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ABSTRACT

Statistical distributions are frequently used to model fading effects introduced by the communication channel on the received
signal. Some distributions are directly derived from physical propagation models, while others are adapted from statistics and
applied to model fading based on their goodness-of-fit to measurements or on account of their mathematical simplicity. In this
paper, a line-of-sight (LOS) shadowed x — y/gamma-Rayleigh (x — u/GR) is proposed and thoroughly investigated. The GR dis-
tribution was selected for its mathematical simplicity and flexibility. Closed-form expressions for fundamental statistics such as
the probability density function (PDF) and cumulative distribution function (CDF) are derived for the x — y/GR fading model.
Additionally, analytical expressions for higher-order moments, including the amount of fading (AF) and the moment gener-
ating function (MGF), are provided in closed-form expressions. Performance measures of interest, such as outage probability
(OP), average symbol error probability (ASEP), and average channel capacity, are derived in closed-form for communication
systems operating under the ¥ — y/GR channel fading conditions. The validity and utility of the proposed composite fading model
for characterizing composite fading behavior observed in hybrid powerline-wireless communication (PLC-WLC) channels are
demonstrated through an extensive series of theoretical comparisons with experimental PLC-WLC measurements. Hybrid PLC-
WLC channel measurements were performed in various environments, and PLC-WLC propagation scenarios were classified
according to the cable branching characteristics of the PLC segment of the hybrid PLC-WLC channel. The goodness-of-fit of the
proposed composite fading model was evaluated using the Kullback-Leibler (KL) divergence test. The results revealed that the
proposed composite fading model exhibited an excellent fit to the fading conditions encountered in hybrid PLC-WLC channels.
Compared with other existing composite fading models, the k¥ — 4/GR model provided the most accurate fitting results for meas-
urements in large indoor environments, for which the propagation conditions present strong LOS signal components and weak
scattered signal components. Furthermore, it was concluded on the basis of the obtained results that increased branching and
terminations in the PLC channel of a PLC-WLC propagation environment lead to increased shadowing and multipath fading
effects on the received signal and, consequently, to increased composite fading.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Signal fading is a well-recognized characteristic of radio wave
propagation. Fading of the received signal is primarily attributed
to two phenomena of signal propagation. The first, known as
multipath propagation, occurs when a transmitted signal inter-
acts with obstacles in the environment, such as buildings and
terrain, leading to reflection, diffraction, and scattering. As a
result, multiple signal components (MPCs) reach the receiver
with varying delay times, amplitudes and phases, which causes
fluctuations in signal strength around the signal strength mean
value. The second phenomenon, signal shadowing, is attributed
to obstructions between the transmitter and receiver devices,
which lead to variations in the mean received signal strength
due to changes in the propagation environment. This is particu-
larly pronounced when there is relative movement between the
communicating devices [1, 2]. The combined effect of multipath
fading and shadowing results in composite fading, which pro-
vides a more comprehensive representation of signal strength
variations and is essential for assessing the performance of radio
communication systems.

Several composite fading models have been proposed to char-
acterize the combined effects of multipath propagation and
shadowing in various radio communication scenarios for var-
ious propagation environments. Composite fading models can
be broadly classified into two categories. The first, known as
shadowed line-of-sight (LOS), describes scenarios in which the
dominant signal component is subject to shadowing. The sec-
ond, referred to as multiplicative shadowed fading, accounts for
shadowing of both the LOS component and the scattered sig-
nal components. Traditional composite fading models assume
a Rayleigh or Nakagami-m distribution for the signal envelope
in multiplicative shadowing cases, while the Rician distribution
is often used in LOS shadowed models. In both cases, the shad-
owing component, which represents random fluctuations in the
mean signal strength, is assumed to follow the lognormal [2, 3].
However, the lognormal distribution presents analytical chal-
lenges as it does not yield closed-form expressions of first-order
and second-order statistics of interest.

To overcome the limitations associated with the lognormal dis-
tribution, alternative shadowing models such as the gamma dis-
tribution have been explored. The gamma distribution, known
for its semi-heavy-tailed behavior, has facilitated the devel-
opment of various composite fading models in the current lit-
erature. For instance, the authors in [4] proposed a Rayleigh/
gamma composite fading model, also known as the K distri-
bution, and the PDF expression of the model was obtained in
closed-form. Additionally, it was shown that the gamma model
excellently approximates the popular lognormal shadowing
model. The generalized K distribution was introduced in [5],
which is a Nakagami/gamma composite fading model, and
the PDF expression of the model was obtained in closed-form.
Additionally, the generalized K model was used to analyze com-
munication systems using the differential phase shift keying
(DPSK) modulation scheme under various fading conditions,
and expressions for the performance metrics of interest, such
as average BER and outage probability (OP), were obtained in
closed-form. The inverse Gaussian distribution is another al-
ternative shadowing model which has been proposed due to its

excellent approximation to the lognormal distribution in heavy
shadowing cases. In [6], the Rayleigh/inverse Gaussian compos-
ite fading model was proposed, and in [7], a generalized version,
the Nakagami/inverse Gaussian, was proposed and several im-
portant tools for performance evaluation, such as the moment
generating function (MGF), were derived in closed-form.

Generalized multipath fading models, such as « — 4 [8], n — i [8],
and a — u [9] have been proposed to describe the inherent com-
plexity of the interaction between the propagating signal and the
propagation environment. Subsequently, composite fading mod-
els based on the generalized fading models have been proposed.
For example, the authors in [10] developed the x — y/lognormal
composite fading model. However, the PDF expression is sub-
ject to the evaluation of an infinite integral, and its computa-
tion requires the use of numerical methods. In other studies,
the inverse Gaussian distribution was adopted for shadowing,
leading to the development of the x — u/inverse Gaussian and
n — u/inverse Gaussian models in [11] and [12], respectively, and
it was shown in both cases that the models obtain closed-form
PDF expressions for specific parameter values. Furthermore,
the gamma distribution has been used to develop models such
as the k¥ — y/gamma [13, 14] and n — y/gamma [15, 16], and in
both cases, the expressions of the PDFs were obtained in terms
of an infinite series representation, and closed-form expres-
sions were obtained for specific cases of associated parameters.
Recent studies have also explored the use of inverse gamma
distribution [17] and Nakagami-m as shadowing models [18]
to enhance the tractability of composite fading models. In [19],
the authors conduct an in-depth investigation of the utility of
the inverse gamma distribution to characterize shadowing. A
comparison of the inverse gamma model with published results
shows that it is an excellent model to describe shadow fading in
real-world measurements. The authors in [20] conduct a detailed
investigation of single shadowed and double shadowed compos-
ite fading models by assuming the x — y multipath model and
either a Nakagami-m or inverse Nakagami-m shadowing model.
It is evident from the preceding research that signal propaga-
tion in composite fading environments is very complex. Due
to this inherent complexity, distributions that are sometimes
derived purely as mathematical or statistical solutions can be
borrowed and applied to describe a physical signal propagation
phenomenon on account of their goodness-of-fit to communi-
cations channel measurements or their mathematical tractabil-
ity. Notably, distributions such as Weibull [21] and Lomax [22],
log-logistic (also known as the Fisk distribution) [23] have been
applied in such contexts.

In the current literature, composite fading has been inten-
sively studied and validated in wireless communication
(WLC) scenarios. The powerline communication (PLC) chan-
nel is a known medium of radio signal propagation, and it
exhibits propagation characteristics which are apparent in
wireless channels, such as multipath propagation and signal
propagation path-loss. A hybrid PLC-WLC communication
channel can be established by allowing the transmitter device
to inject a high-frequency signal into a PLC channel, which
will be radiated through the unshielded powerline cables, and
will be received wirelessly by the receiver with an antenna
element connected to it. However, such unwanted radiation
of high-frequency communication signals is an unattractive
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phenomenon of PLC channels, and it has always been chal-
lenging to deal with it. Moreover, it is considered to be a hin-
drance to the widespread adoption of PLC systems. Among
several attempts to tackle this challenge, the authors in [24]
present an empirical method to characterize the radiation
patterns of several types of powerline cables, and it is shown
that the radiation patterns deviate from the theory due to cur-
rent variability of PLC channels. Moreover, the outdoor PLC
environment exhibits higher attenuation and less variation
of radiation levels compared to the indoor PLC environment
[25]. In [26], a signal processing technique for channel im-
pulse response (CIR) measurements of indoor PLC channels
is presented, and it is shown that unwanted radiation could
be reduced by 10 dB. The authors in [27] present a bottom-up
PLC channel model that takes into account unwanted radia-
tion modelled as resistance elements, and comparisons of the
derived model with measurements showed an excellent fit. In
contrast, a number of studies have taken a different approach
to exploit the unwanted radiation of PLC channels. In [28],
a wideband frequency channel sounding method was used to
characterize the PLC-to-WLC propagation path and the WLC-
to-PLC propagation path. The frequency response in both di-
rections was comparable in signal strength, meaning that the
magnitude response is independent of the signal propagation
direction, which led to the conclusion that such a hybrid chan-
nel is symmetrical. In [29], channel frequency response (CFR)
magnitudes obtained from a measurement campaign were
fitted to various statistical distributions, and based on the
criteria of the relative frequency associated with the chosen
statistical distribution for all CFR measurements, the lognor-
mal distribution was chosen as the best-fit. The authors in [30]
present the characterization of a hybrid PLC-WLC channel in
the 2.4-GHz ISM frequency band, in which the PLC channel
is used as an antenna to receive the signal from a wireless
modem. The results show that, in terms of data transfer rates,
a PLC-WLC channel outperforms the WLC channel in the 2.4-
GHz band in non-line-of-sight (NLOS) propagation scenarios.

Immobility is one of the hindrances, among others, which slow
down the mass adoption of PLC technology because end-nodes
are physically connected to the powerline cables. A PLC-WLC
communication channel is a solution to this dilemma because it
allows the end-nodes to be mobile and physically separated from
the dangerous high-voltage live PLC channel. Previous works
on hybrid PLC-WLC channel characterization primarily focus
on the frequency-selective behavior of such a channel, and PLC-
WLC propagation environments are typically investigated with
both the transmitter and receiver remaining stationary during
channel measurements. Therefore, in the current literature,
there is a significant lack of time-selective behavior character-
ization, and characterization of hybrid PLC-WLC propagation
scenarios involving relative motion between the PLC and WLC
devices. In a previous study [31], the authors presented the char-
acterization of composite fading in hybrid PLC-WLC channels
involving relative motion between the PLC and WLC devices.
The received composite faded signal was separated into short-
term (multipath) and long-term (shadowing) fading signal com-
ponents, and various existing multipath and shadowing models
were fitted to the measurements. It was found that the gamma
and Nakagami-m distributions obtained the best-fit to long-
term and short-term fading components, respectively, thereby

demonstrating composite fading behavior. Moreover, it was
found that PLC-WLC propagation scenarios with PLC channels
having increased branches and terminations exhibit increased
composite fading behavior.

Motivated by the above considerations and inspired by previ-
ous works in the literature, the present contribution extends
the work done in [31] and investigates the composite fading
phenomenon in mobile PLC-WLC propagation scenarios.
Subsequently, the k — y/gamma-Rayleigh (GR) composite fading
model is proposed, whereby shadowing is assumed to be GR dis-
tributed. The GR distribution is borrowed from statistics, and
it can be observed to exhibit an explicit semi-heavy-tailed be-
havior, which makes it suitable for modelling shadow fading be-
havior. Moreover, its analytical simplicity renders it an attractive
alternative for describing shadowing. The shadowing severity
behavior of the GR model is described by its derived amount-of-
fading (AF). Furthermore, novel insights into the formulation of
the composite fading problem in hybrid PLC-WLC channels are
provided, as well as fundamental statistics and empirical valida-
tion of the k¥ — u/GR fading model. Accordingly, the main contri-
butions of this paper can be summarized as follows:

« A problem formulation of time-selective behavior in PLC-
WLC propagation environments is provided, thereby pro-
viding novel insights into the composite fading behavior in
such PLC-WLC propagation environments.

« Derivation of the k¥ — u/GR fading model PDF expression in
closed-form. Additional key statistical metrics such as the
moment-generating function (MGF), cumulative distribu-
tion function (CDF), amount-of-fading (AF) and higher-
order moments for the model are derived in closed-form.

« Analytical derivation of performance metrics such as av-
erage channel capacity, average symbol error probability
(ASEP) and OP for communication systems operating in
k — u/GR fading conditions.

« Demonstration of the x — 4#/GR fading model versatility by
showing its special cases based on its associated param-
eters. The ability of the GR model to approximate other
lognormal and inverse Gaussian composite fading mod-
els is demonstrated through novel closed-form parameter
approximating expressions derived through method-of-
moments (MoM) estimators.

« Empirical validation of the x — 4/GR fading model through
extensive measurement campaigns in real-world indoor
PLC-WLC propagation scenarios.

The remainder of the paper is organized as follows. Section 2
provides the problem formulation of composite fading behav-
ior in PLC-WLC propagation environments. Section 3 intro-
duces the proposed x —u/GR composite fading model and
provides details of the derivation of its fundamental statistics.
In Section 4, special cases and approximations of other com-
posite fading models are presented, which are deduced from
the proposed model. Section 5 is devoted to the derivation of
the performance metrics of interest, and in Section 6 the im-
pact of the various parameters of the x — u/GR fading channel
on these metrics is examined. Section 7 outlines the experi-
mental methods and signal propagation scenarios employed
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to obtain real-world hybrid PLC-WLC channel measurements.
The utility and validity of the proposed composite fading
models are then evaluated and compared with existing mod-
els in Section 8. Finally, Section 9 provides some concluding
remarks.

2 | Problem Formulation

The shared propagation characteristics of the PLC and WLC
channels enable the transmission of radio signals between the
two channels with minimal coupling requirements. However,
signal coupling inevitably causes imbalances in the communi-
cation system, and this is primarily due to the asymmetry in
signal conductors, electronic components and loads. This im-
balance is the main factor leading to the conversion between
differential-mode (DM) and common-mode (CM) currents [27].
A PLC modem connected to a powerline network will experi-
ence mode conversions since there is little control over the wir-
ing infrastructure and the loads connected to the powerline.
Although the load impedances of the integrated circuit (IC)
components within powerline modems (PLMs) are optimized to
reduce mode conversions, the inherent tolerances in the design
and manufacturing processes still allow for these conversions.
As a result, mode conversion can be categorized into two main
types. The first type is mode conversion between the PLM and
the coupling circuit, and the second type is mode conversion
along the powerline propagation paths.

Unwanted CM transmission in a PLM is mainly caused by asym-
metries in the conductors of the analog front-end IC, arising
from trace grounding imbalances or the finite impedance con-
nections between different ground planes [32]. While modern
design and manufacturing techniques aim to generate nearly
perfect DM signals, connecting a PLM to a long powerline cable
induces DM-to-CM conversion due to parasitic coupling be-
tween the PLM and the powerline. The DM current generated
by the PLM analog front-end produces magnetic fields that can
couple with unshielded copper cables, creating a CM voltage.
In addition, DM voltage signals from the PLM analog front-end
can lead to CM currents on the powerline through capacitive
coupling [33].

Mode conversion along the powerline propagation paths oc-
curs because of localized variations in the electrical proper-
ties of the cables. These variations are caused by branches in
the powerline network (PLN) where cables of different dielec-
tric material thickness, copper conductor radius and length
are joined together. Furthermore, cable bends and loops can
disrupt the symmetry of the PLN, contributing to these vari-
ations. In indoor PLN settings, the presence of different loads
connected to various termination points can further contrib-
ute to network asymmetry due to impedance mismatches
between the loads. Additionally, the ground in indoor PLN
environments exhibits finite resistance at high frequencies,
which can induce imbalances between the loads and the
ground. When such an imbalance exists, part of the DM sig-
nal can propagate along the CM path between the cable and
ground at the termination point, resulting in a reduction in
the power available to the load and generating CM currents.
Moreover, the same imbalance at the termination can lead to

CM-to-DM conversion, which may distort the transmitted DM
signal received through the PLN [27].

Figure 1 illustrates a PLC-WLC channel, where the top half
of the figure shows the PLC portion of the channel on the side
view of a wall, and the bottom half shows the top view of the
propagation environment. The points labelled A, B, C, D,
and E are designated as instances of DM-to-CM mode con-
version along the PLC channel. In a PLC communication sys-
tem, the injected DM signal at A is intended to travel from
the transmitter to the receiver through the conducting cables.
However, mode conversion instances along the PLN result in
unintended signal radiation emissions through the unshielded
conducting cables. These unintended radiation emissions are
leveraged in the PLC-WLC channel. In the illustrated scenario
in Figure 1, the PLC-WLC communication system consists of
a PLC transmitter and a mobile WLC receiver in the propa-
gation environment, the receiver will intercept the radiated
signal as it travels along the PLC channel path from point A
to point E.

In WLC systems, a LOS path denotes a path that allows the
radiated signal to propagate from the transmitter to the re-
ceiver with no obstruction and be received at maximum signal
strength. Unlike in WLC systems, in the PLC-WLC system
there is no direct signal path between the PLC transmitter and
WLC receiver, but instead the powerline channel acts as an
antenna element, thereby allowing the propagating signal to
be radiated at various locations along the powerline and be
received at various signal strengths in the wireless channel.
An emitted signal from any of the various DM-to-CM mode
conversion instances may be received through a LOS path,
which denotes the path that allows the signal emitted from
a mode conversion instance in the powerline channel to be
received directly in the wireless channel without obstruction.
Some of the emitted signals may undergo scattering in the
wireless channel and the scattered components are received
through NLOS paths, whereby a NLOS path denotes the path
created when an emitted signal is reflected or diffracted by a
scatterer in the wireless channel. The various LOS and NLOS
paths are shown in Figure 1. The strongest signal emissions
are shown to exist at point A and the weakest signal emissions
exist at point E. The constructive or destructive interference

¢ D ={ Load
A B E
L1x &Y 1
Load Load
A E

Scatterer

Scatterer

FIGURE 1 | Illustration of composite fading behavior in a hybrid
PLC-WLC channel.
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of the emitted signals results in random fluctuations of the
received signal as the receiver moves or changes its location
along the path of the PLC channel. A signal emitted from a
DM-to-CM mode conversion instance that is received through
a LOS path contributes to random fluctuations of the mean
signal strength, leading to long-term variations (shadowing
fading). Additionally, scattered signal components received
through NLOS paths end up causing instantaneous variabil-
ity in signal strength near the receiver, resulting in short-term
variations (multipath fading). Given this concurrent behavior
of long-term and short-term signal strength variability, it can
be concluded that a signal propagating in such a PLC-WLC
channel will experience composite fading.

3 | Thex — u/Gamma-Rayleigh Composite Fading
Model

This section presents the proposed LOS shadowed compos-
ite fading model. Multipath fading is assumed to follow a
k — u distribution, and shadow fading is assumed to follow
a Gamma-Rayleigh (GR) distribution. The derivation of the
composite fading model, and subsequent fundamental sta-
tistics, is inspired by the pioneering works of Paris [34] and
Cotton [18].

3.1 | LOS Shadowing Signal Model

The propagation conditions in the x — 4/GR composite fading
channel produce a received signal that is composed of clusters of
multipath components, whereby each multipath cluster consists
of a number of scattered multipath components and a dominant
component. The scattered components exhibit random phases
and nearly identical delay times, while the delay spreads be-
tween clusters are considerably larger [8]. Within each cluster,
the scattered components are assumed to have equal power,
whereas the power of the dominant component is assumed to be
arbitrary and subject to random fluctuations due to shadowing
[18]. Consequently, the envelope of the composite faded received
signal, R, is expressed in terms of its in-phase and quadrature
components as

M
\J Z (X;+¢p) + (Yi+¢q,)’, ¢y}

in which u denotes the number of multipath clusters. X; and
Y; are mutually independent Gaussian random processes
with zero mean, that is [E[Xl-] = [E[Xi] =0, and variance
E[X;?] = E[X;?] = 0> The parameters p; and g; represent the
mean values of the in-phase and quadrature components for the
ith cluster, while ¢ denotes the random variable which is respon-
sible for shadowing and is assumed to follow a GR distribution

with parameters 6 and a.

3.2 | Thek — u Distribution

The k — p distribution is a fading model that describes the im-
pact of multipath fading effects on the received signal under

LOS signal propagating conditions. The versatility of the x — p
distribution is attributed to its two distinct physical parame-
ters, namely « and p. The u parameter describes the multipath
component clustering behavior of the propagation environment,
and the parameter x describes the power disparity between
the dominant component and scattered components, which is
given by the ratio of the dominant component power to the total
power of the scattered components. The corresponding x — u
fading model PDF for a received signal with envelope R and

- \/@ is given by [8]

2u(c+1) T

()= Kuzlexpw)(2)”exp(—uo<+1>(§)2) o

xI”,l[Zu\/K(K—-i-l)ﬂ,

in which 7 is the root-mean-square value (rms) of R, I,(-) is
the modified Bessel function of the first kind of order v, the pa-
rameter x > 0 is the relationship between the total power of the

dominant component (d?) and the total power of the scattered
EX(R)  1+2¢
Var(R?)  (1+x)*

components (2uc?), and u >0 is given as u =

V2uo2k and o =

a more compact form given by

Letting d = , (2) can be rewritten in

2,4(;( +1)’

2
Yoft

3.3 | The Gamma-Rayleigh Distribution

rH —r?
fa(r) = o2dn-1 exp< 202

The Gamma-Rayleigh (GR) model is a statistical distribution
that arises from the Transformed-Transformer method, which
is used to generate new families of continuous distributions.
In the Transformed-Transformer method (also known as the
Y — V family), a random variable Y is transformed by another
random variable V (referred to as the transformer) into a new
random variable Z [35]. One particular Y —V family intro-
duced in [35] is the Gamma-V family, whereby Y follows the
gamma distribution with parameters g > 0 and a > 0, and its
PDF is given by

a—1

)= Flza)y exp(— fy). @

The GR distribution was introduced in [36], where V is a
Rayleigh distributed random variable with a parameter ¢, > 0
and a PDF given by

2

According to [36], the new random variable Z is GR distributed
with the PDF given by

@)= F( ¢ exp( - 02°), ®

with the shape parameter a > 0 and scale parameter 6 = #/ 20,
The gamma and Rayleigh distributions are special cases of the
GR distribution. Letting w = z2, the power PDF is given by
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0(1
I'a)

fww) = w?~Lexp(—ow). ?)

Using (7), the moments of the GR distribution are given by

_ IN'a + k)

EWH =1 oo ®)

The amount of fading (AF) is a key performance metric in com-
munication systems which quantifies the severity of fading. The
AF is defined as

_ E[W?]
(EW]?

(©)

For the GR distribution, the corresponding first-order (k = 1)
and second-order (k = 2) moments can be computed via (8) and
substituted into (9), which yields the closed-form expression

N (10)
a

The AF expression given by (10) reveals that the physical inter-
pretation of the GR distribution « parameter is the amount of
shadowing and it inversely reflects the severity of shadowing. «
parameter can take any value in the range a > 0, therefore shad-
owing is most severe for « — 0, which corresponds to complete
shadowing of the dominant signal component, and ¢ — o cor-
responds to no shadowing. It should be noted that in practice
the extreme cases of @« - 0 and @ — oo are not met, which means
some shadowing of the dominant signal component can always
be expected.

3.4 | Thek — pu/Gamma-Rayleigh Composite
Distribution

The PDF of the received signal envelope, R, in a k — #/GR com-
posite fading channel can be determined by averaging the in-
finite integral of the conditional PDF of the x — u fading model
with respect to the random variation of the mean signal power,
Z, as follows

Ir =/ fR\Z(r|Z)f2(Z)dZ. (11)
0

Using the compact form of the x — u distribution in (3), the con-
ditional PDF fz ;(r|z) is given by

" _ 2 d 2 d
riz(riz) = aZ(zii)u—l eXp( V26§Z : >I"_1<Z6_2r)’ 12

where the random variable Z follows the GR distribution given
by (6). Substituting (6) and (12) into (11), the PDF of the pro-
posed x — ¢/ GR composite fading model can be expressed as
follows:

29"‘r“exp( - ;7> o
/ zlafy
0

62d" ~(a)

2
xexp< —<%+9>ZZ>IM_1<%>dz.

Jr(=
(13)

The preceding integral can be solved using [37, eq. (2.15.5.4)],
and along with some algebraic manipulation, and substituting

d=1/2uc?x and o =

expression of the k — u/ GR distribution is given by

~2

—_, the resultant closed-from PDF
2u(k+1)

20 ' r? Lk +1)" r2
fun= 2 e+ D eXp(—ﬂ(KH);)
(ux +60) T(u)r ¥
Wk +1)r? 4)
X F; G, ———— |
(ux +0)r
in which F;(-;-;-) denotes the confluent hypergeometric

function. Now letting y represent the instantaneous signal-to-
noise ratio (SNR), and performing transformation of variables,

r=14/ y?z /7 , on the envelope PDF given in (14), the correspond-
ing SNR PDF f,(y) is given by

ea P p—1 1/4
5= w7 exp(—ﬂ(:c+1)£>

(ux +6) T(ur*
k(K +1)y )

F .
X] 1 <(l, Hs ( )

in which ¥ denotes the corresponding average SNR.

3.5 | Moment Generating Function

The moment generating function (MGF) of the x — u/GR dis-
tribution can be obtained from (15) by using the Laplace trans-
formation M, (s) = & [fy(y); - s], by using the Laplace transform
frequency shifting and linearity properties, the transformation
yields

uo%(k+1)*
M, (s)= — = =
Y (ux +60)T()r*
2 Dy \. u(k+1)
x &Ly LF <a, ;” Kt = ); — -5].
7o\ royy Y

(16)

The Laplace transform in (16) is obtained using the transforma-
tion pair 38, eq. (4.23.1)], and after some straightforward alge-
braic manipulations, the closed-form MGF expression is given as

uo*(k+1)"  T(w)
(ux +0)T(y" (—s)*

><<1 - —”(Kf1)> _(M_a)<1— —”9(K+1)_) -
sy (ux +0)sy

a7

M, (s)=

3.6 | Cumulative Distribution Function

The cumulative distribution function (CDF) of the ¥ — u/GR dis-
tribution canreadily be obtained using the MGF expressionin (17)

by using the inverse Laplace transform F,(y) = £~ [@ 7/],

which yields
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_ o1 | #O°(k+ D T(u+1)  T(w)
B =2 [(W+9)“F(u)ﬂ?" )

i« —a 18
(1_'_”(721_1)) (u )<1+ M@(K+1)) ; ] @s)
4

(ux +0)sy
The Laplace transform in (18) is obtained using the transfor-
mation pair [38, eq. (4.24.3)], and after some straightforward
algebraic manipulations the closed-form CDF expression is
given as

WO (k1) #
F(= ——a—~+ 4
(ux+0)T(u) \7
H(k+1)y ﬂ9(K+1)7/>
XO, (| u—a,a; u+1; — — , — — |,
2( v (ux+0)y
(19)
in which ®,(-, -, -;-, ) is the dual variable hypergeometric

Humbert @, function.

3.7 | Moments and Amount of Fading

The moments of the ¥ —u/GR distribution can be obtained
using the SNR PDF expression in (15) by evaluating the integral

Ely"]= [ y"f,(y)dy, which yields
0

0% u* (x + 1)¥ /°° pn—1
(ux+0) Ty Jo

(20)
Y k(K + Dy
xexp( - ;4(1(+1)?>1F1 (a, u; —(;uc+0)7 )

E[y"]=

The integral in (20) can be expressed in closed-form with the aid
of [39, eq. (7.621.4)]. After some long but straightforward alge-
braic manipulations, the closed-form expression of the n* order
moments is given as

n y*0°T(n+ p)
Ely"]= z ;
H(puk +0) T(p)(k +1) @
UK
X ,F, ST+, ——— |,
2 1<an HiH MK+9>
in which ,F; (-, -; -; -) is the Gaussian hypergeometric function.

It is recalled that the AF is a critical performance metric which
indicates the severity of fading in a communication system. The
AF is defined as

_ Bl _1 (22)

AF = >
(ElyD

Lettingn = 1and n = 2in (21), the corresponding first-order E[y]
and second-order E [yz] moments are obtained, respectively, and
with the aid of (22), the AF is given by

o ., _HK
(1 + D)(ux+0) 2F1(a: H+ Z,M,MH(,)

AF = = -1
0T (u + 1)[2F1<a,;4+1;/4; m )]

(23)

HKk+0

4 | Special Cases and Approximations

The closed-form PDF expression of the k¥ — 4 /GR composite fading
model given by (14) describes the received faded signal envelope,
R, for which the multipath propagation behavior is modelled by
the x — p distribution. In (14), the resultant dominant signal com-
ponents are randomly varied according to the GR distribution, as
such, the composite fading model is indeed versatile since it inher-
its all of the generality of the k — y fading model, and therefore will
find application in other areas of communications.

In (14), the amount of shadowing is controlled by the a pa-
rameter; this means as @ approaches zero, « — 0, the dominant
components are completely shadowed in (14). In contrast, as
a approaches infinity, « — oo, there is no shadowing pres-
ent, and in this case, the PDF in (14) coincides with the x — u
PDF as shown in Figure 2. In a similar manner, by setting
u =1and again letting « — oo, the PDF in (14) coincides with
the Rice PDF where the x parameter becomes equivalent to
the Rice K factor. The Rayleigh PDF can be readily obtained
from the deduced Rice PDF by setting k = K = 0. Likewise,
the Nakagami-m PDF can be deduced from (14) by letting
a — oo and k — 0, where the y parameter becomes equivalent
to the m parameter of the Nakagami-m PDF. Table 1 provides

et
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FIGURE 2 | PDF of the x — y/gamma-Rayleigh composite fading
model (continuous line) shown for various special cases of Nakagami-m
(square markers), k — u (circle markers), Rayleigh (asterisk markers),
and Rice (triangle markers) PDFs.

TABLE 1 | Summary of special cases of the k — y/gamma-Rayleigh
composite fading model.

kK — p/gamma-
Rayleigh (x, u, 0, @)

One-sided Gaussian (9)
Rayleigh (0)

k—>0,u=0.5a—> ,0=0
k—->0u=1la—-> 0,0=0
Rice (K, 0) k=K,uy=1l,a > 00,0 =0
Nakagami-m (m, 0) k>0, u=ma— 00,0=0

Kk —u(k,u,0) K=K, H=H,a > 00,0=0
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a summary of the special cases of the classical fading models
that coincide with the x — u/GR composite fading model for
various parameters.

It is worth highlighting that, from the proposed x —u/GR
composite fading model, other composite fading models can
be deduced where shadowing fading behavior is modelled ac-
cording to the GR distribution in (6). As shown in Figure 3,
examples of such composite fading models include the
Rice/GR composite PDF (u = 1), the Rayleigh/GR composite
PDF (x =0 and x = 1) and the Nakagami/GR composite PDF
(x = 0). The various special cases shown in Figure 3 can be ob-
tained by varying the x, 4, 6 and a parameters of the proposed
k — u/GR PDF.

Classical composite fading models are typically based on the
lognormal and inverse Gaussian shadowing models, which
have found widespread applications in various studies in the
literature. It is therefore beneficial to establish a compari-
son between the proposed LOS shadowed x — u/GR model
and classical LOS shadowed such as Rice/lognormal [3] and
Rice/inverse Gaussian [40]. For these comparisons, the 6 and
a parameters of the proposed composite fading model were
estimated from the classical lognormal and inverse Gaussian
composite fading models by matching the moments of the re-
spective shadowing distribution. The approach taken is to use
the definitions of the method of moments (MoM) estimators
of the a and 0 parameters of the GR model, and substitute the
closed-form expressions of the respective n order moments of
the lognormal and inverse Gaussian models. In the literature,
the typical approach is to match the n* order moments of a
newly proposed composite fading model with the n* order mo-
ments of the existing classical lognormal or inverse Gaussian
shadowed composite fading models. However, this approach
can be tedious and can sometimes lead to intractable solu-
tions if the proposed models are not available in closed-form.
Most classical multipath fading models can be directly ob-
tained from the x — u PDF by appropriately setting the « and u

=2« |
(=g [/ Gamnmia-Rayieigh)
LT i
/1 |
Nakagmmi C Ganomna: Raylekal ]

(L5, =2

- #= 100, ev = 150

il Iiek =0

05 /{ \ f (AT G T TN B b e R A

S

Iwede =
0 05 1 15 2 2.5 3 35 4
,
FIGURE 3 | PDF of the x — y/gamma-Rayleigh composite fading
model (continuous lines) for various values of k, u, a, and 0 parameters.
The circle markers represent the special case when the k¥ — y/gamma-
Rayleigh PDF coincides to the ¥ — u PDF.

parameters, this is usually not the case for shadowing models.
Therefore, this approach has the advantage being directly ap-
plied to different shadowing models provided that there exists
MoM estimators for their parameters, and it has the advantage
of leading to closed-form solutions.

The n'* order moments of the GR distributions are given by (24).
Following the standard procedure of ratio of moments [41, 42]
and letting n = 2 and n = 4 in (24), the second-order and fourth-
order moments are obtained for GR accordingly.

T(a +n/2)

u, = E[R"] = RV

)

Taking the ratio Z—" and solving for a and 6, the MoM estimators
for the GR model are given as

o’ 25)
a=—--:,
Uy — Uy?
and
)
0= ——"—.
Uy —Uy? (26)

The n'* moments of the lognormal distribution are given by (27),
substituting the appropriate second-order (n =2) and fourth-
order (n =4) moment expressions for u, and u, into (25) and
(26), the relationships between the a and 6 parameters of the GR
model, and the 4 and ¢ parameters of the lognormal model are
given by (28) and (29), respectively.

u, = enl+%n262. (27)
=1 (28)
exp(402) — 1

exp(—24—20?)
B exp(402) -1

29

The n* moments of the inverse Gaussian distribution are given
by (30), where K,( - ) denotes the modified Bessel function of the
second kind of order v. Substituting the appropriate second-order
(n = 2) and fourth-order (n = 4) moment expressions for u, and u,
into (25) and (26), the relationships between the a« and 6 param-
eters of the GR model, and the # and p parameters of the inverse
Gaussian model are given by (31) and (32), respectively.

. 2
u =en _pn"—l/ZKl/z_n<§>. (30)

n
/4

_ p(n+p)’ 1)
n(157% + 14np + 4p%)

0 p(n+p) 32)
n3(15n% + 14np + 4p%)

8 of 18

International Journal of Communication Systems, 2025



Using the expressions in (28) and (29), the ¥ — u/GR PDF can be
used as an excellent approximation of Rice/lognormal PDF as
shown in Figure 4. Similarly, using the expressions in (31) and
(32), the ¥ — u/GR PDF can be used as an excellent approxima-
tion of the Rice/ inverse Gaussian model as shown in Figure 5.
The derived parameter relationships are particularly useful for
two reasons.

First, in the case whereby the new shadowing models are applied
to measurements previously collected but the measurement data
are not available for parameter estimation, the relationships
can be used to obtain the parameters of the new shadowing
models using published results. Second, the derived parameter
relationships circumvent the need for the time-consuming non-
linear curve fitting procedures by allowing parameters of the
new shadowing models to be quickly obtained using published
results.

1.8
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FIGURE 4 | PDF of the k¥ — u/gamma-Rayleigh composite fading
model (continuous line) and approximation of the Rice/lognormal (cir-
cle markers) composite fading model.
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FIGURE 5 | PDF of the x—pu/gamma-Rayleigh composite fad-
ing model (continuous line) and approximation of the Rice/inverse
Gaussian (circle markers) composite fading model.

5 | Performance Analysis

In this section, key performance metrics such as outage proba-
bility (OP), average symbol error probability (ASEP) and average
channel capacity for communication systems operating over the
k —pu/GR fading channel are derived. The closed-form expres-
sions utilized to derive these measures are well established for
fading channels with additive white Gaussian noise (AWGN) in-
terference, which are typically found in wireless systems. In PLC
systems, the noise interference in the communication channel
is generally viewed as a combination of background noise and
impulsive noise. Background noise, being wideband with a low
power spectral density (PSD), is appropriately modelled as AWGN,
whereas impulsive noise, is narrowband and occurs in bursts, and
exhibits high PSD. Impulsive noise is usually observed in the tens
of megahertz range [43] in PLC systems operating in indoor low-
voltage (LV) power networks. However, since the measurements
in this study are conducted at carrier frequencies in the hundreds
of megahertz, the effects of impulsive noise can be safely avoided,
and the noise interference in the hybrid PLCWLC channel can be
effectively considered as AWGN.

5.1 | Outage Probability

The OP is a key performance metric for evaluating communi-
cation systems. It is defined as the probability that the instan-
taneous SNR, y, of the received signal falls below a predefined
threshold, y,, that is P, (y < ;). Mathematically P,,, is given
as

Yin
= d ,
Pou /0 1, (r)dy (33)

which is equivalent to the CDF of the ¥ — 4 /GR model evaluated
at y,,, which is given as

;4—19& N H
F(r)= (k+1) <7/>

(ux+60)T() \ 7
1 Ok +1
®Z(y—a,a;y+l; (K + )y, _ HB(k+ )y>_
Y (ux+0)yy,

34

in which ®,(-, -, ;-, ) is the dual variable hypergeometric
Humbert @, function.

5.2 | Average Symbol Error Probability

The ASEP for various coherent modulation schemes over the
k — u/GR fading channel can be obtained as

P,7) =Ac/0°oerfc(\/lﬂ)fy(7)d% (35)

where erfc( - ) is the complementary error function and f,(y) is
the SNR PDF given by the integral form in (36). A, and B, are
constants and depend on the modulation schemes. A, = 0.5and
B, = 1corresponds to BPSK modulation,and A, = 1and B, = 0.5
corresponds to QPSK modulation.
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w1
2;40”(K+1) 2y 2
KT F(a)y 2 exp(”(Hl)y)

® +1
[ exnl w021, 2| L e
0

(36)

f,)=

Substituting (36) into (35) yields

+1

A2u0%(k+1)T

P(= ———
k2 [(a)y =

¥ rte( /B —M)
x/o % erc( cy)exp( > 37)

[k(c+1
I, _1|2u yz dydz.

Using the series representation of the function I,(-) given by
[39, eq. (8.445)], and using the Laplace transform pair [44, eq.
(3.7.2.5)] along with some basic algebraic manipulation yields

/ 22" exp( —(uk +0)z%)
0

Aczﬂuga(’(_'_l)” oo [lzzKl(K+1)lF(ﬂ+l+%)
Val@(B7)" & (By)T(u+i+1)i!

+1
x,F, ;4+i,;4+i+1;;4+i+1;—”(’(—_) (38)
2 By

P(r)=

/ 2271 2exp( —(ux +0)2*)dz
0

Using [39, eq. (3.326.2)], the ASEP is given as

A p"0%(k+ 1)
P,(7)= S
Val(@)(B.7)" (ux +6)"
o ”Zi,(i(K+1)fr(M+i+%)r(om') (39)
S (BY)T(u+i+1)(ux+0)i!
. .1 , uk+1)
2F1<;4+l,,u+l+5;,u+l+l;— By ,
in which ,F,(-,;-;-) denotes the Gaussian hypergeometric
function.

5.3 | Average Channel Capacity

For an AWGN fading channel, the instantaneous capacity is
given by Cuyon = (1 /1n(2) )ln(l +y), where y represents the
received SNR. To determine the average channel capacity C of
the x — u/GR fading channel, the C,y,;y expression is averaged
over the instantaneous SNR PDF as

- it | £+ (0)

Substituting the integral form of the instantaneous SNR PDF
given by (36) into (40) yields

zuea(x+1)"§
ln(Z)K 2 F(a)y 2 Jo

““na _ﬂ(’fj‘l)7’>
X/O Y n( +J’)6XP< —7/ (41)

+1
I, 2#\/%2 dydz.

Using the series representation of the I (-) function given by
[39, eq. (8.445)], and using the Laplace transform pair [44, eq.
(2.5.2.11)] along with some basic algebraic manipulation yields

111>

/ 2% Hexp( —(ux +0)2% ) dz, (42)
0

C= " - “exp( —(ux +0)2%)

_ 2#9“ Z
~ InQ)I(a) £ F(,u+l)l' G M(K+1)‘

in which G;’fl}"(z| -« - )denotes the Meijer G function. Using [39,
eq. (3.326.2)] to solve the integral and using the Meijer G func-
tion property [45, eq. (8.2.2.14)], the average channel capacity is
given as

C= 0® Z wiT(a+i)
In (T (a)(pux +0)" & T(u+i)(ux+6)'i!

Gt M(’H‘l)'
“( U+i,0,0

6 | Numerical Results

43)

In this section, the closed-form analytical results obtained in the
previous section for the proposed composite fading model are
used to study the impact of different channel parameters and
provide representative numerical examples of the performance
measures of interest. The validity of the derivations of the OP,
ASEP and average channel capacity metrics given by (34), (39),
and (43), respectively, is demonstrated by plotting the numerical
results along with the Monte Carlo simulations generated from
107 realizations. Without loss of generality, in all the results pre-
sented here a = 6, which means that the mean power of the fad-
ing channel is unity.

Figure 6 shows the OP performance versus the average SNR 7
for various fading parameters [, u, 0, «] at a threshold value of
7s = 5 dB. It can observed that the analytical curves generated
by (34) are in good agreement with the Monte Carlo simulations
over the entire SNR regime. In generating the analytical curves,
the numerical computation of the dual variable Hypergeometric
Humbert @, function was done using [46, eq. (4.19)] which is
a very appropriate | F, series representation of the ®, function.
From Figure 6, it can be observed that the OP improves as the
parameters k, 4 and a increases. This can attributed to the
following reasons. The k parameter represents the strength of
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FIGURE 6 | Outage probability versus the average SNR 7 for various
fading parameters [k, u, 8, a] of the ¥ — u/GR channel at a threshold val-
ue of y, = 5dB.

the LOS component, as the LOS component increases, the re-
ceived signal strength increases and is less likely to fall below
the predefined threshold, thus OP improves. The y parameter
represents the number of clusters of multipath components,
as p increases there is increased signal diversity which means
that the number of replicas of the same transmitted signal that
reach the receiver improves, and as a result OP improves. The
a parameter represents the severity of fading and holds an in-
verse relationship, as such @ = 2 represents heavy shadowing,
a = 4 represents moderate shadowing and a = 30 represent light
shadowing. Therefore, it is evident that low values of « represent
more shadowing and a poor OP performance, on the other hand
high values of a represent less shadowing and an improved OP
performance.

Figure 7 shows the ASEP performance versus the average SNR
y for various fading parameters [k, x4, 8, a]. The ASEP is com-
puted for BPSK modulation by setting A, =0.5 and B, =1 in
(39), and for QPSK modulation by setting A, = 1and B, =0.5in
(39). From Figure 7, it can observed that the analytical curves
generated by (39) are in good agreement with the Monte Carlo
simulations over the entire SNR regime. QPSK modulation has
a higher constellation than BPSK modulation, therefore it is ex-
pected that QPSK will exhibit higher error probabilities than
BPSK. However, it can be observed that in the high SNR range
QPSK can obtain better performance than BPSK for larger pa-
rameter values. In general, an improvement in the error rates
can be observed for both BPSK and QPSK modulations as the
parameters increase. These improvements can be attributed to
the same reasons of increased LOS component, increased signal
diversity due to multipath propagation and shadowing severity
as explained previously.

Figure 8 shows the channel capacity versus the average SNR 7
for various fading parameters [, u, 6, «]. It can observed that
the analytical curves generated by (43) are in good agreement
with the Monte Carlo simulations over the entire SNR regime.
From Figure 8, it can be observed that for fixed « and u values,
the channel capacity improves with an increase in a value, and
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FIGURE 8 | Average channel capacity versus the average SNR ¥ for
various fading parameters [, u, 6, a] of the k — 1 /GR channel.

there is a general improvement of the channel capacity with an
increase of the parameters. Similarly, these improvements can
be attributed to the same reasons of increased LOS component,
increased signal diversity due to multipath propagation and
shadowing severity as explained previously.

7 | Channel Setup and Measurements

Channel measurements for hybrid PLC-WLC communication
channels were conducted for two different indoor propagation en-
vironments. The first environment considered was an office hall-
way, which was designated as a small-indoor environment. The
second environment considered was a lecture hall foyer, which
was denoted as a large-indoor environment. The small-indoor and
large-indoor environments used to obtain the measurements are
located on the 15% and 1* floor, respectively, of the Engineering 1
building at the University of Pretoria in Pretoria, South Africa. The
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floor layouts of the small-indoor and large-indoor environments
are shown in Figures 9 and 10, respectively. For both environ-
ments, hybrid PLC-WLC channel measurements were performed
for three different channel scenarios categorized by the branching
characteristics of the PLC portion of the hybrid PLC-WLC chan-
nel. The PLC channel in each scenario was constructed using the
HO5RR-F 3-Core (0.75 mm?) cable-type which is typically found in
indoor low-voltage (LV) power networks.

For the first measurement scenario, the PLC channel had mul-
tiple branches (MB) as shown in the lower part of Figure 9
and the upper part of Figure 10, this channel was unknown
since some electrical outlets were left open and other outlets
had small common household appliances connected to rep-
resent different loads. Moreover, the absolute distances be-
tween branches are unknown. For the second measurement
scenario, the PLC channel was constructed with two branches
(TB) with connections between points A, C, which was left
open, Band D which was left open. For the third measurement
scenario, the PLC channel was made up of a single cable form-
ing a single branch (SB) between points A and D in the small-
indoor environment and the large-indoor environment. The
lower part of Figure 9 and the upper part of Figure 10 show
a wall in the respective environment where the experimen-
tal PLC portion of the hybrid PLC-WLC channel was set-up,
which is representative of indoor wiring practices. In both fig-
ures, shown in the PLC channels is a (m) which represents a

branch, (o) denotes an open connection and (s) represents a
load connected in the network. For all the scenarios consid-
ered, the PLC channel was set up to have a total length of 20
and 16 m between points A and D for the small-indoor and
large-indoor environment, respectively, along the wall length
in the respective environment. The following should be noted
about the constructed PLC channels: (i) each terminal point
only has a single node whether open or with load connected,
(ii) there are no connections between termination points and
(iii) the channel has a radial topology with no loops.

The transmitter (TX) for all measurement scenarios considered,
consisted of a Nuand BladeRF Micro A4 which was configured
to transmit a continuous wave (CW) signal with an output
power of +6 dBm at 433 MHz. The CW signal was injected into
the PLC channel at point A using a capacitive coupling circuit
and the TX remained stationary for each measurement sce-
nario in both environments. The receiver (RX) also consisted
of a Nuand BladeRF Micro A4 with a 433 MHz ISM band an-
tenna connected to the BladeRF receiver port. GNU Radio plat-
form was used to control the TX and RX BladeRF SDRs. The
RX was configured to have a sampling rate of 2.6 Mbps and a
bandwidth of 800 kHz centered at 433 MHz. The measurements
samples were collected and stored on external memory. In GNU
Radio, the stored samples were decimated to a lower frequency
of 26 KHz and low-pass filtered to 10 KHz, this is comprehen-
sible since the focus of this study is the time-selective behavior
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of the hybrid PLC-WLC channel, and therefore narrowband
measurements are required. The RX antenna was placed at the
same height as the points A and D in all scenarios, and placed
0.7 m away from the PLC channel in the small-indoor environ-
ment and 1 m away from the PLC channel in the large-indoor
environment. The TX was continuously injecting the CW sig-
nal, and the samples were collected while the RX was pushed
on a trolley along the PLC channel path in a straight line at
an approximate constant velocity v of 2.5 m s-1. To this end,
the collected time-series t measurements were converted to the
distance series x measurements using the relationship x = vz.

Another aspect to be considered is signal path-loss, which is re-
lated to the gradual loss of the mean level signal strength with
the signal propagation path. In wireless channels, path-loss
measurements are typically obtained with the receiver moving
along an arbitrary path, or in a circular route around the trans-
mitter or at arbitrary locations in the propagation environment.
Another approach is to use linear regression methods to estimate
path-loss from the long-term (shadow) fading signal compo-
nent. The regression analysis depend on the path-loss function
adopted, because various shadow fading models can be used,
the estimated path-loss can vary considerably [47]. The unique
propagation characteristics of the hybrid PLC-WLC channel
environment does not allow for direction application of estab-
lished wireless channel linear regression methods. Moreover,
there is no established path-loss model for a hybrid PLC-WLC
channel. Therefore, path-loss for the hybrid PLC-WLC chan-
nel was estimated empirically by conducting measurements at
fixed positions along the propagation path along the length of
the wall in the small-indoor and large-indoor environments. At
each fixed position, multiple RX measurements were recorded
for a fixed period. The fixed position measurements were av-
eraged, and an average of the measurements was taken to ob-
tain the path-loss value at the x position. The sparse path-loss
values were then interpolated for the whole measurement path
of 20 m of the small-indoor environment and 16 m of the large-
indoor environment. Having the interpolated path-loss values,
the initial step in processing the received composite faded sig-
nal envelope was to eliminate the path-loss effects imparted
by the propagation environment on the received signal. Post-
processing of the composite faded signal was done in MATLAB,
and a non-linear least squares routine was programmed in
MATLARB to fit the proposed composite fading model to the re-
ceived composite faded signal for each measurement scenario
in both environments.

8 | Results and Discussions

The results of the small-indoor environment measurements
fitting to the proposed x — u/GR composite fading model are
shown in Figure 11a-c for the SB, TB and MB scenarios, re-
spectively. Similarly, the results of the large-indoor environ-
ment measurements fitting to « —u/fading GR model are
shown in Figure 12a-c for the SB, TB and MB scenarios, re-
spectively. In addition to the proposed x — /GR fading model,
the LOS shadowed Rice/Nakagami-m [48] fading model, and
the multiplicative shadowed x — p/inverse gamma [17] and
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FIGURE 11 | Empirical PDFs (circle markers) of the received com-
posite faded signal observed in the PLC-WLC channel in the office hall-
way environment for the (a) SB scenario, (b) TB scenario, and (c) MB
scenario compared to the theoretical k¥ — y/gamma-Rayleigh, k — u/in-
verse gamma, Rice/Nakagami and Rayleigh/gamma composite fading
models.
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Rayleigh/gamma (K-distribution) [4] fading models were
included in the fitting process for comparative purposes as
shown in Figures 11 and 12. Shown in both figures are the
plots of the empirical PDFs, and the composite fading models
are shown with their corresponding plot labels. The goodness-
of-fit for each composite fading model was evaluated using the
Kullback-Leibler (KL) divergence test. The KL test statistic is

defined as
D = /”p(xnn@)dx, a9
0 P(x)

which is described as the relative entropy or distance between
the empirical PDF ﬁ(x) and the theoretical PDF P(x). Since the
Dy, metric gives a measure of how much information is lost
when 13(x) is used to approximate P(x), the lowest D, value indi-
cates the most favorable distribution for modelling the received
composite faded signal.

Table 2 shows the estimated parameters and results of the KL
test for each propagation environment and for each PLC-WLC
measurement scenario. For the small-indoor propagation en-
vironment, it can be observed from the plots of Figure 11 that
the proposed k¥ — u/GR model exhibited excellent fit to the mea-
surements, and the k — u/inverse gamma also showed good fit
to the measurements. The small-indoor environment can be
considered to be a rich scattering environment that exhibits
multipath propagation clustering behavior, which is indicated
by the estimated y > 1 parameter for both composite fading
models for almost all PLC-WLC scenarios. This also suggests
that the random fluctuations of the received signal are largely
due to the rich scattering behavior of the environment. It can
be observed from the Dy, values that the xk — u/inverse gamma
fading model obtained the best performance for the TB and
MB propagation scenarios, while the x — 4/GR fading model
obtained the best performance for the SB scenario. This sug-
gests that significant measurable shadowing of both the dom-
inant signal component and scattered components was found
to exists in the TB and MB scenarios. These results suggest
that the total power of the scattered components is likely to
have been significant, and therefore impacted the power of
dominant signal components. The estimated a parameter of
the ¥ — 4 /GR fading model indicate that the shadowing sever-
ity increases in the order of SB, MB, and TB scenarios, which
is corroborated by the decrease of the estimated x parameter
in the same order. While the estimated a« parameter of the
kK —p/ inverse gamma model indicates that the shadowing
severity increases in the order of SB, TB and MB scenarios,
which is corroborated by the decrease of the estimated « in the
same order. Moreover, the increase in shadowing severity in
the order of SB, TB and MB is further corroborated by the de-
crease of Rice K factor and the Rayleigh/gamma fading model
p parameter in the same order. The total power of the scattered
multipath components increases in order of SB, TB, and MB
scenarios, as reflected by the increase of the Rayleigh/gamma
model ¢ parameter in the same order. According to the Dy,
values, the Rice/Nakagami model obtained the worst perfor-
mance in all scenarios, this model is a LOS shadowed model
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FIGURE 12 | Empirical PDFs (circle markers) of the received com-
posite faded signal observed in the PLC-WLC channel in the lecture hall
foyer environment for the (a) SB scenario, (b) TB scenario, and (c) MB
scenario compared to the theoretical k — y/gamma-Rayleigh, k — u/in-
verse gamma, Rice/Nakagami and Rayleigh/gamma composite fading
models.
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TABLE 2 | Parameter estimates for the ¥ — y/gamma-Rayleigh, ¥ — u/inverse gamma, Rice/Nakagami and Rayleigh/gamma composite fading

models for office hallway and lecture hall foyer environment PLC-WLC propagation scenarios.

LOS shadowing composite fading

kK — y/gamma-Rayleigh Rice/Nakagami
K H 0 a Dy K m Dy
Office hallway MB 0.2399 1.2026 0.0034 0.0048 0.0066 0.5533 0.5000 0.0239
TB 0.1510 1.1007 1.7326 0.0016 0.0023 1.0358 1.0035 0.0142
SB 0.3218 1.0408 0.1140 0.0299 0.0015 1.1000 0.3728 0.0225
Lecture hall foyer MB 4.2911 1.2659 2.2521 1.5542 0.085 1.8000 1.2808 0.0300
TB 8.3307 0.9658 2.3710 1.7187 0.0031 3.0000 1.3137 0.0294
SB 9.1714 0.6598 5.4488 4.1725 0.0131 5.0000 2.1140 0.0322
Multiplicative shadowing composite fading
k—p/ inverse gamma Rayleigh/gamma
K H B a Dy, c B Dg;,
Office hallway MB 0.9990 1.1060 0.8778 6.0000 0.0052 0.0528 90.9166 0.0077
TB 1.0118 0.9951 0.9099 7.6500 0.0034 0.0519 95.1645 0.0048
SB 1.1000 0.9070 0.8680 8.0000 0.0018 0.0495 99.6324 0.0020
Lecture hall foyer MB 2.11 0.8460 0.8949 10.6073 0.0021 0.0518 97.3171 0.0159
TB 2.4679 0.8040 0.8904 10.7456 0.067 0.0513 99.3140 0.0182
SB 5.0240 0.6108 0.9120 22.3919 0.0264 0.0510 103.9249 0.0551

and these results can also be attributed to the rich scattering
nature of the propagation environment.

For the large-indoor environment, it can be observed from the
plots in Figure 12 that both the x — 4/GR and the x — p/inverse
gamma models exhibited excellent fit to the measurements.
From Table 2, it can be observed from the D, values that the
k — u/ inverse gamma model obtained the best performance for
the MB scenario, while the x — /GR model obtained the best
performance for the TB and SB scenarios. This suggests that
measurable shadowing of both the dominant signal component
and scattered components was found to exists in MB scenario,
while in the TB and SB scenarios the total power of the scattered
signal components were found to be relatively so weak com-
pared to that of the dominant signal components. Even though
there is measurable shadowing in MB scenario, the large-indoor
environment is not necessarily a rich scattering environment as
indicated by the estimated u < 1 of the favorable x — u/inverse
gamma model for this scenario. This also suggests that more
dominant signal components were present and actively contrib-
uted to the received signal, thereby increasingly stabilizing the
received signal and reducing the random fluctuations caused by
shadowing effects in the received signal. The estimated x > 1
parameter in both models further corroborates that the total
power of the scattered components is likely to have been less
significant and had less impact on the power of LOS compo-
nents. The estimated a parameters of the x — u/GR model and
the k — p/inverse gamma model indicate that the shadowing se-
verity increases in the order of SB, TB and MB scenarios, which
is corroborated by the decrease of the estimated x parameter

in the same order of both models. Furthermore, the increase
in shadowing severity in the order of SB, TB and MB is further
corroborated by the decrease of Rice K factor and the Rayleigh/
gamma fading model § parameter in the same order. The total
power of the scattered multipath components increases in the
order of SB, TB and MB scenarios, as reflected by the increase of
the estimated Rayleigh/gamma model ¢ parameter in the same
order. According to the Dy, values the Rice/Nakagami model
obtained the worst performance in TB and MB scenarios, and
outperformed the Rayleigh/gamma model in the SB scenario.
These results can also be attributed to the fact that in the large-
indoor environment SB scenario, more dominant signal com-
ponents were present and there were less mean power random
fluctuations in the received signal.

Based on the results of the fitting process, it is evident that a
line-of-sight (LOS) shadowing composite fading model may be
appropriate in certain scenarios, while a multiplicative shadow-
ing composite fading model may be better suited for others. The
k — u fading model, which assumes a clustered behavior of dom-
inant and scattered components, suggests that in the x — u/in-
verse gamma model, both the dominant and scattered signal
components can be jointly shadowed. While this assumption
holds in some cases, it can be argued that in other situations, the
total power contribution from the scattered components, which
are assumed to be shadowed, may be too weak to significantly
influence the received signal. In such cases, the random fluc-
tuations in the received signal are primarily determined by the
shadowed dominant signal components. This distinction should
be carefully considered for accurately modelling fading in
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different propagation environments. Thus, the reasons for using
the proposed LOS shadowed k — p/fading model and comparing
it with the existing multiplicative shadowed composite fading
models, such as the k — y/inverse gamma model, for different
PLC-WLC propagation environments are clear. Therefore, it
can be concluded, as indicated by the obtained results, that the
amount of shadowing increases as more branches or discontinu-
ities (non-idealities) are added to the PLC portion of the hybrid
PLC-WLC channel, which results in increased multipath prop-
agation behavior, because the instances of DM-to-CM conver-
sions in the PLC channel increases instances of signal emissions
thereby creating new signal components and propagation paths
in the WLC portion of the hybrid PLC-WLC channel. This re-
sults in increased random mean power fluctuations in the re-
ceived signal, which means increased signal shadowing, and
consequently increased composite fading behavior of the hybrid
PLC-WLC channel. The comprehensive results presented in
this paper are important for real world narrowband PLC-WLC
applications, because they can serve as a guide to practitioners
and other researchers as to what is the expected time-selective
fading behavior of narrowband PLC-WLC communications sys-
tems in scenarios involving relative motion between the PLC
and WLC devices.

9 | Conclusion

This paper presents an in-depth investigation into composite
fading behavior in hybrid PLC-WLC communication channels.
Novel insights into the modelling of composite fading in the
context of PLC-WLC systems, particularly under conditions
involving relative motion between PLC and WLC devices, are
provided. A new composite fading model, namely, the ¥ — u/GR
fading model, was introduced. Analytical expressions for fun-
damental statistics such as the PDF, CDF, moments and MGF
were derived in closed-form. Additionally, performance met-
rics like OP, ASEP and average channel capacity were derived
for communication systems under the ¥ — 4/GR channel con-
ditions. Validation of the derived expressions for performance
metrics was achieved through numerical analysis, which
agreed with simulation results. The GR model, which is bor-
rowed from statistical frameworks, was employed to describe
shadowing behavior due to its mathematical tractability. Its
utility and accuracy were further established through a me-
thodical approximation of the well-established lognormal and
inverse Gaussian shadowing models using the MoM estimators
approach. By analyzing the relationships between the parame-
ters of the proposed model and those of established shadowing
models, it was shown that the x — 4/GR model closely approxi-
mates the Rice/lognormal and Rice/inverse Gaussian compos-
ite fading models.

Comprehensive measurements were conducted across various
PLC-WLC propagation scenarios in indoor environments. The
empirical data were fitted to the proposed model, which demon-
strated an excellent fit to the measurements. For small indoor
environments, rich signal scattering conditions and clustering
behavior of multipath components were evident, regardless
of the extent of cable branching within the PLC portion of the
PLC-WLC channel. Conversely, large indoor environments ex-
hibited pronounced scattering primarily when extensive cable

branching occurred, while otherwise being dominated by strong
LOS signal components under most of the propagation scenarios.

The performance of the proposed composite fading model was
further validated using KL divergence tests, benchmarking it
against other existing composite fading models. Results high-
lighted the prevalence of measurable multiplicative shadowing
in several PLC-WLC propagation scenarios within both small-
indoor and large-indoor environments. In the context of PLC-
WLC systems, where no direct LOS signal path exists between
a PLC transmitter and a WLC receiver, the powerline effectively
acts as an antenna element. This allows signal emissions across
diverse locations with varying signal strengths. The findings
in this study indicate that the key determinant for distinguish-
ing LOS shadowing from multiplicative shadowing models is
the presence of dominant signal components and the observed
power disparity between dominant and scattered components.
As such, LOS shadowing and multiplicative shadowing com-
posite fading models can both be applied to characterize time-
selective fading across distinct propagation conditions. As the
results suggest, increased branching, discontinuities and ter-
minations within the PLC channel in a PLC-WLC propagation
environment lead to greater shadowing and multipath fading,
resulting in increased composite fading.
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