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Abstract—In this paper, a wireless system is considered
impacted by Beaulieu-Xie (BX) fading and Rician co-channel
interference (CCI). A selection diversity combining technique
is used to combat multi-path fading and CCI effects. The
expression for the level crossing rate (LCR) is formulated for
the receiver with more input branches, and the corresponding
curves that have dependence on the signal-to-interference ratio
(SIR) are drawn. On the basis of the presented graphs, we
quantify the amount of LCR affected by the presence of fading
and interference. Additionally, we propose a classification-
based predictive model which leverages the previously
calculated LCR value as one of inputs among other variables
(number of users, base station, the day of the week) with the
aim of Quality of Service (QoS) level prediction.

Index Terms—Beaulieu-Xie fading; Machine
Rician co-channel interference; Selection combining.

learning;

I. INTRODUCTION

Since wireless communication systems are one of the
fastest developing technologies in recent years, researchers
in the field are looking for solutions to obtain higher data
rates for new applications [1]. Moreover, the radio
frequency band is overloaded, and new bands such as
millimeter-wave (mmWave) and terahertz (THz) bands,
femtocells, and wireless powered communication (WPC)
systems are in the early stage of development. Fifth-
generation (5G) cellular networks tend to the mmWave
frequency spectrum to tolerate higher data transmission rates
with low delays [2].
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The biggest challenge is the need for correct channel
modelling. Many measurements were made in different
wireless environments to collect data on fading values.
Measurements of small-scale fading at 28 GHz in outdoor
mmWave ultra-wideband channels were made in [3]. After
extensive measurements, the fluctuating two-rays (FTR)
channel model is taken as a very suitable small-scale fading
model for 5G mmWave wireless communication alongside
known fading models [4]. Some other already well-known
fading models are special cases of the FTR model: Rician,
Rayleigh, Nakagami-m, and also two waves with diffuse
power (TWDP) model.

After this point, the newly acquired Beaulieu-Xie (BX)
distribution as a very well descriptive channel model was
introduced into considerations [5]-[10]. The BX fading
model has the property of characterising wireless systems
with multiple line-of-sight (LOS) components that have
arisen via direct propagation and specular reflections and
non-line-of-sight (NLOS) components. The BX distribution
model encompasses the Nakagami-m distribution, which can
control the number of clusters by variable m, and the Rician
distribution that can simulate the environment when LOS, or
deterministic component, is present in the received signal
[11]. So, BX fading model is extremely useful since it
combines the features of both Nakagami-m and Rician
fading models. Relations between the Nakagami-m, Rician,
Rayleigh, and BX distributions are presented in Fig. 1.3 in
[5].

In addition to that, the BX distribution unites the next
distributions with the help of which the wireless channels
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are modelled: non-central chi, generalised Ricean, and x-u
distributions. The relations between these distributions are
presented in Table I in [6].

In [7], an analysis was done and the closed-form
expression for effective capacity over BX fading based on
delay constraints was derived. In [8], the closed-form
expression for the average symbol error probability (ASEP)
of generalised M-ary quadrature amplitude modulation (M-
QAM) was derived over the BX fading channel.
Furthermore, the probability of outage and error rate
performance of maximal ratio combining, equal gain
combining, and selection combining (SC) over arbitrarily
correlated BX fading channels were considered in [9]. Here,
different diversity combining schemes were used to mitigate
fading influence. In [10], however, some first order system
performance (outage probability, amount of fading, ASEP,
and channel capacity) for coherent and non-coherent
modulation schemes were derived for the Beaulieu-Xie
fading channel.

All these papers considered a system without interference
effects of signals. Subsequently, we present performance
consideration of the BX fading channels in the presence of
co-channel interference (CCI) for diversity receptions of the
multi-branch SC technique utilised to improve system
performance. We will deal with second-order system
performance. Namely, we will derive the signal-to-
interference ratio (SIR)-based level crossing rate (LCR) for
such defined scenario.

Two important second-order statistics of multi-path
fading channels are the LCR and the average fade duration
(AFD). The LCR shows how often the envelope crosses a
certain threshold required for communication, i.e., the LCR
is average number of times per second that the envelope
crosses the predefined level in the downward direction,
while the AFD shows the average time the signal envelope
spends below the threshold [1]. Knowledge of LCR and
AFD helps with error correction and calculation of the
average duration of outages of wireless communication
systems [12].

Additionally, in the second part of the paper we integrate
the proposed system model within network modelling and
simulation environment and use the calculated value of the
LCR utilising the graphics processing unit (GPU) for the
purpose of predicting the quality of service (QoS) using
machine learning. In that context, we treat the problem as
classification and provide implementation using the Waikato
Environment for Knowledge Analysis (Weka) framework in
the Java programming language.

This paper consists of five sections. After the
introduction, with reference to the first papers introducing
BX fading in the literature, the model of observed scenario
in our work is described in Section Il. Section Il presents
the obtained results and gives a discussion of the system and
the influence of parameters. Section IV determines QoS
using Weka classification. The closing remarks and
description of the future work are given in Section V.

Il. LEVEL CROSSING RATE OF SIGNAL-TO-INTERFERENCE
RATIO AT THE OUTPUT OF THE RECEIVER

Multi-branch selection combining receiver in a Beaulieu-
Xie fading channel additionally distracted by Rician co-

69

channel interference is a scenario for our investigation in
this work. There are L input antennas in the SC receiver
with copies of the useful signal marked by X, X2, ..., X.. The
corresponding output signal is x. The CCI signals appearing
at the receiver input are denoted by yi, y», ... yi, while the
corresponding output CCI is y. The ratio of the useful signal
and the co-channel interference on the corresponding it"
branch at the SC receiver input is zi = xi/yi.

In SC combining, the received signal from the antenna
that experiences the highest SIR is passed to the user.
Therefore, the output SIR (at the combiner output) is the
maximum SIR of all received signals z;

z=max(z,,2,,...7, ). 1)

The useful signals at the input of the receiver have the

probability density function (PDF) modelled by the BX

distribution ((4) in [6])
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In this PDF, m presents the fading severity parameter and
controls the shape, A presents the extension of distribution,
i.e., the location and height of the mode of the PDF, Q;
reflects the power and controls the spread, A% represents the
power of the LOS components, and furthermore, A%/Q is the
Rician K-factor representing the ratio between the total
average power of the components in LOS, and the total
average power of the scattered components.

If modified Bessel function of the first kind and order v
Iv(-) ((8.401) in [13]) from (2) is expressed by ((8.445) in
[13])
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with Gamma function I'(t), the PDF of useful signal can be

represented in the form
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The CCI envelope yi is under Rician distribution [14]
1+K,

[ ] - (9
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In (5), si is the CCI power and K; is the Rician factor
equal to the ratio of direct and scattered components.

Now it is necessary to determine the PDF of SIR z;. The
formula for this PDF is [15]

o =0 |1|F(|1+m)

(1+K; ) y?
5l

-K; ® K-i2 .2i2+l
pVi(yi):ze i y|

=0,10(i, +1)

pz, (Zi ) = J.: pxl (Zi Yi ) pyl (yi )dyi' (6)

By exchange of x; = z; X y;, and then putting formulas (4)
and (5) in (6), we get
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Furthermore, we should derive the cumulative distribution
function (CDF) of the SIR z; from [1]

F,(z)= jo p, (t)dt.

Utilising formula (7) and introducing into (8) leads to the
following formula for the CDF of the SIR z; [16]

(8)
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To solve the integral in (9), we used (6) from [16] based
on [12], where By(c, d) is the incomplete Beta function
((8.39) in [13]). With adequate replacement in (9), CDF

becomes
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We tend to obtain the LCR of a random process zi. LCR is
calculated as the mean value of the first derivative of the
envelope of observed random process. The formula for LCR
from [1] is

N, (z) :j: 2,p,, (22,)dz,. (11)
To solve (11), we should find the first derivative of SIR z;

defined as zi = xilyi. Namely, the first derivative for such a
defined z; is

(12)

Next, the mean value and variance of Z; should be
determined. The mean value of z; is

X
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and the variance of z; is

1
ol =—ol+-Vo’. (14)
S
The variance of the useful signal xi is ((2.4) in [6])
2¢2
o = Pl P O (15)
' m
and the variance of CCl y; is
2¢2
, 7w f’s
2 = m> 16
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In (15) and (16), fn denotes the Doppler frequency.
After substituting (15) and (16) in (14), the expression for
variance of z, becomes

P
o :W(Qi(Ki+l)+msizf). (17)
The conditional PDFs of zj, z,, andy; are [16]:
. 1 722;25
P, (Zi|ziyi): e -, (18)
270,
dx,
P, (zilyi)=‘a P (z%)=Yip (z¥)  (19)

The conditional joint PDF (JPDF) of z, z;, andy; is [16]

Paay (22Y) =0, (2]2Y)) Ry, (Y)YiP, (zY;)- (20)

Furthermore, the JPDF of z; and z; is [17]

P, (Z'izi)=T Py, (ZiZY; ) DY, (21)

The LCR of the SIR z; at the SC receiver output is defined
as the mean value of the first derivative. By averaging,
LCRs are
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The formula for LCR for the output SIR z is given by ((8)
in [18])

Nyos (2)=L(F, () N, (z,).

If you put equations (10) and (22) in (23), with i = {2, ...,
L}, LCR of the SIR z at the SC receiver output finally is

(23)
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Based on (24), some graphs will be plotted using
Wolfram Mathematica and Origin to highlight the impact of
fading and CCI parameters and the diversity combining that
was used.

I1l. PRESENTATION AND ANALYSIS OF THE CALCULATED

SYSTEM PERFORMANCE

To analyse the impact of severity parameters of BX
fading and CCI on the concerned performance of LCR
normalised by fn, we use two plotted graphs versus output
SIR, in Figs. 1 and 2. Besides, minimal correlation is
assumed between input branches in multi-branch SC
receiver.
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Fig. 1. Normalised LCR of the multi-branch SC receiver versus SIR for
different values of the BX fading parameter m and the Rician factor K.
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Fig. 2. Normalised LCR of the multi-branch SC receiver versus SIR for
different values of the BX fading parameter A and the number of branches
L.Without loss of generality, we consider BX fading and CCI powers to be
equal with the same values: Q; = Q,=...=Q, =Q=1and s; =s,= ...
s.=s=1
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From the graph in Fig. 1, we can see that for small signal
values, z < 0, and due to the increase of the BX fading
parameter m, the LCR decreases and the system has better
characteristics, as the theory says. It is also possible to see
from Fig. 1 that LCR decreases for larger, positive values of
the SIR z, when the Rician factor K increases. This means
that the system has better characteristics.

From Fig. 2, one can remark that when the BX fading
parameter A increases, for small SIR values, the LCR
decreases. Also, from this figure, it is possible to see that
LCR decreases with increasing number of branches L. These
increases of A and L improve the system performance.

After drawing these graphs, two Tables, Table | and Table
11, are obtained. In them, the number of addends that should
be summed in (24) for LCR to reach accuracy at the fifth
significant digit is shown. In Table I, the parameters m and
K are variable, while other parameters have constant values:
Q=1,s=1,A=1,L=2. InTable Il, the variables are A and
L, while other parametersare: Q=1,s=1,m=1, K=1.

From these tables, it is possible to conclude that when the
parameters m and K increase, it is necessary to add a larger
number of terms in the sum to achieve convergence of the
expression. It means that the series converges more slowly.
Also, when the parameter A is increasing, a larger number of
elements in the sum are required to be summed, and the
series converges more slowly. With increasing number of
input branches L, the number of terms in the sum is not too
large, as fast convergence is achieved.

TABLE I. NUMBER OF ADDENDS IN THE SUM IN THE
EXPRESSION (24) FOR VARIABLE m AND K.

z=-10dB z=0dB z=10dB

m=1K=1 5 9 8
m=15K=1 6 8 9
m=2,K=1 8 9 11
m=25K=1 9 9 12
m=3,K=1 9 11 14
m=4,K=1 10 13 15
m=1,K=15 6 10 9
m=1K=2 7 12 10
m=1K=25 8 12 10
m=1,K=3 9 14 12
m=1K=4 11 16 13

TABLE Il. NUMBER OF ADDENDS IN THE SUM IN THE

EXPRESSION (24) FOR VARIABLE A AND L.
z=-10dB z=0dB z=10dB

A=151L=2 5 8 12
A=2,L=2 8 9 16
A=25L=2 8 10 21
A=3,L=2 9 15 25
A=4L=2 9 22 37
A=1,L=3 8 7 9
A=1,L=4 8 8 8
A=1,L=5 9 7 9

Given that the BX fading distribution is a general
distribution, for some special parameter values, it is possible
to verify the results obtained in this work through the results
of our previous papers [19], [20], where the known fading
distributions that can be obtained from the BX distribution
were analysed.

It can be mentioned that the parameters of the x-j
distribution are related to the parameters of the BX
distribution as x; = A?/Q% and W = m; so that from (24), (20)
from [19] can be obtained. Onwards, the Nakagami-m
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distribution will be obtained from the BX distribution by
setting the parameter A to be equal to 0, as well as from k-Q
distribution by putting 4 = m and k = 0. In this way, (21) of
[20] is connected with (24) from this paper, i.e., with (20) of
[19].

IV. DETERMINATION OF QOS USING CLASSIFICATION IN
WEKA

Predictive models that leverage machine learning
techniques are among the enablers when it comes to
innovative use cases and novel functionalities within state-
of-the-art wireless and mobile networks. Notable scenarios
include network load prediction, anomaly detection,
adaptive QoS adjustment [21]. This paper proposes an
approach to determination of QoS level based on supervised
machine learning classification methods, taking into account
the previously derived LCR value as one of the inputs
among the other factors: 1) number of service users within
area of interest; 2) identifier of base station responsible for
providing service in that area; 3) identifier of area under
consideration 4) day of week. However, when it comes to
the output of the predictive model, it represents the
estimation of the QoS level, which is categorical and could
have one of the following values: O - presence of
anomalies/malfunction, 1 — low, 2 — acceptable, 3 - high. In
Table 111, a layout of the underlying data set is shown.

Regarding the implementation, we make use of a free
framework in Java programming language, Waikato
Environment for Knowledge Analysis (Weka) Application
Programming Interface (API) [22]. A similar approach has
been adopted in our previous work [23], but ABEP was
considered instead of LCR and a different type of fading and
co-channel interference combination as well. Weka API for
Java includes a wide collection of machine learning
algorithms, which are free to use and are released under the
GNU public licence. It provides functionality covering
many aspects related to data access and management,
analysis, and visualisation. When it comes to classification
methods, Weka supports those that are commonly used,
such as the decision table, stump, tree (known as J48), and
k-nearest neighbors algorithm (k-NN), referred to as
instance based learning (1Bk).

Figure 3 illustrates the complete workflow of our
approach. In the beginning, the user creates a network model
in our simulation and planning environment [24]. Once the
model is complete, it is processed for the purpose of LCR
calculation based on the general-purpose GPU (GPGPU)
method [24], which provides significant speed-up compared
to the traditional central processing unit (CPU)-only-based
approach. Furthermore, once the LCR values are calculated
and other inputs are taken from the network model, a
classifier for the determination of the QoS level using Weka
is trained.

The training phase contains several sub-steps:

1. Convert CSV data from network planning tool Weka

instances suitable for manipulation;

2. Selection of the target variable;

3. Instancing of the classifier model object for a given set

of instances [25].

Finally, the model is trained and evaluated. After that, we
can use the model to perform predictions on previously
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unseen samples. Additionally, based on the results of the
predictions, the adaptation of base stations and the
underlying carrier infrastructure can be carried out with the
aim of keeping the perceived quality of use at a satisfactory
level, such as turning off (in case of malfunction and
anomalies) or on (compensate for the decrease in QoS).

TABLE Ill. QoS LEVEL DETERMINATION DATA SET LAYOUT.

Day

Number Area BS

LCR of users Id Id of QoS
week

(92
E > H [%

Base station

8&% L

Users Planning and
simulation

LCR calculation QoS determine

adaptation

Fig. 3. Machine learning workflow leveraging Weka for QoS estimate.

Furthermore, Table IV gives an overview of the
experiments and evaluation of the predictive model,
considering both the prediction quality (metric such as
accuracy) and the processing time required to train a
classifier training. The experiments were executed on a
laptop with given characteristics: Intel Core i5-10300H
quad-core 2.50 GHz CPU, 8 GB of DDR4 RAM, and
512 GB SSD storage. The data set under consideration
consisted of 20,000 entries, divided into training (75 %) and
test set (25 %).

TABLE IV. EXPERIMENTS AND EVALUATION RESULTS.

Algorithm Tra[lsr;lng Ac;{t;:}acy
DecisionTable 16.8 93.5
J48 5.9 89.2
DecisionStump 4. 84.1
1Bk 7.1 87.2

Taking into account the results obtained, it can be noticed
that the DecisionTable algorithm shows the best prediction
quality in terms of accuracy, while the training time is the
longest. On the other hand, considering the rest of evaluated
algorithms, we have the following situation:

1.J48 is one place behind, but with a much shorter

training time;

2. Despite the fact that DecisionStump had the shortest

processing time, it had the lowest accuracy, while k-NN

IBk shows slightly better results, but is slower in general.

V. CONCLUSIONS

In this work, a wireless system impacted by Beaulieu-Xie
fading and Rician co-channel interference has been
analysed. The BX fading distribution is a very important
newly performed distribution because it describes wireless
channels very well and has the property of generality due to
its distribution parameters connected to the parameters of
well-known distributions. An SC diversity receiver was used
to alleviate multi-path BX fading and CCI effects. Such a
scenario was not considered in earlier works with BX
fading. An expression for LCR was derived for such a
receiver. Based on this expression and plotted graphs for
LCR of the described scenario, the parameters influence and
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quantity of improvement achieved with diversity combiner
have been highlighted. The results obtained can be validated
by reducing the expression to special cases of known fading
channels previously considered in our previous papers.
Additionally, we have proposed the software environment
for LCR simulation for the observed system under the
influence of BX fading and Rician CCI, leveraging the
calculated LCR value as one of the inputs for a
classification-based method aiming at QoS estimation.
Based on the results achieved, our approach shows
promising accuracy and training execution time.

In the future, we plan to work on adaptability mechanisms
that would dynamically adjust the underlying infrastructure
(turn on additional modules or turn off the faulty one) based
on the current QoS level outcome. Also, in the next work,
the influence of other distributions of fading and CCI, as
well as their combinations, will be analysed. Likewise, the
use of other diversity combining schemes, as is the optimal
maximum ratio combining model, will be taken into
consideration.
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