IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 19, 2021, accepted April 15, 2021, date of publication April 26, 2021, date of current version May 5, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3075702

Evaluating the Mobility Impact on the
Performance of Heterogeneous Wireless
Networks Over  — u Fading Channels

EKKAPHOT MEESA-ARD ™~ AND SUWAT PATTARAMALAI

Department of Electronic and Telecommunication Engineering, King Mongkut’s University of Technology Thonburi, Bangkok 10140, Thailand

Corresponding author: Suwat Pattaramalai (suwat.pat@kmutt.ac.th)

This work was supported by the Department of Electronic and Telecommunication Engineering, Faculty of Engineering, King Mongkut’s

University of Technology Thonburi.

ABSTRACT The 5G and beyond networks will intrinsically accommodate a wide range of use-case scenarios
and expand the limit of legacy mobile systems. The 5G network architecture can handle the seamless
operation of various wireless channels in a heterogeneous environment. The n-u fading model is well-
suited for versatile channels as it adapts to different fading behaviors in a broad-range propagation for
non-line-of-sight (NLOS) circumstances. This paper evaluates the performance of heterogeneous wireless
networks using n-u fading channel under mobility conditions. We incorporated the random waypoint (RWP)
model with n-u distribution to model the dynamic behavior of non-homogeneous fading. The derivation of
expressions for the probability density function (PDF) and cumulative distribution function (CDF) of the
received signal power for a mobile network in all three-dimensional topologies is extracted. Consequently,
the outage probability (OP) and average bit error rate (ABER) are analyzed to quantify the performance
of the mobile system. The effect of co-channel interference (CCI) is investigated based on a desired and
interfering signal transmitted in mobile networks. The proposed novel-form can characterize the performance
of a mobile user, and the derivation is useful for measuring the effect of noise and interference on the signal.
Finally, the novel-form applicability analyzes the impact of mobility incorporated in different fading channels
such as Nakagami-m, Nakagami-q (Hoyt), Rayleigh, and one-sided Gaussian distributions.

INDEX TERMS Co-channel interference, n-u distribution, generalized fading model, heterogeneous

network, random waypoint mobility.

I. INTRODUCTION

The performance evaluation of wireless networks is essential
for improving the performance and development of next-
generation networks such as 5G and 6G [1], [2]. Performance
of the wireless network depends on several parameters that
are statistically used to characterize the network’s behav-
ior. The received signal strength indications (RSSI) play a
vital role in designing the channel assignment, handover,
and power control and have been considered instrumental
in enhancing the capacity and performance of wireless net-
works [3]. In existing studies, the statistical models assume
the static characteristic of wireless networks [4]. However,
with the advent of communication technologies such as IoT,
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5G, and 6@, the network characteristic is becoming increas-
ingly dynamic and complex [5]-[7]. The existing statistical
model cannot accurately model the environment’s dynamics
due to the nodes’ mobility characteristics. Thus, a research
gap exists in developing the channel models that can perform
well in mobile wireless networks.

The communication architectures such as 5G and 6G are
expected to improve the network performance by achieving
a high data rate in the dynamic and mobile environment.
These architectures will have a dynamic network environ-
ment and stringent quality of service (QoS) requirements [8].
The applications of the latest communication architecture
will have diverse and non-homogeneous characteristics of
the received signal with line-of-sight (LOS) to NLOS con-
ditions [9]. Statistical models are commonly used for char-
acterizing the effects of fading in a wireless network. Several
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statistical models, including Nakagami-m, Rayleigh, Weibull,
Nakagami-g, and Rician [10], [11] discuss short-term signal
fluctuations.

The fading phenomenon can significantly improve the
quality of signal reception in wireless networks. Conventional
fading distributions are derived from the assumption that the
scattering field in wireless communication has homogeneous
characteristics [12]. However, this assumption is undoubt-
edly an approximation, as the networks that characterize
heterogeneous environments have spatially correlated char-
acteristics [13]. Different techniques have been successfully
developed in stochastic geometry to model the heteroge-
neous characteristics of next-generation wireless networks.
Stochastic geometry considers that the mobility characteris-
tics of wireless nodes have a spatial point process [14]. This
approach can capture the randomness in network topology
and analyze the mathematical tools to achieve an accurate
performance for the evaluation [15]. Moreover, conventional
fading models lack the flexibility to model the signals propa-
gating in complex and dynamic environments. Thus, mobile
nodes in wireless networks need to consider both character-
istics simultaneously to improve network performance.

n-u Distribution is an essential generalized and flexible
model capable of providing accurate approximations of the
actual fading occurring in heterogeneous environments [16].
The model can predict the behavior of signals with multipath
clusters, and its flexibility allows it to adapt to a wide range of
field measurement data. Previous studies have characterized
the n-p fading model based on signal behavior in static
conditions, providing a basic approach for these simplistic
models and thereby allowing them to maintain tractability
when analyzing OP, bit error rate, and channel capacity in
such conditions [17]-[21]. Moreover, impact analyses of
small-scale signal fluctuations in physical-layer signal propa-
gation and end-to-end performance analyses of various com-
plex network topologies were also described [22]-[26]. The
behavior of the mentioned metrics of a signal propagating in
the n-u faded channel was also evaluated in the presence of
co-channel interference [27]-[30].

For an effective characterization of channels, human and
device mobility patterns need to be accurately predicted.
Thus, it is important to investigate the relative locations
in which mobile users are positioned [31], [32]. Mobility
models can generate movement patterns from which param-
eters related to it are selected randomly. These characteris-
tics are used in cellular and vehicular networks to predict
user motion [33], [34]. Conventional models can be classi-
fied into several key types: random walk, random waypoint,
Gauss—Markov, and fluid flow [35]. Among them, RWP
mobility is well known for its ability to describe non-uniform
spatial network distributions [36]-[39]. The model simplifies
the three-dimensional mobility of users in communication
service networks. Several analyses of fading models incor-
porating mobility have been adapted in studies conducted in
homogeneous environments. The effect of mobility on the
received power of a signal in Rayleigh faded and Nakagami-m
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faded channels was investigated in [40], [41]. To adapt to
advanced interference and mobility management techniques,
next-generation networks were required in [42]. In a recent
work [43], the researchers derived a novel-form expression
for modeling the fading characteristic using a Rician fading
channel. In the work, the dynamic and mobility characteris-
tics of wireless networks are not modeled in their derivation.
On the other hand, their scenario for calculating the OP
did not assume the interference and noise in deriving the
novel-form expression. This reveals a research gap in existing
techniques for modeling the fading characteristics of wireless
environments.

Thus, for quantification purposes, the behavior of the net-
works for the signal to interference ratio (SIR) and signal to
noise plus interference ratio (SINR) in a generalized fading
environments needs to be evaluated for performance.

The focus of this work is evaluating the impact of mobility
on generalized fading distributions to predict realistic approx-
imations of fading concerning noise and interference. Addi-
tionally, due to the generalized and flexible characteristics
of the distribution, homogeneous fading models, including
Nakagami-m and Nakagami-g (Hoyt), can also be assessed
for their performance with mobility.

The main contributions of this paper are as follows:

1) The n-u generalized fading distribution that incorpo-
rates mobility characteristics for various small-scale
fading effects, including non-homogeneous environ-
ments, NLOS conditions, and multipath clustering,
is considered in this study.

2) A novel approach valid for all dimensional topologies
was applied to evaluate the network performance for a
generalized fading channel.

3) Novel-form expressions were derived and used to
investigate the OP and ABER of the received signal
power of a mobile user in the n-u fading model.

4) The numerical results reveal that the derived novel-
form expression exhibits the dynamics of fading char-
acteristics in a wireless network when compared to
benchmark schemes. Thus, network designers can care-
fully utilize the proposed derivation to reduce the effect
of noise and interference on the signal.

5) Close approximations of Nakagami-m, Nakagami-g
(Hoyt), Rayleigh, and one-sided Gaussian distribution
models were obtained that analyzed the effect of mobil-
ity on different fading and homogeneous architectures.
The results are also well-proved and evaluated numer-
ically for the Nakagami-m architecture.

The paper is as follows: Section II provides a detailed
description of the system and signal models and derives
the PDF. Section III formulates the underlying problem.
Section IV describes performance metrics, including OP
and ABER, which are derived while extending the analysis
to account for the presence of interference. Furthermore,
in Section V, the numerical results of various fading charac-
teristics are presented. These provide desirable insights into
the performance of wireless system. Section VI concludes
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FIGURE 1. Schematic illustration of typical fading environments with mobility.

this work. Additionally, the appendix contains further
information.

Il. PROPOSED MODEL

Fig. 1 illustrates our proposed model which exhibits a
dynamic environment comprising mobile vehicles and drones
that can communicate in LOS and NLOS conditions. The
nodes can move in 1-D, 2-D, and 3-D planes, and the han-
dover phenomenon occurs while switching from one base
station to another. The vehicles exhibit 1-D motion and the
drones 3-D motion, each possessing different fading charac-
teristics between LOS and NLOS environments. To model
extreme wireless network conditions, the mobile nodes will
also be subjected to path losses and co-channel interference.
In the proposed model, two modes of communication are
used: vehicle to vehicle (V2V), and vehicle to infrastructure
(V2I). V2V handles normal communication while V2I is
responsible for forwarding the data to infrastructure as illus-
trated in Fig. 1. To model the dynamics of fading in wireless
networks, some vehicles receive data using the NLOS phe-
nomenon while others use the LOS conditions. The drones
communicate with the macro- and small-cell using the LOS
and NLOS conditions. For the NLOS conditions, the signal
reflects from the buildings while the LOS signals are received
from the small and macro-cells. The proposed model flexibly
models the dynamics of heterogeneous environments. The
RWP mobility model is used for the movement of the nodes,
while the n-p distribution models the phenomenon of phys-
ical fading for its ability to approximate the characteristics
of heterogeneous channel fading in dynamic environments.
Besides these considerations, the important parameter that
affects the quality of the received SNR is modeled for the
fading characteristics. The drones and vehicles receive the
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signals under the interference and noise-with-interference
scenarios.

Ill. PROBLEM FORMULATION

A. SIGNAL MODEL

We propose n-u distribution to model the small-scale vari-
ation and dynamics in the fading signal. This distribution
models the characteristics of well-known fading channels to
exhibit next-generation communication networks such as IoT,
5G, and 6G. The PDF of instantaneous received power X of a
signal transmitting in the n-u fading distribution can be given
by [44],

(143 (1)
Sty = 2T

+3

SN G

X exp [— (Z?th)} Iu—% [Zufx} )

where u represents the number of multipath clusters for the
considered system while I[.] is the modified Bessel function,
and I'[.] stands for the gamma function. The H and /4 in
equation (1) reflect the distribution parameters, with the n-u
distribution classified into two different physical representa-
tions parameters i, H and 5 are defined for both formats and
can be seen in Appendix A.

To model the mobility characteristics in the proposed
model, the average received power can be related to the
separation of the transceiver using

Q =P ¥ @

where 2, and r represent the average power and separation
of the transceiver. The (2 < ¢ < 5) denotes the exponent of
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TABLE 1. Polynomial coefficients [41].

Dimension »n B; Bi
1 2 [6,-6] [1,2]

3 (1/73).[324, —420, 96] [1,3,5]
3 3 (1/72).[735, —1190,455]  [2,4,6]

path loss defined according to the characteristics of the pro-
posed environment as shown in Fig. 1. P, represents transmit
power. The novel-form expressions derived in our paper also
reflect the characteristics of the average received power.

It offers them the flexibility of application to fading envi-
ronments with different path loss exponents.

In the proposed framework as shown in Fig. 1, a dynamic
wireless network is considered to comprise mobile nodes
where the destination nodes receive signals using LOS and
NLOS conditions. To model the mobile nature of the IoT
network, the propagation distance varies due to mobility.
Conditional PDF can be obtained from equations (1) and (2)
as follows:

0 = (2 (ﬁ)(”;) ()

F(w) P, H
1
RENEES)
t
2uHx
<y | 2] ()

Given a maximum range of D, the PDF in (3) is averaged
to obtain the distribution of received power as follows:

D
Jx () = /0 Jx (x| r)f,(r)dr “

where f, (r) is the PDF of separation distance r between the
transmitter and receiver pair.

B. MOBILITY MODEL

A variety of mobility models associated with random move-
ments are often represented using the statistical properties
of randomness. Random direction (RD) and RWP are such
models. Both are represented as polynomial functions of the
separation of the transceiver in a steady state r. In this paper,
the RWP mobility model was applied to approximate mobil-
ity. The spatial distribution of nodes in an RWP mobility
model is non-uniform in general [34], and can be expressed
by the polynomial in [40],

n 7B
=) Bipg—i 0=r=D. )

i=1

Here, the distance of the transceiver is r. B; and §; are polyno-
mial constants, and the upper limit of summation n depends
on the dimension. By substituting the respective dimension-
dependent polynomial coefficients 1-D, 2-D, and 3-D RWP,
deployments can be obtained. The coefficients for different
dimensional topologies are depicted in Table 1.
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This analysis can be further extended and applied to any
rotary symmetric spatial distribution that approximates poly-
nomial functions.

In all three dimensions, it is assumed that the transmitter
remains at the origin. In a 1-D scenario, it is in line with a
transmitter placed at the origin, while for a 2-D and 3-D topol-
ogy, it is a circular and spherical network. In the latter two
dimensions, the transmitter is still considered to be located at
the origin.

Then, by substituting (3) and (5) into (4), the following
equation can be obtained:

o= [ (3 (1)) ()
" rw(wr%)exp [_ (2%% rw)}

2uHx - rPi
X IM*% |: P r‘ﬂ:| (ZBIW> dr. (6)

! i=1

Now, the substitute to be solved is taken and the integral is

simplified as
F\?
=(=) . 7
=(5) ¢

After modifying the integral variable applying the simplifi-
cation process, the unconditional distribution can be repre-
sented in terms of received power as u using,

2ﬁhﬂ) (u g0)(’”5) (x )(ué)

ol(w) ) \ P H

P, H
n 1 :

X ZBi/O u(ui%er)
i=1

2uhxD¥ 2uHxD?
xexp|—| ————u)|l,_1 | ————u|du.
Py k=2 Py
@)

A modified Bessel function of the first kind can be
expressed using a series summation as in [45] and can be
represented as

0 1 z\v+2m
MO=X ey ) ©

m=0

fx(x) = <

Substituting the series in (9) into (8) and rearranging the
result gives

fx(@) = <2ﬁhﬂ> (ﬁDp)(M%) <l><“5>

el(n) P, H
© 2um-1

n
X ZBi Z
i=1

m—=0 m!T" (,u +m+ %)
(;L+2m—%)
1 1 Bi+1
y (,uhD > / u(2(u+m)+( 1)-1)
Py 0
2uhxD?¥
xexp|— Tu du. (10)
'
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The identity expressed in [45] is

U
/0 2 Dewp[—pxlde =™y (v, nU). (A1
where y (-) is the incomplete gamma function of the first kind

as in [45]. Thus, by taking (11) and further simplifying (10),
the generalized novel-form expression for the PDF is

- () )66
<2uh)

)

m—0 m!T" (/L+m+ %) 2h

<y [2 (4 +m)+ (ﬂ—“> , 2“'”] (12)
@ Qo

X
&

where Qo = P;D~? is the average received power observed at
the boundary of the coverage area. Next, this study proceeded
to evaluate the performance aspects in terms of OP and ABER
on the basis of the derived PDF (12).

IV. PERFORMANCE ANALYSIS

A. OUTAGE PROBABILITY

The OP plays a vital role in designing and evaluating wireless
networks. It represents the coverage area around the access
node where the value of the received SNR is falls below a
pre-defined threshold. This is shown as

Poyr = Pr[0 < Oyl
= Fx Omr) - (13)

where 6 represents the value of the received SNR and 6y,
denotes the pre-defined threshold received SNR.

In a recent work [43], the authors considered a unity noise
power for modeling the OP. In this work, considering a unity
noise power, we formulated a closed-loop expression for the
CDF as follows.

Transmit power is taken as a constant in mobile networks
while, due to the mobility characteristics, the propagation
constant is taken as a random variable. The received power
can be calculated by averaging the range of distances over
the PDF of random distance x, as the integration of the PDF
over the range of distance yields the CDF with mobility

Fx () = /O fx @) de. (14)

The RWP mobility model is considered for evaluating the
impact of mobility in dynamic wireless networks. In the RWP
model, the receiving mobile nodes are placed randomly at the
selected coordinate points depending on the network topol-
ogy characteristics. It is assumed in all network topologies
that the transmitter is located at the origin. The PDF of the
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distance x, assuming the RWP mobility model, can be viewed
in [46].

The equation of the PDF as in equation (8) can be sub-
stituted into equation (14) to obtain the CDF of the received
power as

Fx<x>=/:<zﬁ5§><%w><“*” ()"

(/1,+2m— %)
2(u+m)—1 hD?
122

—~ miT(w+m+ 3\ P

) / ! (e (82)1)

0

2uhzD?
pr[—( “;: u)}dm&. (15)

t

We should also note that although (12), refers to the
more refined closed form expression of PDF of instantaneous
power, (8) is more feasible to be used in our simplification
in (15). Rearranging the value of x in equation (15) with the
variable z results in

. <%) (}%Dga)(zwi) (%)(u—%) .

WHDY
XZ Zm'l“(u—i—m—i— )< Py )
. f ! (e (52)1)
0

x 2uhD¥
x/ 2utm=1 gy |:—< MP z>:| dzdu. (16)
0 t

After simplifying the equation (16) and using the integral
in equation (11) including the value of z, the equation can be
transformed into a gamma function as

NN
o= (o) 7))
$5>

m'rw +m+ D)

(;H—Zm— %)

% 1 Bi+1
y (uHD / (2(u+m)+( )-1)
Pt 0
2 1) —2(pu+m)
5 [ uwhD ui|
P,
2uhD¥
XVPW+m“ﬁFl4W' (17)
t

The relationship of average received power Qo = P;,D~¢
can then be used to simplify and rearrange (17) further to
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obtain

Fx(x) = (%) (i>(“+5) (I%)(M)
x Z Z m

( +2m— 7

nWH 2(puA4-m)
X /lu((ﬁi;l>_l)
0
<y [ hxu] du. (18)

Using integration by parts, it can be shown for v > 0 that,

1
/xvfly(m,ax)dx:vil[y(m,a)—af"y(v—i—m,a)]. (19)
0

Then, using (19) and general simplifications, the novel-
form expression for the CDF is obtained as

2(1—2u)ﬁ>

hET (1)

n B; 00 1 H 2m
Xg(ﬁi+1>n§m!r<u+m+%) <E>
ounr]  (2uhe\ (")
Prlmem257)-C60)

Qo
Bi+1 2uhx
@ Qo :| }
This equation (20) shows an important relationship for

studying the OP in dynamic networks where Py, = Fy(Ay)
where Ay, is the pre-defined threshold.

Fx(x) = (

xy [2(M +my4 Pl (20)

B. AVERAGE BIT ERROR RATE
The ABER can be defined as the number of bits received in
a unit time in data transmitting over a channel.

The data is being transmitted in noisy and distorted chan-
nels. The ABER for binary modulations in a fading channel
expressed in [47] is

_ ab o) b
P, = —leaxp d 21
) zr(b)fo e Fy (x) dx 1)

where a and b are constants that depend on the modulation
type as given in [48]. Table 2 which provides the modulation
with constant values.

The expression of the CDF incorporating the mobility
characteristics is substituted from (20) into (21) resulting in
the ABER distribution, which can be expressed as

o0 s B;
P =
’ ( AT (1) )Z B+ 1)
ad 1 H\>"
x n; m!I'(nw +m+ %) (ﬁ)
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TABLE 2. Different modulation schemes showing values of a, b.

Modulation Type «a b
BPSK 1 1
M-PAM 2(1»11V;1) M26—1
M-PSK 2 25in21(ﬁ)
M-QAM 74(%1) M1
a’ /OO b=tg=avy, [ 2 (1 4 m) 2uhx 4
X x' e m), x
2r ) | Jo ke 2
© 2hx 7( i<ﬂ+l>
% / xbflefax ( )
0 Qo
whx
X |:ﬁl—+2( +m), ]dx} (22)
@ Q0

Then, the ABER can be expressed in terms of two functions
as

m'F(/L +m+ 2)

H 2m ab
X (ﬁ) T@{Rl — Ry} . (23)

Let R in (23) be

00
R = / xbflefax
0

Consider the identity expressed in [45] equation (6.455.2)

2
y [2 (M+m),—“hx]dx. (24)
Q

o
/ e Pxy (v, ax) dx
0

a'l' (u+v)
Cvia+ gt
a
xFill,u+v;v+1, —— 25
2 1( " a+/3> (25)
where 2F1(.,.;.;.) is the Gauss hypergeometric function,

expressed in an integral form in [45] equation (9.111). Using
(25), the integral of R} in (24) can be expressed in terms of the
Gamma function and Gauss hypergeometric function. Then,
the reduced form is given by

Ry
_TO+2utm) [ 2uh P 0 7
T 2(u+m) 2uh + Qoa 2uh + Qoa
2uh
Fi(1,b+2 2 I —
X2 1( +2(m+m);2(n+m+ 3 h+90a)
(26)

R»; can be defined as

o (k)
4
R2i=/ xb_le_“x( ,;;x)
0 0
1wh
Xy [’31—+2( +m), —x}dx. 27)
@ Qo
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Upon following the same process as for Ry, the simplified
version for Ry; can be expressed in the following form:

T (b+2 (1 +m)) [ 2uh T“‘*’”)
(ﬁ%l +2(M+m)> 2uh + Qoa

Q 1°

X —

2uh + Qoa

i+ 1
szl(l,b+2(u+m); <&%>
2uh

_mn . (28)
2uh 4+ Qoa

Ry and Ry; from equation (27) and (28) into (23) results in
the ABER in novel form as in (29), as shown at the bottom of
the next page.

Ryi =

+2(n+m)+ 1

C. EFFECT OF INTERFERENCE

The evaluation of the impact of co-channel interference
(CCI), which is considered an effective criterion for eval-
uating the performance of the mobile user in the network,
is reported in this section. The phenomenon is observed as a
function of average and instantaneous SIR where the random
effects of noise can be ignored. Thus, it is necessary to model
the characteristics of SIR to analyze the effective performance
of the observed system. The proposed model considers the
dynamic characteristics of the environment by considering
the effect of multipath fading by the n-u fading model.
The propagation characteristics of the desired signal and the
occurrence of CCI are modeled as random processes. Due to
the consideration of the interfering signal, from here onward,
we use two distinct variable sets to represent both interference
and desired signals instead of one. As detailed below, we use
two variables (. and pg4 to represent the number of multipath
clusters associated with the interfering signal and desired
signal instead of w.

The derived desired signal follows the CDF in (20), where
Q0 = P,D~% is the average received power of the desired
signal and 4 associates with the number of multipath clus-
ters through which the desired signal is propagating [44].
In particular, g > 0 is the ratio between the total power
of the scattered waves and that of the dominant components
in the desired signal.

In CCI analysis, it is assumed that the interferers are
located at identical distances from the mobile station. These
are n-u faded and are kept stationary throughout the analysis.
Using the PDF of resultant interference signal given in [44],
equation (5.22), Laplace transforms, and expression of the
Bessel function with the series summation in (9) (similar to
Section III-A), the PDF of the resultant interfering signal
power can be given as

2yThl (e S eH "
fi (x) = L (M_> Z (L)
m=0

T (uel) \ Q
1

X
mC(ucl +m+ 3)
X x(2“"L+2m_l)exp [— (chhx):| (30)
1
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with Q; = P;d %, representing the CCI signal average power
and d is the separation between interferer and receiver. L
is the number of interferers. The . shows the number of
multipath clusters through which the interfering signal is
propagating [44]. Particularly, the . > O represents the ratio
between the total power of the dominating components to the
total power of the waves scattered in the interfering signal
parameter representing the multipath clusters through which
the interferer signal is propagating [49]. Then, the OP can be
related as

PSIR — pr {)7( < 9}

out
= Er [Fx (61)] €1V

where X is the signal power and [ is the aggregate interferer
power; 6 stands for the predefined threshold, and Ej [-] is the
statistical expectation with respect to the random variable 1.
Using the derived CDF in (20) and combining it with the
results of (31), we get

“2na) Jz & X® SHN\
SIR
Pou = h”dr(ﬂd) Z (,31 1) Z ( )

X
m!I‘(/Ld +m+ 5)

2ughdl
o (3500

B <2p¢dh01)_<ﬁi<:1)

Qo

Xy [2(;@1 4 PEL (—zudhel)“ (32)
@ Qo

The expression in (32) can be expressed as the difference
between two functions.

2(1—2Md)ﬁ n B;
PSIR _ Z

o T (ug) i+ 14 m'l"(ud +m+ 1)

H 2m
X (E) (C1—Cy). (33)

The statistical expectation can be related using the aver-
age of an infinite series. Using this relationship, C; can be
expressed as

2pueL
w_( ) el

F(I'LCL)

o]

1 McHzm
x 2 l<QI)

b m!l'(uel +m+ 3)

« /oox(ZﬂclﬂFmel)exp [_ <2Mchx>:|
0 Q

2ughfx
Xy [Z(Md +m), Md—}dx.
Qo
It should be noted that (34) inherits both the desired signal
and the interfering signal due to the characteristic relationship
in (31). Out of this, x is arandom variable showing the desired

(34)
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TABLE 3. Minimum number of terms of (37) needed to obtain accuracy
better than + 10~3 in the infinite series.

Norm. Power =5 dBm  Norm. Power = 10 dBm

He = pa = 1.5
n=0.5 4 4
n=15 7 6
Hd = pe = 2.5
n=0.5 4 4
n=15 7 7

signal and [ is a random variable representing the resul-
tant interfering signal. For example, the previously defined
variables, including p. and g, €2; and €2 characterizing
the resultant interfering signal and desired signal, co-exist
interchangeably in the equations here.
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Using the identity in [45] equation (6.455.2), the integral
in (34) can be solved as follows (see Appendix B for details):
where A = g—‘l) is the average SIR of an interferer. equations
(35) and (36), as shown at the bottom of the next page, can be
substituted into equation (33) to obtain the equation (37), as
shown at the bottom of the next page.

Equation (37) shows the OP of an interference-limited
system in terms of a converging series. The results of a
convergence analysis of the infinite series with an accuracy
defined by the given significant figures are in Table 3.

D. EFFECT OF INTERFERENCE AND NOISE
Consider the PDF of the interference power expressed in (30)
and the CDF expressed in (20).

The OP with the SINR when noise is taken to be a unit and
can be expressed by
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K is simplified further and can be expressed as
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The incomplete gamma function can be expressed in the
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simplifications. According to Appendix B, it can be arranged
into the form below.
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Here, m is the iteration variable of the summation series,
which can take only integer values, and (g +m) > 0. To solve
the integral in (41), consider the relationship expressed in [45]
equation (3.385.1), which is of the same format.
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Here, B (-) [45] equation (8.380.1) is the Beta function, and
@ () is the confluent bivariate hypergeometric function
defined in [45] equation (9.261.1).

Using the expression in (42) and the definition of a beta
function, K in (41) can be reduced to the simplified version
expressed in (43) and refer to Appendix C for details.
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Following a similar process to that used for K, the integral
of K5; can be solved in terms of a confluent bivariate function,
incomplete gamma function, gamma function, and binomial
expansion to result in (44)
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TABLE 4. Minimum number of terms in (45) needed to obtain accuracy
better than + 10~3 in double infinite series.

Norm. Power =5 dBm  Norm. Power = 10 dBm

He = pig = 1.5
n=0.5 4 4
n=15 5 4
Hd = pc = 2.5
n=0.5 4 4
n=15 5 5
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Then, equations (43) and (44) can be substituted into (39)
to get the OP in the presence of interference and noise. This
can be expressed as a double infinite series that converges fast
as shown in (45), as shown at the bottom of the page.

The number of terms that need to be summed for the
series to converge for a result with the given accuracy level is
specified in Table 4.

E. SPECIAL CASE DISTRIBUTIONS
The generalized nature of the distribution can derive many
other fading models by setting the appropriate parameters as
given in Table 5.

Thus, many other fading distributions can be approxi-
mated in terms of performance metrics. In the next section,

TABLE 5. Special cases.

Fading Model n-p Parameter

Rayleigh n=1,p=0.5

Nakagami-m n—lLu=m/2;n—0,u=m
Hoyt (Nakagami-g) p = 0.5

One-sided Gaussian 7 — 0, = 0.5;n — oo, u = 0.5

the results of validating and investigating the numerical
behavior of the above derivation are presented.

V. RESULTS
To characterize the performance and behavior of the pre-
sented wireless communication system, the numerical results
as PDF and CDF of the signal power are investigated. The
proposed model performance is evaluated in three dimen-
sions: 1-D for line topology, 2-D for circle topology, and
3-D for sphere topology. Each node transmits at unit power
as discussed in the theoretical analysis. The results show a
superior performance of the 1-D model compared to the 2-D
and 3-D situations. The analysis of the OP and ABER metrics
has been compared with the benchmark algorithms including,
Nakagami-m, Nakagami-q (Hoyt), Rayleigh, and one-sided
Gaussian distributions. Moreover, the fading characteristics
of the received signal are analyzed in the NLOS using the n-u
fading model. Thus, the performance of the mobile network
can be improved by analyzing the ABER and OP metrics
for different fading models. Finally, to model the dynamic
and mobile characteristics of wireless networks, the impact
of noise-limited, interference-limited, and interference-plus-
noise limited scenarios has been conducted.

In the numerical analysis, to analyze the fading character-
istics of the wireless network, two strategies were considered
while designing a link.

1) Scenario 1: In the first scenario, the value of the power
at the transmitter is kept constant and the value of the
SNR and fading vary over the distance D.

2) Scenario 2: The second scenario consists of a fixed
average SNR at a finite distance D. The power is varied
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FIGURE 2. PDF of received power for a 1-D network with RWP mobility
when y = {0.1,0.5,1.0}, u = 0.6, ¢ =3 and p = {0.5, 1.0, 1.5),

7 =0.5, ¢ = 3.Solid line: 5 varying when p is constant; dotted line: x
varying when 7 is constant.

on the transmitter side to achieve a fixed value of
average SNR at a distance D.

A. PDF AND CDF OF RECEIVED POWER

This section analyzes the PDF of the received power by vary-
ing the values of n-u. The validity of the derived closed-loop
expression is verified in Fig. 2 by comparing the theoretical
PDF of the received power with the equations derived in
equation (12) and in benchmark papers [41]. In both cases,
the value of n is varied at a fixed value of w, and varied
u at fixed n are plotted for the PDE. The values of the
n = {0.1, 0.5, 1.0} are varied at the constant value © = 0.6
to model the behavior of non-linearity in the environment,
thereby keeping the number of multipath clusters constant.
In the second case, the value of the © = {0.5,1.0, 1.5} is
varied at a constant value of = (.5 to represent the behavior
of many clusters with varied values. The value of the ¢ = 3
is kept constant at 3 in the numerical results.

Fig. 2 shows the validation and reveals that when the value
of nis set at 1 and u = 7%, the PDF of received power
shifts to a Nakagami-m model. Whereas, in case 2, for a
value of u = 0.5, the Nakagami-g model characteristics
are observed. Furthermore, with increasing value of the 7,
aright shift is observed in the graph showing a low probability
of receiving power. The right shift trend in the graph can
be observed with increasing value of the u for a constant
n environment. For case 2, a similar characteristic of right
shift is observed with increasing the value of the u for a
constant n environment. It is observed in case 1 and 2 that
when the value of the multipath cluster is kept constant
with the increasing value of w, an increase in the strength
of received power is observed. Finally, it can be verified
that the derived closed-loop expression has a more general
form linked to other techniques as in [41] and can model
the fading characteristic and dynamics of a next-generation
network.

The next section analyzes the results obtained from the
evaluation. The results are obtained using the 1-D topology.
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FIGURE 3. CDF of received power for different topologies of the RWP
mobility model wheny = 0.5, ¢ = 0.6, ¢ = 3.

To examine the effect of different topologies, the CDF is
plotted.

Fig. 3. shows the CDF characteristics of the received power
as derived in equation (20) for different network topologies
considering a random n = 0.5, 4 = 0.6,¢ = 3 fading
environment. The scenario with a unit transmit power is
observed over a unit-normalized distance, D = 1. It can be
depicted in Fig. 3 that the value of CDF of the 3-D distribution
is higher than that of the 1-D and 2-D distributions. The right
shift in the graph is observed while moving from the 3-D to
1-D distribution. The trend in the graph shows that a higher
probability of received power is observed compared to 1-D
and 2-D distributions. That is due to the modeling of the
characteristics of expanded service areas in 3-D distribution.
Yet, in [41], the modeling did not consider the effect of 3-D
on the CDF. Our proposed distribution is more generalized
and is not limited to Nakagami-m.

B. AVERAGE BIT ERROR RATE

The numerical analysis of the performance metrics is pre-
sented in this section. The analysis considered a mobile user
moving in a maximum range of D = 100 m. For evaluation
purposes, both of our link design scenarios are plotted in
some cases, i.e., fixed average SNR and fixed transmit power
at finite distance D. Moreover, in all cases, when the n and
[ parameters are set, the behavior of many fading distribu-
tions, including Nakagami-m and Nakagami-q (Hoyt), can be
analyzed as special cases. The evaluation parameters are as
follows: n = 0.5, © = 0.6 when D = 100 m. A threshold
ABER of 1079 applies to further analysis.

This section shows the ABER with increasing transmit
power. Path loss is an important parameter to model the effect
of the ABER in a wireless system. Hence, to exhibit the
dynamic characteristics of fading in the evaluation, in Fig. 4
the ABER as shown in equation (29) is depicted including
the effect of the path loss exponent. The value of the path
loss exponent ¢ = {2.0,2.5,3.0,3.5} is varied to eval-
uate the received signal behavior in different propagation
environments.

65027



IEEE Access

E. Meesa-Ard, S. Pattaramalai: Evaluating Mobility Impact on Performance of Heterogeneous Wireless Networks

102

Average BER
5
&

" " " b
40 50 60 70 80 20 100
Transmit power Fl (dB}

FIGURE 4. ABER of BPSK modulation for a 1-D network with RWP
mobility when ¢ = {2.0, 2.5, 3.0,3.5}, » = 0.5 and . = 0.6.

The ABER value shows an increasing trend with rising
path loss exponent values for a constant n and w fading
environment. The threshold value of ABER is noted to be
107% and is achieved at approximately 80 dBm when the
value of ¢ = 2.0. This shows that with the increasing value of
¢ = 2.0, higher threshold values can be achieved according
to the dynamic environmental conditions. A binary phase-
shift keying (BPSK) modulation scheme is plotted against P,
analyzing the effect of bit error rate. Yet, the derived novel-
form expression from the ABER in (29) is generic, so by
varying the modulation parameters a and b, it is possible
to get the desired ABER for various modulation schemes.
The existing papers in [41] are not modeled in the dynamic
environment in their derivation and thus cannot be used for
analyzing the fading characteristics of wireless networks. The
numerical results prove that the network designer can ease
mobility and path loss on the ABER of a mobile user in an
n-p fading environment.

C. OUTAGE PROBABILITY

The OP of the received power is analyzed with transmit power
P; and Q¢ for different heterogeneous environments having
interferers and received signals.Moreover, the analysis uses
an OP of 103 as reference for & = 2 which is the minimum
threshold for power. The path loss exponent ¢ was kept
constant at four while the fading parameters n and p were
varied for the analysis.

Figs. 5 and 6 illustrate the OP with the varying trans-
mit power and average SNR, when the value of n =
{0.1, 0.2, 1.0} and value of constant multipath cluster is u =
0.6 for ¢ = 4. The analysis of the OP is done for the noise-
limited, interference-limited, and interference+ noise systems
cases to analyze their behaviors.

Fig. 5 shows the effect of different parameters on the OP
performance. The OP value is high when the effect of noise
and interference is modeled in the results as shown.

It depicts that, for all environments, the system perfor-
mance increases by increasing the value of n for wireless
systems. For all the combinations of  and p, the performance
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FIGURE 5. OP of received power when ¢ = 2 for a 1-D network with RWP
mobility while 5 = {0.1, 0.2, 1.0}, x = 0.6, and ¢ = 4. Solid line: Noise
only; Dashed-dotted line: Interference only; Dotted line: Interference and
noise.
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FIGURE 6. OP of received power when ¢ = 2 for a 1-D network with RWP
mobility when 5 = {0.1,0.2, 1.0}, x = 0.6, ¢ = 4. Solid line: Noise only;
Dotted line: Interference and noise.

of an interference-limited system is the best even though the
environment with noise performs well compared to the one
that has noise-with-interference systems. Thus, the proposed
derivations show a clear relationship of varying the n and
values on the OP, and network designers can model the effect
of interference and noise by changing the values of 1 and u
to improve the performance of the wireless system.

In Fig. 6 analysis is done for designing the link keeping
a fixed average SNR at a distance D. Here, the transmitted
power is varied to maintain a fixed SNR in different fading
environments. On OP, a similar trend is observed as in the
case of Fig. 5. For these plots, interferers with identical
interference-to-noise ratio of Q; = Pd;, ¥ = 10 dBm
are applied. When the fading parameter n is characterized,
the performance increases with rising 7. To achieve an OP
of 1073 when ¢ = 4, n = {0.1,0.2, 1} the fading envi-
ronments need average SNR values of approximately 20, 22,
and 23 dBm, in the presence of noise only. When noise and
interference are counted, the same system needs average SNR
values of 39, 40, and 42 dBm. Moreover, transmit powers
needed to achieve this value of average SNR at distance D
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FIGURE 7. OP of received power versus transmit power when 6 = 2 for a
1-D network when ¢ = 4, 1 = {0.5, 1.0, 1.5}, 5 = 0.5. Solid line: Noise
only; Dotted line: Interference and noise.

can be calculated using Q9 = P;D~% and the relationship
A = %. Thus, the closed-loop expression shows that by
varying 1 and p parameters in different environments, such as
extreme wireless networks, the performance can be improved
on designing the wireless networks. Thus, the benchmark
papers [41] cannot model the mobility and dynamic nature
of the wireless networks.

To model a real-scenario for a dynamic wireless network,
we evaluate with a mobile node inann = 0.2, u = 0.6, ¢ =
4 environment with a maximum range of D = 100 m when
transmit power is 100 dBm. The system is seen to have an
OP of about 4 x 1073 when the system is modeled with
noise, while it is about 2 x 1073 for an interference-limited
system. When the transmission occurs in the presence of
both noise and interference, an OP of about 6 x 1073 is
observed under similar conditions. Thus, the derived closed-
loop expression can show that the fading phenomenon has
diverse characteristics in wireless networks and can be taken
into consideration while designing a network.

D. VARYING MULTIPATH CLUSTERS

This section analyzes the OP behavior for varying multipath
clusters keeping the value of the non-linearity constant
fixed. Fig. 7 plots the OP for a fixed power link design in
a constant n = 0.5 fading environment. Fig. 7 illustrates
that with an increase in the value of u, the performance of
the system increases. The performance of the OP decreases
when the system is modeled with interference and noise.
As a result, a clear relationship between noise and inter-
ference is modeled in the derivation. The OP of varying
multipath clusters © in fixed 1 environments is illustrated
for the second scenario in Fig. 8 whose behavior is similar
to Fig. 6 so that with an increasing value of yu, the value of
the OP increases. Similarly, when interference and noise are
added to the system, the system performance decreases due
to different fading and mobility characteristics of the wireless
network.
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FIGURE 8. OP of received power versus average SNR when ¢ = 2 for a 1-D
network when ¢ = 4, p = {0.5,1.0, 1.5}, n = 0.5. Solid line: Noise only;
Dotted line: Interference and noise.
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FIGURE 9. OP of received power when 6 = 2 in a 1-D network model at
¢ = 4 for a noise-limited system.

E. SPECIAL CASE PROOF

In Fig. 9. the graph of OP is depicted, which incorporates
the RWP mobility model for characterizing dynamic fading
distributions as modeled in the generalized n-u distribution.
All special cases are obtained using format 1 of the distri-
bution. However, by substituting suitable parameters, format
2 can also be used for such special case approximations.
Nakagami-m distribution is obtained by setting n = 1, u =
% where m is 1.5 in this case, and Nakagami-g (Hoyt) is
obtained with n = g, © = 0.5. In this depiction, g is taken
to be 0.1. One-sided Rayleigh and Gaussian distribution can
be derived from the Nakagami-m model by incorporating
the value of m = 0.5 and m = 1, respectively [44].
The performance analysis of the mobility incorporating the
different distributions can be considered a special case. The
proposed model is also presented as flexible and adaptive
with the mobility behavior of various dynamic wireless fad-
ing environments by varying the values of  and u param-
eters, whereas the fading characteristics in [41] have not
included the mobility characteristics of wireless networks.
The paper [41] may have considered similar characteristics
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with the value of 4 = 0.5 in the Nakagami-m model.
However, in our proposed scenario, the novel-form expres-
sions for the received power of the wireless environment by
incorporating the mobility characteristics are not limited to
the Nakagami-m distribution.

VI. CONCLUSION

Generalized novel-form expressions for the PDF and CDF of
the received power is proposed including the ABER and OP
metrics in a dynamic wireless network following the RWP
mobility design in an n-u fading distribution. Performance of
the proposed fading model was analyzed in PDF and CDF for
1-D, 2-D, and 3-D network deployment structures. An ABER
evaluation for generic modulations was provided. The val-
idation results of the analytical expressions show that the
proposed novel-form expression can be used for investigating
the effect of fading for different dynamic environments.

APPENDIX A
TWO » — . DISTRIBUTION FORMATS
Here are the two different formats of the - fading channel
as described in [50], [51].

Format 1: The fading signals are independent within each
cluster and have different values of power,

nlomo 240 40
4 o 4
where 0 < n < oo represents the wave power ratio.
Format 2: Received power of the fading signal is correlated
and identical within each cluster represented by,
H=—"1_ ; h= L ;
1—n? 1—n?
where —1 < n < 1, is representing correlation coeffi-
cient between the quadrature components and each multipath
cluster.

H = ;>0 (46)

—l=n=1 @7

APPENDIX B
DERIVATION OF (35)
The relationship in [45] equation (6.455.2) can be seen in
equation (25).
The expression in (34) can be simplified and arranged into
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APPENDIX C

DERIVATION OF (41)

The expression in (40) can be expanded using the incomplete
gamma function relationship below

1
y (v, x) = x"/o y("_l)e—xydy. (49)

Considering [47], the expression in [40], can then be
expressed as follows considering the binomial expansion
given in [52]

(I+x)"=

Zanx = Z <k)xk. (50)

k=0
Then, using (50), the expression in [40] can be expressed as

K h“ oL
F(/’LCL) Z m'F(McL +m-+ 2)

2 LL+ 2(pa+
O I
Q Q0

1
2414h0
X/ Y Ratm=1) g, [_( /gl y)}
0 0

2(pa+m)
« Z <2 (Md.‘i‘ m))

j=0 /

0 .
x / x(2ucL+2m+jf 1)
0

2uch  2ucho
x exp | —x Hel b dxdy.  (51)
Q Qo

The solution for the integral of the following form can be
expressed using [45] equation (3.326.2)
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/0 x"exp (—,Bx )dx— Py (52)

m+1
)

HEem

where y = (
Solving the integral in (51) using the results of (52) are

K] MLL
F(MCL) Z m'F(pLCL +m+ 2)

2(ud+m)
2(Md+m))
< 3

2,udh9 2(#d+m)
X
Qo

2u1h0 —2(ucL+m)
x <2h+ act y)
Held

(%)

f 2(g+m)—1
(2/’l+ zﬂdhgy) 0

T QucL + 2m + )

e\
21qgho
X exp |:— ( 'l:;lo y>:| dy (53)
where A = (g—‘;)
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By factorizing and rearranging, the expression in (53) in
the form of (41) is obtained.
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