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ABSTRACT We investigate the application of the Lomax distribution for wireless fading modeling purposes.
By a proper redefinition of its scale parameter, we present closed-form expressions for its main statistics:
probability density function, cumulative distribution function, raw moments and Laplace-domain statistics.
Then, relevant performance indicators are derived, including the amount of fading, channel capacity, outage
probability and error rate. Other applications include diversity reception using selection combining, as well
as composite fading modeling. The Lomax distribution is compared to the relevant case of Rayleigh fading,

and to other benchmark distributions of similar complexity used in the literature.

INDEX TERMS Fading channels, Lomax distribution, performance analysis, wireless communications.

L. INTRODUCTION

Radio signals used to transmit information experience a num-
ber of effects when traversing the wireless medium, including
attenuation, delay, scattering, diffraction, and many others.
The characterization of these aggregate effects over the de-
sired information signal is referred to as channel modeling.
While an exact model for such channels is very challenging
due to the complexity of the problem, e.g., based on Maxwell
equations and electromagnetic laws [2], some simplified mod-
els are of widespread use in the literature. For instance, this is
the case of the Gaussian models like Rayleigh and Rice [3],
inspired in the central limit theorem due to the reception of a
large number of scattered waves.

However, since radio propagation is far more involved than
what these simplified models are able to capture, the literature
is rich in other alternatives for stochastic wireless channel
modeling [4], [5], [6], [7], [8], [9]. In these aforementioned
cases the resulting distributions are based on some propa-
gation effects such as clustering, line-of-sight fluctuation, or
other effects. In general terms, the two dominant approaches
for wireless channel modeling can be categorized as ray-
based and cluster-based. In the former, the received signal is

modeled as a coherent sum of incident waves, each of these
with a different amplitude and phase. In the latter, the received
signal is structured into clusters of waves, where each cluster
is composed by groups of scattered waves with similar de-
lays. Ray-based formulations include popular fading models
in the literature suc as Durgin’s Two-Wave with Diffuse Power
(TWDP) [10] and other generalizations [11], [12], [13], [14].
On the other hand, cluster-based models include Yacoub’s k-
and n-u models [6], ans subsequent extensions [8], [15], [16],
[17], [18], [19].

Besides these two approaches based on an underlying
physical model for propagation, there exist a third way to
statistical channel modeling: since radio propagation mech-
anisms are very complex to be accurately modeled in every
possible situation, sometimes the use of certain distributions
borrowed from statistics may be justified based on goodness
of fit to experimental data, or even its mathematical sim-
plicity. This is the case, among others, of the Weibull [20],
[21], inverse-gamma [22], [23], Log-Logistic [24] distribu-
tions. Interestingly, after their definition and extensive use
by the research community, these somehow unconventional
models may even be connnected to an underlying physical
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mechanism. For instance, the Weibull model is connected TABLE 1 Notation and Definitions
with an underlying Rayleigh model affected by a non-linear
t £ ti d dmits furth lizati b d Notation Definition
ransformation, and even admits further generalizations base 2510) Cumulative Distribution Function (CDF)
on this premise [7]. I1510) Probability Density Function (PDF)
. . . . . . —T

Digging a bit deeper into the literature, the Lomax' dis- Foy @) Inverse CDF (ICDF)

. . . M- (s) Moment Generating Function (MGF)
tI‘lbu'FlOl’l has al§0 been COHSldCTCd by some authors as a ]\4;‘ (s) Generalized Moment Generating Function (G-MGF)
candidate for wireless channel modeling [25], [26]. At first . (o, \) Lomax distribution with parameters A (scale) and a (shape)
glance, the use of such a distribution may seem uncon- CN (p,02%) Complex Gaussian (}15Frlbut101? Wlth parameters j and o

. | . ~ Statistically distributed as
ventional from a physical perspective. However, the authors iid. Tndependent and identically distributed
in [26] connect the Lomax distribution with an underlying E{} Expectation operator

. .. . .. .. . = Defined as
complex signal distributed according to a joint T-distribution, Toz, () Base-2 logarithm
being its uncorrelated real and imaginary parts Lomax dis- log(-) Natural logarithm

ibuted. This i 1 lated Ravleioh-lik . () Gamma function [34, Eq. (6.1.1)]
tributed. 1 15 also related to a ayleigh-like propagatlon U(,,) Confluent hypergeometric Tricomi function [35, Eq. (9.211)]
condition affected by parametric uncertainty due to finite sam- [ v = 0.57721 ... Euler-Mascheroni constant [34, 6.1.3]

170) Digamma function [34, 6.3.1]

ple size observation, which is relevant in ultra reliable and
low-latency communications (URLLC) [27]. In the commu-
nications literature, the Lomax distribution has been used in
a number of scenarios, including content delivery in device-
to-device (D2D) communications [28], [29], bit error perfor-
mance under interference [30], cooperative spectrum sensing
in cognitive radio networks [31], [32], or URLLC [27], [33],
[34].

Motivated by the above considerations, we conduct a for-
mal analysis to enable the use of the Lomax distribution
as a candidate to model fading in wireless channels. This
requires a redefinition of its parameters, so that physical
restrictions such as the existence of its first moment (i.e.,
the average received power) are properly included. In the
sequel, we will use the shorthand notation £, distribution
to refer to such a redefinition of the Lomax distribution.
Closed-form expressions for its probability density function
(PDF), cumulative distribution function (CDF), and raw mo-
ments are derived. Closed-form expressions are also obtained
for relevant Laplace-domain statistics, including the moment
generating function (MGF) and the generalized MGF (G-
MGF). The performance of wireless communication systems
operating under £, fading is exemplified, computing rele-
vant performance metrics such as the outage probability (OP)
and average channel capacity in exact and asymptotic form.
Additional applications that highlight the potential of the £,
distribution include error probability analysis, diversity recep-
tion through selection combining (SC), and composite fading
modeling.

The remainder of this paper is organized as follows: The
main statistics of the £, distribution are derived in Section II,
and their application to derive performance metrics in com-
munications is carried out in Section III. Numerical results
are given in Section IV, whereas the main conclusions are
outlined in Section V. The key definitions and notation are
included in Table 1.

Iconnected to the Pareto Type II distribution.
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Il. STATISTICAL CHARACTERIZATION

In this section, we first present some preliminary definitions
required for the subsequent analysis. Then, the main statistics
of the £, distribution are introduced.

A. PRELIMINARIES

Definition 1 (Lomax distribution): Let y ~ £.(a, A), i.e., a
random variable following a Lomax distribution [37] with
shape « > 0 and scale A > 0. The PDF of y is given by

o

frin=2[1+

y 71— (a+1)
ALY

= 1
Iy ey

Definition 2 (Instantaneous SNR): Let z be the received
signal at the destination node of a wireless communication
system, so that

z=/PrSthx + w, 2)

with Pr representing the equivalent transmit power, St the
aggregate losses (including path loss), /2 the normalized fad-
ing channel coefficient with E{ |h|?} = 1, x the normalized
transmitted symbol with E{|x|>} = 1, and w the additive white
Gaussian noise (AWGN) term, w ~ CN(0, Np). Then, the in-
stantaneous signal-to-noise ratio (SNR) is given as

PrSrixl® o

= ————|h|%, 3

Y No |h] 3)
so that 7 £ E{y} = PrSt/N, is the average SNR.

B. MAIN STATISTICS OF THE £, DISTRIBUTION

We wish to formulate a model for the £, distribution that
can be useful for the purpose of channel modeling. We will
assume that the instantaneous SNR y follows the £, dis-
tribution. However, it is customary that the average SNR y
explicitly appears as one of the distribution parameters. Now,
since ¥ = E{y} = ﬁ from (1), we can express the scale
parameter A = (« — 1)y. With this parameter redefinition, the
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PDF of the £, distribution is reformulated in the following
Lemma.

Lemma 1 (PDF): Lety ~ £ (a,A),andlet A = (@ — 1)y.
The PDF of y is given by

07

withy > 0and @ > 1.

Proof: Substitution of X = (¢ — 1)y completes the
proof. (]

Compared to the expression in Definition 1, the PDF in
Lemma 1 is only valid for o > 1. This is due to the fact that,
for « < 1, the first-order moment of the £, distribution is
not defined. Hence, the £, distribution only makes sense with
a > 1 for physical reasons, i.e., has a finite average received
power or, equivalently, a finite average SNR. With this in
mind, the CDF and the central moments of the £,-distribution
are given as follows.

Lemma 2 (CDF): Lety ~ £y (a, A),andlet X = (¢ — 1)y.
The CDF of y is given by

—
4 } NG

Vi(e—=1)

—(a+1)
14
ACE 1)] ’ @

withy > 0and o > 1.
Proof: Direct integration of (4) yields (5). ]
Remark 1: With this redefinition of the Lomax distribution,
the convergence in distribution to the exponential distribution
can be easily proved. Taking the limit over the CDF as o goes
to infinity, we have

—u
im1—|1+—2 | =1—¢7. (6)
a0 7 @—1)

Lemma 3 (Moments): Lety ~ £,(x, 1), and let A = (@ —
1)y. The k-th non-central moment of y is given by

— DT (@@= 1 +k
E{yk}ZVk(a )T (o )(+)’ o

I' ()

withy > 0 and @ > k.
Proof: Using the definition of the raw moments, i.e.,
E{y*} = J;° v*f, (¥)dy., after integration (7) is obtained. [J
From (7), the amount of fading (AoF) metric [38] is
straightforwardly computed as per the next corollary.
Corollary 1 (AoF): Let y ~ £,(a, 1), and let L = (o —
1)y. The AoF of y is given by
_EpA a

AoF = 1= , 8
© 72 o —2 ®)

withy > 0and o > 2.

Proof: Using (7) and the well-known property of the
gamma function I'(z 4+ 1) = zI'(z), then (8) is obtained after
some manipulations. (]

Remarkably, the inverse CDF of the £, distribution can
also be expressed in simple closed-form. This allows the
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TABLE 2 Comparison Between Fading Models

Fading model Closed-form statistics
PDF | CDF | MGF | GMGF | ICDF

Nakagami-m v v v v *
Rician v v v v X
Weibull v v X X v
Hoyt v v v v X
Inverse Gaussian v v v v X
Folded-normal v v v v X
Log-logistic v v X X v
Lomax v v v v v

generation of uncorrelated samples through inverse transform
sampling.

Lemma 4 (Inverse CDF): Let y ~ £,(a, 1), and let A =
(¢ — 1)y. The inverse CDF of y is given by

-1 — — _1
F (p7o=7e-D[d-p=-1].  ©

where 0 < p < 1 denotes probability.

Proof: Finding y in (5) yields (9). (]

The previous results allow for a complete characterization
of the £, distribution in terms of relevant first order statistics.
However, it is also possible to characterize this distribution in
the Laplace domain, by computing some additional metrics
related to the Moment Generating Function (MGF). Specifi-
cally, in the following theorem a closed-form expression for
the generalized MGF (G-MGF) is derived:

Lemma 5 (G-MGF): Let y ~ £,(a, 1), and let A = (a —
1)y. The G-MGF of y is given by

M;(s) =a(a—1)'"y"Um+1,n+1—a,s(l —a)y).

(10)
Proof: Using the definition of G-MGF as M)’/' (s) 2
E{y"e'}, and using [36, 9.211.4] yields (11). O

The G-MGF naturally appears when computing proba-
bility measures in several scenarios in communication the-
ory: these include outage probability in interference limited
scenarios [39], [40], physical layer security [41], energy
detection [42], capacity analysis [43] or composite fading
modeling [44]. This function also includes the conventional
MGEF as a special case, which is stated in the following corol-
lary:

Corollary 2 (MGF): Let y ~ £:(a, 1), and let A = (o —
1)y. The MGF of y is given by

M,(s)=aU,1-a,s(1-a)y). (11

Proof: Setting n = 0 in (10) yields the desired result. [

This brings additional benefits from a performance analy-
sis perspective, since several performance metrics in wireless
communications are expressed in terms of the MGF [38].

We now compare the £, distribution to other distributions
used in the literature for wireless channel modeling. For a
fair comparison, we only consider the cases of distributions
with one shape parameter [21], [24], [45], [46], [47]. In the
entries in Table 2, we indicate which of the relevant statisti-
cal functions are available in closed-form. We take the usual
convention in the literature, which considers a closed-form as
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that including a finite number of well-known functions [48].
This classically includes special functions like Bessel or Hy-
pergeometric ones, but not more involved ones like Meijer-G
of Fox-H functions. We note that one of the key benefits of the
£, distributions is that all five statistics admit a closed-form
expression. This only happens with the Nakagami-m distribu-
tion, if we include the numerical implementation of its ICDF
available in MATLAB or Mathematica within the closed-form
definition (that’s why the corresponding entry in Table 2 is
marked with an asterisk). Even in otherwise tractable distri-
butions such as the Rician and Folded-Normal ones, the CDF
inversion needs to be implemented numerically [49].

1il. APPLICATIONS

With the previous definitions and expressions in Section II, it
is possible to carry out performance analysis of wireless com-
munication systems operating under £, fading channels. In
the sequel, we will analyze a number of scenarios that include
relevant performance metrics in wireless communications.
These include outage probability (OP), channel capacity, er-
ror rate analysis and composite fading model. The effect of
diversity under £, fading is also evaluated, by considering the
case of Selection Combining (SC) strategy.

A. OUTAGE PROBABILITY
The OP is defined as the probability that the instantaneous
SNR falls below some threshold, i.e.,

OP (yn; 7, @) = Pr{y < ym} = F (yn). (12)

Hence, it can be straightforwardly evaluated from the distribu-
tion CDF in (5). Now, for sufficiently large values of average
SNR, it is well-known that the OP admits a tight power law
approximation OP =~ G.(y /7)Gd [50] under some mild con-
ditions. G, is known as power offset, while G, is referred to
as diversity order. Taking a limit in (5), we can derive such an
approximation for the case of £, fading:

1im OP (y: 7. @) = OPysy (yn: 7. 0) = =~

y—>00 y(—1)
We can identify G, = -%5 as the power offset, and G; = 1
as the diversity order of the £,-distribution. From (13), it
can be easily seen that as « increases (i.e., as fading sever-
ity decreases), the OP is reduced. The OP analysis can be
straightforwardly extended to the case of diversity reception.
For this purpose, we consider the low-cost SC strategy, on
which a multibranch receiver equipped with L receive an-
tennas chooses the one with the largest SNR for reception.
Mathematically, this can be expressed as:

13)

J/sc=m]?x(yk), k=1...L. (14)

Hence, the OP for the SC strategy is therefore given as [38]

OPsc (vin; 7> @) = Fyee (vin) = (F, (yn))"

where we assumed for simplicity the case with i.i.d. receive
branches. The asymptotic CDF for the SC case can also be

15)
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derived as

L
. — ay
lim OPsc (yn; 7, @) = <_—) . (16)
y—>00 y(@—1)
We see how even when using a simple receive strategy as

SC, full diversity can be achieved as the diversity order scales
with L.

B. CHANNEL CAPACITY
By definition, the normalized average channel capacity [51] is
expressed as

_ oo

C [bps/Hz] = /0 log> (14 ) fy (y)dy. (17)
Now, replacing (4) in (17), we can evaluate the average ca-
pacity. An analytical expression in terms of hypergeometric
functions of 3F>(-) type can be obtained following similar
steps as those in [52], or efficiently evaluated numerically
using conventional software tools (e.g., MATLAB’s function
integral). Now, similarly to the case with the OP, it is
also possible to obtain a simple approximation valid for suffi-
ciently large SNR. Specifically, using the formulation in [53,

eq.(8),(9)], a tight lower bound for the average capacity is
obtained as

C~logy(7) —1, (18)
with
_ d E{y"}
t= —log2(e)dn 7| (19)
= —logy(e) (logla — 1) =y — ¥ (@)).  (20)

The parameter ¢ can be computed from (7) using the chain
rule for derivatives, and has dimensions of capacity. Hence,
t represents some performance loss with respect to the case
with no fading (cfr. Notation in Table 1 for details), for which
t = 0. As with the OP, a larger « is translated into a better
capacity.

The case of SC strategy can also be considered here, by
noting that the PDF under SC can be expressed as:

Jrsc(¥) = Lfy(V)Fy(V)L_l.

capacity through (17) can be evaluated.

ey

C. SYMBOL ERROR PROBABILITY
One of the most powerful applications of the MGF is the
evaluation of error probabilities in the presence of fading.
Simon and Alouini’s MGF-approach to the analysis of symbol
error probability (SEP) [38] is one of the cornerstones of com-
munication theory. With this approach, the SEP of virtually all
modern modulation schemes can be expressed in terms of the
MGTF of the underlying fading distribution.

As a simple application example, for the specific case of bi-
nary differential phase-shift keying (BDPSK), the SEP under
L-distributed fading can be expressed in closed-form using
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(11) as:

SEP (y) = %My (—D=aUl,] —a,(a—-1)y). (22)

D. COMPOSITE FADING MODELING

So far, we have only considered the case of using the £,-
distribution to model fast fading. In many cases, the average
received power experiences some other sorts of fluctuation
caused by macroscopic effects due to obstacles. These are
often referred to as shadow fading, or shadowing, and occur at
different time-scales compared to fading. In this situation, the
instantaneous received power in (3) can be reformulated as:

W = PrStSG, (23)

where S is a random process independent of G = || in
charge of modeling the effect of shadowing. For convenience,
S is defined as a normalized RV, and its aggregate average
effect is captured by St. Hence, the joint effects of S and G
over the RV W are usually referred to as composite fading.
Classically, S is assumed to follow the log-normal distri-
bution. However, because of the lack of tractability of such
distribution, the gamma [54] and inverse-gamma [44] distri-
butions have been proposed as good candidates to replace the
log-normal distribution to model shadowing. In the case of
the latter, it was recently shown that the PDF of W can be
expressed in terms of the G-MGF of the underlying fading

distribution of G, i.e.,
W (m — 1)y" 1 —mW
(m )Mm<( m) ) o1
u

w1 (m) G

fwu) =

where m € RT, m > 1 is the shape parameter of the inverse-
gamma distribution, and W = PrSt. Hence, the compact
characterization of the £,-distribution in the Laplace domain
gives a closed-form expression for (24) through (10).

E. OTHER SCENARIOS.
In the previous subsections, we have exemplified how perfor-
mance analysis over Lomax fading channels can be conducted
in a relatively simple form using state-of-the-art mathemati-
cal tools and analytical procedures. However, there are much
more scenarios on which performance could be analyzed in a
direct-form, thanks to the appealing mathematical properties
of the Lomax distribution. These are described as follows:
® FEnergy detection: The detection of unknown signals
on noisy environments [55] is relevant in numerous
disciplines such as radar, cognitive radio, covert commu-
nications and, more recently, in integrated sensing and
communications [56]. The key performance indicators to
quantify the accuracy of energy-detection architectures
in the presence of fading are the detection probability
vs false alarm probability, usually referred to as the re-
ceiver operating characteristic (ROC) curve [55], and the
area under the ROC curve (AUC), as introduced in [57].
Using the mathematical formulations in [58], [59], it
is possible to express the detection probability and the
AUC metric under any arbitrary distribution, in terms of
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the G-MGF of the underlying fading channel. Hence, the
problem can be directly solved for the case of Lomax
fading using the results in Lemma 5.

® Physical layer security: The transmission of confiden-
tial data between two legitimate peers over a wireless
channel, in the presence of a malicious eavesdropper,
is a key problem in communication theory ever since
the original work formulated in [60]. The characteriza-
tion of the outage probability of the secrecy capacity,
under very general and mild assumptions, is related to
the Laplace-domain statistics of the underlying fading
channel [41], [61]. Hence, the physical-layer security
performance under Lomax fading can be again analyzed
using the MGF and G-MGF expressions derived in this
work.

® Qutage probability in interference-limited scenarios:
The characterization of the OP in the presence of any
arbitrary number of interfering signals is related to the
derivatives of the MGF of the fading channel distribu-
tion [62]. This corresponds to the G-MGF for integer
n, so that the OP formulation in interference-limited
regimes under Lomax fading can be straightforwardly
obtained using the results in Lemma 5.

® Generation of white samples: The generation of random
samples from a target distribution is key for empirically
validating statistical results using Monte Carlo (MC)
simulations, and a first step towards the generation of
correlated random sequences [63]. The use of the inverse
transformation method is reportedly more efficient than
other alternatives based on acceptance-rejection meth-
ods [49], [64], but it is only possible when the CDF
is invertible. Hence, the closed-form expression for the
ICDF in (9) facilitates this task compared to other alter-
natives in the literature.

IV. NUMERICAL RESULTS

In this section, we evaluate some of the performance metrics
previously derived. Where necessary, MC simulations have
been included, as a sanity check to validate the theoretical
expressions. In different instances, the case of Rayleigh fading
has been included for benchmarking purposes.

A. LOMAX STATISTICS

First, we evaluate in Fig. 1 the PDF of the £,-distribution
for several values of «. The parameter ¥ is set to one, for
simplicity. In all instances, we double-checked that the PDFs
integrate to one. Note that for large values of « (i.e., milder
fading severity), the £, PDF tends to behave similar to the
exponential distribution (i.e., the distribution of the SNR un-
der Rayleigh fading). Conversely, as « is reduced (i.e., larger
fading severity), then the likelihood of smaller SNR values is
increased.

In Fig. 2, the AoF is represented as a function of the pa-
rameter «. Recall that the AoF is defined only for o > 2.
We confirm the role of the parameter « to capture the fading
severity, as the AoF is inversely proportional to «. Note that,
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FIGURE 1. £, PDF for different values of «. The case of Rayleigh fading is
used for benchmarking purposes (solid green line). Markers denote MC
simulations.
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[
o
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FIGURE 2. £, AoF for different values of «. The case of Rayleigh fading is
used for benchmarking purposes (dashed red line). Markers denote MC
simulations.

for finite «, the AoF for £, fading is always larger than that of
the Rayleigh case. Hence, this implies that the £, distribution
is hyper-Rayleigh in the AoF sense [65].

In Fig. 3, the validity of the G-MGF expression in 10 is
confirmed. We note that such G-MGF is not only restricted to
integer values of the shape parameter, as it is often the case
for other distributions [39]. We see how for a given « and a
larger negative s, the evaluation of the G-MGF yields a smaller
value as n grows. This is translated into a smaller value of a
probability measure, e.g., a smaller error probability. A similar
conclusion is obtained for a fixed n as @ grows (i.e., as fading
severity is reduced).

B. OUTAGE PROBABILITY
In Fig. 4, we study the OP under £, fading, once again con-
sidering different values of the parameter . We first consider
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FIGURE 3. £, G-MGF for different values of « and n, as a function of s.
Markers denote MC simulations.
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FIGURE 4. OP vs. 7 under £, fading for different values of «. The case of
Rayleigh fading is used for benchmarking purposes. Dashed lines
correspond to the asymptotic expression in (13).

the case of single branch reception, and we set the threshold
v = 1 (i.e., 0 dB). We observe that for larger values of «,
the OP is improved (as confirmed by theory). The Rayleigh
case serves as a lower bound of performance for sufficiently
large o; hence, the £, distribution is also hyper-Rayleigh in
the OP sense [65]. We also see that the asymptotic OP tightly
matches the exact one in the high-SNR regime. The case of
using a larger number of receive branches and a SC strategy
is evaluated in Fig. 5. Solid and dashed lines denote the cases
of milder (¢ = 10) and more severe (¢ = 1.2) fading, respec-
tively. Dotted lines indicate the asymptotic values of the OP.
As predicted by theory, the SC scheme achieves full diversity,
so that the asymptotic decay is now proportional to L, the
number of receive branches.
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of « and L. Dashed lines correspond to the asymptotic expression in (16).
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FIGURE 6. Average capacity vs. y under £, fading for different values of «.
The cases of Rayleigh fading and no fading (AWGN) are included for
benchmarking purposes. Dashed lines correspond to the asymptotic
expression in (18).

C. CHANNEL CAPACITY

We now evaluate the average in Fig. 6 for different values of «,
considering the case of single branch reception. The Rayleigh
and AWGN (i.e., no fading) cases are included for reference
purposes. As o grows, then the capacity also grows and tends
to that of the Rayleigh case — but always remains far from
the AWGN reference. Similarly, as « is decreased then the the
capacity is reduced, exhibiting a large performance gap com-
pared to the Rayleigh case. In all instances, we observe that
the capacity under £,-distributed fading is always lower than
that of the Rayleigh case for finite «. Thus, the £, distribution
exhibits hyper-Rayleigh behavior in the capacity sense [65].
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In Fig. 7, we analyze the capacity increase due to the
use of SC strategy, for different values of L and «. For the
sake of clarity, we represent the metric AC £ Csc(¥, L) —
Csc(7, 1), i.e., the capacity gain due to the diversity scheme,
with respect to the case of no diversity. First, we observe
an intuitive behavior as the capacity gain increases with L,
regardless of the SNR regime. We also see that the capacity
gain becomes more noticeable in the high-SNR regime when
fading is more severe (i.e., for lower «). This confirms the
importance of diversity schemes as fading countermeasures,
especially in the event of deep fades.

D. SYMBOL ERROR PROBABILITY

It is now time to analyze the error performance under £,-
distributed fading. As described in Section III-C, we use the
case of binary DPSK for exemplary purposes. In Fig. 8, we
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FIGURE 9. PDF of the inverse-gamma based composite fading model, for
different m and «. W = 2 is considered.

represent the SEP (in this case, coincident also with the bit
error probability) for different values of «, by direct evaluation
of (22). We observe a similar trend as in Fig. 4, i.e., the error
probability is larger as « is reduced, and it decays with unity
slope regardless of «.

E. COMPOSITE FADING

Finally, we exemplify the flexibility of the £, distribution to
extend its behavior to model composite fading. We consider
that the shadow fading power coefficient S is inverse-gamma
distributed, and the fast fading power coefficient G is £,-
distributed. Hence, the joint PDF is given by (24), and
depicted in Fig. 9 for several values of m (shadowing sever-
ity parameter) and « (fading severity parameter). We use a
log-scale for the PDF, for the sake of a better representation.
We see that increasing the overall composite fading sever-
ity, i.e. reducing m or «, makes lower values more likely.
However, we see that the values of m and « are not directly
exchangeable, confirming the different characteristics of the
£, distribution compared to the inverse-gamma one.

V. CONCLUSION
We assessed the use of the £, (Lomax) distribution for
wireless channel modeling, by means of a redefinition of
its parameters. Closed-form expressions for its fundamen-
tal statistics are given, which are then used to evaluate the
performance of wireless communication systems in fading
channels. We confirmed that the shape parameter o captures
fading severity. When jointly considering the OP, capacity and
AoF, we can conclude that the £,-distribution has full hyper-
Rayleigh behavior according to the categorization in [65].
Hence, it can reproduce more severe conditions compared to
Rayleigh fading.

The Lomax distribution has been identified to be relevant in
anumber of practical situations and use cases, including D2D,

VOLUME 5, 2024

URLLC, or cognitive radio networks, among others, which
justify the interest in pursuing the statistical characterization
of such a distribution. This serves as a stepping stone that
motivates further research actions, including additional activi-
ties and campaigns destined to providing empirical evidences
that support the relevance of the Lomax distribution in differ-
ent contexts.
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