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RESUMO

As Superficies Inteligentes Reconfiguraveis (RIS) destacam-se como uma tecnologia
promissora para ampliar a cobertura e a confiabilidade em redes sem fio de préxima
geracao. Contudo, o desempenho de sistemas assistidos por RIS sob desvanecimento real-
ista em altas frequéncias ainda é pouco explorado. Esta dissertacao apresenta o primeiro
estudo analitico de desempenho de sistemas assistidos por RIS operando sob o modelo
Multi-Cluster Fluctuating Two-Ray (MFTR), o qual é particularmente adequado para
cenarios mmWave por modelar multiplos clusters de espalhamento e flutuagoes nos com-
ponentes especulares. Expressoes aproximadas em forma fechada para a probabilidade
de falha (outage probability) e para a probabilidade média de erro de bit (ABEP), sob
modulagao M-QAM, sao derivadas e validadas por simulagoes de Monte Carlo. Os resul-
tados mostram que o aumento do nimero de elementos da RIS gera ganhos expressivos
no or¢camento de enlace; por exemplo, ao aumentar N de 50 para 200, observa-se uma
reducao de aproximadamente 13 dB na poténcia de transmissao necesséria para atingir
uma ABEP de 1073, Além disso, simulacoes indicam que a incorporacao da técnica Signal
Space Diversity (SSD) melhora o desempenho do sistema, especialmente quando o nimero
de elementos da RIS ¢ reduzido, aumentando a diversidade sem exigir hardware adicional.
De forma geral, os resultados confirmam que a combinagao de RIS, MFTR e SSD é uma
abordagem eficaz para aumentar a confiabilidade de sistemas sem fio em ambientes de

propagagao severos.

Palavras-chave:  Superficies Inteligentes Reconfigurdveis, desvanecimento MIETR,

desvanecimento F'TR, modelos de desvanecimento generalizados, probabilidade de queda,

probabilidade média de erro de bit, SSD, 5G/6G.



ABSTRACT

Reconfigurable Intelligent Surfaces (RIS) have emerged as a promising technology to en-
hance coverage and reliability in next-generation wireless networks. However, the perfor-
mance of RIS-assisted systems under realistic high-frequency fading conditions remains
insufficiently explored. This dissertation presents the first analytical performance study
of RIS-assisted systems operating under the Multi-Cluster Fluctuating Two-Ray (MFTR)
fading model, which is particularly suitable for mmWave scenarios as it captures multiple
scattering clusters and fluctuations of specular components. Closed-form approximate ex-
pressions for the outage probability and the average bit error probability (ABEP), under
M-QAM modulation, are derived and validated through Monte Carlo simulations. The
results show that increasing the number of RIS elements leads to significant link-budget
gains; for instance, increasing N from 50 to 200 yields an approximate 13 dB reduction in
the required transmit power to achieve an ABEP of 1072, In addition, simulation results
indicate that incorporating Signal Space Diversity (SSD) further improves system perfor-
mance, particularly when the number of RIS elements is limited, by enhancing diversity
without requiring additional hardware. Overall, the results confirm that the combination
of RIS, MFTR, and SSD is an effective approach to improve the reliability of wireless

communication systems operating in severe propagation environments.

Keywords: Reconfigurable Intelligent Surfaces, ME'TR fading, F'TR fading, generalized

fading models, outage probability, average bit error probability, SSD, 5G/6G.
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1 INTRODUCTION

1.1 Background and Motivation

The evolution toward fifth-generation (5G) and beyond, including sixth-generation
(6G) wireless networks, is driven by demanding use cases such as ultra-reliable low-latency
communications (URLLC), immersive extended reality (XR), and high-capacity con-
nectivity at millimeter-wave (mmWave), sub-terahertz (sub-THz), and terahertz (THz)
bands. Meeting these ambitious requirements calls for disruptive technologies capable of
overcoming the inherent limitations of conventional communication paradigms [3]. How-
ever, realizing such goals is significantly hindered by multipath fading, which becomes
particularly severe in dense urban deployments and high-frequency regimes where signals
traverse multiple propagation paths before reaching the receiver. This phenomenon de-
grades both signal quality and system reliability, highlighting the critical importance of
accurate fading models and robust system design for enabling next-generation wireless
networks [4].

In this context, Reconfigurable Intelligent Surfaces (RIS) have emerged as a trans-
formative paradigm by enabling the manipulation of the wireless environment itself rather
than merely adapting to it. By programming the electromagnetic response of nearly pas-
sive reflecting elements, RIS can steer, focus, or scatter signals in a highly flexible manner,
thereby creating favorable propagation conditions on demand [5, 6]. Compared to tradi-
tional solutions such as massive MIMO [7] or active relaying [8, 9], RIS provides a cost-
effective and energy-efficient alternative that can be seamlessly integrated into existing
infrastructure [10]. These advantages make RIS a cornerstone technology for beyond-5G
and 6G systems, especially at mmWave and sub-THz bands where establishing reliable
links is often challenged by severe blockages and harsh propagation conditions [11]. By dy-

namically reconfiguring the propagation environment, RIS can improve coverage, mitigate
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fading, and substantially enhance communication reliability [12, 13].

Despite the growing interest in RIS technology, most performance analyses still rely
on classical fading models such as Rayleigh, Rician, and Weibull [14, 15, 16, 6]. Although
these models offer analytical convenience, they fail to accurately capture the intricate
propagation dynamics observed at higher frequencies. In particular, mmWave, sub-THz,
and THz bands are characterized by unique phenomena, such as severe blockages, pro-
nounced clustering, and dominant line-of-sight (LoS) components, that demand more
flexible and representative statistical modeling approaches.

To address these challenges, generalized fading models such as the x-i and the Fluc-
tuating Two-Ray (FTR) distributions have been proposed, providing enhanced flexibility
for accurately characterizing a wide range of fading conditions [17, 18|. These models
facilitate more precise assessments of RIS-assisted systems in next-generation scenarios,
highlighting the need to move beyond traditional modeling assumptions [19, 20, 21]. For
instance, in [19], exact expressions for the probability density function (PDF) and cumu-
lative distribution function (CDF) of mixed products of generalized fading distributions
such as a-p, k-, and extended n-p are provided as powerful tools for performance analy-
sis in RIS-assisted communication systems. In [20], a mmWave wiretap scenario with RIS
assistance is studied, focusing on secrecy performance under colluding eavesdroppers and
introducing a unified framework for FTR and Independent Fluctuating Two-Ray (IFTR)
fading models.

While these contributions are significant, deriving analytical expressions under gen-
eralized fading models often leads to considerable mathematical complexity and increased
computational demands. For example, in [19], performance metrics are expressed through
product series whose complexity scales with the number of RIS elements, making analysis
infeasible for large configurations. Similarly, in [20], secrecy metrics require the evaluation
of Laguerre polynomial expansions, which limits tractability. These challenges emphasize
the need for simplified yet accurate analytical frameworks for RIS-assisted systems under

generalized fading.
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Motivated by this, the multi-cluster fluctuating two-ray (MFTR) fading model has
been recently introduced [22]|. Building upon the foundations of the FTR and -1 shad-
owed models [23], the MF'TR model integrates multiple multipath clusters with fluctuating
specular components, providing enhanced versatility for modeling complex propagation
environments [24]. Its PDF can reproduce diverse fading behaviors—including bimodality
under certain conditions—and unifies a wide family of distributions, including Rayleigh,
Rician, Nakagami-m, Hoyt, TWDP, and FTR, within a single analytical framework. This
makes MFTR especially suitable for mmWave, sub-THz, and THz communications.

However, to the best of our knowledge, RIS-assisted communication systems have
not yet been analyzed under the MFTR model, despite its strong relevance to next-
generation wireless scenarios. This omission motivates the present work, which develops
new analytical results for RIS-assisted systems over MF'TR. fading channels, focusing on
fundamental performance metrics. By leveraging MF'TR, a more refined analysis of RIS
performance can be achieved, providing crucial insights into how RIS can be effectively
deployed in dynamic and challenging propagation environments. This is particularly
important in mmWave scenarios, where channels are highly sensitive to mobility and
environmental variations. Accordingly, this work seeks to address the central question:
How does a RIS-assisted communication system perform under MFTR fading?

Furthermore, this study extends the analysis by incorporating Signal Space Diversity
(SSD), which is designed to mitigate the effects of small-scale fading and diversity loss,
rather than large-scale path loss. In high-frequency communications, such as mmWave
and THz bands, the dominant impairments are the severe path loss and sensitivity to
blockage, which are effectively addressed by Reconfigurable Intelligent Surfaces (RIS)
through passive beam steering and coverage enhancement. In contrast, SSD operates
at the modulation level and aims to improve robustness against deep fading events by
exploiting multidimensional signal-space diversity.

In this context, RIS and SSD play distinct yet complementary roles. RIS enhances

the average received signal power and spatial diversity by shaping the propagation envi-
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ronment, while SSD improves the reliability of symbol detection under residual fading by
ensuring that the transmitted symbols experience independent fading components. This
complementarity makes SSD particularly relevant in mmWave scenarios, where, despite
RIS-assisted power gains, the channel may still exhibit strong amplitude fluctuations due
to sparse scattering and specular component variability.

Although SSD has demonstrated performance gains in RIS-assisted systems under
fading models such as Nakagami-m [25], its integration with RIS under the more general
MFTR fading model remains unexplored. Investigating this combination therefore opens
a novel research direction, highlighting how signal-domain diversity (SSD) can comple-
ment propagation-domain control (RIS) to jointly enhance robustness and reliability in
severe high-frequency fading environments, while also introducing new analytical chal-

lenges associated with generalized fading models.

1.2 Objectives

1.2.1 General Objective

To evaluate, through theoretical analysis and MATLAB-based simulations, the im-
pact of Reconfigurable Intelligent Surfaces on the performance of wireless communication
systems operating under Multi-cluster Fluctuating Two-Ray fading channels, using vari-

ous performance metrics.

1.2.2 Specific Objectives

e Perform a comprehensive literature review to understand study techniques and iden-

tify gaps in current knowledge.

e Analyze the performance of a RIS-assisted communication system under the MFTR

17



fading model through both mathematical modeling and MATLAB-based simula-

tions.

e Generate and interpret curves of various performance metrics by adjusting system

parameters to determine optimal operating conditions.

e Investigate and evaluate advanced techniques to further improve RIS-assisted com-

munication system performance, utilizing Monte Carlo simulations.

o To verify through MATLAB simulations the potential performance improvement
obtained by incorporating Signal Space Diversity (SSD) into a RIS-assisted wireless

communication system under MFTR fading.

1.3 Document Structure

This dissertation is structured into five chapters, each addressing a key aspect of the
analysis and evaluation of RIS-assisted wireless communication systems under the MFTR
fading model: Chapter 1 outlines the motivation, objectives, and key contributions, high-
lighting the importance of analyzing RIS-assisted wireless communication systems under
the multi-cluster fluctuating two-ray fading model and investigating the incorporation of
signal space diversity through simulations. Chapter 2 provides the theoretical foundation
on wireless fading channels, RIS principles, and the MFTR model, emphasizing the cur-
rent gap in studies of RIS-assisted systems under this fading condition. Chapter 3 develops
the mathematical framework, deriving both exact and approximate analytical expressions
for outage probability (OP), average bit error probability (ABEP), and ergodic capacity
of RIS-assisted systems subject to MFTR fading. Chapter 4 validates these analytical
findings via simulations and explores the RIS-SSD-MFTR. scenario, demonstrating the
effectiveness of SSD in improving system robustness. Finally, Chapter 5 concludes the

dissertation by summarizing the main results and suggesting future research directions,
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including multi-user scenarios, correlated fading environments, and experimental verifica-

tion.
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2 THEORETICAL FRAMEWORK

Wireless channel propagation is governed by random fluctuations that impact system
performance. These variations are conventionally categorized into large-scale effects (path
loss and shadowing), which define average coverage over long distances, and small-scale
effects (multipath fading), which cause rapid, instantaneous signal fluctuations over short
spatial /temporal /frequency scales. This chapter establishes the theoretical foundation
of the study, presenting the fundamental principles of wireless channel modeling and
statistical fading characterization required for the analysis of RIS-assisted communication

systems under the MFTR fading model.

2.1 Propagation Phenomena and Why Fading in “Small-Scale”

The wireless channel constitutes one of the most challenging media for reliable and
high speed communication due to its inherent variability and sensitivity to environmental
factors. The transmitted signal experiences several propagation mechanisms such as re-
flection, diffraction, and scattering that modify its amplitude and phase as it travels from
the transmitter to the receiver [1]. These variations in received power can be classified
into two major categories: large-scale and small-scale effects.

In this work, the analysis focuses specifically on small-scale fading effects, as they
dominate the instantaneous performance of wireless links in high-frequency scenarios such
as millimeter-wave systems. Moreover, the proposed RIS-assisted architecture operating
under MFTR fading is primarily influenced by multipath propagation and the statistical

characteristics of fast channel variations.

2.1.1 Small-Scale Fading

As illustrated in Fig. 2.1, the long-term average path loss determines the general

decay trend of received power with distance, while shadowing introduces slow fluctuations
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around this trend. Superimposed on both are the rapid variations caused by small-scale
fading.

Path Loss Alone
------- Shadowing and Path Loss

K (dB S
(dB) N Multipath, Shadowing, and Path Loss

(dB)

clae

su| o

o

0 log (d)

Figure 2.1: Path loss, shadowing, and multipath fading effects versus distance [1].

Small-scale fading represents the rapid fluctuations of the received signal amplitude,
phase, and envelope power that occur over very short spatial or temporal intervals, typi-
cally on the order of a few wavelengths. In high-frequency systems such as 5G FR2 and
beyond, operating at carrier frequencies above 20 GHz, the corresponding wavelengths
are on the order of a few centimeters or even millimeters. Consequently, small displace-
ments of the transmitter, receiver, or surrounding objects on the scale of centimeters can
produce significant variations in the received signal, making small-scale fading particu-
larly pronounced in mmWave and sub-THz propagation environments. These variations
arise from the multipath nature of wireless propagation, in which multiple replicas of the
transmitted signal reach the receiver after undergoing reflection, diffraction, and scat-
tering from surrounding objects such as buildings, vehicles, or terrain irregularities [1].
Each propagation path has a distinct amplitude, phase, and delay, and the superposition
of these components at the receiver produces constructive and destructive interference.
Consequently, even small movements of the transmitter, receiver, or surrounding objects
can lead to significant variations in the received power.

Depending on the propagation conditions, the envelope of the received signal can be

modeled using different statistical distributions. In the absence of a dominant line-of-sight
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(LOS) component, the in phase and quadrature components are modeled as independent
zero mean Gaussian random variables, resulting in a Rayleigh distribution for the enve-
lope. When a strong LOS path is present, the amplitude follows a Rician distribution,
characterized by the K-factor, which represents the ratio between the power of the deter-
ministic component and the scattered ones. More generally, the Nakagami-m distribution
provides a flexible approximation for a wide range of fading severities, where the parame-
ter m controls the fading depth: m = 1 corresponds to Rayleigh fading, and higher values
indicate less severe fading conditions.

These effects, collectively known as small-scale fading, represent the fine grained
temporal and spatial variability of the wireless channel that must be statistically modeled

to evaluate the performance of modern communication systems, including those assisted

by RIS.

2.1.2 Performance Metrics under Fading

As previously mentioned, the instantaneous quality of a wireless link is strongly
influenced by random variations of the received signal power due to fading. As a result,
key system performance measures must be statistically characterized rather than treated
as deterministic quantities. Among the most fundamental metrics for evaluating link
performance are the outage probability (OP), the average bit error probability (ABEP), and
the ergodic capacity. These quantities allow the comparison of different channel models
and system configurations in terms of reliability, error performance, and achievable data
rates.

Let ~ denote the instantaneous received signal-to-noise ratio (SNR), which is a
random variable that depends on the fading characteristics of the channel. Its probability
density function (PDF), p,(vy), captures the statistical behavior of the received SNR
over time or space. Using this PDF, one can define performance metrics that provide

meaningful averages over many realizations of the fading process.
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Outage Probability

The OP quantifies the likelihood that the instantaneous SNR . falls below a minimum
threshold ~, required to sustain a target data rate or quality of service. It is a measure

of link reliability under fading and is expressed as

“Yth
ammw<%m/ P, (7) do. (2.1)
0

where the integral represents the cumulative distribution function (CDF) of the SNR
evaluated at vp. A lower outage probability implies a more robust link, particularly im-
portant in systems targeting ultra-reliable communication such as industrial or vehicular

networks [1].

Average Bit Error Probability

The ABEP measures the expected fraction of bits incorrectly detected due to noise
and fading. In an additive white Gaussian noise (AWGN) channel, the bit error probability
P.(~) for a given modulation (e.g., BPSK, QPSK, or M-QAM) is a deterministic function
of the SNR. Under fading conditions, however, v varies randomly, and the average error

probability is obtained by taking the expectation over its probability distribution, as

RAMRM%MM% (2.2)

This metric captures both the effects of noise and the severity of fading; as the chan-
nel becomes more dispersive (e.g., lower m in Nakagami-m or lower p in xk—p models),
the ABEP increases, indicating degraded reliability [26]. In practice, ABEP curves are
often plotted as a function of the average SNR. to compare the performance of different
fading models or modulation schemes. Starting from the same average SNR, distinct
fading distributions lead to different degrees of dispersion in the instantaneous SNR prob-

ability density function, which directly impacts the likelihood of deep fades. In turn, the
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modulation format determines how these instantaneous SNR. variations are mapped into
symbol and bit error probabilities. As a result, ABEP curves jointly reflect the influence
of the fading severity through the statistical spread of the SNR and the sensitivity of the

chosen modulation scheme to noise and fading effects.

Ergodic Capacity

The ergodic capacity defines the maximum achievable average data rate (in bits per
second per hertz) that can be transmitted reliably over a fading channel with perfect
channel state information (CSI) at the receiver. It represents the long-term average of

the instantaneous Shannon capacity over the fading distribution:

Curg — E|Blogy(1 1 7)] = / " Blogy(1 + ) p (1) dv, (2.3)

where B is the system bandwidth. The ergodic capacity increases with the average SNR
but depends strongly on the fading distribution; for instance, channels with higher di-
versity (larger p or m) yield higher capacity for the same average power. This metric is
fundamental for evaluating the spectral efficiency of fading channels and is particularly
relevant in broadband systems where the channel variations can be averaged over many
symbols [27, 1].

Together, these metrics provide a comprehensive view of system behavior under
fading conditions. OP reflects the reliability of maintaining a link, ABEP represents the
transmission accuracy, and ergodic capacity characterizes the achievable data throughput.
In later sections, these expressions will be evaluated under classical and generalized fading
models particularly the MFTR. distribution to quantify the impact of channel character-

istics and RIS-assisted architectures on overall communication performance.
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2.2 Generalized Fading Models

The shift toward higher frequency bands, namely mmWave (24-100 GHz), sub-THz
(100-300 GHz), and THz (300 GHz—10 THz) is driven by the growing demand for ultra-
high data rates in 5G and 6G networks. However, classical models (Rayleigh, Rician)
often fail to capture the dominant yet fluctuating specular components, sparse scatter-
ing, and blockages typical of these bands [1, 28]. Shadowed/generalized models, e.g.,
r—p shadowed, offer more realistic parametric control of LOS dominance, clustering, and

fluctuations [23].

2.2.1 The x—pu, n—p, and x—p Shadowed Models

These families introduce parameters that explicitly encode the number of clusters,

LOS dominance, and shadowing, thereby generalizing classical models.

r—i Model

The x—p model characterizes a fading environment consisting of u clusters of mul-
tipath waves, where each cluster may contain a dominant component. The parameter
denotes the ratio of dominant to diffuse power [28]. For the instantaneous SNR. ~ with

mean value v, a commonly used form of the PDF is

(R (T (1 + k) K1+ )
fv(y) = TG0 (;) eXP(—f ’Y) I <2M 77> ) (2.4)

where [,(+) is the modified Bessel function of the first kind, and I'(-) denotes the Gamma
function, defined for z > 0 as I'(z) = [ t" e~ dt [29, eq. (6.1.1)]. Using the results
n 28], the CDF of the k—u fading model can be expressed in closed form through the
generalized Marcum—@Q function. Specifically, letting 7 denote the average SNR, the CDF

of the instantaneous SNR +y is given by

() =1-0Qu <\/2n , MO , (2.5)
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where Q),,(-,) is the generalized Marcum—() function. This representation enables tractable
evaluation of key performance metrics such as outage probability and bit error probability

under x—p fading.

n—u Model

The n—u model is suitable for representing non-circular scattering conditions, where
the in-phase and quadrature components within each cluster have unequal powers [28].

For the envelope R, a commonly used probability density function is given by

(0 5 ) () 20 o

with @ = E[R?]. Mapping to SNR via v = pr? (for some scaling p) yields f,(y) =

ﬁ]ﬁz( ’Y/ﬂ)-

r— Shadowed Model

The k—p shadowed model accounts for shadowing on the dominant components of
ks fading and admits compact closed-form statistical characterizations [23]. It extends
the classical k—u model by introducing a fluctuation parameter m that models the random
variations affecting the dominant specular waves. When m — oo, the shadowing effect
vanishes, and the model reduces to the standard s—p distribution. Conversely, small
values of m capture strong shadowing on the LOS components.

For the instantaneous SNR -y, with mean value v, the probability density function

(PDF) is given by [23]:

D o O S P B G L D) g KO R)
e ) G ) UL G e ) M

where | F(+) is the confluent hypergeometric function of the first kind.

The CDF also admits a closed-form expression in terms of the Gauss hypergeometric
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function:
s ) (1 +m)y\ ™"
m K i U Ky
F(y)=1— P T Y LR ]+ 140 .
A7) (mﬁpm) <M1+m+%> 21( 3 “7n+um< 7 ) )

A particularly useful characterization for performance evaluation is the moment-

generating function (MGF'), which enables closed-form analysis of metrics such as average

bit error probability and ergodic capacity. The MGF of the s shadowed SNR is given

m = —p
m ¥ 0 1
M, (s) = 1+ ———=s o map; 1 . (29
) Qn+m) ( (Lt k) ) 21( : 7n+m¢1%u%>> 29

Together, (2.7)—(2.9) demonstrate that the x—u shadowed model provides analyti-
cally tractable expressions for all key statistical functions of the SNR (PDF, CDF, MGF').
This mathematical tractability, combined with its physical relevance, makes the £ shad-
owed distribution one of the most widely used generalized fading models for characterizing

millimeter wave and small-scale fading channels.

2.2.2 Fluctuating Two-Ray (FTR) Model

The FTR model generalizes the Two-Wave with Diffuse Power (TWDP) model by
allowing the two specular components to fluctuate in amplitude and phase, while including
a diffuse component that accurately characterizes high-frequency channels with unstable
line-of-sight (LLOS) conditions [22]. A tractable characterization of the SNR probability

distribution can be obtained using an infinite, fast-converging Gamma mixture, given by

J+up . ; +
2 (yFTR) Zw] F ’Y”“ yr eXp(‘ U 5 1) ’YFTR) , (2.10)
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where yprg is the SNR under FTR fading and the weights w; depend on the FTR pa-

rameters (K,A,m) and satisfy >, w; = 1. From (2.10):

Fy(prr) = Y w; /. (2.11)
par LG+ p)
o0 5 —(+u)
M. (s) =) w; <1+ . s> : 2.12
y ]2; By (212)

where v(-,+) is the lower incomplete Gamma function.

2.2.3 The Multi-Cluster Fluctuating Two-Ray (MFTR) Model
Definition and Statistical Characterization

The Multi-Cluster Fluctuating Two-Ray (MFTR) model generalizes the classical
FTR distribution by explicitly accounting for the presence of multiple scattering clusters
in the propagation environment. Physically, MF'TR describes a scenario in which the
received signal is formed by the superposition of a small number of dominant specular
components and a large number of diffuse scattered waves. In particular, the first clus-
ter contains two strong specular components whose amplitudes fluctuate randomly due
to shadowing and environmental dynamics, while the remaining + — 1 clusters represent
groups of weaker multipath components generated by reflections, diffraction, and scatter-
ing from surrounding objects. This structure closely matches the propagation characteris-
tics observed in dense urban environments and high-frequency bands, where line-of-sight
(LOS) components are often present but subject to instability and blockage.

The fading behavior of the MFTR model is governed by four physically meaningful
parameters (u,m,K,A), each linked to a specific propagation mechanism. The parameter
i represents the number of multipath clusters and is directly associated with the rich-
ness of the scattering environment; larger values of i correspond to increased multipath
diversity. The parameter m controls the severity of the random fluctuations affecting

the dominant specular components, modeling shadowing effects on the LOS paths—small
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values of m indicate strong amplitude variability, while the limit m — oo corresponds
to non-fluctuating, deterministic specular components. The parameter K quantifies the
average power ratio between the dominant specular components and the diffuse multi-
path contribution, reflecting the relative strength of the LOS paths with respect to the
scattered field. Finally, the similarity factor A captures the power imbalance between
the two dominant specular components in the first cluster, ranging from a single effective
specular ray (A = 0) to two equally strong specular contributions (A = 1).

Through this parametric structure, the MF'TR model provides an intuitive and flexi-
ble physical interpretation of small-scale fading, enabling the modeling of a wide spectrum
of propagation conditions, from severe non-line-of-sight scenarios to environments with
fluctuating but dominant LOS components, which are characteristic of mmWave and

sub-THz wireless systems.

Relationships to Classical and Generalized Distributions

The MFTR model constitutes a unified and highly flexible fading framework that
generalizes a wide family of classical and generalized small-scale fading models. Specif-
ically, it extends the traditional FTR distribution by incorporating multiple scattering
clusters and stochastic fluctuations on the dominant specular components. This multi-
cluster configuration enables the MFTR model to capture the physical characteristics
of realistic wireless channels operating at mmWave, sub-THz, and THz bands, where
multiple reflection and scattering clusters coexist with a few dominant LOS paths [22].

In its most general form, the MFTR distribution includes several well-known fading
models as special cases through appropriate parameter selection, as shown in Table 2.1.
When the number of clusters y = 1, the model reduces to the standard FTR. distribu-
tion, representing a single-cluster propagation scenario dominated by two fluctuating LOS
components and a diffuse background. Moreover, when the similarity factor A — 0 indi-
cating that one of the specular components becomes negligible, or when the fluctuation

parameter m — oo, meaning the amplitudes of the dominant components cease to fluctu-
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Table 2.1: Special cases of the MFTR fading model under limiting conditions.

Resulting distribution Limiting condition Parameter constraint

FTR =1 -
k—p Shadowed A — 0 orm— o0 -
Kt m — 00 -
Rician =1 Kk >0
Nakagami-m k— 0 -
Rayleigh m=1 k—0

ate, the MF'TR model converges to the x—pu shadowed distribution. This particular model
accounts for the shadowing of the dominant components while preserving the clustering
behavior of the multipath field.

Additionally, by setting i = 1 and removing amplitude fluctuations (i.e., m — oo,
A = 0), the MFTR reduces to the xk—y model, which in turn encompasses the Rician
and Nakagami-m distributions as special cases when = 1 and x — 0, respectively. The
Rayleigh distribution is also recovered as a limiting case of Nakagami-m when m = 1.
These relationships can be summarized in Table. 2.1.

This hierarchical relationship demonstrates the unifying nature of the MF'TR model,
which can emulate a wide variety of propagation conditions from severe NLoS to lightly
shadowed LOS environments by adjusting a small set of physically interpretable parame-
ters. As such, MFTR provides a more general statistical representation capable of mod-

eling realistic fading conditions in next-generation communication systems.

Statistical Properties

The statistical characterization of the MFTR. fading model enables analytical trac-
tability while preserving physical interpretability. One of its key advantages is that its
envelope power, or equivalently its instantaneous SNR, can be expressed as a convergent
weighted mixture of Gamma distributions. This representation is mathematically con-
venient and numerically stable, enabling efficient evaluation of key performance metrics
such as OP, ABEP, and ergodic capacity.

The PDF of the envelope power Y, considering the MFTR. fading model, is given
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%o A %o

frly) = ;wi#y’\i_lexp<—2—:y> , izozwi 1, (2.13)
where w;, A;, and v; denote the mixture weight, shape parameter, and scale parameter of
the i-th Gamma component, respectively. These coefficients are deterministic functions of
the physical parameters (i, m, K, A) of the MFTR model, and can be obtained through
recursive or closed form expressions derived in [22|. The mixture form in (2.13) ensures
that fy(y) is properly normalized and convergent for all feasible parameter values.

From (2.13), other fundamental statistical functions can be derived in closed form.

The cumulative distribution function (CDF) can be expressed as

Fy(y) = fojw w (2.14)

where ~(-,-) is the lower incomplete Gamma function. This expression allows direct com-
putation of outage probability and reliability-related measures.
Similarly, the MGF of Y, essential for deriving average performance metrics in closed

form, is given by
o0 — X
My (s) = wi (1 + :—s> : (2.15)
=0 ¢

The MGF representation in (2.15) is particularly useful because it simplifies the deriva-
tion of average error probabilities and capacity expressions through standard integration
frameworks. For instance, ABEP can be evaluated by integrating the conditional error
probability over the MGF domain, while ergodic capacity can be expressed as an expec-
tation involving My (s).

Equations (2.13)-(2.15) collectively form the analytical backbone for the perfor-
mance analysis of RIS-assisted systems under MFTR fading. The mixture based formal-
ism not only ensures numerical stability and convergence but also provides the flexibility
to model a wide range of propagation phenomena encountered in high frequency wireless

environments. Consequently, the MF'TR model serves as a comprehensive and physically
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grounded framework for accurately assessing the performance of modern communication

systems operating under complex fading conditions.

2.3 Reconfigurable Intelligent Surfaces (RIS)

A RIS is a planar metasurface composed of a large number of low-cost, nearly
passive reflecting elements. Fach element can independently adjust the phase shift (and
possibly the amplitude) of an incident electromagnetic wave, enabling the control of the
propagation environment [30, 31]. Unlike a simple mirror, an RIS acts as a software
defined reflector: it does not use power amplifiers for retransmission, but instead shapes
the reflected wavefront by properly setting the phase shifts of its elements.

Mathematically, the received signal at a user equipment (UE), after reflection by an

RIS, can be modeled as

y = (Hre®Hrr + Hry) x + 1, (2.16)

where:

Hyr is the channel matrix from the transmitter (Tx) to the RIS.

o & — diag (e’”,e%,... ,e/*V) is the diagonal phase-shift matrix for the N RIS
elements.
e Hpp is the channel matrix from the RIS to the UE.

Hyy is the direct Tx-UE channel matrix (if non-negligible).

x is the transmitted signal vector.

n is additive noise at the receiver.

The primary design goal is to choose the phase shift matrix ® to maximize a per-

formance metric (e.g. SNR, transmission rate, reliability) at the receiver. This often
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involves optimizing over ¢,¢s,...,¢n given knowledge of the channel matrices Hrp and
Hpgy [31, 30].

RIS represent a transformative technology in wireless communications, offering unique
advantages compared to existing solutions such as massive multiple-input multiple-output
(MIMO) systems, relays, and active beamforming architectures. Both RIS and MIMO
aim to enhance spectral efficiency and spatial diversity; however, MIMO relies on multi-
ple active radio-frequency (RF) chains and complex digital signal processing, while RIS
achieves similar spatial benefits through passive reflection. By controlling the phase of
incident electromagnetic waves, RIS can improve signal propagation without active trans-
mission, resulting in much lower hardware complexity and energy consumption. This
makes RIS a compelling candidate for sustainable, low-power communication networks.

When compared to relays, which actively receive, amplify or decode, and re-transmit
signals consuming power and adding noise and delay, RIS operates as a nearly passive
surface that reflects incoming signals directly after applying optimized phase shifts. This
passive operation significantly reduces energy use and system complexity. However, since
RIS does not amplify signals, its performance can diminish in scenarios where the incident
signal is weak or when the transmitter-receiver distance is large [30, 31].

Unlike active beamforming systems, which depend on amplifiers and active RF
chains to shape transmission beams, RIS performs passive beam shaping by adjusting
the reflection properties of its elements. Instead of generating new signals, it redirects
existing ones, effectively reconfiguring the propagation environment. This capability al-
lows RIS to complement active beamforming and MIMO systems, extending coverage and
improving channel conditions through environment control [30, 32|.

The flexibility and low power consumption of RIS make it suitable for a wide range
of deployment scenarios. In outdoor urban environments, RIS panels can be mounted
on building facades, rooftops, or street infrastructure to redirect signals into shadowed or
NLOS regions, thereby enhancing coverage and link reliability in dense areas. Indoors, RIS

panels integrated into walls or ceilings can mitigate reflections and blockages caused by
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furniture or walls, improving throughput and signal quality. Furthermore, RIS technology
can be used to enhance physical-layer security by steering reflected signals toward intended
users and away from potential eavesdroppers, effectively increasing secrecy capacity [30].
In Internet of Things (IoT) applications, RIS provides an energy-efficient and low-cost
solution for improving connectivity in networks with numerous battery-powered devices.

Despite these promising advantages, several implementation challenges remain. One
major difficulty is the acquisition of accurate CSI. Because RIS elements are passive and
cannot transmit pilot signals, estimating the cascaded transmitter-RIS-receiver channels
(Hyg and Hpgy) is a complex and resource-intensive task [31]. Moreover, practical RIS
hardware imposes quantization limits on the achievable phase shifts, leading to small but
significant performance losses compared to ideal continuous-phase control. Synchroniza-
tion and real-time adaptability also present challenges, especially in mobile environments
where users and scatterers are constantly moving. To achieve optimal performance, the
RIS must continuously adjust its configuration to follow fast-changing channel conditions,

which increases the system’s control and computational overhead.

2.4 Signal Space Diversity (SSD)

SSD is an advanced modulation technique originally introduced in [33] to enhance
diversity gain in wireless systems without compromising spectral efficiency. The funda-
mental principle of SSD is based on applying a carefully designed rotation to a multi-
dimensional quadrature amplitude modulation (QAM) constellation, such that any two
distinct constellation points differ in as many coordinate components as possible. The
achievable diversity order of a multidimensional constellation is defined as the minimum
number of coordinates in which any two symbols differ. When the rotation is optimized
and the constellation has D dimensions, the system can theoretically achieve a diversity
order equal to D.

The SSD principle illustrated in Fig. 2.2 can be understood by analyzing how fading

and noise affect symbol detection in rotated and non-rotated constellations. Consider
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(a) Non-rotated 4-QAM (Diversity order 1). (b) Rotated 4-QAM (Diversity order 2).

Figure 2.2: SSD principle based on constellation rotation from [2].

first the non-rotated 4-QAM constellation shown on the left. The orange points represent
the original constellation symbols. Let us focus on the symbol located in the lower-right
quadrant, corresponding to s4. If a deep fade affects only the quadrature component—as
indicated by the black arrow—the symbol is displaced vertically toward the white point. In
this situation the in-phase component remains unchanged while the quadrature component
is severely attenuated. After this fading-induced displacement, the received sample is
further perturbed by additive noise (red arrow), ultimately landing in the upper-right
quadrant. As a consequence, the detector incorrectly decides in favor of symbol s; instead
of the transmitted s4, illustrating how the lack of rotation causes several constellation
points to collapse along the affected axis.

The rotated constellation on the right behaves fundamentally differently. Again
consider the transmission of symbol s;. Although the same fading coefficient is applied,
the rotation causes the original quadrature component to have a much smaller magnitude.
Thus, the same fading value produces a proportionally smaller displacement in the rotated
domain. After fading, the symbol moves toward the corresponding white point. When
noise is added (red arrow), the received sample remains within the rotated decision region
corresponding to s4. Since symbol decisions are performed with respect to the rotated

axes, the detector correctly identifies the transmitted symbol.
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This example illustrates the core advantage of SSD: rotation redistributes the en-
ergy of each symbol across both coordinates, preventing any axis-aligned collapse under
selective fading. As a result, even when one component is deeply faded, the combined
effect of rotation and the multidimensional decision boundaries ensures that the minimum
distance between symbols remains nonzero, providing additional diversity and improving
detection reliability.

At the transmitter, a block of ¢ bits is mapped into a D-dimensional QAM symbol
s = (s1, 82, ..., sp)T, where each component s, is drawn from the set {&1,43, ..., £V M},
and transmitted over D/2 time slots (two dimensions per slot). The rotation operation
is implemented by multiplying s by a D x D orthogonal rotation matrix W, yielding the
rotated vector r = WT's [33]. Since W is orthogonal, the rotation preserves the total
transmitted power, ensuring no loss in energy efficiency. The bit rate remains identical
to that of a conventional M-QAM system, confirming that SSD introduces no spectral
efficiency penalty.

The design of W plays a critical role in determining system performance. The
rotation matrix depends on a set of design parameters, typically denoted by Ap, which
must be chosen to maximize both the diversity order and the minimum product distance
between any two rotated symbols. The product distance, a key metric for assessing

performance, is defined as
D

d, = H |T17g — T275|, (2.17)

=1

where 7, , and 7, represent the ¢-th components of two distinct rotated symbol vectors
r; and ry, respectively. Maximizing d, enhances the system’s robustness to fading and
noise by increasing the Euclidean distance between symbols in the multidimensional signal
space.

The specific rotation matrices for D = 2, 3,4, and 6 are summarized in Table 2.2. For
each dimension, the optimal values for Ap were derived to achieve full diversity and im-
proved SNR performance, with higher-dimensional matrices designed using the recursive

procedures outlined in [33].
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Table 2.2: Rotation matrices employed with the SSD technique from [2].

D Rotation Matrix, W Parameters
a b
2 <—b a) a= T/\? , b= Xa
a b ¢
1A . Y\
3 b ¢ a a= 1+/\3+3/\§’ b= Asa, c = F5a
—c —a —=b
a b —c —d - L Y B P
4 —b a d —c un /1472 ur/1422’ U/\z u
c d a b
—d ¢ —=b a " — N2V EBYEBYY
e v
R ED . )3 -
a = 1+/\3+3/\2’ b= \sa, ¢ = EBWU
a b ¢ —x —y —=z
b ¢ a -y —z —x . . b—a—/(—a)2Ha—e)(b—-8) . . _ag
6 —c —a —b 2z T y &= Xoy Y = a—é T 2= %1y
xr y z a b ¢
y z * b ¢ a u:\/d2+62+é2+3'32+y'2+z'2
-z —x —y —c —a —b
a:%)b:g’C: E)x:%)y:ﬁ)z:%

At the receiver, the system first compensates for the phase distortions introduced
by the channel and then applies a deinterleaver to separate the faded components. The

symbol detection process follows the minimum Euclidean distance criterion:

D
P argmfinz lye — au)?, (2.18)
=1

where 1, denotes the received signal in the ¢-th dimension, a, represents the fading am-
plitude affecting that dimension, and r, is the ¢-th element of a candidate symbol vector
r. Once the optimal rotated symbol r is identified, the corresponding non-rotated multi-
dimensional symbol s can be reconstructed, allowing the recovery of the transmitted bit
sequence.

In essence, SSD introduces controlled geometric rotation in the signal space to ex-

ploit multidimensional diversity without sacrificing bandwidth or data rate. This tech-
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nique effectively combats the detrimental effects of fading by ensuring that each compo-
nent of the signal vector carries independent and complementary information, thereby
improving the reliability and robustness of wireless transmission systems operating in
frequency-selective or multipath fading environments.

The concepts established in this chapter, small-scale fading statistics, generalized
models with emphasis on MFTR, core performance metrics (OP, ABEP, and ergodic
capacity), and the fundamentals of RIS and SSD provide the analytical substrate for the
developments that follow. In the next chapter, System Model and Performance Analysis,
these ideas are instantiated into a precise baseband framework for an RIS-assisted link
under MFTR fading, specifying all channel and path-loss assumptions, as well as the RIS

configuration and the SSD mapping/rotation at the transceiver.
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3 SYSTEM MODEL AND PERFORMANCE ANALYSIS

3.1 System and Channel Models

We consider a wireless communication system operating under non-line-of-sight
(NLoS) conditions and assisted by a RIS, as illustrated in Fig.3.1. The system con-
sists of a single-antenna transmitter, a RIS composed of N passive reflecting elements,
and a single-antenna receiver. There is no direct link between the transmitter and the
receiver; instead, the RIS reflects the signal towards the receiver, applying programmable
phase shifts to enhance reception.

For this system model, the received signal sample can be expressed as

N
- (zgnhnem> i
n=1

—h'egz +w, (3.1)
where
Pr — Ptlcldl_allcgd;az, (32)

where P; denotes the total transmit power, while d; and dy, Ky and Ky, and oy and
o represent the distances, propagation factors, and path-loss exponents associated with
the transmitter—RIS and RIS-receiver links, respectively. Furthermore, in (3.1), x de-
notes the transmitted symbol drawn from a normalized mean power M-QAM constel-
lation, i.e., F{z?} = 1, with M representing the constellation size. In addition, g =
l91, 92, -, gn]T and h = [hy, hy, ..., hy|t denote the complex channel vectors associated
with the transmitter-to-RIS and RIS-to-receiver links, respectively, with all entries nor-
malized to have unit average power, i.e., E{g2} = E{h2} = 1, ¥n. The RIS phase-shift

matrix is defined as @ = diag(e’, %2, ... e%V). Finally, w denotes the complex additive
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Figure 3.1: RIS-assisted communication system without direct line of sight.

white Gaussian noise sample, such that, w ~ CN(0,02).

The fading coefficients {g,} and {h,} are assumed to be independent across the
RIS elements and mutually independent between the transmitter—RIS and RIS-receiver
links. Within each link, the coefficients are identically distributed, i.e., {g,} and {h,} are
modeled as i.i.d. random variables following the MFTR distribution, while the two links
may exhibit different fading statistics.

This assumption is physically justified when the RIS elements are sufficiently spaced
(typically on the order of half a wavelength) and interact with distinct local scattering
environments, leading to uncorrelated fading. Likewise, independence between the two
links is reasonable when they are affected by different sets of scatterers, as commonly
occurs in practical RIS deployments. Although spatial correlation may arise in compact
or highly structured scenarios, the independence assumption provides an accurate and
tractable model for system-level performance analysis.

Each fading coefficient in the vectors g and h can be modeled using the MFTR

distribution [22]. Specifically, the instantaneous power of the n-th MFTR random variable
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can be represented as'

2

Ip)* = ‘\/5 (Vie? + Vae®?) -+ Gy

i
+) ‘x/SUueﬂ/’u + G
u=2

2

: (3.3)

for p € {g,h}, where ¢ is a Gamma-distributed random variable with unit mean, whose

PDF is given by

mm M 1

fo¢) = W exp(—mz), (3.4)

with m > 0 denoting the shadowing severity parameter of the dominant specular waves.

In this model, the first cluster contains two strong specular components with fixed
amplitudes Vi and V4, and phases ¢y, ¢a ~ U|[0,27). Additional clusters are represented
by components of the form U,e?¥s, where U, is constant and ¥, ~ U|0,27). Each cluster
also includes a diffuse contribution G, ~ CN(0,20?), with u = 1,2,...,u, 0 denotes the
variance of both the in-phase and quadrature components of G, and u denoting the total
number of multipath clusters.

The marginal PDF of |p|? is given in [22, eq. (20)] as

2 (y) = N — , 3.5
firv) = D sy exe (=) (3.5)

where the weights w; are given by

g=0

(3.6)

2uKA
><2F1<m+i,q+%;q+1;— E )

m~+ pK (1 —A)

'We have simplified the notation by omitting the subscript n.
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In addition, in (3.5)-(3.6) we have that

and that
ot
P = 3.8
U ) (35)

where the parameter

VPV YL UL

K
202

) (3.9)
quantifies the ratio between the power of the deterministic specular components and that

of the diffuse part, whereas

B 2V1Vy
VR VR L UY

0<A<I, (3.10)

measures the similarity of the dominant specular components in the first cluster.

3.2 Performance Analysis

In this section, we analyze the performance of the proposed RIS-assisted communi-
cation system in terms of OP and ABEP by considering M-QAM. The analysis begins
with the characterization of the instantaneous received signal-to-noise ratio (SNR), which

constitutes the foundation for all subsequent derivations.
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3.2.1 Signal-to-Noise Ratio

When the RIS phase shifts in (3.1) are optimally configured as?
0, = — arg(gnhn), (3.11)

each reflected signal undergoes perfect phase compensation. This ensures that the cas-
caded links {hygn} are coherently aligned at the receiver, so that all contributions add

constructively. Under this assumption, the received signal can be rewritten as

N
Y= VP lgnllbn| z + 1. (3.12)
n=1

r

From this result, the instantaneous received SNR can be expressed as
U = ~r?, (3.13)

where ¥ = B,/c2.

Since the number of RIS elements, N, is typically large, by invoking the Central
Limit Theorem [36], the random variable r in (3.12) can be approximated as Gaussian,
which enables a tractable characterization of its distribution by capturing the aggregate
effect of a large number of independent (or weakly dependent) reflected components.
This approximation becomes increasingly accurate as N grows, and is well aligned with
practical RIS deployments, while significantly simplifying the derivation of closed-form

performance expressions, i.e., 7 ~ N(n,,02). Therefore, its PDF can be written as

o 1 (y_nr)2
) = e (‘T;g ) (3.14)

2By setting 0% at each element, all reflected signals are phase-aligned to achieve maximal constructive
interference at the receiver. This widely adopted assumption provides an upper bound on system per-
formance and can be reasonably justified, since near-perfect alignment is attainable with accurate CSI
estimation or channel reciprocity in wireless systems [34, 31, 35].
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for —oo < y < 0.

Our objective is now to determine 7, and o2 for this Gaussian distribution, under
the assumption that ¢, and h,, are independent but not necessarily identically distributed
MFTR random variables. To this end, we first derive the PDF of the MF'TR envelope |p],
where |p| € {|g|,|h|}. Recalling that (3.5) denotes the PDF of the squared MFTR. fading

envelope, a straightforward change of variables can be applied, yielding

fiol(y) =2 iw'LyZ\i_l exp <—)\iy2> (3.15)
ol pa ZF()\Z)Uz)\Z v )

where w;, A; and v; are given by (3.6), (3.7), and (3.8), respectively.

Starting from the definition of the expectation of p, we have that

o - AN o by
Elp| = dy = —— 2 (-—’ 2>d . 3.16
= [ i =Y wgits [ee(—i ) 61

To express the integral in terms of the Gamma function from [29, eq. (6.1.1)], we

apply the following change of variables

Ao Y sy

Substituting into the integral:

o A o v 2 1 v
2\ i 2 i ,1/2 —t i ,—1/2
—— dy = — —4 /= A
/o Y exp( Uiy) Y /o < )\it > e <2 )\it >dt (3.17)

1 (¥ AiJr% *° AL
== et dt. 1
5 <)\z> /o 2e (3.18)

We now recognize the remaining integral as Fuler’s Gamma function:

I'(z) = / t* et dt, R(z) >0,
0
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with z = A\ + % Hence,

® o A A\ TN
/ e exp(——y2> dy = <—> F()\i + %) .
0 Uy Uy

Finally, substituting this result yields to

> M\ TP /1
R

o (3.19).

Based on this result, the mean value 7, can be derived as

o ol

> E{lgal} E{Ihal}

= N E{lgl} E{[A[}, (3.20)

where, in the final step, it was assumed that all elements of h and g are identically
distributed, i.e., E{|g.|} = E{lg|}, and E{|h,|} = E{|h|}, for all n.
Finally, using the result in (3.19), (3.20) can be rewritten as follows

)le _1_
NZ AT NN Y
?77' wzl )\ 7.1 ’UZ'J 2 171

Uzl

>\]2

1
N2\ TEVE (1
X ijg )\ Mo <ﬁ> r <§ -+ )\j,2> , (321)

7,2 U]2

where subscripts 1 and 2 refer to the MFTR channel parameters associated with the

transmitter-to-RIS and RIS-to-receiver links, respectively.

45



On the other hand, the variance o2 can be computed as follows

02 = Var

N
3 |gn||hn|]
n=1

© NVar [|ga|[hal]
@ N (E [|gn|2} E [|hn|2} — E? Ugn“hnH)

SN (-2, (3.22)

where in step (a), we use that the random variables g,, and h,, are independent for all n;
in step (b), we use that 02 = E[z?| — E?[z]; and in step (c), we use that E[g%] = E[h2]| =
1, ¥n, and that E[|g,||hn|] = 6, with n, given in (3.21).

Since r in (3.12) is approximated by a Gaussian distribution, i.e., r ~ AN(n,,02), its

PDF is given by (3.14). From (3.13), the instantaneous SNR is

2

s
qj:FyTP 7= =

Q

2
n

which defines a one-to-two mapping between r and ¥ for ¥ > 0. For a given value y > 0

of W, the corresponding values of r are

Using the standard transformation rule for a monotonic function with two preimages,

dr
f\I/(y) :Zfr<rk(y)> k(y) ) y>07
k=0 dy
where f,(-) is given in (3.14). The derivatives of r(y) are

dr(y) _ koL

drk(y) ‘ _ 1
dy 2v/7y’
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which is independent of k. Therefore,

. <_ (rely) - W) !
P 202 2 /7y

— V21 o,
1 1 Y 2 1 ( Y >2
— < exp|— ) | texpl|- Z iy, .
2 27?%@{ p[ 207 <\[y ! > AN
This expression can be compactly written as
1 1 Y 2 1 ( Y >2
= —F———— 1 &Xp |— =+ +ex — =7
Joly) =35 s { p [ 202 (ﬁ n > P52 (/5 7"

2%212

(2+ <—1>m)2] | (3:23)

for y > 0, which corresponds to (3.23).

3.2.2 QOutage Probability

The OP is defined as the probability that the instantaneous channel capacity falls

below a target threshold Ry,. Equivalently, it can be expressed as
Pouwe = Pr(logy(1 + V) < Ru), (3.24)

where ¥ is the instantaneous received SNR. given in (3.13). Therefore, the OP can be

obtained as follows

Poyy = Pr (¥ < 2% —1)

- / fu(y)dy (3.25)

where fy(y) is given in (3.23).
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Using (3.23) in (3.25), the OP can be written as

e [ s
/0 hQWZ [ 592 <\/§+( 1)%)1 dy
2\/27703 ;; ; [ \/§+ (—1)’“777«)2] dy.

Now, we perform the change of variable

r=. 02 = y =72, dy=2yrdr, Jy=+7xz.
Y

When y goes from 0 to vy, x goes from 0 to

/ 28tn —
Tth — @: - .
Y Y

Hence,

P = /
t 2«/27?70, —Jo ﬁl"

_ \/%UT kz%/o exp {_(er (—Ui)kﬁr)T de.

Next, we map the integral to the standard Gaussian form by defining

Tt (_1)knr

= dr=+20,du.
\/507« X o

For a fixed k, the integration limits become

NCNS (=1)*n, MO + (=1)kn,

" V2o, L V2o
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Therefore,

out -

Tiro Z/(k) exp(— V20, du
1 /u1 2
= — Z e " du.
ﬁ k=0 “(()k)

Using the definition of the error function,

erf( f/

we can write

k=0
Note that
o _ _"r n M
Uy = : Uy = — :
V20, ° V2o,
and since the error function is odd, erf(—z) = — erf(x), we obtain

erf (uéo)) + erf (uél)) = 0.

Thus, only the upper limits contribute, and we finally arrive at

Py = Zerf<f0< 2&2_1“_1)%)), (3.26)

which is the desired closed-form expression for the OP.
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3.2.3 Average Bit Error Probability

The ABEP can be computed by averaging over the fading distribution, namely

P, = /Ooo Py (y) fo(y) dy, (3.27)

where Py (y) represents the bit error probability conditioned on the instantaneous SNR,
and fy(y) is the PDF of the SNR as given in (3.23).
By considering the symmetry of square M-QAM constellations and Gray encoding,

in [37, eq. (16)] it is shown that

1 logy VM (1-272)/M—1 -
U e IO INDS ()%

=0

x <2&—1 - V)\Q/Ml + %J) erfc <(2b+ 1)\/g > (3.28)

By substituting (3.23) and (3.28) into (3.27), the resulting integral unfortunately

where w = 2(M — 1)/3.

does not admit a closed-form solution. Nevertheless, an accurate approximation can be
derived by employing the expression for the complementary error function erfc(-) proposed

in [38, eq. (14)]. Specifically, the complementary error function can be approximated as

1 1 49
erfe(y) ~ Eexp(—y2) + 5 €xXp <—%> . (3.29)

By substituting x = (2b + 1)+/y/w into (3.29), we obtain

erfc<(26+ 1)\/% ~ éexp<—wy> + %exp<_4(%3721)2y> (330

For compactness, we rewrite (3.30) as

erfc<(2b+1\f> Zak exp( — B(2b + 1)%y), (3.31)
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where

O[O:—’ /60: s O[lz—’ /61:_

6

Substituting this approximation into (3.28) yields

| logy VM (1-279)V/M -1 {
Pyly) ~ ——————— —1)lvar

><<2&—1—V)2&1 J)Zakexp — Be(2b + 1)%y).

By applying this approximation to (3.28) and subsequently substituting the re-
sult into (3.27), a closed-form approximate expression for evaluating the ABEP in an
RIS-assisted system operating over MFTR fading channels can be obtained after some

manipulations, and it is given by

1 logy VM (1-27%)v/M—1 L
Pom e (~ptva
Mlog, v M ; bz:

an—l 1 - 772
a—1 - T
(3 {WUDGXI’( )
2 exp o2 (1tcrr2o2
\/w’}/o' ch (2 1+ k"/ ) (332)

V(20 + 127202 +w’

where (, = 1 — 2k/3 and ¢, = 2(1 + k/3).

3.3 Signal Space Diversity Integration in the System Model

To further investigate the diversity enhancement capabilities of the proposed RIS-
assisted system, SSD was incorporated at the transmitter and receiver stages. Unlike spa-
tial diversity techniques that rely on multiple antennas, SSD introduces diversity directly
in the signal domain by rotating the constellation of the modulated symbols across mul-
tiple dimensions. This operation ensures that the in-phase and quadrature components

of each symbol experience independent fading realizations, thereby improving resilience
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against deep fades in the channel.

At the transmitter, the bit stream is first mapped onto an M-QAM constellation
using Gray encoding. The resulting symbol vector s is then multiplied by a rotation ma-
trix W, producing the rotated vector r = W7's. This rotation redistributes the energy of
each symbol across multiple components, maximizing the minimum Fuclidean and prod-
uct distances between constellation points. Subsequently, an interleaver rearranges the
symbol components across consecutive time slots to ensure that adjacent components are
transmitted over independently faded channel instances. The complete process, depicted
in Fig. 3.2, illustrates the transmit processing chain, which consists of three main blocks:

the mapper, the rotation block, and the interleaver.

o]eo w ° -]
Input M °le ° °
S apper Interleaver
Its (Gray Eicodlng) S r
Second symbol  First symbol

&— s5,, ®— Six @

3 o (4 1. = (2
Q [LrR+ud] O (vl v

|>dimenTsion
Z=1 =2 Sip = S(lk) S(Zk)
D, @ @ | @ ’ L
@ To 005, T. |2k + 1y |>I> user
time slot

channel coherence time

Figure 3.2: Transmitter and receiver structure with SSD applied to the RIS-assisted communication
system.

It is important to emphasize that the benefits provided by SSD depend on the
amount of spatial diversity already offered by the RIS. When the number of RIS elements
is relatively small, the overall system diversity is limited, and SSD can provide noticeable
additional gains by introducing signal-domain diversity that mitigates deep fading events.
In these scenarios, SSD effectively complements the RIS by enhancing robustness without
requiring additional hardware resources.

On the other hand, when the RIS comprises a large number of reflecting elements, the
system already benefits from a high spatial diversity order. In such cases, the incremental

gain introduced by SSD becomes more marginal, as the dominant diversity contribution
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is governed by the RIS array itself. Nevertheless, even in this regime, SSD can still offer
moderate performance improvements, particularly in severe fading conditions or when
operating at high modulation orders, at the cost of increased computational complexity
only.

For the sake of clarity and without loss of generality, the subsequent analysis con-
siders a two-dimensional SSD configuration as a representative case. The input to the
mapper is a sequence of coded bits. After Gray mapping, every pair of complex symbols

is expressed as

S1k
S — , (3.33)
52k
where k denotes the time-slot index.
Each complex symbol is written as
sk = sip IS s = syl b jssy, (3.34)

where (1) and (Q) represent the in-phase and quadrature components, respectively. The
superscripts (1) and (2) refer to the first and second symbol in the pair.

The two mapped symbols are rotated through a unitary 2 x 2 matrix W:

The rotation matrices were indicated previously in Table 2.2. After the rotation

process, the rotated symbols can be represented as

I . I .
Tig = rg,i + ng(j?, Tok = ré,i +ar

RS

), (3.36)

N~
ko

The interleaver reorders the real and imaginary components of r, according to the

channel coherence time T,, i.e., the number of symbols that experience the same channel
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realization.

Case 1 (independent channels), no permutation is applied:
Fik =Tk, T2k = ok (3.37)

Case 2 (two consecutive symbols share the same channel), to reduce correlation, the

interleaver mixes the in-phase and quadrature components:

Fie =1\ birsy,  Fox=rop iry. (3.38)

At the receiver, deinterleaving and inverse rotation are performed to reconstruct the
original symbol vector before demodulation. A minimum-distance detector is employed
to identify the transmitted symbol by minimizing the Fuclidean distance between the
received vector and the possible rotated constellation points. This detection process
effectively combines the independent fading effects across dimensions, yielding additional
diversity gain.

In the context of the proposed RIS-assisted system under MFTR. fading, the inclu-
sion of SSD modifies only the modulation and detection stages, while the RIS-assisted
propagation model remains unchanged. This allows a direct comparison between systems
with and without SSD to quantify the performance improvement solely attributable to
SSD. The impact of SSD is assessed through Monte Carlo simulations of the ABEP under
various configurations of RIS elements and constellation rotation parameters.

In summary, the system and performance analyses developed in this chapter estab-
lish the mathematical foundation required to characterize RIS-assisted communications
under MFTR fading, with and without the incorporation of SSD. The derived expres-
sions for the instantaneous SNR, outage probability, and ABEP provide the analytical
tools needed to assess the system behavior under different propagation and configuration
scenarios. Having defined the complete theoretical model, the next chapter presents de-

tailed numerical simulations that validate these analytical formulations and illustrate the
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practical performance benefits achieved through RIS deployment and SSD integration.
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4 NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present numerical results and discuss the OP and ABEP of
the considered RIS-assisted wireless system across various representative scenarios. The
accuracy of the analytical expressions is corroborated through Monte Carlo simulations,
using the software MATLAB with 5 x 10% iterations. The system parameters used in each
figure were selected to illustrate representative scenarios and to validate the accuracy of
the provided expressions.

Unless otherwise stated, the simulations adopt the following system parameters. The
transmitter—RIS link is set to d; = 50 m with a path-loss exponent of oy = 2.6, whereas
the RIS-receiver link is modeled with d; = 40 m and a path-loss exponent of as; = 2.8.
For both links, the path-loss factor is Ky = Ky = —30 dB. These values are consistent
with the propagation conditions typically encountered in urban and indoor environments

at sub-THz frequencies [39, 40].

4.1 Outage Probability

In this subsection, the OP curves for different operating scenarios are presented.
These results provide a comparative view of how system performance varies with key
parameters such as the number of RIS elements, link distances, transmit power, and
fading conditions.

Figs. 4.1, and 4.2 show the OP as a function of the number of RIS elements N,
parameterized by different wireless system configurations. In these figures, the label
same channel indicates that both the transmitter—RIS and RIS-receiver links are modeled
with MFTR fading channels with identical parameters: m = 4, K = 5/2, u = 2, and
A = 3/5. On the other hand, the label different channel refers to the case in which
the transmitter-RIS and RIS-receiver links are subject to MFTR fading channels with

different parameter sets. Specifically, the transmitter-RIS link is characterized by the
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parameters above, while the RIS—receiver link follows an MEFTR. distribution with m = 2,

K =5/2, p=4, and A = 3/5.
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Figure 4.1: OP as function of N, parameterized by the distance ds.

In particular, Fig. 4.1 shows the OP as a function of N, parameterized by the
distance dy with d; = 60 m and P, = 19 dBm. The results indicate that the OP decreases
monotonically with N owing to the RIS array gain, where shorter dy values naturally yield
superior performance. Furthermore, the different channel case achieves slightly better
performance in the high-N regime. Specifically, in the same channel scenario, both links
are modeled with MF'TR fading with 4 = 4. In contrast, in the different channel scenario,
the transmitter—RIS link is affected by MFTR fading with ¢ = 4, while the RIS-receiver
link experiences MFTR fading with p = 2.

From the numerical results, it is observed that an increase of p in the first link
implies a larger number of multipath clusters, which corresponds to a richer propagation
environment and enhanced channel diversity [24]. Consequently, the different channel
scenario exhibits a lower outage probability compared to the same channel case. From a
quantitative perspective, this improvement translates into a modest gain of a few decibels
in the required transmit power (or equivalently, a slight reduction in OP for a fixed

N), particularly noticeable in the moderate N regime. Nevertheless, this gain remains
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Figure 4.2: OP as function of N, parameterized by F.

limited, since the overall system diversity is predominantly governed by the large number
of RIS elements, which provides a much stronger array and spatial diversity gain than the
increase in u alone.

On the other hand, Fig. 4.2 illustrates the OP as a function of N, parameterized
by the transmit power P, expressed in dBm. As expected, increasing F; reduces the OP,
thereby requiring fewer RIS elements to achieve a target performance level. Similar to
Fig. 4.1, the different channel scenario yields a slightly lower OP in the high-N region.
Finally, an important observation in Figs. 4.1 and 4.2 is the close agreement between the
simulation and analytical results, which validates the derived expressions and highlights
the dependence of the system performance on the different system and channel parameters.

As reported in [22, Table I|, the MFTR model can emulate a wide range of fading
channels by adjusting the distribution parameters m, K, i, and A. Building on this prop-
erty, the numerical analysis is further extended to assess a range of scenarios associated

with different fading models. Accordingly, Fig. 4.3 illustrates the OP as a function of N,
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with each curve representing a distinct MF'TR parameter configuration under the condi-
tion P, = 19 dBm. The parameter sets adopted for each fading model are summarized in
Table 4.1, and are consistent with those in [22, Table I]. The same parameter settings are
applied to both the transmitter—RIS and RIS—receiver links.

Table 4.1: MFTR channel parameters for different fading models.

Fading model m K pu A
Rayleigh 5 0 1 0
Rician 50 25 1 0
k-1 shadowed 2 4 2 0
FTR 2 25 1 06

The results presented in Fig. 4.3 clearly indicate that Rayleigh fading necessitates
the largest number of RIS elements to achieve the target outage probability (OP), thereby
confirming its characterization as the most adverse propagation condition, attributable
to the absence of a line-of-sight (NLoS) component. In contrast, the Rician and FTR
scenarios exhibit a faster decay in the OP as N increases, due to the presence of dominant
specular components in their channel structure. The s~y shadowed model exhibits the best
performance among the considered cases because its parameter configuration corresponds
to a richer multipath environment with enhanced diversity. Overall, these results highlight
how the flexibility of the MFTR model and our derived expressions allow the evaluation
of RIS-assisted systems under a broad range of fading conditions, from severe NLoS

propagation to scenarios with strong multipath clustering and specular dominance.

4.2 Average Bit Error Probability

In this subsection, we present numerical results for the ABEP obtained under dif-
ferent operating conditions. M-QAM modulation is adopted to parameterize the system
across diverse scenarios. For simulation purposes, the noise power is set to —123.2 dBm,
which corresponds to the thermal noise floor at room temperature (290 K) with an ef-
fective bandwidth of approximately 120 kHz, as defined in [41]. This subcarrier spacing,

specified for mmWave and FR2 operation in the 5G NR architecture, is particularly suit-
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Figure 4.3: OP as function of N, parameterized by the different fading channel scenarios indicated in
Table 4.1.

able for high-frequency systems, as it mitigates Doppler effects and allows for shorter
symbol durations.

In the following figures, the exact theoretical ABEP is obtained through numerical
evaluation of the integral in (3.27), while the approzimate ABEP is computed using the
closed-form expression given in (3.32).

Fig. 4.4 illustrates the ABEP as a function of the transmission power F;, parameter-
ized by the modulation order M, for a RIS-assisted system operating under MFTR fading.
The simulation setup assumes a transmitter-RIS distance d; = 70 m and a RIS-receiver
distance dy = 40 m, with both links subject to a path-loss factors of Ky = Ky = —30
dB and a path-loss exponents oy = ay = 3. The RIS comprises N = 200 reflecting
elements. The fading channels are modeled according to the MFTR distribution with
parameters m; = 4,07 = 2, Ki = 5/2, Ay = 3/5 for the transmitter-RIS link and
my = 2, o = 4, Ky = 5/2, Ay = 3/5 for the RIS-receiver link. As expected, increasing

M leads to a higher ABEP, while increasing P, reduces the ABEP. More importantly, the
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Figure 4.4: ABEP as a function of P, parameterized by the modulation order M.

results demonstrate excellent agreement between the simulation curves and the analytical
expression in (3.32), even for high modulation orders such as 256-QAM, which confirms
the precision of the proposed derivation.

Fig. 4.5 uses the same fading channel parameters as Fig. 4.4; however, it highlights
the beneficial effect of increasing the number of RIS elements in this case. These results
are based on 256-QAM modulation. As N increases, the system requires substantially
less transmit power to achieve a given target ABEP, and the error probability decreases
at a significantly faster rate. This trend demonstrates the array gain provided by the RIS,
which directly enhances the link reliability and robustness. Furthermore, the results re-
veal an excellent agreement between the simulation, theoretical, and approximate curves,
confirming the accuracy of the proposed analytical framework. Overall, these findings
highlight the strong potential of RIS-assisted communications, where even moderate in-
creases in IV can substantially improve energy efficiency and quality of service even for

high-order modulations like 256-QAM.
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Figure 4.6: ABEP as function of P;, parameterized by different values for x, and considering 256-QAM.
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Fig. 4.6 shows the ABEP performance of a RIS-assisted system under MF'TR. fading,
parameterized by the number of multipath clusters ¢ = {1,3,5} in both links. The scenario
considers 256-QAM, d; = 70 m and dy = 40 m with path-loss factors of Ky = Ky = —30
dB and a path-loss exponent a; = ap = 3. The RIS employs N = 40 elements. Both links
follow the MFTR fading model with my = my = 2, Ky = Ky = 5/2, Ay = Ay = 3/5. The
results indicate that as p increases, the system performance improves because a higher
number of multipath clusters enhances channel diversity. However, this improvement is
relatively modest compared to the substantial diversity already provided by the large
number of RIS elements. These results highlight that even in scenarios with unfavorable
propagation conditions, RIS can significantly enhance system performance, maintaining

low ABEP levels even for high modulation orders such as 256-QAM.
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Figure 4.7: ABEP as function of P;, parameterized by the different fading channel scenarios indicated in
Table 4.1, considering N = 200 and M = 256.

Fig. 4.7 illustrates the ABEP as a function of the transmit power for four representa-
tive fading models Rayleigh, Rician, x—u, and FTR whose corresponding parameters are

listed in Table 4.1. The results show an excellent agreement between the simulation, the-
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oretical, and approximate curves, validating the accuracy and reliability of the proposed
analytical framework. From a comparative perspective, the Rayleigh model exhibits the
poorest performance, yielding the highest ABEP for a given transmit power. The Rician
channel provides noticeable improvement, while the k- and FTR models achieve lower
error probabilities. The slopes of the curves in the high power region reveal the inherent
diversity gains of each fading model: Rayleigh fading exhibits the lowest diversity, whereas
the k—p and FTR channels display steeper decays, reflecting more favorable propagation
conditions. However, the difference in diversity gain across the models remains relatively
small, since the large number of RIS elements inherently provides high spatial diversity,
thereby mitigating the effect of fading variations between channels. A zoomed-in view
is provided in the figure to highlight these effects more clearly. Overall, the results con-
firm both the analytical soundness of the proposed model and the practical relevance of

advanced fading characterizations.

4.3 Simulation-Based Evaluation of SSD in RIS-Assisted Systems under MFTR

Fading

To evaluate the impact of incorporating SSD into RIS-assisted systems operating
under MFTR fading, a series of simulation experiments were carried out using the baseline
RIS-MFTR . framework described previously. SSD was integrated at both the transmitter
and receiver by applying a two-dimensional rotation to the M-QAM constellation. As
this constitutes the first attempt to combine SSD with RIS-assisted communications in
an MFTR environment, the analysis focuses on two-dimensional rotations, although the
framework naturally extends to higher dimensions.

The system parameters were aligned with the analytical MF'TR-based model, using
m =20, u =1, K = 0.1, and A = 0.5, which represent moderate specular fluctuation
and a single dominant multipath cluster. Path-loss exponents were set to a; = 2.6 with
ki = ko = —30dB, and the distances between the nodes were defined as d; = 30m

(Tx—RIS) and dy = 20m (RIS-Rx).
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Fig. 4.8 shows the ABEP of the aforementioned system as a function of the rotation
parameter Ay. This figure illustrates that different values of Ay lead to distinct ABEP
levels. The search for the optimal value of this parameter can be carried out in several
ways—for example, through an exhaustive brute—force search aimed at minimizing a spe-
cific performance metric such as the ABEP, or through more sophisticated mathematical
optimization techniques. The most appropriate approach will depend on the underlying
fading—channel parameters as well as the particular system configuration. Nevertheless,
this optimization analysis lies beyond the scope of the present work and is therefore left

as an option for future research.
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Figure 4.8: Simulated ABEP of the RIS-assisted system under MFTR fading as a function of the rotation
parameter As.

By considering the previous results, the SSD rotation factor was fixed to Ay = 0.6 in
order to clearly highlight the impact of constellation rotation on the analyzed RIS-assisted
system.

Accordingly, Fig. 4.9 illustrates the ABEP of the RIS-SSD system as a function of

the transmit power. The results show that SSD provides consistent performance improve-
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ments across all evaluated RIS configurations. For example, at an ABEP level of 1075
with N = 10 elements, SSD offers an approximate transmit-power gain of about 2.5 dB.
Although this gain is moderate, it is non-negligible and becomes particularly relevant
under the severe conditions imposed by the MFTR. fading model. Furthermore, the rela-
tive benefit of SSD is more evident for smaller values of N, which is consistent with the
fact that SSD guarantees a fixed diversity order of D = 2, whereas the inherent spatial
diversity provided by the RIS increases with N. Hence, SSD plays a more prominent role
when the available spatial diversity is limited.

It is worth noting that the reported ABEP values could be further improved, as
A2 = 0.6 is not necessarily the globally optimal rotation parameter under the considered

operating conditions.
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Figure 4.9: Simulated ABEP performance of the RIS-assisted system under MFTR fading with and

without SSD for different numbers of RIS elements N.

Reaching even lower ABEP regions would reveal larger relative improvements; how-
ever, such regions require extensive Monte Carlo simulations, which become computation-

ally prohibitive. Despite this, SSD remains attractive because it enhances link reliability
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without requiring additional RIS elements, RF chains, or hardware complexity—only an
increase in computational processing.

Beyond performance gains, SSD potentially enhances physical-layer security, as the
rotation parameter A\ may be treated as a cryptographic key shared exclusively between

transmitter and receiver. This promising direction is left open for future research.
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5 FINAL CONSIDERATIONS

5.1 Principal Conclusions

This work has addressed, for the first time, the performance analysis of RIS-assisted
communication systems operating over MFTR fading channels, a scenario that, to the
best of our knowledge, had not been previously investigated in the literature. Unlike
conventional fading models, the MFTR framework enables a unified representation of
diverse propagation conditions, offering greater flexibility for system-level analysis. An
additional advantage of the proposed formulations is that the resulting expressions are
simple to evaluate using standard mathematical software, which facilitates their applica-
tion to a wide range of scenarios. This is particularly relevant since the MFTR model
generalizes many classical fading distributions as special cases, including Nakagami-m,
Rician, Rician shadowed, k-, k—pu shadowed, n—u, two-wave, TWDP, and FTR.

Closed-form approximate expressions for both the outage probability (OP) and the
average bit error probability (ABEP), under M-QAM modulation, were derived and val-
idated across a wide range of scenarios. It is important to indicate that the proposed
analytical results rely on the Central Limit Theorem, whose accuracy improves as the
number of RIS elements increases. Consequently, the analytical framework is particularly
suitable for RIS deployments with a moderate-to-large number of reflecting elements,
which correspond to the most relevant practical operating regimes.

A comprehensive evaluation of key system parameters including fading channel char-
acteristics, transmit power, and the number of RIS elements was carried out. The results
indicate that increasing the number of RIS elements N provides the most significant and
consistent performance improvement, as it directly enhances spatial diversity and array
gain. Improvements in the propagation environment, reflected by larger values of the

MFTR parameter u, also lead to performance gains; however, these gains are generally
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less pronounced than those obtained by increasing N, especially when the RIS is already
large.

In addition, a simulation-based study was performed to investigate the integration
of Signal Space Diversity (SSD) into the RIS-assisted system under MFTR fading. The
results demonstrated that SSD improves link reliability by enhancing diversity in the signal
domain without requiring additional RF hardware. From a system design perspective,
SSD is particularly beneficial when the number of RIS elements is limited or when the
channel conditions are severe, where spatial diversity alone may be insufficient. When a
large number of RIS elements is available, the additional gains provided by SSD become
more modest, yet remain non-negligible in high-reliability operating regions.

Based on these observations, a practical design guideline can be drawn: increasing
the number of RIS elements should be the primary strategy to improve system perfor-
mance, followed by improvements in the propagation environment when feasible, while
SSD constitutes an attractive complementary technique that enhances robustness at low
computational cost and without additional hardware complexity.

A rigorous analytical characterization of RIS-SSD systems under MFTR, fading,
optimized rotation design tailored to channel statistics, and extended investigations in
ultra-low ABEP regimes and physical-layer security applications remain promising direc-

tions for future research.

5.2 Future Work

Future research directions can extend the current study in several ways. First, the
analytical framework could be generalized to account for independent but non-identically
distributed (i.n.i.d.) fading channels, as well as spatial correlation among the RIS elements
or between the transmitter-RIS and RIS-receiver links. Such extensions would provide a
more realistic modeling of practical RIS deployments.

Second, incorporating practical system impairments such as channel estimation er-

rors, quantized phase control, synchronization imperfections, and hardware non-linearities
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would allow the proposed model to more accurately capture the behavior of real-world
RIS systems.

Another promising avenue involves developing closed-form approximations or bound-
ing techniques for the joint RIS-SSD-MFTR configuration, as the current study relied
exclusively on simulations. Analytical characterization of this combined scenario remains
an open and challenging problem.

Finally, future works may explore the integration of machine learning-based RIS
optimization and adaptive SSD parameter tuning, allowing dynamic adjustment of re-
flection coefficients and constellation rotation based on instantaneous channel conditions.
Such hybrid approaches could further enhance system adaptability, spectral efficiency,

and energy performance in next-generation wireless networks.
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