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Abstract: The research studies hyper-Rayleigh behavior of a wireless communication system function-
ing in the presence of the generalized multipath fading. Although the initial metric (hyper-Rayleigh
mode (HRM)) is quite informative, it is defined only asymptotically (i.e., for the infinitely increasing
SNR). In spite of mathematical simplifications brought by such a definition (i.e., in this case most of
the performance characteristics defining the HRM can be easily evaluated), it sufficiently limits its
applications since, evidently, the real-life systems function in the presence of a finite (and usually
not very high) SNR. The study presents a novel approach to the fading channel analysis (i.e., finite
signal-to-noise ratio hyper-Rayleigh mode (fHRM)). The proposed metric (fHRM) is studied on the
newly presented channel model-fluctuating double-Rayleigh with Line-of-Sight (fdRLoS) fading
model. To accomplish this, the novel expressions for two channel-dependent system characteristics
(i.e., the Amount of Fading (AoF) and the Outage Probability (OP)) were derived in exact form valid
for arbitrary fading parameters. Based on the derived expressions, the finite SNR hyper-Rayleigh map
is obtained, which helps to identify the parameters’ values corresponding to the specific propagation
scenarios, which were further deployed to analyze the problem of the communication link physical
layer security quantified in terms of the probability of strictly positive secrecy capacity (SPSC). Nu-
merical verification of the derived closed-form expressions was performed. Several peculiarities of
the system performance are observed and discussed.

Keywords: amount of fading; fading channel; double-Rayleigh; line-of-sight; shadowing; outage
probability; hyper-Rayleigh

PACS: 89.70.+c; 84.40.Ua
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1. Introduction

The development of wireless communication systems is accompanied by an increase
in the diversity of signal propagation conditions. Modern and perspective communication
systems (such as 5G [1], 6G [2] or Wi-Fi 7 [3]) are expected to work reliably in rural areas or
in urban conditions, outside and inside buildings. In all the scenarios, the signal undergoes
attenuation, shadowing, scattering, multiple re-reflections and multipath propagation.
Severe conditions lead to a reduction in the coverage area of communication systems [3,4],
and thus to the decrease of the number of propagation paths (especially for propagation
inside buildings). That reduces the accuracy of communication performance forecasts
and leads to underestimation or, more importantly, to overestimation of potential system
characteristics. At the same time, the requirements for the communication quality are
increasing. Under these conditions, even small changes in the physical properties of the
channel lead to a significant change in the wireless system performance. Thus, for a correct
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channel prediction, an adequate mathematical or statistical model (capable of handling all
the effects mentioned above) is required.

There are numerous fading channel models, both the simplest and quite complex.
Especially for high-frequency and optical communication (including Free Space Optical
communication (FSO) and Underwater Optical communication (UWOC)), such models
as the well-renowned Gamma-gamma (see, for instance, [5,6]), Málaga distribution (see,
for example, [7,8]) and the newly-presented Exponential-Generalized Gamma channel
model [9,10] are widely applied. For the Radio Frequency (RF) counterparts of FSO/UWOC
systems, the Two/N-wave with Diffuse Power (TWDP/NWDP) models are nowadays
widely studied (see [11,12]). Although, delivering a very versatile description, they take in
to the account only a single reflection (with various multiple components, i.e., multipath
and line-of-sight, specular and diffuse).

For future communication systems, the most advanced models that take into account
multiple re-reflections and other signal transmission peculiarities [13] are relevant. The ap-
proach originally proposed by Rice [14] that considered the presence of line of sight (LoS)
along with multipath signal propagation was later developed involving multiple scatter-
ing [15–17]. Taking into account double scattering [18,19] for Rayleigh models has led
to the emergence of new double-Rayleigh and double-Rayleigh with LoS models [20–22].
This made it possible to take into account more signal propagation features without signifi-
cantly complicating the model.

Of particular interest is the Lopez-Fernandez et al. model published in 2022 [23]. It is
a novel fluctuating double-Rayleigh with line-of-sight (fdRLoS) fading channel model,
which generalized the double-Rayleigh with line-of-sight model [14] by including the
Gamma-distributed shadowing of the LoS component. In addition to the initial statistical
formulation of the model, the closed-form expressions for the probability density func-
tion (pdf) and for the cumulative distribution function (cdf) were obtained in [23] for a
specific case of the integer values of fading parameter. The results allowed the authors
to obtain simplified expressions for the pdf and cdf and apply them to the problem of
the outage probability analysis. However, the presented result formulation did not make
further analytical derivations possible, which sufficiently restricts its practical application.
Moreover, the expressions were valid for the integer values of the shadowing parameter,
though, it was shown for similar models [24] that the shadowing parameter extracted from
the experimental results (e.g., [25]) efficiently can be non-integer and generally less than 1.
Later, some new results were obtained for the fdRLoS model: A closed-form expression
for bit error rate (BER) [26], BER for M-order quadrature amplitude and M-order phase
shift keying modulations [26], the analysis of the fading parameters’ impact on the error
rate [26], analytical and asymptotic expressions for the ergodic capacity under optimal rate
and optimal power and rate adaptation scenarios [27].

It is worth mentioning that fdRLoS model (being a generalization of the double-
Rayleigh with LoS scattering) successfully approximates [23] the so-called I-K-model
widely applied in Optical Wireless Communications (OWC) [28–31]. The classical I-K
distribution is usually applied to describe optical signal intensity fluctuations, while prop-
agating through extended clear-air turbulence [32,33]. It was introduced as an extension
of the K-distribution and was successfully experimentally verified for a wide variety of
atmospheric turbulence conditions including weak turbulence, which is a theoretical appli-
cability limitation of the K-distribution. Although, the I-K model demonstrated very good
agreement with experimental studies within the tails of the pdf [34], it has some specific
issues with fitting the mode [30,34]. In [23], it is stated that this well-known effect (basically
explained by the spiky behavior of the I-K density function) can be alleviated by the fdRLoS
model. Thus, it can be regarded as a promising candidate for the future OWC (FSO and
UWOC) systems’ description, as well as for the joint RF-FSO systems.

As it is shown in [18], double-scattering in general demonstrates a larger fading
severity compared to Rayleigh [35–37]. This is because two (or in general more) dominant
waves with similar magnitudes may cancel each other out, while the diffuse power is
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reduced. As a result, the system performance decreases [38,39]. Therefore, it is necessary to
identify the conditions under which the a channel will be better-than-Rayleigh or worse-
than-Rayleigh, and to conduct detailed analysis of its functioning in the latter, which is
often termed as the hyper-Rayleigh mode (RHM) (or hyper-Rayleigh regime) [35,36]. As of
the current date, no results concerning the channel parameters’ value indicating the specific
degree of hyper-Rayleigh are present for the fdRLoS model. Various measures have been
proposed in the literature for a quantitative description of the hyper-Rayleigh regime
(e.g., [40,41]). In the current research, we will follow the comprehensive and convenient
approach outlined in [42].

Besides the quality and reliability of communications, another critical aspect of modern
wireless systems is the link secrecy. Although security issues were studied for different
two-beam fading models (e.g., [43,44]), the security of communication scenarios for the
fdRLoS model has remained unexplored. From the physical layer security point of view, the
reduction of the coverage area leads to the fact that an eavesdropper can be closer to both
the transmitter and the receiver and can wiretap at a higher signal-to-noise ratio (SNR) than
in long-distance communication systems, or even get into the same physical conditions
of signal reception with a legitimate receiver. The random changes in signal amplitude
and phase from the spatial positioning between a receiver and a transmitter refer to these
situations as the co-called small-scale fading [45]. Therefore, it is especially important to
be able to evaluate the secrecy parameters for severe scenarios of electromagnetic wave
propagation and to choose a security strategy.

Physical phenomena in the communication channel can be taken into account within
the physical layer security framework [46–48]. This approach has a number of advan-
tages over cryptography [48]: Physical layer methods maintain the secure link even if the
eavesdropper is not limited in computing resources; they ensure the operation of different
networks, including self-organizing ones; they can act as an additional well-embedded
communication security solution together with traditional ones.

There are many secrecy metrics in modern wireless communication systems [49,50].
In the present research, we will exemplify hyper-Rayleigh regime analysis by assessing
the probability of a strictly positive secrecy capacity, being one of the basic and primary
metrics.

Motivated by the problem stated above and the mentioned drawbacks of the existing
solutions, the proposed research performs the closed-form analysis of the hyper-Rayleigh
fading conditions of a wireless communication system operating in the presence of the
multipath channel described by the fluctuating double-Rayleigh with line-of-sight model.
The major contributions of the research can be summarized as follows:

• The closed-form expression is derived for the moment-function of the fluctuating
double-Rayleigh with line-of-sight channel model, which helps to evaluate the exact
expression for the amount of fading.

• Novel exact expressions for the cumulative distribution function and the outage
probability of the fluctuating double-Rayleigh with line-of-sight channel model are
derived, extending the existing result, and are valid for an arbitrary positive fading
parameter m.

• A hyper-Rayleigh map, which associates the set of system parameter values with the
specific propagation conditions, is obtained. The presented results are valid not only
for an “asymptotic” definition of the hyper-Rayleigh map (as it is defined in classic
technical literature), but for all possible values of the system and channel parameters.

• The performed analysis is exemplified with a problem of physical layer security
analysis. A thorough numeric analysis of the strictly positive secrecy capacity is
performed for all possible hyper-Rayleigh scenarios (i.e., channel parameters).

• The asymptotic parameters’ regions, where either the amount of fading, or the outage
probability, or the ergodic capacity are nearly insensible to the channel parameter
change are identified.
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The remainder of the paper is organized as follows: Section 2 provides the general
physical and statistical description of the fluctuating double-Rayleigh with line-of-sight
channel model, describes the hyper-Rayleigh conditions, introduces the classification of
possible hyper-Rayleigh cases, and presents a brief description of a physical layer security
problem (strictly positive capacity analysis) adopted for illustration; Section 3 presents the
derived analytical results; Section 4 contains a thorough numerical analysis of the derived
expressions depending on various channel parameters’ values; and the conclusions are
drawn in Section 5.

2. Materials and Methods
2.1. Physical Channel Model

The proposed fluctuating double-Rayleigh with line-of-sight fading channel model
in [23] assumes that there are two components: The line-of-sight associated with the
presence of a direct path between the transmitter and receiver and the Rayleigh diffuse
component. The line-of-sight component exists in many scenarios of modern wireless
communications, especially at higher frequencies [51,52], and fluctuates as the propagation
conditions change during the communication session due to temporary shadowing of the
LoS using relatively small and mobile objects such as th human body [53]. So the received
signal S can be represented as the linear combination of two components [23]:

S = a0
√

ξejφ + a2G2G3, (1)

That is, of the shadowed LoS component (the first term) with average magnitude
a0 and double-Rayleigh fading (dRf) component (the second term) a2G2G3, where ξ is
the shadowing parameter with unit power and shape coefficient m; a2 is the average dRf
component magnitude, and G2, G3 are the zero-mean complex normal random variables,
which are the coefficients of the channel transfer function responsible for accounting the
first and the second scattering at two transmission stages [15]. Here the phase of the
LoS component is uniformly distributed φ ∼ U[0, 2π), the shadowing parameter ξ is the
Gamma distributed and G2, G3 are the zero-mean complex normal random variables (i.e.,
G2, G3 ∼ CN (0, 1)). Physically, this model corresponds to the propagation channel with
constant amplitude LoS component that undergoes shadowing with unit power.

Such propagation conditions occur in a wide variety of applications: Millimeter wave
communications [11,35,38], optical wireless communications [54], backscatter communica-
tions [15], indoor mobile links, vehicle-to-vehicle communications and others.

2.2. Statistical Channel Model

Following [23], let us assume that the channel is properly normalized to yield unit
power of the received signal (i.e., E{|S|2} = 1), and the probability density function
of the instantaneous signal-to-noise ratio γ, defined as γ = γ̄|S|2 (with γ̄—the average
signal-to-noise ratio), is given by (see Equation (13) in [23])

fγ(γ) =

ˆ ∞

0
fγx (γ|x)e−xdx, (2)

where fγx (γ|x) is the conditional probability density function conditioned on x = |G3|2,
which is defined as

fγx (γ|x) =
mm(1 + kx)

(m + kx)
mγ̄x

e−
1+kx

γx γ
1F1

(
m, 1,

kx(1 + kx)

kx + m
γ

γ̄x

)
. (3)

Here k =
a2

0
a2

2
denotes the Rician K-factor, kx = k

x , γ̄x = k+x
k+1 γ̄ and 1F1(·) is the confluent

hypergeometric function [55].
The model can be used to predict the performance of a wide spectrum of wireless com-

munications systems types: Suburban, urban, forest [15], indoor [56], indoor-to-outdoor
and vice versa [57], peer-to-peer [58], or railway [59]. Moreover, what is especially impor-
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tant is that the model allows us to deal with the signal propagation affected by the keyhole
effect [54], which can occur under propagation in the presence of diffracting elements, such
as building corners, roofs, elements of urban small architecture, etc.

2.3. Hyper Rayleigh Mode

A formal definition of the hyper-Rayleigh mode (HRM) is based on the use of three
metrics [42]: Amount of fading (AoF), outage probability (Pout) and the average capacity.

The amount of fading is defined as the normalized second moment of the instanta-
neous SNR γ [60]:

AoF =
Var{γ}
(E{γ})2 =

E
{

γ2}
γ̄2 − 1, (4)

where γ̄ = E{γ} is the average SNR.
The outage probability is the probability that the instantaneous SNR falls below a

given threshold value γth:
Pout = Fγ(γth), (5)

where Fγ(·) is the cdf of γ.
The average capacity C̄ per unit bandwidth is the instantaneous capacity averaged

over all possible fading states [42]:

C̄ =

∞̂

0

log2 (1 + γ) fγ(γ)dγ. (6)

According to [42], a fading model can demonstrate hyper-Rayleigh behavior for a set
of model parameters if the following conditions hold:

• amount of fading is greater than AoF for the Rayleigh model, i.e., 1:

AoF > AoFRay = 1 (7)

• Or for equal values of the asymptotic (in sense of γth � γ̄) outage probability the
average SNR is greater than the Rayleigh average SNR

• Or for equal average SNRs, the asymptotic (in sense of γ̄ → ∞) average capacity is
less than that for the Rayleigh model.

In contrast to [42], where HRM is established only for the asymptotic values of the
outage probability and average capacity, in our case arbitrary metric values will be assumed,
which is a significant extension of the existing results.

Following [42], who considered situations to one of four cases depending on the
number of hyper-Rayleigh criteria implemented, we will consider HRM as full hyper-
Rayleigh regime if all three criteria are met simultaneously, strong HRM if two of the
three conditions are satisfied, and weak HRM if only one criterion is met. If none of the
conditions are fulfilled, we will assume that HRM is not demonstrated by the system.

2.4. Secrecy Communication Metrics

To illustrate the performance of the fdRLoS channel, we will assume the problem is of
the wireless communication link secrecy. It is usually described as a three acting agents
model [61] with a communication link between the transmitter and the destination point of
a legitimate receiver (described with the model (2)–(3) and parameters mD, kD, γ̄D), and a
wiretap link to the eavesdropper (described with the channel model (2)–(3) and parameters
mE, kE, γ̄D).

As it was mentioned earlier, there are numerous metrics that can assist in the security
assessment [49,50]. Among them, the primary role is given to the Probability of Strictly
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Positive Secrecy Capacity (SPSC), which is the probability that the positive secrecy capacity
exists (i.e., that the secure communication can be established):

SPSC = P{C > 0} = 1− Pout(0), (8)

where Pout is the secrecy outage probability for a fixed threshold capacity Cth defined as

Pout(Cth) = P{C ≤ Cth}. (9)

Since in modern urban communication systems the coverage area tends to shrink, a
practically important setup of closely spaced receiver and eavesdropper appears. From
a practical viewpoint, this case can be assumed as a worst-case scenario, since in this
situation the parameters of both channels are almost the same and the only factor that
helps to establish a secure link is the average SNR in the main channel (which implies
hard restrictions on the receiver). Thus, for further analysis we will resort to this specific
situation, i.e., mD = mE, kD = kE.

Moreover, we will assess SPSC of the fdRLoS channel for all the possible fading
scenarios, choosing the channel parameters in such a way as to correspond: (a) No HRM,
(b) weak HRM, (c) strong HRM, and (d) full HRM.

3. Results

The joint hyper-Rayleigh map is a region-plot comprised of subregions corresponding
to the specific HRM. In order to obtain such a map, one needs to evaluate the regions that
correspond to HRM for each of the metrics: AoF, outage probability and ergodic capacity.
Thus, closed-form expressions presenting those metrics for arbitrary values of channel
parameters are required.

3.1. Amount of Fading

To derive the closed-form expression for the amount of fading, one starts with the
redefining of the fdRLoS instantaneous SNR pdf fγ(γ) (given in (2)) and conditional pdf
fγx (γ|x) (given in (3)) in a compact notation:

fγx (γ|x) = C0e−αγ
1F1(m; 1; βγ), (10)

with the following set of coefficients:

C0 =
mm(k + 1)xm−1

(k + mx)mγ̄
, (11a)

α =
(k + 1)

xγ̄
, (11b)

β =
k(k + 1)

x(k + mx)γ̄
. (11c)

Since the amount of fading is defined in terms of the first two raw moments (i.e., E{γ}
and E{γ2}) of the instantaneous signal-to-noise ratio, their evaluation is a prerequisite for
further reasoning.

To broaden the analysis, we will derive an expression for the arbitrary-order moment
(the raw-moment function) of the fdRLoS channel, given by the following theorem and its
corollary.

Theorem 1. The rth-order raw moment of the instantaneous signal-to-noise ratio µr for the
fluctuating double-Rayleigh with line-of-sight channel model can be expressed as follows:

µr = (r!)2
(

γ̄

k + 1

)r r

∑
l=0

(m)l

(l!)2

(
k
m

)l
, (12)
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where (·)r is the Pochhammer symbol [62].

Proof. For proof, see Appendix A.

With the help of the stated result, the closed-form expression can be easily obtained.

Corollary 1. The Amount of Fading for the fluctuating double-Rayleigh with line-of-sight channel
model is given by

AoF =
k2 + 2km + 3m

m(k + 1)2 . (13)

Proof. The proof of the corollary is easily obtained with the help of Theorem 1, by setting
r = 1 (to obtain E{γ}) and r = 2 (for E

{
γ2}). After some algebraic simplifications, the

result (13) is obtained.

Since for the Rayleigh case the AoFRay = 1 [60], henceforward we will assume the
fdRLoS channel with parameters (m, k) to be in a hyper-Rayleigh regime if AoF > AoFRay,
i.e.,

k2 + 2km + 3m
m(k + 1)2 > 1, (14)

which is equivalent to the following set of inequalities:k >
√

2m
m−1 ,

m > 1.
(15)

3.2. Outage Probability

As it was mentioned earlier, the expression for the outage probability was initially
derived in [23] (with the introduction of the fdRLoS model). However, due to the complexity
of integration procedures, the authors have confined themselves to the case of integer-
valued fading parameter m. Since, it is expected that the case of m < 1 can possibly
correspond to the hyper-Rayleigh scenario; moreover, in practical situations it is usually
non-integer, the existing results are not valid for the current research. To eliminate this
drawback, an exact expression for the Pout for arbitrarily-valued (m, k) was derived, as
given by the following theorem and its corollary.

Theorem 2. The cumulative distribution function of the instantaneous signal-to-noise ratio for the
fluctuating double-Rayleigh with line-of-sight channel model for arbitrary non-negative channel
parameters can be expressed as follows:

Fγ(γ) = 1−mm
∞

∑
l=0

l+1

∑
h=0

(m)l
l!

kl

h!

(
(k + 1)

γ

γ̄

)h
I2h,l , (16)

where the coefficients I2h,l are defined in (A25).

Proof. For proof, see Appendix B.

It should be noted that, although, I2h,l does not admit a simple closed-form repre-
sentation, it can be easily evaluated by numerically applying one of the numerous fast
calculation procedures. Nevertheless, integer m, I2h,l can be expressed in the exact form,
but since in our research we are aiming at the cases of arbitrary m (especially 0.5 ≤ m ≤ 1),
those simplifications are not employed.
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Corollary 2. The Outage Probability for some threshold SNR value γth of the fluctuating double-
Rayleigh with line-of-sight channel model is given by

Pout(γth) = Fγ(γth). (17)

Proof. The proof of the corollary is trivial in view of the derived expression for the cdf (see
Theorem 2).

Since for the Rayleigh case the PRay
out (γth) = 1− e

γth
γ̄ [2], henceforward we will assume

the fdRLoS channel with parameters (m, k) to be in a hyper-Rayleigh regime if Pout > PRay
out ,

i.e.,
Pout(γth) > 1− e

γth
γ̄ . (18)

3.3. Channel Capacity

The last metric that is used to evaluate the HRM of the fdRLoS channel is the average
capacity.

In [27], the closed-form expressions of the ergodic capacities for the assumed channel
were derived for various adaptation strategies (including the optimal rate adaptation that is
of primary interest for the current study). Moreover, since in [27] the results were presented
both for integer and non-integer values of channel parameters (covering all the possible
conditions), henceforth they will be assumed for further evaluation of the hyper-Rayleigh
regime (specifically Theorem 1 and 2 from [27] will be employed).

As before, the HRM is defined as the situation when C < CRay. The ergodic capacity of
the Rayleigh channel was derived in [63] (with further corrections in [64]), and is presented
in the following form:

CRay
=

1
ln 2

E1

(
1
γ̄

)
e

1
γ̄ , (19)

where E1(·) is the exponential integral function [62].
It is worth stressing out again, that all the derived results and analysis assume arbitrary

channel parameter values. This specifically includes the average (and threshold) SNR, in
contrast to the pioneering work [42], where only asymptotic behavior was considered.

4. Discussion

The derived expressions made it possible to perform a thorough HRM analysis.
The numerical simulation was executed in accordance within the general framework

described in Section 2 (see Section 2.1 for the physical channel model and Section 2.2 for the
statistical description), Section 2.3 (see for HRM definition and classification), Section 2.4
(see for SPSC definition), and Section 3 (see for close-form expression of the AoF, Pout and
C used for analysis).

The channel parameters’ ranges (presented in Table 1) were chosen in such a way
to cover the whole region of their possible practical values and be in coherence with the
existing real-life measurement campaigns (for instance, for closely-related channel models
see Rician K-factor measurements in [65,66] and fading parameter estimation in [67,68]).

Table 1. Numeric simulation setup: system and channel parameters.

Parameter Parameter Value

Shadowing coefficient (m) 1
2 . . . 20

Rician K-factor (k) 10−3 . . . 103

Average SNR (γ̄), dB −20 . . . 50
Threshold SNR (γth), dB −10 . . . 30

To this extent, several important notes should be pointed out:
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• For the simulation, the shadowing parameter m is upper-bounded by m = 20 (al-
though the plots are presented for m < 10), since numerous studies [26,27] showed
that the values m > 5÷ 10 (depending on the problem under consideration) can be
assumed as “almost asymptotic”. This generally means that its increase does not
deliver significant changes in the result.

• The lower bound of the shadowing parameter was set to 0.5, although, 0 < m < 0.5
are also possible (since the shadowing is introduced via Gamma-distributed model).
But numerous simulations demonstrated that m < 0.5 do not make any contribution
to the current research, thus were omitted.

• The Rician K-factor was chosen in order to be consistent with practical scenarios of
real-life measurements (i.e., from −30 dB to 30 dB).

• The expression (16) is given in terms of an infinite series, thus for further numerical
calculations it was truncated to 200 terms to yield at least 4-digit accuracy compared
with the brute-force numerical integration. Moreover, if an extra precision (for a
fixed number of summands) is required, well-established techniques for convergence
increase can be applied (for example, Richardson extrapolation or Shanks’ transforma-
tion (see [69])).

Furthermore, the Section is divided into two following parts: HRM analysis and an
illustration of its application to the problem of SPSC analysis. In Figures 1 and 2, the
results obtained with the help of the following derived expressions: For the AoF analysis
in Section 3.1, the plots of the outage probability (obtained via numeric simulation) are
calculated via expression derived in Section 3.2, and capacity analysis is performed with the
help of the expression presented in Theorem 1 and 2 from [27] (as it is stated in Section 3.3).

4.1. Hyper-Rayleigh Regime Numerical Analysis

Hyper-Rayleigh mode metrics for the fdRLoS channel model with various k and m are
displayed in Figure 1 as contour maps, which are marked with dashed lines corresponding to
the Rayleigh channel values of metrics. This bound corresponds to the analytical expression (15)
for AoF and is obtained numerically for other hyper-Rayleigh metrics.

The conditions for the parameter m to be considered asymptotic depend on the value
of the parameter k: if k < 1, then almost any m can be considered asymptotic; when k ∼ 10,
the HRM metrics are almost insensible to m for m ≥ 5, and with k ∼ 102, for m ≥ 10.

The performed analysis demonstrates the fact that the three hyper-Rayleigh metrics
distinctly identify the degree of hyper-Rayleigh. If the observed outage probability falls
below the PRay

out , then the values of the other two hyper-Rayleigh criteria (AoF and C) will
automatically correspond to the full HRM.

On the other hand, even if AoF becomes greater than AoFRay (i.e., AoF > 1), it is not
guaranteed that C̄ and Pout will be worse than Rayleigh; hence, the system behavior mode
may be hyper-Rayleigh, depending on the specific values of C̄ and Pout. That is, the outage
probability implies the most severe restrictions.

Figure 2 shows the joint hyper-Rayleigh map of the fdRLoS channel: red—region full
hyper-Rayleigh mode; orange region—to the strong hyper-Rayleigh regime; yellow sector
corresponds to the weak hyper-Rayleigh fading; in the green region, the channel exhibits
no hyper-Rayleigh properties.

These four types of hyper-Rayleigh regime correspond to different practical situations.
No hyper-Rayleigh regime assumes a channel with strong LoS and small fading. This occurs,
for example, in such cases as: Indoor office communication at short distances (from 4 to
21 m in office hallways, lobbies, halls, as shown with experiments on 5G communication at
28 and 73 GHz in [70]); UWOC in clear water with low absorption and no scattering from
the smallest inhomogeneities in water; FSO communication systems at small distances,
e.g., up to 200 m at 3.5 GHz in urban areas [71]. Full hyper-Rayleigh regime is the most
interesting for communication security tasks: There is a heavily obstructed LoS with the
intensive fading in the channel. This occurs, for example, in urban areas, inside buildings
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or at public places, where a lot of people create random, temporary and heavy line-of-sight
shadowing [72]. The other two regimes correspond to various scenarios of LoS shadowing,
depending on visibility for FSO communication [73], scattering from inhomogenities or
turbulence influence in UWOC and when using RF communication systems at relatively
large distances, e.g., up to 500 m at 3.5 GHz in urban area [71].
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Figure 1. Hyper-Rayleigh mode metrics for the fdRLoS channel model with various k and m:
(a) Amount of Fading map (yellow dashed line denotes the contour of the Rayleigh model, i.e.,
AoFRay); (b) outage probability map (in logarithmic scale) with γth = 0 dB and γ̄ = 10 dB (yellow
dashed line denotes the contour of the Rayleigh model, i.e., PRay

out ); (c) ergodic capacity map with

γ̄ = 10 dB (yellow dashed line denotes the contour of the Rayleigh model, i.e., CRay).
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Figure 2. The joint hyper-Rayleigh map of the fdRLoS channel: red region—full HRM, orange—strong
HRM, yellow—weak HRM, green—no HRM.

For k < 0.4 and m < 1 the system can demonstrate only full RHM. For the case of
k > 0.4 with the increase of m (and for m > 1 with the increase of k), the system smoothly
transits from the state of full HRM to the state of no HRM. Thus, it can be stated that a
change in one of the parameters (m, k) does not lead to a change in the hyper-Rayleigh
degree for k > 5 or m > 5.

To describe the performance of the fdRLoS channel, 4 distinct parameter combinations
(points on the joint hyper-Rayleigh map) corresponding to the above-mentioned hyper-
Rayleigh modes are chosen for the further physical layer security analysis of the wireless
communication link:m = 5, k = 5 for no HRM, m = 5, k = 1 for weak HRM m = 2, k = 1
for strong HRM and m = 1, k = 1 for full HRM.

4.2. Illustrative Example: SPSC in Hyper-Rayleigh Regime

The probability of the strictly positive secrecy capacity for the fdRLoS model P{C̄ > 0}
(SPSC) as a function of the average SNR in the main channel γ̄D for different average SNR
in the wiretap channel γ̄E is shown in Figure 3: Green lines denote no HRM (with channel
parameters m = 5, k = 5), red lines denote weak HRM (for m = 5, k = 1), blue lines
correspond to strong HRM (m = 2, k = 1), and black lines denote full HRM (m = 1, k = 1).

It can be pointed out that the proposed research assumes a physical layer secrecy
scenario when channel parameters for the eavesdropper and destination channels are equal,
which from the practical point of view corresponds to the situation when the eavesdropper
is placed close to the receiver and passively and concealed wiretaps the communication link.
This situation can occur in in an overcrowded and small environment, which is typical for
public places supplied with high speed telecommunication systems (5G-NR, Wi-Fi-6 etc.).

With the gain in γ̄D, the value of SPSC monotonically increases to 1, and the values
achieved are determined by the specific hyper-Rayleigh regime and SNRs in destination and
eavesdropper channels. Security capacity is classically defined as the difference between
the capacities of both channels. If there is no fading, the classical theory states that the
security capacity is zero. However, under fading conditions, it becomes statistically possible
to establish a secure link with non-zero capacity even in situations where γ̄D is less than
γ̄E. For example, if at γ̄D = 0 dB the SNR in the eavesdropper’s channel γ̄E worsens from
5 to 0 dB, then the SPSC increases from 0.22 to 0.5, with a further decrease in γ̄E from 0 to
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−5 dB, SPSC changes from 0.5 to 0.78. So when γ̄D < γ̄E SPSC is less than 0.5, but greater
than 0.

γE -5 dB

γE -3 dB

γE 5 dB

γE 3 dB

γE 0 dB

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
0.

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.

γD, dB


C
0

Figure 3. P{C > 0} for the fdRLoS model as a function of the γ̄D for different γ̄E: green lines denote
no HRM, red—weak HRM, blue—strong HRM, and black—full HRM.

There is a unique relationship between the values of SNR in the destination and
eavesdropper channels (i.e., γ̄D = γ̄E), at which the SPSC is indifferent to the degree of
hyper-Rayleigh and is equal to 0.5 for any of them because of the identity of the destination
and the eavesdropper channels that can be demonstrated analytically. Near this point,
there is a change in the order in which the degrees of hyper-Rayleigh affect the SPSC: For
γ̄D < γ̄E), the SPSC grows with the hyper-Rayleigh impairment, γ̄ > γ̄E) improves.

The curves for various hyper-Rayleigh scenarios are generally closer to each other than
to the curve of the scenario in which the system does not exhibit hyper-Rayleigh behavior,
with the maximum difference in the values of SPSC of about 0.15.

It is worth noting that any of the hyper-Rayleigh modes imposes greater energy
requirements for achieving some predefined communication link secrecy level. For ex-
ample, to achieve P{C̄ > 0} = 0.9 in the best of the situations under consideration (i.e.,
γ̄E = −5 dB), the required γ̄D should be around 1.3 dB for no-HRM, and almost 4 dB in
full HRM (which is 2.7 dB greater). In the worst situation of γ̄E = 5 dB, the requirements
become tougher: γ̄D = 16 dB is required for full HRM versus 11 dB needed for the no-HRM
channel.

5. Conclusions

Modern wireless communication systems, RF or OWC, are highly sensitive to the
signal propagation conditions. The presented research studies hyper-Rayleigh behavior
of wireless communication systems functioning in the presence of the generalized multi-
path fading. The use of the recently published fdRLoS channel model, which takes into
account many features of signal propagation, made it possible to obtain the closed-form
analytical description of the finite SNR hyper-Rayleigh regime, including the closed-form
expression for the amount of fading and the exact expression for the outage probability
valid for arbitrary fading parameters. This allows not only to describe the severity of
channel fading and shadowing, predict the performance of communication link in spe-
cific environmental conditions, but also to identify the hyper-Rayleigh mode on the go
and reconfigure the system in order to improve the quality, reliability and secrecy. For
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instance, if the channel parameters m and k increase, one can expect a transition from
the full HRM to the strong/weak/none HRM, that helps to predict the possible change
of the system performance. Such changes may be caused by variation of propagation
conditions, for example, due to the movement of the transmitter, receiver, scatterers or due
to the fluctuation of the shadowing conditions, for example, due to the random nature of
shadowing objects’ movement or due to an increase in their number along the path of the
line-of-sight component. Artificial techniques can also be used to change the HRM severity,
for example, such as the use of intelligent reflecting surfaces. As the exception, one can
mention channel parameters’ regions, where the increase of the parameters themselves
does not yield any improvement in hyper-Rayleigh mode, including the full HRM (e.g.,
for m < 1 and increasing k, or for k <= 0.3 and increasing m), and the regions where the
parameters do not change sufficiently (e.g., m can be considered asymptotic if k < 1).
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Appendix A. Proof of Theorem 1

To prove Theorem 1, one starts with the definition of the moment function:

µr =

∞̂

0

γr fγ(γ)dγ =

∞̂

0

e−x

 ∞̂

0

γr fγx (γ|x)dγ


︸ ︷︷ ︸

I1

dx, (A1)

where r is the order of the moment, and the connection between the conditional and
unconditional pdfs was used:

fγ(γ) =

∞̂

0

fγx (γ|x)e−xdx. (A2)

Integral I1, which corresponds to the conditional rth-order moment, can be treated as
the Laplace transform, thus applying (3.35.1.2) from [74], one gets:

I1 = C0

∞̂

0

γr
1F1(m; 1; βγ)e−αγdγ = (A3a)

= C0
r(r + 1)

(α− β)r+1 2F1

(
1−m; r + 1; 1;

β

β− α

)
, (A3b)

where 2F1(·) is the Gauss hypergeometric function [62].

https://rscf.ru/en/project/22-29-01458/
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Utilizing (11b) and (11c):

β

β− α
= − k

mx
, (A4a)

α− β =
m(k + 1)
(k + mx)γ̄

, (A4b)

the inner integral I1 can be expressed as

I1 =
mm−r−1γ̄rΓ(r + 1)xm−1

(k + 1)r(k + mx)m−r−1 · 2F1

(
1−m; r + 1; 1; − k

mx

)
, (A5)

where Γ(·) is the gamma-function [62].
The obtained hypergeometric function 2F1(·) can be simplified as follows:

2F1

(
1−m; r + 1; 1; − k

mk

)
=

=
π

sin(π(r + m))


(

k
mx

)m−1

Γ(r + 1)Γ(m)
2F1
(
1−m; 1−m; 1−m− r; −mx

k
)

Γ(1−m− r)
−

−

(
k

mx

)−(r+1)

Γ(1−m)Γ(−r)
2F1
(
r + 1; r + 1; r + m + 1;−mx

k
)

Γ(r + m + 1)

 = (A6a)

=
πx1−mm1−mkm−1

sin(π(r + m))Γ(m)Γ(r + 1)
2F1
(
1−m; 1−m; 1−m− r;−mx

k
)

Γ(1−m− r)
, (A6b)

where (A6a) is due to (15.8.2) [62], and (A6b) is obtained owing to the fact that r ∈ Z, thus,
the multiplier Γ(−r) in the denominator nullifies the second term.

Applying the equality (see (15.8.1) in [62])

2F1

(
1−m; 1−m; 1−m− r; −mx

k

)
=

(k + mx)m−r−1

km−r−1 2F1

(
−r; −r; 1−m− r; −mx

k

)
, (A7)

the initial integral I1 can be rewritten in the following form

I1 =

(
k
m

)r πγ̄r

(k + 1)r
2F1
(
−r; −r; 1−m− r; −mx

k
)

Γ(m) sin(π(r + m))Γ(1−m− r)
. (A8)

The resultant integral over x in (A1) can be solved using the relation (see (3.37.1.3)
in [74])

∞̂

0

2F1

(
−r,−r; 1−m− r;−m

k
x
)

e−xdx = 3F1

(
−r, 1,−r; 1−m− r;−m

k

)
, (A9)

which yields the following expression for the moment function:

µr =

(
kγ̄

m(k + 1)

)
π

Γ(m) sin(π(r + m))
3F1
(
−r, 1,−r; 1−m− r;−m

k
)

Γ(1−m− r)
. (A10)

Applying the reflection property of the gamma-function (see (5.3.3) in [62])

π

sin(π(r + m))
= Γ(r + m)Γ(1− r−m), (A11)
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and noting that the series representation of the hypergeometric function 3F1(·) with nega-
tive integer first argument is truncated to a finite sum with r terms, i.e.,

3F1

(
−r, 1,−r; 1−m− r;−m

k

)
=

(r!)2

(m)r

r

∑
l=0

(m)l

(l!)2

(
k
m

)l−r
, (A12)

where (·)r is the Pochhammer symbol [62], after some simplifications yields the final result:

µr = (r!)2
(

γ̄

k + 1

)r r

∑
l=0

(m)r

(l!)2

(
k
m

)l
, (A13)

which proves the initial statement.

Appendix B. Proof of Theorem 2

To prove Theorem 2, one can start with the definition of the conditional cdf of the
instantaneous SNR. Applying the shorthand notation introduced in (11a)–(11c), one obtains:

Fγx (γ|x) = C0

γˆ

0

1F1(m; 1; βγ̂)e−αγ̂dγ̂ = (A14a)

= C0γ

1ˆ

0

e−αγt
1F1(m; 1; βγt)dt = (A14b)

= C0γe−αγΦ2(1; m; 2; αγ; βγ), (A14c)

where Φ2(·) is the confluent Appell hypergeometric function of two variables; the substitu-
tion γ̂

γ = t was used in (A14a), and integral in (A14b) was evaluated with the help of (3.5)
in [74].

Applying the result (4.19) from [74], the conditional cdf (A14a) can be represented in
terms of series:

Fγx (γ|x) = C0γe−αγ
∞

∑
l=0

(m)l
l!(2)l

(βγ)l
1F1(1; l + 2; αγ) = (A15a)

=
C0

α

∞

∑
l=0

(m)l γ̃(l + 1; αγ)

l! Γ(l + 1)

(
β

α

)l
, (A15b)

where γ̃ is the lower incomplete gamma-function [62], and the following identities are
used:

e−αγ
1F1(1; l + 2; αγ) = (l + 1)(αγ)−l−1γ̃(l + 1; αγ), (A16a)

(l + 1)
l!(2)l

= (l!)2. (A16b)

Applying the relation between the lower (γ̃(·)) and the upper (Γ̃(·)) incomplete
gamma-functions (see (8.2.3) in [62]),

γ̃(l + 1; αγ)

Γ(l + 1)
+

Γ̃(l + 1; αγ)

Γ(l + 1)
= 1, (A17)

combining (A17) and (A15b), expanding the terms and noting that

C0

α

∞

∑
l=0

(m)l
l!

(
β

α

)l
= 1, (A18)
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the expression for the conditional cdf can be rewritten in the following form

Fγx (γ|x) = 1− C0

α

∞

∑
l=0

(m)l
l!

(
β

α

)l Γ̃(l + 1; αγ)

Γ(l + 1)
. (A19)

Since l is an integer summation index, the normalized upper incomplete gamma-
function can be expanded into the finite sum (see (8.4.8) [62]):

Γ̃(l + 1; αγ)

Γ(l + 1)
= e−αγ

l+1

∑
h=0

(αγ)h

h!
. (A20)

This helps to simplify (A14a):

Fγx (γ|x) = 1− C0

α
e−αγ

∞

∑
l=0

l+1

∑
h=0

(m)l
l!

(
β

α

)l (αγ)h

h!
. (A21)

Returning from the shorthand to physically meaningful parameters, yields:

Fγx (γ|x) = 1−
(

mx
k + mx

)m
e−

(k+1)
x

γ
γ̄

∞

∑
l=0

l+1

∑
h=0

(m)l
l!

(
k

k + mx

)l(
(k + 1)

γ

γ̄

)h x−h

h!
(A22)

Finally, performing the averaging of the conditional cdf

Fγ(γ) =

ˆ ∞

0
Fγx (γ|x)e−xdx, (A23)

combining it with (A22), reorganizing the terms, delivers the result:

Fγ(γ) = 1−mm
∞

∑
l=0

l+1

∑
h=0

(m)l
l!

kl

h!

(
(k + 1)

γ

γ̄

)h
I2h,l , (A24)

where I2h,l denotes the following integral

I2h,l =

ˆ ∞

0
xm−h(k + mx)−m−le−

(
(k+1)

x
γ
γ̄ +x

)
dx. (A25)

It should be noted that in (A23) (with (A22) being substituted), the change of the
integration and summation order is possible due to the fact that Fγx (γ|x) is clearly upper-
bounded, and the summation can be regarded as an integration with the respect to the
counting measure. This fulfills the Fubini theorem’s conditions, guaranteeing the integra-
tion/summation order interchange.

References
1. Launay, F. NG-RAN and 5G-NR: 5G Radio Access Network and Radio Interface, 1st ed.; Wiley-ISTE: Hoboken, NJ, USA, 2021.
2. Jiang, W.; Luo, F.L. 6G Key Technologies: A Comprehensive Guide; Wiley-IEEE Press: New York, NY, USA, 2022.
3. Khorov, E.; Levitsky, I.; Akyildiz, I.F. Current Status and Directions of IEEE 802.11be, the Future Wi-Fi 7. IEEE Access 2020,

8, 88664–88688. [CrossRef]
4. Leinonen, M.E.; Jokinen, M.; Tervo, N.; Kursu, O.; Parssinen, A. System EVM Characterization and Coverage Area Estimation of

5G Directive mmW Links. IEEE Trans. Microw. Theory Tech. 2019, 67, 5282–5295. [CrossRef]
5. Uysal, M.; Li, J.; Yu, M. Error rate performance analysis of coded free-space optical links over gamma-gamma atmospheric

turbulence channels. IEEE Trans. Wirel. Commun. 2006, 5, 1229–1233. [CrossRef]
6. Sinha, S.; Kumar, C.; Armghan, A.; Singh, M.; Alsharari, M.; Aliqab, K. Simulative Investigation of the Hybrid, Spatially

Multiplexed MIMO-FSO Transmission System Under Atmospheric Turbulence. IEEE Access 2023, 11, 55071–55080. [CrossRef]
7. Jurado-Navas, A.; Garrido-Balsells, J.M.; Paris, J.F.; Castillo-Vazquez, M.; Puerta-Notario, A. Further insights on Malaga

distribution for atmospheric optical communications. In Proceedings of the 2012 International Workshop on Optical Wireless
Communications (IWOW), Pisa, Italy, 22 October 2012; pp. 1–3. [CrossRef]

http://doi.org/10.1109/ACCESS.2020.2993448
http://dx.doi.org/10.1109/TMTT.2019.2951773
http://dx.doi.org/10.1109/TWC.2006.1638639
http://dx.doi.org/10.1109/ACCESS.2023.3281900
http://dx.doi.org/10.1109/IWOW.2012.6349689


Inventions 2023, 8, 87 17 of 19

8. Xu, G.; Zhang, N.; Xu, M.; Xu, Z.; Zhang, Q.; Song, Z. Outage Probability and Average BER of UAV-assisted Dual-hop FSO
Communication with Amplify-and-Forward Relaying. IEEE Trans. Veh. Technol. 2023. [CrossRef]

9. Zedini, E.; Kammoun, A.; Soury, H.; Hamdi, M.; Alouini, M.S. Performance Analysis of Dual-Hop Underwater Wireless Optical
Communication Systems Over Mixture Exponential-Generalized Gamma Turbulence Channels. IEEE Trans. Commun. 2020,
68, 5718–5731. [CrossRef]

10. Le-Tran, M.; Kim, S. Performance analysis of multi-hop underwater wireless optical communication systems over exponential-
generalized gamma turbulence channels. IEEE Trans. Veh. Technol. 2022, 71, 6214–6227. [CrossRef]

11. Romero-Jerez, J.M.; Lopez-Martinez, F.J.; Paris, J.F.; Goldsmith, A.J. The fluctuating two-ray fading model: Statistical characteriza-
tion and performance analysis. IEEE Trans. Wirel. Commun. 2017, 16, 4420–4432. [CrossRef]

12. Romero-Jerez, J.M.; Lopez-Martinez, F.J.; Peña-Martín, J.P.; Abdi, A. Stochastic fading channel models with multiple dominant
specular components. IEEE Trans. Veh. Technol. 2022, 71, 2229–2239. [CrossRef]

13. Peppas, K.; Nistazakis, H.; Tombras, G. An Overview of the Physical Insight and the Various Performance Metrics of Fading
Channels in Wireless Communication Systems. In Advanced Trends in Wireless Communications; IntechOpen Limited: London, UK,
2011. [CrossRef]

14. Rice, S.O. Mathematical analysis of random noise. Bell Syst. Tech. J. 1944, 23, 282–332. [CrossRef]
15. Andersen, J.B. Statistical distributions in mobile communications using multiple scattering. In Proceedings of the 27th URSI

General Assembly, Maastricht, The Netherlands, 17–24 August 2002; pp. 1–4.
16. Salo, J.; Salmi, J.; Vainikainen, P. Distribution of the amplitude of a sum of singly and doubly scattered fading radio signal.

In Proceedings of the 2005 IEEE 61st Vehicular Technology Conference, Stockholm, Sweden, 30 May–1 June 2005; Volume 1,
pp. 87–91. [CrossRef]

17. Sánchez, J.D.V.; Osorio, D.P.M.; López-Martínez, F.J.; Paredes, M.C.P.; Urquiza-Aguiar, L.F. On the secrecy performance over
N-wave with diffuse power fading channel. IEEE Trans. Veh. Technol. 2020, 69, 15137–15148. [CrossRef]

18. Lopez-Fernandez, J.; Lopez-Martinez, F.J. Statistical Characterization of Second-Order Scattering Fading Channels. IEEE Trans.
Veh. Technol. 2018, 67, 11345–11353. [CrossRef]

19. Lopez-Fernandez, J.; Lopez-Martinez, F.J. New Results on the Second Order Scattering Fading Model: Amount of Fading and
Energy Detection. IEEE Trans. Veh. Technol. 2020, 69, 1037–1040. [CrossRef]

20. Salo, J.; El-Sallabi, H.; Vainikainen, P. Impact of double-Rayleigh fading on system performance. In Proceedings of the 2006 1st
International Symposium on Wireless Pervasive Computing, Phuket, Thailand, 16–18 January 2006; p. 5. [CrossRef]

21. Pandey, A.; Yadav, S. Physical Layer Security in Cooperative AF Relaying Networks With Direct Links Over Mixed Rayleigh and
Double-Rayleigh Fading Channels. IEEE Trans. Veh. Technol. 2018, 67, 10615–10630. [CrossRef]

22. Pandey, A.; Yadav, S.; Do, D.T.; Kharel, R. Secrecy Performance of Cooperative Cognitive AF Relaying Networks With Direct
Links Over Mixed Rayleigh and Double-Rayleigh Fading Channels. IEEE Trans. Veh. Technol. 2020, 69, 15095–15112. [CrossRef]

23. Lopez-Fernandez, J.; Espinosa, P.R.; Romero-Jerez, J.M.; Lopez-Martinez, F.J. A Fluctuating Line-of-Sight Fading Model With
Double-Rayleigh Diffuse Scattering. IEEE Trans. Veh. Technol. 2022, 71, 1000–1003. [CrossRef]

24. Olutayo, A.; Cheng, J.; Holzman, J.F. A new statistical channel model for emerging wireless communication systems. IEEE Open
J. Commun. Soc. 2020, 1, 916–926. [CrossRef]

25. Samimi, M.K.; MacCartney, G.R.; Sun, S.; Rappaport, T.S. 28 GHz millimeter-wave ultrawideband small-scale fading models in
wireless channels. In Proceedings of the 2016 IEEE 83rd Vehicular Technology Conference (VTC Spring), Nanjing, China, 15–18
May 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 1–6.

26. Gvozdarev, A.S. Closed-Form and Asymptotic BER Analysis of the Fluctuating Double-Rayleigh With Line-of-Sight Fading
Channel. IEEE Wirel. Commun. Lett. 2022, 11, 1548–1552. [CrossRef]

27. Gvozdarev, A.S. Capacity analysis of the fluctuating double-Rayleigh with line-of-sight fading channel. Phys. Commun. 2022,
55, 101939. [CrossRef]

28. Peppas, K.; Stassinakis, A.; Topalis, G.; Nistazakis, H.; Tombras, G. Average Capacity of Optical Wireless Communication Systems
Over I-K Atmospheric Turbulence Channels. J. Opt. Commun. Netw. 2012, 4, 1026–1032. [CrossRef]

29. Jurado-Navas, A.; Garrido-Balsells, J.; Paris, J.; Puerta-Notario, A. A Unifying Statistical Model for Atmospheric Optical
Scintillation. In Numerical Simulations of Physical and Engineering Processes; IntechOpen Limited: London, UK, 2011. [CrossRef]

30. Esmail, M. Experimental performance evaluation of weak turbulence channel models for FSO links. Opt. Commun. 2021,
486, 126776. [CrossRef]

31. Magidi, S.; Jabeena, A. Free Space Optics, Channel Models and Hybrid Modulation Schemes: A Review. Wirel. Pers. Commun.
2021, 119, 2951–2974. [CrossRef]

32. Andrews, L.C.; Phillips, R.L. I-K distribution as a universal propagation model of laser beams in atmospheric turbulence. J. Opt.
Soc. Am. A 1985, 2, 160–163. [CrossRef]

33. Andrews, L.C.; Phillips, R.L. Mathematical genesis of the I-K distribution for random optical fields. J. Opt. Soc. Am. A 1985,
11, 1912–1919. [CrossRef]

34. Churnside, J.H.; Frehlich, R.G. Experimental evaluation of lognormally modulated Rician and IK models of optical scintillation
in the atmosphere. J. Opt. Soc. Am. A 1989, 1, 1760–1766. [CrossRef]

35. Frolik, J. A case for considering hyper-Rayleigh fading channels. IEEE Trans. Wirel. Commun. 2007, 6, 1235–1239. [CrossRef]

http://dx.doi.org/10.1109/TVT.2023.3252822
http://dx.doi.org/10.1109/TCOMM.2020.3006146
http://dx.doi.org/10.1109/TVT.2022.3158659
http://dx.doi.org/10.1109/TWC.2017.2698445
http://dx.doi.org/10.1109/TVT.2022.3141949
http://dx.doi.org/10.5772/15028
http://dx.doi.org/10.1002/j.1538-7305.1944.tb00874.x
http://dx.doi.org/10.1109/VETECS.2005.1543255
http://dx.doi.org/10.1109/TVT.2020.3035544
http://dx.doi.org/10.1109/TVT.2018.2877941
http://dx.doi.org/10.1109/TVT.2019.2945993
http://dx.doi.org/10.1109/ISWPC.2006.1613574
http://dx.doi.org/10.1109/TVT.2018.2866590
http://dx.doi.org/10.1109/TVT.2020.3034729
http://dx.doi.org/10.1109/TVT.2021.3131060
http://dx.doi.org/10.1109/OJCOMS.2020.3008161
http://dx.doi.org/10.1109/LWC.2022.3179900
http://dx.doi.org/10.1016/j.phycom.2022.101939
http://dx.doi.org/10.1364/JOCN.4.001026
http://dx.doi.org/10.5772/25097
http://dx.doi.org/10.1016/j.optcom.2021.126776
http://dx.doi.org/10.1007/s11277-021-08380-9
http://dx.doi.org/10.1364/JOSAA.2.000160
http://dx.doi.org/10.1364/JOSAA.3.001912
http://dx.doi.org/10.1364/JOSAA.6.001760
http://dx.doi.org/10.1109/TWC.2007.348319


Inventions 2023, 8, 87 18 of 19

36. Frolik, J. On appropriate models for characterizing hyper-Rayleigh fading. IEEE Trans. Wirel. Commun. 2008, 7, 5202–5207.
[CrossRef]

37. Rao, M.; Lopez-Martinez, F.J.; Alouini, M.S.; Goldsmith, A. MGF approach to the analysis of generalized two-ray fading models.
IEEE Trans. Wirel. Commun. 2015, 14, 2548–2561.

38. Matolak, D.W.; Frolik, J. Worse-than-Rayleigh fading: Experimental results and theoretical models. IEEE Commun. Mag. 2011,
49, 140–146. [CrossRef]

39. Sen, I.; Matolak, D.; Xiong, W. Wireless channels that exhibit” Worse than Rayleigh” fading: Analytical and measurement results.
In Proceedings of the MILCOM 2006—2006 IEEE Military Communications Conference, Washington, DC, USA, 23–25 October
2006; IEEE: Piscataway, NJ, USA, 2006; pp. 1–7.

40. Frolik, J. A practical metric for fading environments. IEEE Wirel. Commun. Lett. 2013, 2, 195–198. [CrossRef]
41. Romero-Jerez, J.M.; Lopez-Martinez, F.J. A new framework for the performance analysis of wireless communications under hoyt

(Nakagami-q) Fading. IEEE Trans. Inf. Theory 2017, 63, 1693–1702. [CrossRef]
42. Garcia-Corrales, C.; Fernandez-Plazaola, U.; Canete, F.J.; Paris, J.F.; Lopez-Martinez, F.J. Unveiling the Hyper-Rayleigh Regime of

the Fluctuating Two-Ray Fading Model. IEEE Access 2019, 7, 75367–75377. [CrossRef]
43. Zeng, W.; Zhang, J.; Chen, S.; Peppas, K.P.; Ai, B. Physical layer security over fluctuating two-ray fading channels. IEEE Trans.

Veh. Technol. 2018, 67, 8949–8953. [CrossRef]
44. Zhao, H.; Yang, L.; Pan, G.; Alouini, M.S. Secrecy outage analysis over fluctuating two-ray fading channels. Electron. Lett. 2019,

55, 866–868. [CrossRef]
45. Kong, L.; Ai, Y.; Lei, L.; Kaddoum, G.; Chatzinotas, S.; Ottersten, B. An overview of generic tools for information-theoretic secrecy

performance analysis over wiretap fading channels. EURASIP J. Wirel. Commun. Netw. 2021, 2021, 194. [CrossRef]
46. Hamamreh, J.M.; Furqan, H.M.; Arslan, H. Classifications and applications of physical layer security techniques for confidentiality:

A comprehensive survey. IEEE Commun. Surv. Tutor. 2018, 21, 1773–1828. [CrossRef]
47. Sánchez, J.D.V.; Urquiza-Aguiar, L.; Paredes, M.C.P.; Osorio, D.P.M. Survey on physical layer security for 5G wireless networks.

Ann. Telecommun. 2021, 76, 155–174. [CrossRef]
48. Wu, Y.; Khisti, A.; Xiao, C.; Caire, G.; Wong, K.K.; Gao, X. A survey of physical layer security techniques for 5G wireless networks

and challenges ahead. IEEE J. Sel. Areas Commun. 2018, 36, 679–695. [CrossRef]
49. Barros, J.; Rodrigues, M.R. Secrecy capacity of wireless channels. In Proceedings of the 2006 IEEE International Symposium on

Information Theory, Seattle, WA, USA, 9–14 July 2006; IEEE: Piscataway, NJ, USA, 2006; pp. 356–360.
50. Hyadi, A.; Rezki, Z.; Alouini, M.S. An overview of physical layer security in wireless communication systems with CSIT

uncertainty. IEEE Access 2016, 4, 6121–6132. [CrossRef]
51. Zöchmann, E.; Caban, S.; Mecklenbräuker, C.F.; Pratschner, S.; Lerch, M.; Schwarz, S.; Rupp, M. Better than Rician: Modelling

millimetre wave channels as two-wave with diffuse power. EURASIP J. Wirel. Commun. Netw. 2019, 2019, 21. [CrossRef]
52. Reig, J.; Peñarrocha, V.M.R.; Rubio, L.; Martínez-Inglés, M.T.; Molina-García-Pardo, J.M. The folded normal distribution: A new

model for the small-scale fading in line-of-sight (LOS) condition. IEEE Access 2019, 7, 77328–77339. [CrossRef]
53. Cotton, S.L. A statistical model for shadowed body-centric communications channels: Theory and validation. IEEE Trans.

Antennas Propag. 2013, 62, 1416–1424. [CrossRef]
54. Chizhik, D.; Foschini, G.; Valenzuela, R. Capacities of multi-element transmit and receive antennas: Correlations and keyholes.

Electron. Lett. 2000, 36, 1. [CrossRef]
55. Tao, Q.; Wang, J.; Zhong, C. Performance analysis of intelligent reflecting surface aided communication systems. IEEE Commun.

Lett. 2020, 24, 2464–2468. [CrossRef]
56. Bandemer, B.; Oestges, C.; Czink, N.; Paulraj, A. Physically motivated fast-fading model for indoor peer-to-peer channels.

Electron. Lett. 2009, 45, 515–517. [CrossRef]
57. Oestges, C.; Czink, N.; Bandemer, B.; Castiglione, P.; Kaltenberger, F.; Paulraj, A.J. Experimental characterization and modeling of

outdoor-to-indoor and indoor-to-indoor distributed channels. IEEE Trans. Veh. Technol. 2010, 59, 2253–2265. [CrossRef]
58. Vinogradov, E.; Joseph, W.; Oestges, C. Measurement-based modeling of time-variant fading statistics in indoor peer-to-peer

scenarios. IEEE Trans. Antennas Propag. 2015, 63, 2252–2263. [CrossRef]
59. Zhang, B.; Zhong, Z.; He, R.; Tufvesson, F.; Ai, B. Measurement-based multiple-scattering model of small-scale fading in

high-speed railway cutting scenarios. IEEE Antennas Wirel. Propag. Lett. 2016, 16, 1427–1430. [CrossRef]
60. Simon, M.K.; Alouini, M.S. Digital Communication Over Fading Channels; Wiley-Interscience: Hoboken, NJ, USA, 2005; p. 900.
61. Wyner, A.D. The wire-tap channel. Bell Syst. Tech. J. 1975, 54, 1355–1387. [CrossRef]
62. Olver, F.W.; Lozier, D.W.; Boisvert, R.F.; Clark, C.W. NIST Handbook of Mathematical Functions; Cambridge University Press:

Cambridge, UK, 2010.
63. Lee, W. Estimate of channel capacity in Rayleigh fading environment. IEEE Trans. Veh. Technol. 1990, 39, 187–189. [CrossRef]
64. Alouini, M.S.; Goldsmith, A. Capacity of Rayleigh fading channels under different adaptive transmission and diversity-combining

techniques. IEEE Trans. Veh. Technol. 1999, 48, 1165–1181. [CrossRef]
65. Lee, J.; Liang, J.; Kim, M.D.; Park, J.J.; Park, B.; Chung, H.K. Measurement-Based Propagation Channel Characteristics for

Millimeter-Wave 5G Giga Communication Systems. ETRI J. 2016, 38, 1031–1041. [CrossRef]
66. Zhou, T.; Tao, C.; Salous, S.; Liu, L.; Tan, Z. Channel characterization in high-speed railway station environments at 1.89 GHz.

Radio Sci. 2015, 50, 1176–1186. [CrossRef]

http://dx.doi.org/10.1109/T-WC.2008.070968
http://dx.doi.org/10.1109/MCOM.2011.5741158
http://dx.doi.org/10.1109/WCL.2013.011713.120853
http://dx.doi.org/10.1109/TIT.2017.2655342
http://dx.doi.org/10.1109/ACCESS.2019.2921632
http://dx.doi.org/10.1109/TVT.2018.2842126
http://dx.doi.org/10.1049/el.2019.1104
http://dx.doi.org/10.1186/s13638-021-02065-4
http://dx.doi.org/10.1109/COMST.2018.2878035
http://dx.doi.org/10.1007/s12243-020-00799-8
http://dx.doi.org/10.1109/JSAC.2018.2825560
http://dx.doi.org/10.1109/ACCESS.2016.2612585
http://dx.doi.org/10.1186/s13638-018-1336-6
http://dx.doi.org/10.1109/ACCESS.2019.2921340
http://dx.doi.org/10.1109/TAP.2013.2295211
http://dx.doi.org/10.1049/el:20000828
http://dx.doi.org/10.1109/LCOMM.2020.3011843
http://dx.doi.org/10.1049/el.2009.0711
http://dx.doi.org/10.1109/TVT.2010.2042475
http://dx.doi.org/10.1109/TAP.2015.2403412
http://dx.doi.org/10.1109/LAWP.2016.2626303
http://dx.doi.org/10.1002/j.1538-7305.1975.tb02040.x
http://dx.doi.org/10.1109/25.130999
http://dx.doi.org/10.1109/25.775366
http://dx.doi.org/10.4218/etrij.16.2716.0050
http://dx.doi.org/10.1002/2015RS005793


Inventions 2023, 8, 87 19 of 19

67. Chen, X.; Liu, S.; Lu, J.; Fan, P.; Letaief, K.B. Smart Channel Sounder for 5G IoT: From Wireless Big Data to Active Communication.
IEEE Access 2016, 4, 8888–8899. [CrossRef]

68. Shi, B.; Pallotta, L.; Giunta, G.; Hao, C.; Orlando, D. Parameter Estimation of Fluctuating Two-Ray Model for Next Generation
Mobile Communications. IEEE Trans. Veh. Technol. 2020, 69, 8684–8697. [CrossRef]

69. Bender, C.M.; Orszag, S.A. Advanced Mathematical Methods for Scientists and Engineers I; Springer: New York, NY, USA, 1999.
[CrossRef]

70. Maccartney, G.R.; Rappaport, T.S.; Sun, S.; Deng, S. Indoor Office Wideband Millimeter-Wave Propagation Measurements and
Channel Models at 28 and 73 GHz for Ultra-Dense 5G Wireless Networks. IEEE Access 2015, 3, 2388–2424. [CrossRef]

71. Adegoke, E.I.; Kampert, E.; Higgins, M.D. Channel Modeling and Over-the-Air Signal Quality at 3.5 GHz for 5G New Radio.
IEEE Access 2021, 9, 11183–11193. [CrossRef]

72. Tai, I.H.P.; Lim, H.S.; Diong, K.S.; Alaghbari, K.A. Effects of Crowd Density on Radio Propagation at 24 GHz in a Pedestrian
Tunnel for 5G Communications. IEEE Access 2023, 11, 40240–40248. [CrossRef]

73. Márton, M.; Ovseník, L.; Špes, M. Measurement effect of visibility in experimental FSO system. In Proceedings of the 2017 IEEE
14th International Scientific Conference on Informatics, Poprad, Slovakia, 14–16 November 2017; pp. 249–252. [CrossRef]

74. Prudnikov, A.P.; Brychkov, Y.A.; Marichev, O.I. Integrals and Series: Direct Laplace Transforms; Gordon and Breach Science
Publishers: New York, NY, USA, 1992; Volume 4, p. 619.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/ACCESS.2016.2628820
http://dx.doi.org/10.1109/TVT.2020.2999549
http://dx.doi.org/10.1007/978-1-4757-3069-2
http://dx.doi.org/10.1109/ACCESS.2015.2486778
http://dx.doi.org/10.1109/ACCESS.2021.3051487
http://dx.doi.org/10.1109/ACCESS.2023.3269813
http://dx.doi.org/10.1109/INFORMATICS.2017.8327255

	Introduction
	Materials and Methods
	Physical Channel Model
	Statistical Channel Model
	Hyper Rayleigh Mode
	Secrecy Communication Metrics

	Results
	Amount of Fading
	Outage Probability
	Channel Capacity

	Discussion
	Hyper-Rayleigh Regime Numerical Analysis
	Illustrative Example: SPSC in Hyper-Rayleigh Regime

	Conclusions
	Proof of Theorem 1
	Proof of Theorem 2
	References

