generalized η–µ fading channel, which is suitable for
non-line-of-sight (NLOS) scenarios. We derived a closed-form
expression for OP and validated the same using a rigorous Monte-
Carlo (MC) simulation setup under the considered system model.
A comprehensive analysis of each system parameter impacting
the likelihood that the communication channel supports the
information rate has been detailed based on the number of IRSs,
the number of reflecting elements, antenna count at transmitter
and receiver, fading parameters, and the placement of IRSs.
Results suggest that employing multiple IRSs reduces the outage
scenarios in blockage zones, and further improvement can be
observed with multiple antennas positioning the IRSs closer to
either the transmitter or the receiver. Furthermore, we present
an energy efficiency (EE) assessment for the multi-IRS system.

Index Terms—Intelligent reflecting surface, outage probability,
multi-IRS, multi-antenna, η–µ fading channel.

I. INTRODUCTION

The intelligent reflective surface (IRS) (a.k.a. reconfigurable
intelligent surface) is emerging as a transformative technology
with significant potential to influence the development of next-
generation wireless communication systems, including 6G cel-
lular networks [1]. In a nutshell, an IRS panel comprises multi-
ple low-cost passive meta-material surface elements steered by
a controller to guide the incident electromagnetic (EM) signals
toward the intended direction by adjusting their reflecting
angles to enhance the end-user experience by maximizing the
received signal-to-noise ratio (SNR) [2]. The configuration
thus established will now be able to control the uncontrollable
wireless radio environment with ease, which has attracted
significant attention from academia and industry [3], [4]. IRS
technology tunes the beam (active/passive/jointly) to direct
electromagnetic waves toward a specified target [5]. This
functionality enables IRS-assisted systems to mitigate deep-
fading conditions by dynamically reconfiguring the wireless
environment.

Suresh Penchala and Shravan Kumar Bandari are with the Department
of Electronics and Communication Engineering, National Institute of Tech-
nology Meghalaya, India (e-mail: penchalasuresh@gmail.com, shravnban-
dari@nitm.ac.in).

V.V. Mani is with the Department of Electronics and Communication
Engineering, National Institute of Technology Warangal, India (e-mail:
vvmani@nitw.ac.in).

IRS technology is adaptable and suitable for various ap-
plications, covering indoor and outdoor wireless systems, 6G
mobile networks, and satellite communications [6]. Various
technological advancements, including multiple antenna sys-
tems [7], generalized frequency division multiplexing (GFDM)
[8], [9], orthogonal time frequency space modulation (OTFS)
[10], and network optimization [11], have been developed
to enhance the performance of wireless communication. The
utilization of the non-orthogonal multiple access (NOMA)
scheme in the IRS application was examined in [12]. The
authors in [13] employed an IRS to improve the performance
of a dual-hop system that combines free-space optical and
radio frequency (FSO-RF) technologies. Subsequently, the
authors in [14] expanded their investigation on the IRS to
include unmanned aerial vehicle (UAV) networks. Moreover,
the concept of employing IRS-assisted transmission for effi-
cient communication has been thoroughly examined in rela-
tion to co-operative relay [15], space shift keying [16], and
backscatter communication technologies [17]. Recent studies
have explored practical IRS deployment aspects such as indoor
panel positioning and field trials for single and multi reflection
architectures [18], as well as AI-driven control approaches
like deep reinforcement learning applied to UAV-mounted IRS
[19].

On the other hand, wireless communication channels are
subject to fading due to interactions like reflection, scattering,
and diffraction as signals propagate. These effects cause fluctu-
ations in signal strength and quality, which traditional models
such as Rayleigh and Nakagami-m distributions only partially
capture [20]. To address the limitations of these models,
the η–µ fading channel was introduced as a more versatile
framework [21]. It can describe a wide range of fading
scenarios by accounting for diverse scattering environments
and providing a better fit to experimental data. It is customary
to analyze the performance of any new technology in an
uncontrollable, random wireless fading environment. The de-
ployment of IRS technology allows for improved control over
channel conditions by intelligently positioning the IRS panel at
desired locations. This helps mitigate channel randomness and
enhances overall system performance in terms of bit/symbol
error rates (BER/SER), Ergodic capacity, outage probability
(OP), and energy efficiency (EE).

In [22], an IRS-assisted network in Nakagami-m fading
was proposed, and closed-form expressions for the outage
probability, average symbol error probability, and channel ca-
pacity were derived. Results suggest the superior performance
of the IRS-aided communication system compared to the
conventional one. Study in [23] examines the IRS technology
in enhancing wireless communication under a Weibull fading
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channel. It highlights the improvement in spectral efficiency,
outage probability, and SER through increased IRS elements
and better phase accuracy. A dual IRS-assisted system with
separate IRS placements near the source and destination,
enabling communication without a direct link, was investigated
in [24]. Closed-form OP and SER expressions are derived
for Rician and Rayleigh fading, with results showing superior
performance and energy efficiency compared to a single IRS
setup. The OP of a single-input-single-output (SISO) wireless
system using multiple IRS panels in κ–µ fading channels
was investigated in [25]. Selecting the best IRS panel ensures
optimal quality of service (QoS) for single-node communi-
cation. [26] investigates the OP and asymptotic sum rate in
multi-IRS-assisted networks operating over Rayleigh fading
channels. It was observed that the number of IRSs and the
number of reflecting elements play an important role in the
capacity scaling law of multiple RIS-aided networks. A system
with multiple IRSs has been studied in [27] and analyzed
under Rician fading conditions, focusing on the OP, which
depends on the phase shifts of all IRSs. Studies demonstrate
that utilizing multiple IRSs significantly enhances wireless
communication in terms of coverage and service quality. The
collaborative utilization of multiple IRSs significantly en-
hances the received signal power [28]. Furthermore, situating
IRSs in diverse locations guarantees that signals can still
access the receiver via alternative routes, even if certain paths
encounter significant fading.

From these observations, it is crucial to highlight that the
outage probability analysis of a multi-IRS-enabled MIMO
communication system under η–µ fading channels under the
NLOS scenario between the transmitter (Tx) and the receiver
(Rx) remains unexplored. Additionally, we adopt a more
practical approach by modeling the fading behavior with an
η–µ channel, which more accurately represents real-world
conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
multi-IRS-assisted communication system in a MIMO wireless
fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
adopt such a model for the Tx-IRSs and IRSs-Rx links,
employing a generalized η–µ fading distribution com-
bined with large-scale path loss, tailored for a multi-
antenna MIMO communication system supported by mul-
tiple IRSs.

• Using the derived signal-to-noise ratio and the central
limit theorem, we determined the mean and variance of
the overall cascaded wireless channel links.

• A framework to find the probability that a user is in an
outage scenario is also discussed through the obtained
theoretical expression. For completeness, the energy effi-
ciency comparing the multi-IRS system to the reference
single-IRS system is also discussed.

• We demonstrated the optimal placement of the IRS,
emphasizing its critical positioning near both the Tx and
Rx for a fixed transmitted signal power.

Receiver (Rx)Transmitter (Tx)

Lt - Antennas

Lr - Antennas

Obstacle

Fig. 1. Multi IRS aided MIMO wireless communication model

• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
II describes the system model, Section III outlines the theoret-
ical formulations for analyzing OP performance, Section IV
outlines the energy efficiency, and Section V examines the re-
sults obtained through Monte Carlo simulations and analytical
calculations. Finally, Section VI provides a discussion of the
conclusions.

II. SYSTEM MODEL

This paper explores the design of a MIMO wireless system
with Lt antennas at the transmitter (Tx), Lr antennas at
the receiver (Rx), and Z IRSs as shown in Fig. 1. The
system operates under η–µ fading channels, and we derive
a mathematical expression for the OP in the NLOS scenario.
Notably, we consider the direct link between the Tx and Rx
to be completely blocked due to tall buildings and is therefore
excluded from the analysis. Combining the effects of all Z
IRSs, the signal received at the Rx via Z independent paths
can be expressed as [29],

y =

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

gliprlifliq

]
x+ n (1)

The parameters of equation (1) along with their corresponding
notations are listed in Table I. glip = d

−α
2

TIl
δlipe

−jϕlip is the
channel between the p-th Tx and the l-th IRS, where δlip is the
channel gain between the p-th Tx antenna and the i-th element
of the l-th IRS, dTIl is the distance between the Tx and the l-th
IRS, and ϕlip is the phase of the Tx to the i-th element of the l-
th IRS channel. fliq = d

−α
2

IlR
ϑliqe

−jψliq is the channel between
the l-th IRS and the q-th Rx, where ϑliq is the channel gain
between the i-th IRS element and the q-th Rx antenna, dIlR is
the distance between the l-th IRS and the Rx, and ψliq is the
phase of the IRS-to-Rx channel. rli = blie

jθli is the reflection
coefficient of the i-th element of the l-th IRS, where θli is
the phase shift applied by the i-th element of the l-th IRS.
Additionally, α represents the average path loss exponent. For
simplicity, this study assumes the optimal phase shift (OPS)
selection as θli = ϕlip + ψliq [30]. Assuming the optimal
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encounter significant fading.

From these observations, it is crucial to highlight that the
outage probability analysis of a multi-IRS-enabled MIMO
communication system under η–µ fading channels under the
NLOS scenario between the transmitter (Tx) and the receiver
(Rx) remains unexplored. Additionally, we adopt a more
practical approach by modeling the fading behavior with an
η–µ channel, which more accurately represents real-world
conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
multi-IRS-assisted communication system in a MIMO wireless
fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
adopt such a model for the Tx-IRSs and IRSs-Rx links,
employing a generalized η–µ fading distribution com-
bined with large-scale path loss, tailored for a multi-
antenna MIMO communication system supported by mul-
tiple IRSs.

• Using the derived signal-to-noise ratio and the central
limit theorem, we determined the mean and variance of
the overall cascaded wireless channel links.

• A framework to find the probability that a user is in an
outage scenario is also discussed through the obtained
theoretical expression. For completeness, the energy effi-
ciency comparing the multi-IRS system to the reference
single-IRS system is also discussed.

• We demonstrated the optimal placement of the IRS,
emphasizing its critical positioning near both the Tx and
Rx for a fixed transmitted signal power.
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• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
II describes the system model, Section III outlines the theoret-
ical formulations for analyzing OP performance, Section IV
outlines the energy efficiency, and Section V examines the re-
sults obtained through Monte Carlo simulations and analytical
calculations. Finally, Section VI provides a discussion of the
conclusions.

II. SYSTEM MODEL

This paper explores the design of a MIMO wireless system
with Lt antennas at the transmitter (Tx), Lr antennas at
the receiver (Rx), and Z IRSs as shown in Fig. 1. The
system operates under η–µ fading channels, and we derive
a mathematical expression for the OP in the NLOS scenario.
Notably, we consider the direct link between the Tx and Rx
to be completely blocked due to tall buildings and is therefore
excluded from the analysis. Combining the effects of all Z
IRSs, the signal received at the Rx via Z independent paths
can be expressed as [29],
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the distance between the l-th IRS and the Rx, and ψliq is the
phase of the IRS-to-Rx channel. rli = blie

jθli is the reflection
coefficient of the i-th element of the l-th IRS, where θli is
the phase shift applied by the i-th element of the l-th IRS.
Additionally, α represents the average path loss exponent. For
simplicity, this study assumes the optimal phase shift (OPS)
selection as θli = ϕlip + ψliq [30]. Assuming the optimal
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channel. It highlights the improvement in spectral efficiency,
outage probability, and SER through increased IRS elements
and better phase accuracy. A dual IRS-assisted system with
separate IRS placements near the source and destination,
enabling communication without a direct link, was investigated
in [24]. Closed-form OP and SER expressions are derived
for Rician and Rayleigh fading, with results showing superior
performance and energy efficiency compared to a single IRS
setup. The OP of a single-input-single-output (SISO) wireless
system using multiple IRS panels in κ–µ fading channels
was investigated in [25]. Selecting the best IRS panel ensures
optimal quality of service (QoS) for single-node communi-
cation. [26] investigates the OP and asymptotic sum rate in
multi-IRS-assisted networks operating over Rayleigh fading
channels. It was observed that the number of IRSs and the
number of reflecting elements play an important role in the
capacity scaling law of multiple RIS-aided networks. A system
with multiple IRSs has been studied in [27] and analyzed
under Rician fading conditions, focusing on the OP, which
depends on the phase shifts of all IRSs. Studies demonstrate
that utilizing multiple IRSs significantly enhances wireless
communication in terms of coverage and service quality. The
collaborative utilization of multiple IRSs significantly en-
hances the received signal power [28]. Furthermore, situating
IRSs in diverse locations guarantees that signals can still
access the receiver via alternative routes, even if certain paths
encounter significant fading.

From these observations, it is crucial to highlight that the
outage probability analysis of a multi-IRS-enabled MIMO
communication system under η–µ fading channels under the
NLOS scenario between the transmitter (Tx) and the receiver
(Rx) remains unexplored. Additionally, we adopt a more
practical approach by modeling the fading behavior with an
η–µ channel, which more accurately represents real-world
conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
multi-IRS-assisted communication system in a MIMO wireless
fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
adopt such a model for the Tx-IRSs and IRSs-Rx links,
employing a generalized η–µ fading distribution com-
bined with large-scale path loss, tailored for a multi-
antenna MIMO communication system supported by mul-
tiple IRSs.

• Using the derived signal-to-noise ratio and the central
limit theorem, we determined the mean and variance of
the overall cascaded wireless channel links.

• A framework to find the probability that a user is in an
outage scenario is also discussed through the obtained
theoretical expression. For completeness, the energy effi-
ciency comparing the multi-IRS system to the reference
single-IRS system is also discussed.

• We demonstrated the optimal placement of the IRS,
emphasizing its critical positioning near both the Tx and
Rx for a fixed transmitted signal power.
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• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
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conclusions.
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enabling communication without a direct link, was investigated
in [24]. Closed-form OP and SER expressions are derived
for Rician and Rayleigh fading, with results showing superior
performance and energy efficiency compared to a single IRS
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was investigated in [25]. Selecting the best IRS panel ensures
optimal quality of service (QoS) for single-node communi-
cation. [26] investigates the OP and asymptotic sum rate in
multi-IRS-assisted networks operating over Rayleigh fading
channels. It was observed that the number of IRSs and the
number of reflecting elements play an important role in the
capacity scaling law of multiple RIS-aided networks. A system
with multiple IRSs has been studied in [27] and analyzed
under Rician fading conditions, focusing on the OP, which
depends on the phase shifts of all IRSs. Studies demonstrate
that utilizing multiple IRSs significantly enhances wireless
communication in terms of coverage and service quality. The
collaborative utilization of multiple IRSs significantly en-
hances the received signal power [28]. Furthermore, situating
IRSs in diverse locations guarantees that signals can still
access the receiver via alternative routes, even if certain paths
encounter significant fading.

From these observations, it is crucial to highlight that the
outage probability analysis of a multi-IRS-enabled MIMO
communication system under η–µ fading channels under the
NLOS scenario between the transmitter (Tx) and the receiver
(Rx) remains unexplored. Additionally, we adopt a more
practical approach by modeling the fading behavior with an
η–µ channel, which more accurately represents real-world
conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
multi-IRS-assisted communication system in a MIMO wireless
fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
adopt such a model for the Tx-IRSs and IRSs-Rx links,
employing a generalized η–µ fading distribution com-
bined with large-scale path loss, tailored for a multi-
antenna MIMO communication system supported by mul-
tiple IRSs.

• Using the derived signal-to-noise ratio and the central
limit theorem, we determined the mean and variance of
the overall cascaded wireless channel links.

• A framework to find the probability that a user is in an
outage scenario is also discussed through the obtained
theoretical expression. For completeness, the energy effi-
ciency comparing the multi-IRS system to the reference
single-IRS system is also discussed.

• We demonstrated the optimal placement of the IRS,
emphasizing its critical positioning near both the Tx and
Rx for a fixed transmitted signal power.

Receiver (Rx)Transmitter (Tx)

Lt - Antennas

Lr - Antennas

Obstacle

Fig. 1. Multi IRS aided MIMO wireless communication model

• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
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ical formulations for analyzing OP performance, Section IV
outlines the energy efficiency, and Section V examines the re-
sults obtained through Monte Carlo simulations and analytical
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conclusions.
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with Lt antennas at the transmitter (Tx), Lr antennas at
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a mathematical expression for the OP in the NLOS scenario.
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to be completely blocked due to tall buildings and is therefore
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conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
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fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
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employing a generalized η–µ fading distribution com-
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antenna MIMO communication system supported by mul-
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• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
II describes the system model, Section III outlines the theoret-
ical formulations for analyzing OP performance, Section IV
outlines the energy efficiency, and Section V examines the re-
sults obtained through Monte Carlo simulations and analytical
calculations. Finally, Section VI provides a discussion of the
conclusions.
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Notably, we consider the direct link between the Tx and Rx
to be completely blocked due to tall buildings and is therefore
excluded from the analysis. Combining the effects of all Z
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TABLE I
PARAMETERS NOTATION SUMMARY

Symbol Description
Lt Number of transmit antennas
Lr Number of receive antennas
Z Number of IRS panels
Nl Number of reflecting elements per IRS
x Transmitted signal from Tx
y Received signal at Rx
n Additive white gaussian noise (AWGN)
glip The channel between the p-th Tx and the l-th IRS
fliq The channel between the l-th IRS and the q-th Rx
rli IRS reflection coefficient
θli Phase shift applied by ith element of lth IRS
dTIl, dIlR Tx-to-IRS and IRS-to-Rx distances
α Path loss exponent
δlip Fading gain from Tx to IRS element
ϑliq Fading gain from IRS element to Rx
Υ Effective cascaded channel gain
ζ Normalization term for SNR
γ Instantaneous received SNR
γth Outage SNR threshold
Λe, Λ2

v Mean and variance of Υ
ωm, ωv Mean and variance of η–µ variables
η Scattering parameter (η–µ model)
µ Clustering parameter (η–µ model)
Q(·) Gaussian Q-function
Q1/2(·, ·) Generalized Marcum Q-function (order 1/2)

phase and perfect reflection (bli = 1) at the IRS. In practical
implementations, discrete phase shifting (DPS) is employed
to restrict phase values to a finite set within the range [0, 2π],
where the phase shift is given by θlip = 2π

2b
f , Here f can be

0, 1, . . . , 2b − 1, and b indicates how many digits are used to
show each level [31]. As a result, the maximum received SNR
at the Rx can be expressed as [32],

γ =
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. When Nl is sufficiently large, the central

limit theorem (CLT) suggests that Υ is likely to follow
a Gaussian distribution [33]. As a result, γ will follow a
noncentral chi-squared (NCCS) distribution with one degree
of freedom. Furthermore, δlip and ϑliq are assumed to be
independent and identically distributed (IID) η − µ random
variables, characterized by the following probability density
function (PDF) [9], [34],

fP(ρ) =
2
√
π (1 + η)

µ+ 1
2 ρ2µ

√
η (1− η)

µ− 1
2 Γ (µ)

exp

[
−µ (1 + η)

2
ρ2

2η

]
Iµ− 1

2

[
µ
(
1− η2

)
ρ2

2η

]
(3)

where Γ(·) refers to the Gamma function, In(·) signifies the n-
th modified Bessel function of the first kind, η represents the
ratio of the non-centrality parameter to the scale parameter,

TABLE II
η–µ SPECIAL CASES

Description η µ

Rayleigh 1 0.5
Nakagami-m 1 m/2
Nakagami-q (Hoyt) q2 0.5

primarily influencing the spread or variability of the fading
envelope. The parameter µ represents the shape parameter
of the distribution, affecting the asymmetry of the fading
envelope. The generalized η–µ fading distribution is a versatile
model capable of encompassing several other distributions,
including Rayleigh, Nakagami-q, and Nakagami-m fading
channels, as special cases shown in Table II. It is especially
suitable for NLOS environments due to its capability to model
the intricate characteristics of signal propagation, including
non-uniform conditions influenced by scattering elements,
reflective surfaces, and diffraction effects. The jth moment
of η − µ distribution is given by [34],

E(Pj) =
2(2µ+j/2)Γ (2µ+ j/2)
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(4)

where 2F1 (·) is the Gauss hypergeometric function. Conse-
quently, by utilizing equation (4), we can determine the mean
and variance (at the top of the next page) as follows,

ϖm ≜ E(P) =
2(2µ+1/2)Γ (2µ+ 1/2)
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(5)

where E (·) and Var (·) are the expectation and variance
operators respectively.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the analytical expression for the
OP within the proposed generalized framework. The statistical
properties of Υ are necessary to derive the analytical expres-
sion of the performance metric under consideration. With this,
next we aim to find the mean and variance of Υ. Recalling
δkip and ϑkiq follow IID η–µ distribution functions, we have
the following,

E [δlipϑliq] = E [δlip] E [ϑliq] = ϖ2
m (7)

Var [δlipϑliq] = Var [δlip] Var [ϑliq] + Var [δlip] (E [ϑliq])
2

+Var [ϑliq] (E [δlip])
2

= ϖ2
v + 2ϖvϖ

2
m (8)

Consequently, the statistics of Υ can be derived as,

Λe ≜ E[Υ] = E

[
Z∑
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Nl∑
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(9)

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 2

channel. It highlights the improvement in spectral efficiency,
outage probability, and SER through increased IRS elements
and better phase accuracy. A dual IRS-assisted system with
separate IRS placements near the source and destination,
enabling communication without a direct link, was investigated
in [24]. Closed-form OP and SER expressions are derived
for Rician and Rayleigh fading, with results showing superior
performance and energy efficiency compared to a single IRS
setup. The OP of a single-input-single-output (SISO) wireless
system using multiple IRS panels in κ–µ fading channels
was investigated in [25]. Selecting the best IRS panel ensures
optimal quality of service (QoS) for single-node communi-
cation. [26] investigates the OP and asymptotic sum rate in
multi-IRS-assisted networks operating over Rayleigh fading
channels. It was observed that the number of IRSs and the
number of reflecting elements play an important role in the
capacity scaling law of multiple RIS-aided networks. A system
with multiple IRSs has been studied in [27] and analyzed
under Rician fading conditions, focusing on the OP, which
depends on the phase shifts of all IRSs. Studies demonstrate
that utilizing multiple IRSs significantly enhances wireless
communication in terms of coverage and service quality. The
collaborative utilization of multiple IRSs significantly en-
hances the received signal power [28]. Furthermore, situating
IRSs in diverse locations guarantees that signals can still
access the receiver via alternative routes, even if certain paths
encounter significant fading.

From these observations, it is crucial to highlight that the
outage probability analysis of a multi-IRS-enabled MIMO
communication system under η–µ fading channels under the
NLOS scenario between the transmitter (Tx) and the receiver
(Rx) remains unexplored. Additionally, we adopt a more
practical approach by modeling the fading behavior with an
η–µ channel, which more accurately represents real-world
conditions. To address this gap, in this work, we intend to
investigate the outage probability performance analysis of a
multi-IRS-assisted communication system in a MIMO wireless
fading channel environment. The key contributions of the
proposed system model are summarized as follows:

• A versatile channel model for evaluating various IRS-
assisted systems is highly significant. In this study, we
adopt such a model for the Tx-IRSs and IRSs-Rx links,
employing a generalized η–µ fading distribution com-
bined with large-scale path loss, tailored for a multi-
antenna MIMO communication system supported by mul-
tiple IRSs.

• Using the derived signal-to-noise ratio and the central
limit theorem, we determined the mean and variance of
the overall cascaded wireless channel links.

• A framework to find the probability that a user is in an
outage scenario is also discussed through the obtained
theoretical expression. For completeness, the energy effi-
ciency comparing the multi-IRS system to the reference
single-IRS system is also discussed.

• We demonstrated the optimal placement of the IRS,
emphasizing its critical positioning near both the Tx and
Rx for a fixed transmitted signal power.

Receiver (Rx)Transmitter (Tx)

Lt - Antennas

Lr - Antennas

Obstacle

Fig. 1. Multi IRS aided MIMO wireless communication model

• The theoretical expressions closely match the Monte
Carlo (MC) simulations, validating the proposed multi-
antenna, multi-IRS MIMO system in the η–µ channel.
We also analyzed and highlighted the impact of key
parameters on performance.

The structure of the paper is organized as follows: Section
II describes the system model, Section III outlines the theoret-
ical formulations for analyzing OP performance, Section IV
outlines the energy efficiency, and Section V examines the re-
sults obtained through Monte Carlo simulations and analytical
calculations. Finally, Section VI provides a discussion of the
conclusions.

II. SYSTEM MODEL

This paper explores the design of a MIMO wireless system
with Lt antennas at the transmitter (Tx), Lr antennas at
the receiver (Rx), and Z IRSs as shown in Fig. 1. The
system operates under η–µ fading channels, and we derive
a mathematical expression for the OP in the NLOS scenario.
Notably, we consider the direct link between the Tx and Rx
to be completely blocked due to tall buildings and is therefore
excluded from the analysis. Combining the effects of all Z
IRSs, the signal received at the Rx via Z independent paths
can be expressed as [29],

y =

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

gliprlifliq

]
x+ n (1)

The parameters of equation (1) along with their corresponding
notations are listed in Table I. glip = d

−α
2

TIl
δlipe

−jϕlip is the
channel between the p-th Tx and the l-th IRS, where δlip is the
channel gain between the p-th Tx antenna and the i-th element
of the l-th IRS, dTIl is the distance between the Tx and the l-th
IRS, and ϕlip is the phase of the Tx to the i-th element of the l-
th IRS channel. fliq = d

−α
2

IlR
ϑliqe

−jψliq is the channel between
the l-th IRS and the q-th Rx, where ϑliq is the channel gain
between the i-th IRS element and the q-th Rx antenna, dIlR is
the distance between the l-th IRS and the Rx, and ψliq is the
phase of the IRS-to-Rx channel. rli = blie

jθli is the reflection
coefficient of the i-th element of the l-th IRS, where θli is
the phase shift applied by the i-th element of the l-th IRS.
Additionally, α represents the average path loss exponent. For
simplicity, this study assumes the optimal phase shift (OPS)
selection as θli = ϕlip + ψliq [30]. Assuming the optimal
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TABLE I
PARAMETERS NOTATION SUMMARY

Symbol Description
Lt Number of transmit antennas
Lr Number of receive antennas
Z Number of IRS panels
Nl Number of reflecting elements per IRS
x Transmitted signal from Tx
y Received signal at Rx
n Additive white gaussian noise (AWGN)
glip The channel between the p-th Tx and the l-th IRS
fliq The channel between the l-th IRS and the q-th Rx
rli IRS reflection coefficient
θli Phase shift applied by ith element of lth IRS
dTIl, dIlR Tx-to-IRS and IRS-to-Rx distances
α Path loss exponent
δlip Fading gain from Tx to IRS element
ϑliq Fading gain from IRS element to Rx
Υ Effective cascaded channel gain
ζ Normalization term for SNR
γ Instantaneous received SNR
γth Outage SNR threshold
Λe, Λ2

v Mean and variance of Υ
ωm, ωv Mean and variance of η–µ variables
η Scattering parameter (η–µ model)
µ Clustering parameter (η–µ model)
Q(·) Gaussian Q-function
Q1/2(·, ·) Generalized Marcum Q-function (order 1/2)

phase and perfect reflection (bli = 1) at the IRS. In practical
implementations, discrete phase shifting (DPS) is employed
to restrict phase values to a finite set within the range [0, 2π],
where the phase shift is given by θlip = 2π

2b
f , Here f can be

0, 1, . . . , 2b − 1, and b indicates how many digits are used to
show each level [31]. As a result, the maximum received SNR
at the Rx can be expressed as [32],

γ =

(∑Z
l=1

∑Nl

i=1

∑Lt

p=1

∑Lr

q=1 d
−α

2

TIl
δlipd

−α
2

IlR
ϑliq

)2

Ex

No

=
Υ2Ex(∑Z

l=1 d
α
TIl

dαIlR

)
N0

= Υ2ζ (2)

where Υ =
(∑Z

l=1

∑Nl

i=1

∑Lt

p=1

∑Lr

q=1 δlipϑliq

)
, ζ =

Ex(∑Z
l=1 dα

TIl
dα
IlR

)
N0

. When Nl is sufficiently large, the central

limit theorem (CLT) suggests that Υ is likely to follow
a Gaussian distribution [33]. As a result, γ will follow a
noncentral chi-squared (NCCS) distribution with one degree
of freedom. Furthermore, δlip and ϑliq are assumed to be
independent and identically distributed (IID) η − µ random
variables, characterized by the following probability density
function (PDF) [9], [34],

fP(ρ) =
2
√
π (1 + η)

µ+ 1
2 ρ2µ

√
η (1− η)

µ− 1
2 Γ (µ)

exp

[
−µ (1 + η)

2
ρ2

2η

]
Iµ− 1

2

[
µ
(
1− η2

)
ρ2

2η

]
(3)

where Γ(·) refers to the Gamma function, In(·) signifies the n-
th modified Bessel function of the first kind, η represents the
ratio of the non-centrality parameter to the scale parameter,

TABLE II
η–µ SPECIAL CASES

Description η µ

Rayleigh 1 0.5
Nakagami-m 1 m/2
Nakagami-q (Hoyt) q2 0.5

primarily influencing the spread or variability of the fading
envelope. The parameter µ represents the shape parameter
of the distribution, affecting the asymmetry of the fading
envelope. The generalized η–µ fading distribution is a versatile
model capable of encompassing several other distributions,
including Rayleigh, Nakagami-q, and Nakagami-m fading
channels, as special cases shown in Table II. It is especially
suitable for NLOS environments due to its capability to model
the intricate characteristics of signal propagation, including
non-uniform conditions influenced by scattering elements,
reflective surfaces, and diffraction effects. The jth moment
of η − µ distribution is given by [34],

E(Pj) =
2(2µ+j/2)Γ (2µ+ j/2)

(2 + η−1 + η)
µ+j/2

µj/2Γ(2µ)

2F1

[
µ+

j

4
+

1

2
, µ+

j

4
;µ+

1

2
;

(
1− η

1 + η

)2
]

(4)

where 2F1 (·) is the Gauss hypergeometric function. Conse-
quently, by utilizing equation (4), we can determine the mean
and variance (at the top of the next page) as follows,

ϖm ≜ E(P) =
2(2µ+1/2)Γ (2µ+ 1/2)

(2 + η−1 + η)
µ+1/2

µ1/2Γ(2µ)

2F1

[
µ+

3

4
, µ+

1

4
;µ+

1

2
;

(
1− η

1 + η

)2
]

(5)

where E (·) and Var (·) are the expectation and variance
operators respectively.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the analytical expression for the
OP within the proposed generalized framework. The statistical
properties of Υ are necessary to derive the analytical expres-
sion of the performance metric under consideration. With this,
next we aim to find the mean and variance of Υ. Recalling
δkip and ϑkiq follow IID η–µ distribution functions, we have
the following,

E [δlipϑliq] = E [δlip] E [ϑliq] = ϖ2
m (7)

Var [δlipϑliq] = Var [δlip] Var [ϑliq] + Var [δlip] (E [ϑliq])
2

+Var [ϑliq] (E [δlip])
2

= ϖ2
v + 2ϖvϖ

2
m (8)

Consequently, the statistics of Υ can be derived as,

Λe ≜ E[Υ] = E

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

δlipϑliq

]
= ZNlLtLrϖ

2
m

(9)
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phase and perfect reflection (bli = 1) at the IRS. In practical
implementations, discrete phase shifting (DPS) is employed
to restrict phase values to a finite set within the range [0, 2π],
where the phase shift is given by θlip = 2π
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f , Here f can be
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show each level [31]. As a result, the maximum received SNR
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TIl
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IlR
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Ex

No
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TIl

dαIlR

)
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p=1
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)
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Ex(∑Z
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)
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. When Nl is sufficiently large, the central

limit theorem (CLT) suggests that Υ is likely to follow
a Gaussian distribution [33]. As a result, γ will follow a
noncentral chi-squared (NCCS) distribution with one degree
of freedom. Furthermore, δlip and ϑliq are assumed to be
independent and identically distributed (IID) η − µ random
variables, characterized by the following probability density
function (PDF) [9], [34],
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√
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2
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2η
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ρ2
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]
(3)

where Γ(·) refers to the Gamma function, In(·) signifies the n-
th modified Bessel function of the first kind, η represents the
ratio of the non-centrality parameter to the scale parameter,

TABLE II
η–µ SPECIAL CASES

Description η µ

Rayleigh 1 0.5
Nakagami-m 1 m/2
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primarily influencing the spread or variability of the fading
envelope. The parameter µ represents the shape parameter
of the distribution, affecting the asymmetry of the fading
envelope. The generalized η–µ fading distribution is a versatile
model capable of encompassing several other distributions,
including Rayleigh, Nakagami-q, and Nakagami-m fading
channels, as special cases shown in Table II. It is especially
suitable for NLOS environments due to its capability to model
the intricate characteristics of signal propagation, including
non-uniform conditions influenced by scattering elements,
reflective surfaces, and diffraction effects. The jth moment
of η − µ distribution is given by [34],
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where 2F1 (·) is the Gauss hypergeometric function. Conse-
quently, by utilizing equation (4), we can determine the mean
and variance (at the top of the next page) as follows,

ϖm ≜ E(P) =
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3
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;
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1 + η
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]
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where E (·) and Var (·) are the expectation and variance
operators respectively.
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In this section, we derive the analytical expression for the
OP within the proposed generalized framework. The statistical
properties of Υ are necessary to derive the analytical expres-
sion of the performance metric under consideration. With this,
next we aim to find the mean and variance of Υ. Recalling
δkip and ϑkiq follow IID η–µ distribution functions, we have
the following,
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phase and perfect reflection (bli = 1) at the IRS. In practical
implementations, discrete phase shifting (DPS) is employed
to restrict phase values to a finite set within the range [0, 2π],
where the phase shift is given by θlip = 2π
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f , Here f can be
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show each level [31]. As a result, the maximum received SNR
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ϖv ≜ Var(P) =
(

4
2+η−1+η

)µ+1

2F1

[
µ+ 1, µ+ 1

2 ;µ+ 1
2 ;
(

1−η
1+η

)2
]
−
[

2(2µ+1/2)Γ(2µ+1/2)

(2+η−1+η)µ+1/2µ1/2Γ(2µ) 2
F1

[
µ+ 3

4 , µ+ 1
4 ;µ+ 1

2 ;
(

1−η
1+η

)2
]]2

(6)

Λ2
v ≜ Var[Υ] = Var

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

δlipϑliq

]

= ZNkLtLr

(
ϖ2

v + 2ϖvϖ
2
m

)
(10)

Recalling γ = Υ2ζ and Υ2 is a NCCS distribution with one
degree of freedom having parameters Λe and Λ2

v , the PDF of
Υ2 can be given as [33],

fΥ2 (s) =
1

2Λ2
v

(
s

Λe

)− 1
4

e
−(s+Λe)

2Λ2
v I− 1

2

[√
sΛe

Λ2
v

]
(11)

Accordingly, the PDF of γ can be written as,

fγ (w) =
1

2Λ2
vζ

(
w

ζΛe

)− 1
4

e
−(w+ζΛe)

2ζΛ2
v I− 1

2

[
1

Λ2
v

√
wΛe

ζ

]

(12)
In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],

Poutage = Pr (γ < γth) =

∫ γth

−∞
fγ (w) dw

= 1−
∫ ∞

γth

fγ (w) dw (13)

∫∞
γth

fγ (w) dw =
∫∞
w=γth

1
2Λ2

vζ

(
w

ζΛe

)− 1
4

e
−(w+ζΛe)

2ζΛ2
v I− 1

2

[
1
Λ2

v

√
wΛe

ζ

]
dw

Substituting w
ζΛ2

v
= τ2, the above equation can be modified

as,

∫∞
γth

fγ (w) dw = 1
Λ

1
2
e

Λv

− 1
2

∫∞
γth
ζΛ2

v

τ
1
2 e

−




τ2+
Λe
Λ2
v

2



Im−1

[√
Λe

Λ2
v
τ
]
dτ

(14)
The Marcum-Q function can be given as [35],

Qm (a, b) =
1

am−1

∫ ∞

b

τme
−


τ2+a2

2


Im−1 (aτ) dτ (15)

Now comparing equations (14) and (15), we have the follow-
ing, ∫ ∞

γth

fγ (w) dw = Q 1
2

(√
Λe

Λ2
v

,

√
γth
ζΛ2

v

)
(16)

Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,

Poutage = 1−Q 1
2

(√
Λe

Λ2
v

,

√
γth
ζΛ2

v

)
(17)

where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK

Consequently, the OP can be restructured as shown here,

Poutage = Q

(√
γth
ζΛ2

v

−

√
Λe

Λ2
v

)
+Q

(√
γth
ζΛ2

v

+

√
Λe

Λ2
v

)

(19)

IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The
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TABLE I
PARAMETERS NOTATION SUMMARY

Symbol Description
Lt Number of transmit antennas
Lr Number of receive antennas
Z Number of IRS panels
Nl Number of reflecting elements per IRS
x Transmitted signal from Tx
y Received signal at Rx
n Additive white gaussian noise (AWGN)
glip The channel between the p-th Tx and the l-th IRS
fliq The channel between the l-th IRS and the q-th Rx
rli IRS reflection coefficient
θli Phase shift applied by ith element of lth IRS
dTIl, dIlR Tx-to-IRS and IRS-to-Rx distances
α Path loss exponent
δlip Fading gain from Tx to IRS element
ϑliq Fading gain from IRS element to Rx
Υ Effective cascaded channel gain
ζ Normalization term for SNR
γ Instantaneous received SNR
γth Outage SNR threshold
Λe, Λ2

v Mean and variance of Υ
ωm, ωv Mean and variance of η–µ variables
η Scattering parameter (η–µ model)
µ Clustering parameter (η–µ model)
Q(·) Gaussian Q-function
Q1/2(·, ·) Generalized Marcum Q-function (order 1/2)

phase and perfect reflection (bli = 1) at the IRS. In practical
implementations, discrete phase shifting (DPS) is employed
to restrict phase values to a finite set within the range [0, 2π],
where the phase shift is given by θlip = 2π

2b
f , Here f can be

0, 1, . . . , 2b − 1, and b indicates how many digits are used to
show each level [31]. As a result, the maximum received SNR
at the Rx can be expressed as [32],

γ =
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q=1 d
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2
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Υ2Ex(∑Z

l=1 d
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)
N0

= Υ2ζ (2)

where Υ =
(∑Z

l=1

∑Nl

i=1

∑Lt

p=1

∑Lr

q=1 δlipϑliq

)
, ζ =

Ex(∑Z
l=1 dα

TIl
dα
IlR

)
N0

. When Nl is sufficiently large, the central

limit theorem (CLT) suggests that Υ is likely to follow
a Gaussian distribution [33]. As a result, γ will follow a
noncentral chi-squared (NCCS) distribution with one degree
of freedom. Furthermore, δlip and ϑliq are assumed to be
independent and identically distributed (IID) η − µ random
variables, characterized by the following probability density
function (PDF) [9], [34],

fP(ρ) =
2
√
π (1 + η)

µ+ 1
2 ρ2µ

√
η (1− η)

µ− 1
2 Γ (µ)

exp

[
−µ (1 + η)

2
ρ2

2η

]
Iµ− 1

2

[
µ
(
1− η2

)
ρ2

2η

]
(3)

where Γ(·) refers to the Gamma function, In(·) signifies the n-
th modified Bessel function of the first kind, η represents the
ratio of the non-centrality parameter to the scale parameter,

TABLE II
η–µ SPECIAL CASES

Description η µ

Rayleigh 1 0.5
Nakagami-m 1 m/2
Nakagami-q (Hoyt) q2 0.5

primarily influencing the spread or variability of the fading
envelope. The parameter µ represents the shape parameter
of the distribution, affecting the asymmetry of the fading
envelope. The generalized η–µ fading distribution is a versatile
model capable of encompassing several other distributions,
including Rayleigh, Nakagami-q, and Nakagami-m fading
channels, as special cases shown in Table II. It is especially
suitable for NLOS environments due to its capability to model
the intricate characteristics of signal propagation, including
non-uniform conditions influenced by scattering elements,
reflective surfaces, and diffraction effects. The jth moment
of η − µ distribution is given by [34],

E(Pj) =
2(2µ+j/2)Γ (2µ+ j/2)

(2 + η−1 + η)
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2
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4
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2
;
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)2
]

(4)

where 2F1 (·) is the Gauss hypergeometric function. Conse-
quently, by utilizing equation (4), we can determine the mean
and variance (at the top of the next page) as follows,

ϖm ≜ E(P) =
2(2µ+1/2)Γ (2µ+ 1/2)

(2 + η−1 + η)
µ+1/2

µ1/2Γ(2µ)

2F1

[
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3

4
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4
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2
;
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(5)

where E (·) and Var (·) are the expectation and variance
operators respectively.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the analytical expression for the
OP within the proposed generalized framework. The statistical
properties of Υ are necessary to derive the analytical expres-
sion of the performance metric under consideration. With this,
next we aim to find the mean and variance of Υ. Recalling
δkip and ϑkiq follow IID η–µ distribution functions, we have
the following,

E [δlipϑliq] = E [δlip] E [ϑliq] = ϖ2
m (7)

Var [δlipϑliq] = Var [δlip] Var [ϑliq] + Var [δlip] (E [ϑliq])
2

+Var [ϑliq] (E [δlip])
2

= ϖ2
v + 2ϖvϖ

2
m (8)

Consequently, the statistics of Υ can be derived as,

Λe ≜ E[Υ] = E

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

δlipϑliq

]
= ZNlLtLrϖ

2
m

(9)
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Λ2
v ≜ Var[Υ] = Var

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

δlipϑliq

]

= ZNkLtLr

(
ϖ2

v + 2ϖvϖ
2
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)
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Recalling γ = Υ2ζ and Υ2 is a NCCS distribution with one
degree of freedom having parameters Λe and Λ2

v , the PDF of
Υ2 can be given as [33],

fΥ2 (s) =
1

2Λ2
v

(
s

Λe

)− 1
4

e
−(s+Λe)

2Λ2
v I− 1

2

[√
sΛe

Λ2
v

]
(11)

Accordingly, the PDF of γ can be written as,

fγ (w) =
1

2Λ2
vζ

(
w

ζΛe

)− 1
4

e
−(w+ζΛe)

2ζΛ2
v I− 1

2

[
1

Λ2
v

√
wΛe

ζ

]

(12)
In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],

Poutage = Pr (γ < γth) =

∫ γth

−∞
fγ (w) dw

= 1−
∫ ∞

γth

fγ (w) dw (13)

∫∞
γth

fγ (w) dw =
∫∞
w=γth
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vζ
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w
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)− 1
4

e
−(w+ζΛe)
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v I− 1
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1
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v

√
wΛe

ζ

]
dw

Substituting w
ζΛ2

v
= τ2, the above equation can be modified

as,

∫∞
γth

fγ (w) dw = 1
Λ

1
2
e

Λv

− 1
2

∫∞
γth
ζΛ2

v

τ
1
2 e

−




τ2+
Λe
Λ2
v

2



Im−1

[√
Λe

Λ2
v
τ
]
dτ

(14)
The Marcum-Q function can be given as [35],

Qm (a, b) =
1

am−1

∫ ∞

b

τme
−


τ2+a2

2


Im−1 (aτ) dτ (15)

Now comparing equations (14) and (15), we have the follow-
ing, ∫ ∞

γth

fγ (w) dw = Q 1
2

(√
Λe

Λ2
v

,

√
γth
ζΛ2

v

)
(16)

Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,

Poutage = 1−Q 1
2

(√
Λe

Λ2
v

,

√
γth
ζΛ2

v

)
(17)

where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK

Consequently, the OP can be restructured as shown here,

Poutage = Q

(√
γth
ζΛ2

v

−

√
Λe

Λ2
v

)
+Q

(√
γth
ζΛ2

v

+

√
Λe

Λ2
v

)

(19)

IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 4

ϖv ≜ Var(P) =
(

4
2+η−1+η

)µ+1

2F1

[
µ+ 1, µ+ 1

2 ;µ+ 1
2 ;
(

1−η
1+η

)2
]
−
[

2(2µ+1/2)Γ(2µ+1/2)

(2+η−1+η)µ+1/2µ1/2Γ(2µ) 2
F1

[
µ+ 3

4 , µ+ 1
4 ;µ+ 1

2 ;
(

1−η
1+η

)2
]]2

(6)

Λ2
v ≜ Var[Υ] = Var

[
Z∑
l=1

Nl∑
i=1

Lt∑
p=1

Lr∑
q=1

δlipϑliq

]

= ZNkLtLr

(
ϖ2

v + 2ϖvϖ
2
m

)
(10)

Recalling γ = Υ2ζ and Υ2 is a NCCS distribution with one
degree of freedom having parameters Λe and Λ2

v , the PDF of
Υ2 can be given as [33],
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In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],

Poutage = Pr (γ < γth) =

∫ γth

−∞
fγ (w) dw

= 1−
∫ ∞

γth

fγ (w) dw (13)

∫∞
γth
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Substituting w
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v
= τ2, the above equation can be modified

as,

∫∞
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The Marcum-Q function can be given as [35],

Qm (a, b) =
1

am−1

∫ ∞

b

τme
−


τ2+a2

2


Im−1 (aτ) dτ (15)

Now comparing equations (14) and (15), we have the follow-
ing, ∫ ∞

γth

fγ (w) dw = Q 1
2

(√
Λe

Λ2
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,
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Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,

Poutage = 1−Q 1
2
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Λe

Λ2
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,

√
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where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK

Consequently, the OP can be restructured as shown here,
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IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The
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In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],

Poutage = Pr (γ < γth) =

∫ γth
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The Marcum-Q function can be given as [35],
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Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,
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where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK

Consequently, the OP can be restructured as shown here,
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IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The
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In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],
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Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,
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where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK
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IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The
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Fig. 2. MC simulation setup.
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 4. Outage probability versus source transmit power (Px) with N =
72, 288, Lt = Lr = 2, and D-IRS, varying η, µ
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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In order to find out the dead zones caused by blockages,
one has to find out the outage probability. To this end, the
probability that the received SNR falls below a specified
threshold value (γth) at the Rx can be expressed as [26], [35],
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Finally, using equation (16) in equation (13), the outage
probability of the considered system model can be derived
as follows,
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where Q 1
2
(A,B) is the fractional order 1/2 generalized Mar-

cum Q-function and may be written in terms of Gaussian-Q
function as [36],

Q 1
2
(A,B) = Q (B −A) +Q (B +A) (18)

TABLE III
SIMULATION PARAMETERS [28], [37]

Description Values
Number of reflecting elements, N 36− 576
Distance between Tx to Rx, d 100 m
Height of IRS (hI ) 15 m
Height of Tx (hT ) 10 m
Height of Rx (hR) 2 m
Path loss Exponent, α 3
Outage threshold, γth 10 dB
Carrier frequency (fc) 3 GHz
Transmit power (Px) [0, 30] dBm
Power dissipated per IRS element (Pi) [mW] 7.8
Power conversion efficiency (ξ) 80%

Circuit dissipated power at Tx (PTx
c ) [dBm] 10

Circuit dissipated power at Rx (PRx
c ) [dBm] 10

Hardware static power of phase shift circuit (Pps) [dBm] 10
Bandwidth 10 MHz
Noise Figure 10 dBm
Modulation scheme M -PSK
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IV. ENERGY EFFICIENCY

The EE of an IRS-assisted system can be described as [28],

EE = BW ×
(

R

Ptotal

)
(20)

where BW is the bandwidth of the system, R = b × BW
represents the rate at which bits are transmitted, where b
signifies the bits per symbol (for BPSK, b =1). Ptotal denotes
the comprehensive power utilized by the system to attain a
specified BER, which can be calculated as,

Ptotal = Px + PHPA
x + PTx

c +NPi +NPps + PRx
c (21)

where Px is power used for transmitting the information,
PHPA
x = Px

ξ is the power consumed by the high power
amplifier (HPA) with ξ being the power conversion efficiency
(80%), Pi is power at the ith IRS element, Pps is the hardware
static power of phase-shift circuit, PTx

c is circuit power at the
transmitter and PRx

c is circuit power at the receiver.

V. RESULTS AND DISCUSSIONS

This section presents the outcomes of the derived OP for
the system model under consideration for Single IRS (S-
IRS), Double IRS (D-IRS), and Triple IRS (T-IRS). The
simulation of MC is established based on the parameters
outlined in Table III, aimed at both validating the accuracy of
the derived analytical expressions and gaining further insights
into the variables influencing overall system performance. The
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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72, 288, Lt = Lr = 2, and D-IRS, varying η, µ
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
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IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 4. Outage probability versus source transmit power (Px) with N =
72, 288, Lt = Lr = 2, and D-IRS, varying η, µ
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D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 6. Outage probability versus source transmit power (Px) with N = 288,
η = 1, µ = 0.5, S-IRS, varying Lt, Lr .
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Fig. 7. Outage probability versus distance with N = 36, 72, η = 1, µ = 0.5,
S-IRS, Lt = Lr = 2, Px = 30 dBm.

to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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Fig. 8. Outage probability versus Number of reflecting elements (N ) with
η = 1, µ = 0.5, S-IRS, varying Px dBm.
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Fig. 9. Outage probability versus source transmit power (Px) for multiple
phases with Lt = Lr = 1, η = 1, µ = 1, N = 72, and S-IRS.

RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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Fig. 10. Outage probability versus source transmit power (Px) varying M
(M -PSK) with Lt = Lr = 2, η = 1, µ = 1, N = 32, and S-IRS.
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Fig. 3. Outage probability versus source transmit power (Px) with η = 1,
µ = 0.5, Lt = Lr = 2, and S-IRS, varying N .

comparison among various IRSs is performed by maintaining
an equal number of reflective elements used in S-IRS, D-IRS,
and T-IRS systems, specifically N1 = 2N2 = 3N3 = N . The
simulation configuration is established in accordance with Fig.
2.

A. OP Results

Fig. 3 illustrates the impact of N on the OP. The strong
agreement between the simulated and theoretical results once
again confirms the accuracy of the obtained formulas in Sec-
tion III and the OP decreases as N increases. This improved
OP performance can be traded with the transmit power. For
instance, if an OP of 10−4 is deemed appropriate for a specific
wireless system, subsequently utilizing N = 576 will result
in achieving this at approximately Px = −46 dBm, and with
N = 36, it can be achieved at Px = −18.5 dBm. Therefore,
by increasing the number of reflecting elements, it is possible
to achieve a gain of 27.5 dBm. Furthermore, as the value of
Px increases, the OP decreases significantly for a fixed N .

Fig. 4 shows the effect of η, µ on the OP performance. The
accuracy of the derived expressions is once again confirmed.
Based on Fig. 4, it can be deduced that the increases in the
η, µ values lead to a decrease in the OP. For instance, when
ensuring a constant OP 10−2, an increase in µ from 0.5 to
1.5 leads to a transmit power improvement of 2.1 dBm, and
also, an increase in η from 0.04 to 1 leads to a transmit power
improvement of 1.5 dBm.

Fig. 5, illustrates the OP performance for S-IRS, D-IRS,
and T-IRS systems, along with a baseline comparison to a
conventional MIMO system without IRS (denoted as “No
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Fig. 4. Outage probability versus source transmit power (Px) with N =
72, 288, Lt = Lr = 2, and D-IRS, varying η, µ
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Fig. 5. Outage probability versus source transmit power (Px) for S-IRS,
D-IRS, T-IRS, and No IRS cases with N = 288, η = 1, µ = 0.5, and
Lt = Lr = 2.

IRS”). The graph demonstrates that the theoretical results
derived in Section III are in close agreement with the outcomes
obtained through MC simulations. It is evident that an increase
in Px leads to a significant reduction in OP. Furthermore, the
OP decreases as the number of IRSs increases. One can note
that an increase in Px results in a noticeable decline in OP. In
addition, as the number of IRSs increases the OP decreases.
For example, consider an outage probability of 10−4, the
transmit power Px approximately −39 dBm, −43 dBm, and
−46 dBm for S-IRS, D-IRS, and T-IRS, respectively. In con-
trast, the conventional “No IRS” system requires significantly
higher transmit power approximately −10 dBm to achieve the
same OP, clearly illustrating the efficiency and effectiveness of
IRS-assisted communication. These results affirm that multi-
IRS deployment not only improves reliability but also enables
substantial transmit power savings compared to traditional
non-IRS MIMO systems.

The influence of different values of Lt, Lr on the OP is
depicted in Fig. 6. The OP results obtained from theoreti-
cal analysis for the multi-antenna systems for S-IRS are in
complete agreement with the simulated results. Based on the
information provided in Fig. 6, it is clear that the outage per-
formance improves significantly as the number of transmitting
and receiving antennas increases in the S-IRS scenario. For
example, consider an outage probability of 10−4, the number
of Tx and Rx antennas (Lt, Lr) values increases from (1, 1)
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Fig. 6. Outage probability versus source transmit power (Px) with N = 288,
η = 1, µ = 0.5, S-IRS, varying Lt, Lr .
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Fig. 7. Outage probability versus distance with N = 36, 72, η = 1, µ = 0.5,
S-IRS, Lt = Lr = 2, Px = 30 dBm.

to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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Fig. 8. Outage probability versus Number of reflecting elements (N ) with
η = 1, µ = 0.5, S-IRS, varying Px dBm.
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Fig. 9. Outage probability versus source transmit power (Px) for multiple
phases with Lt = Lr = 1, η = 1, µ = 1, N = 72, and S-IRS.

RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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Fig. 10. Outage probability versus source transmit power (Px) varying M
(M -PSK) with Lt = Lr = 2, η = 1, µ = 1, N = 32, and S-IRS.
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Fig. 6. Outage probability versus source transmit power (Px) with N = 288,
η = 1, µ = 0.5, S-IRS, varying Lt, Lr .
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Fig. 7. Outage probability versus distance with N = 36, 72, η = 1, µ = 0.5,
S-IRS, Lt = Lr = 2, Px = 30 dBm.

to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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Fig. 8. Outage probability versus Number of reflecting elements (N ) with
η = 1, µ = 0.5, S-IRS, varying Px dBm.
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Fig. 9. Outage probability versus source transmit power (Px) for multiple
phases with Lt = Lr = 1, η = 1, µ = 1, N = 72, and S-IRS.

RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
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to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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S-IRS, Lt = Lr = 2, Px = 30 dBm.

to (4, 4), the equivalent Px values changes from −27.2 dBm
to −51.2 dBm.

The impact of the user location on the outage probability is
depicted in Fig. 7. Firstly, at a fixed Px, the outage probability
is less when the IRS is placed closer to either Tx or Rx.
Secondly, as the number of reflecting elements changes from
36 to 72, the outage values decrease drastically. For instance,
with N = 36, an OP value of 0.0681 is attained when IRS is
positioned 5m away from Tx, and with N = 72 an OP value
of 0.0238 is attained when IRS is 25m away from Tx and also
0.000254 is attained when IRS is 25m away from Rx.

Fig. 8 shows the Outage probability versus Number of
reflecting elements (N ) with η = 1, µ = 0.5, S-IRS, varying
Px dBm. The influence of different values of Px dBm on
the outage probability is depicted in Fig. 8, it is clear that
the outage performance improves significantly as the source
transmit power Px dBm increases. In addition, as the number
of reflecting elements increases the OP decreases.

Fig. 9 compares the OP performance of Random phase shift
(RPS), Optimum phase shift (OPS), and Discrete phase shift
(DPS) techniques with different quantization levels. The OPS
scheme achieves the best performance due to perfect phase
alignment, resulting in the lowest OP across all transmit power
levels Px. In contrast, RPS yields the poorest performance
due to random phase shifts, resulting in higher OP. The DPS
schemes serve as a practical compromise between OPS and
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RPS. The performance of DPS improves as the number of
quantization bits b increases, with 3-bit quantization (b = 3)
nearly matching the OPS curve. For instance, at an OP of
10−3, the required transmit powers are approximately 30 dBm,
-5 dBm, -14 dBm, -16 dBm, and -16 dBm respectively for
RPS, DPS (b = 1), DPS (b = 2), DPS (b = 3), and OPS.

Fig. 10 shows the OP performance of a IRS-assisted com-
munication system under η − µ fading for various M -PSK
modulation orders (M ∈ {2, 4, 8, 16}). As the modulation
order increases, the system experiences higher OP at a given
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.
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transmit power (Px). For example, to achieve an OP of 10−3,
the required transmit power increases from approximately
Px = −14 dBm, for M = 2 to about Px = −1 dBm
for M = 16. This trend occurs because higher-order M -
PSK schemes have denser constellations with reduced symbol
spacing, making them more susceptible to noise and channel
fading. Therefore, more transmit power is required to maintain
reliable communication as M increases.

In Fig. 11, we evaluate the EE of S-IRS, D-IRS, and T-
IRS systems, all possessing an identical number of reflecting
elements, while considering the total power consumption,
which encompasses the circuit power dissipation of both the
Tx, Rx, and the hardware impairments of IRS elements, in
relation to the target spectral efficiency (R) with respect to
equation (20). Firstly, the T-IRS system surpasses the D-IRS
and S-IRS systems in terms of a fixed average achievable
rate. For a rate of 30 b/s/Hz with (Zt, Zr) = (9, 9), the
EE (in Mbits/Joule) at S-IRS, D-IRS, and T-IRS are 226.94,
459.59, and 697.57, respectively. Furthermore, for elevated
achievable rate values, the utilization of multiple IRSs proves
more advantageous than the S-IRS system. Secondly, with
a constant number of IRSs, an increase in the number of
antennas at the BS enhances energy efficiency to attain the
same achievable rate. The aforementioned observations are
substantiated by the analysis presented in Section IV, which
indicates that the T-IRS attains a superior rate relative to D-
IRS and S-IRS, allowing for a trade-off between the target
average achievable rate and energy efficiency as delineated in
equation (20).

VI. CONCLUSIONS

This study examined the outage probability performance
analysis of a multi-antenna MIMO communication system
supported by multiple IRSs under a generalized η–µ fading
environment. The proposed model targets NLOS scenarios,
where direct Tx and Rx links are blocked, as commonly
seen in urban environments. Using the central limit theorem,
we derived the statistical properties of the received SNR
for the system in terms of its first and second moments.
Consequently, the theoretical expression for the OP utiliz-
ing the Q-function was obtained. Simulation results under

various parameter configurations validate the accuracy of the
theoretical analysis. Energy efficiency showed that the multi-
IRS system outperformed the S-IRS system. The findings
highlight that system performance is significantly affected by
factors such as the number of IRSs, their placement, the count
of reflecting elements, channel fading parameters, and the
number of antennas at the Tx and Rx. Our findings show
that incorporating multiple IRSs significantly improves link
reliability by lowering the OP in blockage-heavy areas. The
performance benefits grow with more reflecting elements and
higher values of η and µ parameters. Additionally, the use
of multiple antennas at both ends further enhances diversity
gains. IRS placement also plays a vital role, with closer posi-
tioning to the Tx or Rx leading to noticeable improvements.
Overall, the study demonstrates that a multi-antenna, multi-
IRS MIMO system achieves better performance than a system
supported by a single IRS and is also a promising solution for
reliable and efficient next-generation wireless communication.
The analysis may be expanded to encompass more generalized
fading models, such as the α–η–µ distribution, to more accu-
rately reflect real-world variability. Furthermore, integrating
machine learning techniques for real-time IRS control can
enhance adaptability and performance in dynamic wireless
environments.

REFERENCES

[1] T. Padmavathil, K. K. Cheepurupalli, and R. Madhu, “Evalua-
tion of fbmc channel estimation using multiple auxiliary sym-
bols for high throughput and low ber 5g and beyond communica-
tions,” Infocommunications Journal, vol. 16, no. 2, pp. 25–32, 2024,
doi:10.36244/ICJ.2024.2.4.
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