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ABSTRACT

With the recent advancements in wireless communication, there has been tremendous
growth in the applications such as body area communication, vehicular communication
and device-to-device (D2D) communication etc. In most of these future generation
applications, the data is transferred from source to destination through a wireless link.
The signal experience many phenomena like reflection, refraction, diffraction and
scattering in its path traveling from transmitter (Tx) to receiver (Rx). These phenomena
result in the fluctuations in the received signal strength which eventually degrades the
quality of the signal and is termed as fading. Fading can be classified as small-scale
fading and large-scale fading. To characterize the small-scale fading and large-scale
fading, different mathematical models are used in literature.

The size of the mobile cells in third/fourth generation (3G/4G) wireless technologies was
relatively large, thus the signal propagation scenario was thought to be outdoor
propagation and various models such as Rayleigh, Rician, Nakagami, Weibull etc. were
used to model that scenario.

One of the main objectives of the fifth generation (5G) wireless networks is to provide
high throughput and low latency to all users anywhere within the coverage area.
However, because of the high attenuation provided by the structures' walls, delivering
reliable services to consumers inside the buildings remains a serious challenge. The
creation of a heterogeneous cellular network, in which a macro-cell is overlaid over a
number of femtocells, dedicated to providing coverage for indoor users, is an effective

approach that has recently been embraced by numerous standards. Femtocells are small,



low power cellular BS, which can be installed in a small business environment or a home
to provide better coverage with improved battery life for the mobile stations. Due to the
small areas of the femtocells, the characterization of the signal cannot be modeled in the
form of traditional outdoor propagation models.

For addressing the propagation phenomenon in 5G and beyond technology, Beaulieu-Xie
(BX) and Fisher-Snedecor F (FSF) distributions are introduced. The BX fading channel
has found application in the signal propagation in small buildings and fast-moving trains.
FSF fading channel is a composite fading model that is used to model the signal
propagation for D2D and wearable communication links.

The performance of communication system inside the densely packed small cells or
femtocells with maximum ratio combining (MRC) diversity is studied. The closed-form
expressions for outage probability (Pout), amount of fading (AF) and average symbol
error probability (ASEP) for coherent and non-coherent modulation schemes are derived
for the said channel. Further, the channel capacity (CC) analysis over different
transmission policies is performed and the corresponding results are plotted. The effect of
diversity on the performance measures are demonstrated.

In contrary to Shannon’s ergodic capacity, the delay-constrained effective rate is used to
define the maximum data rate of the real-time applications in 5G and beyond networks.
We have studied the effective throughput performance of the multi-antenna system over
the BX fading channel and FSF fading channel. The closed-form mathematical
expressions for the effective capacity (EC) are derived in terms of Meijer-G function and

the effect of different fading parameters on the effective throughput of the system is

Vi



demonstrated. The simplified asymptotic expression for high signal-to-noise ratio (SNR)
and low SNR regimes is provided to gain more insight in to the system.

The intelligent reflecting surfaces (IRS) is a newer technology that is being used in 5G
and beyond networks to improve the system performance. Due to this, the IRS-aided
systems have been actively investigated. The application of the derived formulation for
the IRS-aided system over the BX and SFS channels are studied. Interesting results of the
system performance in terms of channel parameters are demonstrated.

For the expressions having infinite series representation, the truncation error has been
provided wherever possible. The effect of fading parameters on the performance
measures are demonstrated through analytical results. Simulation results are corroborated
along with the numerical results to verify the correctness of the proposed formulations.
The results presented in this study can be used in designing the communication systems

for real-time applications in next-generation wireless networks.
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CHAPTER 1

INTRODUCTION

Depending upon the dimension of the obstructions, the signal experiences different
phenomenon like reflection, diffraction and scattering etc., while traveling from Tx to Rx.
In the designing of a communication system, the QoS parameters are evaluated and their
performances in terms of channel fading parameters are studied. For this, we need to
model the wireless channel between the Tx and the Rx. Different channel models are
present in literature, which are applicable to different propagation scenarios. This chapter
discusses different fading channels, the measures to mitigate the detrimental effect of
fading and the performance parameters of the wireless communication systems. In the

final section, the main contribution and organization of thesis is elaborated.

1.1 Multipath Fading

Small-scale fading is also known as multipath fading. In this phenomenon, multiple
replicas of the same transmitted information reach the Rx at different time instances. Due
to multipath fading, the overall quality of the signal is degraded. The variation of fading
is very in-deterministic, and hence it is difficult to have an accurate model of fading.
However, many researchers have given a number of mathematical models to characterize
the effect of fading. These models depend upon the different environments and can be
described by different statistical distributions. Some of the common multipath fading

models are described below.
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1.1.1 Traditional Models

In the earlier mobile technology generations (1G-4G), the maximum distance from BS to
the mobile users was large (approximately in Kms.) and the signal propagation from the
BS to the mobile user was outdoor propagation. Depending upon the propagation
scenario, the channel between the BS and the mobile users were modeled in the form of

traditional distribution functions as discussed below.

1. Rayleigh: Rayleigh distribution is used to model the communication scenario, when
independent scatters are very large and there is no LOS component of the signal

present at the Rx. The PDF of y following the Rayleigh distribution is given by [1] as

fy(y)%exp[—é} 720 (12)
e v

here y is average received SNR and  is instantaneous received SNR.

2.Nakagami-m: Nakagami-m distribution is used to model ionosphere radio land-

mobile and indoor-mobile propagation links [1]. The PDF of j» following the

Nakagami-m distribution is given by [1] as

nak (mnak—l)
m
f, (7): ( nak) eXp( M], y >0, %£mnak (1.2)

7mnakr(mnak) ) 77

where m_,, is the Nakagami-m fading parameter.

3.Nakagami-n (Rice): Rice is used to model propagation path when there exists a

strong LOS path component along with random weak components. The PDF of »

following the Rice is given by [1] as
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(1.3)

nak

()= (1+ nnakz)?(p(nnakz)exp[ y(1+_nnak2)} 50, 0<n
4 v

where n_, is the Nakagami-n fading parameter.

4. Nakagami-g (Hoyt): This distribution is used to model the propagation channel with

more severe fading conditions. The PDF of » following Hoyt distribution is given by

[1] as

f = exp| —
A e

pre), [ rled) ,[mqw |

where q is the Nakagami-q fading parameter.

5. Weibull: Another important fading distribution which is used to model radio system

in 800-900 MHz frequency range is Weibull distribution. The PDF of » following

Weibull distribution is given by [1] as

@ E L) exp[_(gr(uﬁm, 720 (L5)

where c is the shape parameter.
1.1.2 5G Fading Models

With the requirements of high data rate and low latency networks in next-generation 5G

technologies, the concept of densely packed small cells or femtocells is introduced to
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fulfil the demand of the traffic. Femtocells are small, low power cellular BS which can be
installed in a small business environment or a home to provide better coverage with
improved battery life for the mobile stations [2]. Due to the small areas of the femtocells,
the characterization of the signal inside the femtocells cannot be considered as outdoor
propagation model. For addressing different propagation phenomenon of multiple LOS
components along with the diffused power components inside a femtocell, a new fading

model for indoor propagation namely BX is proposed in [3]. The PDF of » following BX

distribution is given by [3] as

LN

m+l m-

f, (7):772—71exp(—(mk+77y))lm1(2 mkny ) (1.6)
(mk)

~ |3

where m, A are severity fading parameter and non-centrality parameters.

1.2 Shadowing

Large obstacles between the Tx and Rx like buildings and towers are the main cause of

shadowing. Some of the common shadowing fading models are described below.

Lognormal: There is a general consensus among the researchers that shadowing can be

best modeled in the form of lognormal distribution with the PDF of » given by [1] as

1 ~ (log,7 —p)’
f, ()= 07/\/5 eXpE = J (1.7)

where W is the mean and o is the standard deviation of RV log,y .
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Gamma: Representing shadowing using the lognormal PDF often leads to analytical
difficulty in deriving the closed-form expressions when combined with other functions.
Gamma distribution is the most acceptable approximation of lognormal distribution and
IS most widely used in literature to model shadowing effects. The PDF of gamma

distribution is given by [1] as
m _(m-1)
m m
p, ()=t exp(——_yj, y=0 (1.8)

Inverse Gaussian: Inverse Gaussian distribution is also used to model shadowing

because of its closeness with the lognormal distribution [4].

1.3 Composite Fading

In practical wireless communication scenarios, the signal propagation is affected by the
simultaneous occurrence of multipath and shadowing effects called as composite fading.
Composite fading models being the more realistic channel are used for accurate modeling
of wireless channels. Different composite fading channels are used in literature to study

the performance of wireless systems.

1.4 Diversity Combining

Diversity is a reception combining technique which is used to overcome the effect of
fading. By transmitting the signal over more than one path, the probability that each
signal will receive the same deep fade is reduced. Various diversity combining

techniques are popular in literature.
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1.4.1 Selection Combining

SC is a diversity combining scheme in which one branch with max. SNR among all the
available branches is selected [5]. The block diagram of SC scheme is shown in figure

1.1.

/ |SNR MonitorH SAERLE ] \

with max SNR
()

: )
® ) (/é

Transmitter

Channel 1

Channel 2

o -

Figure 1.1 Selection Combining schematic

The branch with the highest instantaneous SNR is connected to output demodulator. SC
performs detection of only one signal having the highest SNR. Therefore, it is the scheme

that offers least complexity.

1.4.2 Equal gain Combining

EGC is the simplified version of the MRC technique. In this, the overall SNR at the
output of the combiner is the addition of all branches SNR and the gain of all the
branches are set to be one. Thus, it produces SNR at the combined output lower than that

of MRC.
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1.4.3 Maximal ratio Combining

In MRC technique each branch signal is multiplied with a gain weight factor which is

proportional to the SNR of the channel [6].

-
‘53

' ‘ Co-phase
‘ and Sum YMRC

Transmltter

Figure 1.2 MRC Combining scheme

The channel having better fading condition shall be assigned with high weight. The
pictorial representation of MRC is shown in figure 1.2. This is considered as the most
complex scheme as the SNR of all the branches are optimally combined at the Rx. Here
all the signals on N branches are weighted according to their individual SNR and then

summed.

1.5 Performance Measures of the System

Outage Probability: It is the probability that the received SNR falls below a particular

threshold (7, ). The Pout can be defined as
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Vth

Pout = j f(7)dy (1.8)

0

Amount of Fading: AF is a measure of the severity of the channel and is defined as

we- £

=—t= 1.9
e[ -1 (1.9)

ASEP/ABEP: For evaluating the performance as well as to get a better understanding of
wireless communication system behavior, ASEP is widely used metrics. In case of fading
channels, ASEP can be mathematically calculated out by averaging the instantaneous

error probability and is given by
P=E[P(]=[P()T,()dy (1.10)
0

where P(y) is the instantaneous symbol error probability, which depends upon the

modulation techniques used in the communication system.

Channel Capacity: Shannon derived the CC formula and showed that reliable data
transmission is possible if the transmitting rate does not exceed the CC. The reliable data
transmission corresponds to achieve arbitrarily small error probability. Shannon capacity
with regards to wireless channels of interest is obscure and depends on the channel
condition as well as on the channel information at Tx and/or Rx. In wireless
communication having the information about the channel properties of the
communication link is termed as CSI. The CC model following Shannon’s theorem is

shown in figure 1.3.
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Figure 1.3 Shannon CC model

The information about the signal propagation between the Tx and the Rx and the related

effect of fading can be estimated if CSI is known. The following scenarios are given to

estimate the CC.

CDiI: In this scheme, the channel gain distribution is known to both Tx and Rx.

. Receiver CSI: In this scheme, the CSI is known to the Rx and the channel gain
distribution is known to both Tx and Rx.

CSI at both Tx and Rx: In this case both the Tx and Rx have CSI and Tx adjusts its

transmission methodology according to the CSI as shown in figure 1.4.

ENCODER

) | DECODER |
CHANNEL

ESTIMATOR

Transmitter Channel Receiver

nfi]

Figure 1.4 Channel with Tx and Rx CSI
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Effective Capacity: In traditional communication systems, throughput was considered
the only QoS parameter and ergodic capacity was used to characterize the effective data
rate. Now with the emergence of real-time applications like video conferencing, smart
grid network and online interactive gaming, not only the throughput but the delay
sensitivity of the communication system has gain importance for the system designer.
Shannon capacity is not able to characterize the effective rate of a system, when delay
constraint is considered as a QoS parameter. To account for the delay performance of the
real-time systems, the effective rate was proposed in [7]. EC can be defined as the
maximum rate of data transfer that a wireless communication system can support with a
guaranteed delay bound QoS constraint. For the fading channel, the EC that can be

supported under a statistical QoS constraint can be expressed as

R(0)=—%I092[E{(1+7)A}]=—%logzﬁ(1+7)A fy(7)d7} (1.12)

0

where A denotes the metric of the delay constraint and mathematically can be given a
A=dTB/In(2), in which @ is the delay exponent, T is a block length. A larger value of 8
means stringent QoS whereas a smaller value of & exhibits lenient QoS requirement and

when HECO=Shannon‘s Ergodiccapacity. It means that the system can tolerate larger

delays when it is not bounded by the delay constraints.
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1.6 Thesis Organization and Contributions

In this thesis, the performance analysis of 5G and beyond wireless systems is performed.
The thesis work is divided into different chapters. Chapter wise contribution of the thesis

is as follows:
Chapter 2: Literature Review

e A detailed and exhaustive literature survey is presented for the various approaches
and techniques used to evaluate the performance of communication systems in
different fading channels.

e Performance of various fading models in different applications of 5G and beyond
networks are surveyed. Based on the literature survey, research gaps are identified,

and research objective of the thesis is formulated.

Chapter 3: Performance Analysis of Beaulieu-Xie Fading Channel with MRC

combining

e BX fading channel model and its performance analysis over MRC diversity is
studied.

e The closed-form mathematical expressions for the performance parameters like Pout,
AF, CC and ASEP/ABEP (coherent/non-coherent detections) over the BX fading
channel are derived. The capacity performance over different transmission policies is
performed.

e The effect of diversity and other fading parameters on the system performance

measures are demonstrated through numerical simulations.

11



Chapter 1: Introduction

Chapter 4: Performance Analysis of EC over Beaulieu-Xie Fading Channel with

Multi-antenna system

e The effective throughput performance of the multi-antenna system over the BX
fading channel is studied.
e The simplified high-SNR and low-SNR expressions are proposed that enables direct

interpretation of the system behaviour.

Chapter 5: Performance Analysis of EC over Fisher-Snedecor F Fading Channel

with MRC diversity reception

e The EC performance of the delay sensitive communication system over FSF fading
channel with maximum ratio combining is studied.

e The closed-form mathematical expressions for the EC are derived in terms of Meijer
G-function and the effect of different fading parameters on the effective throughput

of the system is demonstrated.

Chapter 6: RIS-aided throughput analysis over the Fisher-Snedecor F and

Beaulieu-Xie fading channels

e Throughput performance for the RIS-aided system over the FSF and BX fading
channels are derived.
e Itis concluded that the effect of fading can be compensated by increasing the number

of reflecting elements in the IRS-assisted system.

Chapter 7: Conclusion and Future Scope of Work

e Conclusions of proposed methods and algorithms are presented in this chapter.

12
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e A detailed discussion of possible avenues of future scope work is presented.

13



Chapter 2: Literature Review

CHAPTER 2

LITERATURE REVIEW

This chapter presents the summary of work done in literature for traditional fading
models and 5G fading models. Various works on effective throughput of the system for
SISO, SIMO and MIMO systems are thoroughly reviewed in this chapter. The
performance of the system over various networks like WSN, cooperative networks, UAV
networks and hybrid networks etc. are reviewed here. Based on the extensive literature
review, research gaps are identified and the corresponding objectives are set. Various
algorithms and methods used to model wireless communication channel and the

performance evaluation of these channels present in the literature are discussed here.

2.1 Introduction

With the recent advancements in wireless communication, there has been tremendous
growth in the applications such as body area communication, vehicular communication
and D2D communication etc., which require a high data rate with high reliability. In most
of these future generation applications, the data is transferred from source to destination
through a wireless link. The signal experience many phenomena like reflection,
refraction, diffraction and scattering in its path traveling from Tx to Rx [1]. These
phenomena result in the fluctuations in the received signal strength which eventually
degrades the quality of the signal. The multipath fading results in the rapid fluctuation in

the signal amplitude and shadowing give rise to the slow variation in the signal strength
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at the Rx. Therefore, the QoS offered by the wireless communication system, in turn
depends on the truthful assessment of the received signal at the Rx [1]. These resultant
phenomena may deteriorate the quality of radio links; reduce the overall reliability of the
signal and the performance of the communication system. Apart from these deleterious
effects, the general research of the communication system broadly covers the aspects of
channel modeling and other signal improvement techniques. The prime-facie of any
wireless communication system development is the accurate channel characterization. It
helps us to acquire knowledge about the fading behavior of the channel, not only to
analyze the performance but also to improve system design. Since the fading
phenomenon observed in the wireless system is random, thus the effect can be modeled
in terms of fundamental statistics, such as the density function, the CDF, and the MGF.
Among the aforementioned, the most commonly used fundamental statistics is the PDF.
The statistic can easily be used for analyzing the system with diversity and in error
correction coding [1]. On the other hand, the remaining statistics also play a vital role in
assessing the communication system performance metrics, namely, Pout, average SNR,

ASEP/ABEP and CC etc.

The CC along with other performance parameters like the Pout, and the error probability
etc. is an essential parameter of concern in the designing of a communication system,
which helps system engineers to provide the QoS within the limited available spectrum to
a large number of users. Also, to address the explosive traffic demands, the capacity of
the fading channel is increasingly becoming a prime concern in the designing of the
wireless communication system. The CC is an extremely important quantity since it

allows the transmission of the data through the channel with an arbitrarily small
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probability of error.

The growing demand of high data rate in the future generation networks make it
important to determine the capacity limits of the underlying channels. With the
exponential rise in the services of the next-generation networks, it becomes extremely
important to analyze the effect of several channel perturbations on the transmission rate.
Capacity analysis based on Shannon’s formula is investigated in the work of literature [8]
[9]. CC is often expressed as a function of the average transmitted power. This function is
obtained by optimizing the mutual information over all source distribution which have
their average second moment, is equal to the given power or upper bounded by this
power. CC parameter governs how fast data can be transmitted through the channel;
which eventually depends upon the bandwidth of the channel as well as the quality of the
channel. Data transmitted over the wireless channel suffers from random fluctuations due
to channel impairments which, tend to degrade the transmission capability of the channel.
CC analysis of various wireless channels under different propagation conditions has been
analyzed in [10] [11] [12] [13] [14] [15]. Several works in literature are available that
explores and review the implementation of CC analysis in different scenarios. For
instance, a review of the multipath fading models is presented in [16] where the
performance comparisons of the different models are presented. A conceptual
explanation of the EC towards the delay-sensitive applications is presented [17]. A
survey over the secrecy capacity performance over different fading channel is performed
in [18], [19] [20]. Furthermore, a survey over the new technologies for 5G and beyond

networks is provided in [21], [22].
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2.2  Work on Traditional Fading Channels

To model the signal propagation, various mathematical distributions are studied in the
literature. To model, the multipath fading, different models are widely explored in the
literature. In [23], the performance analysis of the non-identical generalized Gamma
fading channel is derived. This approach provides a simpler solution for the evaluation of
CC in wireless communication system. The transmitted signal often suffers from
shadowing due to the terrain, building structures, and trees, which in turn degrades the
signal quality. To model this effect various models such as Lognormal, gamma, inverse
gamma and inverse Gaussian are used. In [24], authors have presented an asymptotic
analysis of the ergodic capacity for the Lognormal shadowed channel. An alternative
model of shadowing, the inverse Gaussian channel is studied in [25]. The benefits of the
inverse gamma over Lognormal and gamma shadowing are discussed in [26] and its CC
analysis is comprehensively studied. In [27], analysis of CC over the lognormal channel

is presented and expression of CC is represented in a simpler form.

Degradation of the signal due to the simultaneous occurrence of multipath and shadowing
effects is called as composite fading. The CC analysis over composite Nakagami-
m/Gamma and Nakagami-m/inverse Gaussian channel is presented in [28] and [29]. The
expressions of Pout are also derived for both the cases in [28] and [29]. Using the
incomplete generalized MGF, closed-form expressions for the Pout of the MRC scheme
are obtained over the k-p shadowed fading channels in [30]. Similarly, for o-k-p
shadowed channel, ACC is analyzed in [31], using the mixture gamma distribution. Table
2.1 summarizes the review of performance parameters over different fading channels

presented in the literature.
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Table 2.1 Review of various performance parameters over different channels

Representation | Fading Parameter
Reference ] Comments
of Expression Channel Analyzed
[32] n-wand k-p | ACC The expressions are
nakagami-m, presented in terms of
[33] rician ACC the Meijer-G
weibull function. This
Meijer-G OPRA, function can be easily
[34] -
Function ORA implemented in
a-n- p and available  software
[35] AcCC
0-K — L which  makes the
[36] WI/LN ACC analysis simpler.
[12] Hoyt/gamma | ORA
OPRA, The expressions are
ORA, presented in the form
[37] Nakagami-q
CIFR, and |of infinite series
TIFR summation So, the
Infinite  series Ergodic truncation error need
[27] Lognormal
summation CcC to be calculated to get
OPRA, the desired accuracy.
ORA,
[38] Nakagami-n
CIFR, and
TIFR
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N-winverse Ergodic
[39]
gamma CC
Provides more
OPRA,
precise analysis but at
Bivariate Fox-H ORA,
[40] o-1-L the cost of
function CIFR, and
implementation
TIFR
complexity.
The expressions are
[41] Fox-H function | a-n-x-p ACC simple and easy to
implement.
OPRA, This function
[42] n—w/Gamma
ORA provides an
OPRA, approximation of the
Generalized- | ORA, analysis and can
[43]
Hypergeometric | K CIFR, and | easily be
function TIFR implemented in the
K—/Inverse available  software
Gamma and packages.
[44] ORA
n—winverse
Gamma

Diversity: Diversity has been one of the techniques to reduce the effect of fading on the

communication system performance. The study of fading channel with different diversity
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techniques are present in the literature. The capacity analysis of Rayleigh fading is
reported in [45] by using the MRC reception technique. Further, the ABER performance
analysis for the TWDP fading channel is provided in [46] with the pre-detection MRC
technique. The outage and ABER performance of the k—u fading channel with MRC
diversity is studied in [47]. The capacity analysis of TWDP fading using MRC detection
is provided in [48]. Table 2.2 presents the summary of diversity combining works over

different fading channels.

Table 2.2 Performance analysis based on diversity combining techniques

Reference | Year Fading Channel Diversity Combining
[49] 2020 | B-X MRC
[12] 2017 Hoyt/Gamma MRC
[50] 2018 Hoyt/Lognormal MRC
[51] 2019 Generic and composite MRC
[52] 2008 Co-related Weibull SC
Inverse gamma
[26] 2019 SC
shadowed
[30] 2016 k-1 Shadowed SC
[53] 2007 Generalized-K MRC, EGC, SC
[54] 2015 n—u MRC

CSI: The signal propagation information between the Tx and the Rx can be estimated if

CSI is known in advance. Regarding this knowledge, three different scenarios, are
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considered to estimate the CC of the wireless channel. A summary of the classification of

CC works based on the CSl is provided in Table 2.3.

Table 2.3 CC based on CSI condition

Reference | Year | CSI Main Contribution
condition
Proved that capacity accomplishing distribution
[55]
2001 | No CsSl for i.i.d. Rayleigh fading channel is discrete with a
limited number of points.
Presented investigations over block fading
Rayleigh channel. Concluded that the pilot-based
[56] 2016 | No CSI demodulations are imperfect and channel
estimation is certainly performed by a capacity-
optimal decoder
Analyzed the capacity of block fading MIMO
[57] 1999 | No CSlI
channel.
Used the first-order Gaussian Markov process for
CC analysis for the system. Concluded that the
[58] 2019 | No CSI
channel rate information is a non-increasing
function of the coherence channel co-efficient.
CSI known
1999, ORA, OPRA and CIFR analysis for Rayleigh and
[37], [45] to Rx and
2003 Nakagami-q fading channel is performed.
TX
[59] 1997 | CSI known | For various fading channels expression for ergodic
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to Rx only CC is derived

2005, | CSI known | Expression for the ergodic CC for a-, x- i and #-
[33], [32]
2007 | to Rx only W fading channel is derived

Pout Of Hoyt under Rayleigh interference and
2010, | CSI known
[60], [61] Lognormal shadowed Rician fading channel is
1997 | to Rx only
studied

2.3 Works on 5G Fading Channels

For addressing the different propagation phenomenon of multiple LOS components along
with the diffused power components, a new fading model for indoor propagation is
proposed in [3] which is most suited for 5G scenarios where femtocells are used. The
PDF of the envelope of the received signal over the BX fading channel is proposed in [3]
and its performance in terms of symbol error rate is demonstrated. The BX fading model
unifies the non-central chi, generalized Rician and k—u distributions for the modeling of
fading channels and can be easily transformed to these distributions [3]. The second-
order statistics, like average fade duration and level crossing rate of the channel is studied
in [62]. The secrecy capacity performance over the BX fading channel has been well
explored in [63]. The asymptotic expressions for the Pout and the error rate for the
correlated BX fading channel with EGC and SC diversity have been presented in [64],
[65]. MGF-based approach is used in [66] to study the comprehensive performance
evaluation of the communication system. Along with the digital performance measures,

the study in [66] is extended to evaluate the energy detection performance over the BX
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fading channel. In [67], the EC expressions for the BX fading channel has been derived
and presented. Recently in [68], the error probability performance over the STBC-OFDM
system with imperfect channel state information over the BX fading model has been

investigated.

Using the incomplete generalized MGF, closed-form expressions for the Pou: 0of the MRC
scheme are obtained over the k-p shadowed fading channels in [30]. Similarly, for a-k-p
shadowed channel ACC is analyzed in [31], using mixture gamma distribution. Recently,
the EC analysis over gamma shadowed o—n—p and a—«x—p fading channel has been carried

out in [69] and [70] using mixture gamma distribution.

In [71], the practical channel measurements for D2D communication are taken and based
on the empirical model it was concluded that the FSF fading channel provides the
accurate modeling of the scenario. It was also shown that FSF distribution provide a
better fit to the experimental data in comparison to the generalized-K channel. Recently
the closed-form expressions for different power adaptation CC over FSF fading channel
have been derived in [72]. Diversity as a method to overcome the effect of fading, the

MRC diversity over FSF fading channel has been discussed in [73] .

2.4 Reviews of Effective Capacity Works

Now with the emergence of real-time applications like cellular communication, D2D
communications, peer-to-peer video streaming, visible light communication, full-duplex
communications, URLL communications, RIS-assisted communication system, video
conferencing, smart grid network and online interactive gaming etc., not only the

throughput but the delay sensitivity of the communication system has gain importance for
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the system designer [74]. Shannon capacity is not able to characterize the effective rate of
a system, when delay constraint is considered as a QoS parameter [75]. The EC
performance over the a-m—p/Lognormal and o—«x—p/Lognormal distribution has been
studied in [76]. Recently, the EC analysis over gamma shadowedo—n—u and o—«—u fading
channel has been carried out in [69] and [70] using mixture gamma distribution. The EC
work on generalized and composite fading channels for low SNR analysis are found in

[771, [78], [79].

In [80], authors have obtained EC over multiple antenna systems which indicate a
significant capacity gain using multiple antennas. In [81], a general PDF-based approach
over the multipath and composite MISO fading channels has been utilized for analyzing
the EC performance. MGF-based framework is proposed in [82] to study the effect of
delay QoS parameter over the generalized fading channel. Further to get more inside of
the system performance the low and high SNR approximations are also presented. The
variation of EC performance over correlated MISO Nakagami-m channel has been
proposed in [83]. In [84] , the flexible and tractable effective rate expression is provided
for outdoor and indoor urban scenario with MISO Weibull distribution. There are some
instances where MGF-based approach seems practical where PDF-based approach seems
impractical [85], [86]. In [87], the EC model over Rayleigh fading channel is used for
optimal channel allocation in CRN, and in [88], this model is applied for the performance
evaluation of voice applications over Ricean fading channel. The achievable capacity of
the CRN in a delay-sensitive asymmetric fading channel is studied in [89], while a

comprehensive survey of EC over the CRN for various multimedia applications is
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presented in [90]. Taking into consideration, the multicast receiver cross-layer, EC

analysis for the Nakagami-m fading channel is provided in [91].

EC model proposed in [7], bridges the gap between statistical QoS guarantees and the
maximum achievable transmission rate. Since then, it has been widely used as a powerful
analytical tool and QoS provisioning metric in different scenarios. In [92], the resource
allocation and flow selection algorithms for video distribution over wireless networks
have been studied based on the effective rate theory, where energy efficiency and
statistical delay bound have been considered. In [93] and [94] , scheduling algorithms
have been studied for the multi-user time division downlink systems, exploiting the
effective rate as the key to characterize the QoS constraints. In [95], the effective rate of
two-hop wireless communication systems has been studied, where the impact of nodes’

buffer constraints on the throughput has been considered.

In [96], EC model over the VolIP applications for the end-to-end routing and link
scheduling scheme for multi-hop WSN is explored. In [97], authors have examined the
attainable rate of multi-hop mobile networks with different delay-bounds over VOIP
application. Video applications are also challenging to analyse due to strict delay bound
and burst flow of the networks. Regarding this, some excellent work using the concept of
EC is performed for the video streaming application over different fading channels. To
enable high and low-speed video transmission the authors in [98], have provided a QoS-
driven resource allocation scheme to upper-bound the overall delay for the two-hop DF
relay networks over Rayleigh fading channel. The probability distribution of a delay
process with video streaming support over the Ricean fading channels is investigated in

[99]. EC concept is utilized in [100],to support the real-time video streaming in a
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heterogeneous network and the results are utilisedfor cooperative spectrum sensing to
observe the QoS guarantee in CRNs. Similarly, in [101], QoS-driven power allocation
scheme in the CRN is proposed and the EC performance for different sensing scenarios in
the Nakagami-m fading environment is studied. Due to the requirement of critical delay
constraints in the wireless tele-ultrasonography medical systems, the end-to-end EC-
based delay distribution is studied in [102]. In another application, EC model is used to
evaluate the support level of communication network for the smart grids irrespective of

the network technologies [103].

2.5 Performance Analysis over different wireless systems

The study of the wireless systems in terms of design and network architectures are
important and the performance analysis over the CRN, Cooperative network, WSN and
the VANET has been well explored. We review the works on different networks and for

different propagation scenarios in this section.
251 VANET

With the emergence of VANET, the concept of ad-hoc network for smart vehicles has
been realized [104]. The V2V network performance of the communication channel is
analyzed by the authors in [105]. In [106], the authors have provided ergodic capacity
expression for V2V network established at 28 GHz and then performed a diversity
analysis using this expression experiencing o-n-k-p fading. In [107], Pou is analyzed for a
BS to vehicle communication at 60 GHz considering Rician fading channel. In [108],
authors have analyzed the transmission capacity over the VANET model undergoing

Rayleigh fading. Nakagami-m fading model is an excellent model to represent the V2V
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communication environment. So, in [109], the authors have analyzed the performance of
full-duplex V2V communication under this environment. The expressions for the Pout

under different scenarios are derived to analyze the performance.
252 WSN

Due to the increasing demand of 10T, the implementation of WSN is rapidly increasing,
both in urban as well as rural areas. Several sensors that can collect information about the

parameters of the field are deployed there. The deployment of WSN and its components

- 4 ~ | Gateway
. M Internet % L :Node

Database
and Server

v

Remote
User

in an agricultural field is shown in figure 2.1.

N

In [110], [111], the study of WSN in terms of system performance over different fading

Figure 2.1 WSN deployment in agriculture application

channels are performed. In [112] and [113], the study of STBC over the WSN system is
presented. The study of WSN system over the Rayleigh and Ricean fading is

demonstrated in [114].
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The performance of a WSN system for a railway scenario over Nakagami-m channel is
studied [115].

2.5.3 Cooperative network

Due to the ability of providing reliable data transmission, the communication over the
cooperative network is gaining popularity among system designers. Authors in
[116],have analyzed the capacity of Rayleigh faded cooperative network under various
adaptive transmission schemes. Along with this, MRC and SC diversity combining
techniques is also investigated. In [117] and [118] Pout and BER respectively, for decode
and forward relaying is investigated over Rayleigh fading channel. For the same relaying
technique capacity and outage performance of the underground tunnel system are studied
in [119]. In [120], the performance of the amplify and forward (AF) technique
implemented in a multi-relay system connecting multiple users via several relays to the
destination is studied. The throughput performance of the full multi-packet reception
model is explored in [121] over a slotted-time relay-assisted cooperative network. Some
more existing work on the performance of the multi-hop cooperative network can be

found in the literature [122] [123].

2.5.4 Cognitive Radio Networks

CRN is a promising technology for efficient utilization of the available spectrum and
increases network capacity. It intelligently utilizes available side information about
channel conditions, encoding strategies or transmitted data sequences of primary users
with which it shares the spectrum. In recent years, a huge amount of work has been done

to analyze the performance under the three paradigms of CRN, underlay, overlay, and
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interweave [124]. In [125]authors have analyzed the capacity of CRN undergoing

multipath effect by estimating CC and BER.
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Figure 2.2 Cognitive Radio Network

For the underlay CRN, closed-form expressions for ergodic capacity and outage capacity
of SU are determined in [126]. Here, authors have considered a composite fading channel
and shown that on increasing shadowing the outage performance degrades. The
schematic of the CRN is shown in figure 2.2. Authors have analyzed the performance of
the energy detector method for spectrum sensing model in CRN over different fading

channels [127], [128] [129] [130] [131] [75] [132].

2.5.5 Unmanned Aerial Communication

UAV-assisted wireless communication has stroked a great interest by both the industrial
as well as academic community due to its diverse application in entertainment, wildlife
monitoring, military and surveillance fields. In [133], the authors have derived the
closed-form Poyt expression in air-to-ground and ground-to-air transmission links. In

[134], the authors have focused on the analysis of channel characteristics of the air-to-air
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UAV communication considering Ricean model. Using three dimensional geometrically
based single bounce cylinder model channel for the UAV-MIMO system, the influence of
the UAV altitude parameters over the CC of the system is analyzed in [135]. The
improvement in the performance of the high-altitude long-endurance UAV using the

MIMO cooperative relay is analyzed in [136] considering the Rayleigh fading channel.

2.5.6 Hybrid free-space optics (FSO) and Radio-frequency (RF) links

The hybrid FSO and RF links as shown in figure 2.3 is an effective solution to meet the
challenge of high data rates in urban scenarios. The communication system performance
in terms of Poy, BER and CC for hybrid FSO-RF link over GG and Rayleigh fading
respectively are studied in [137]. The effect of diversity combining techniques over the

hybrid FSO-RF link is presented in [138], [139].

(@)

FSO LINK

RELAY DESTINATION /

Figure 2.3 Hybrid RF and FSO link

A dual-hop relay-assisted hybrid parallel FSO/RF system is investigated in [140], to
analyze the performance closed-form expressions for BER and the Pou is derived. In
Gamma-Gamma atmospheric turbulence FSO link is considered with the impact of

pointing error and the RF link is considered in Rayleigh fading.
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2.5.7 Wireless body-area-network (WBAN)

This network typically consists of several body parameter monitoring sensors and
actuators that are put at the different explicit locations inside and on the body and are
connected through the wireless channel. The performance of the WBAN is strongly
influenced by human movements and needs to be analyzed for the effective deployment
of the on-body sensors. Numerical analysis of the Pout, as well as asymptotic analysis, is
provided to obtain the behavior of the network. With the recent advances loT
technologies have been integrated with the WBANS. In [141], the Pout for three different
protocols with energy harvesting is derived and formulated for the loT-based health care

system.

2.5.8 Hybrid Satellite Terrestrial Links

A hybrid satellite-terrestrial network takes the advantage of both the terrestrial and
satellite communication network to provide an effective solution for the realization of the
foreseen heterogeneous global network system [142]. In [143], the authors have derived
an exact expression of ergodic CC for hybrid satellite-terrestrial single frequency network
consisting of satellite as the source node, mobile as destination node and several gap
filters as relay nodes on the ground. The performance of the various diversity combining
techniques over the hybrid satellite-terrestrial link is studied in [144]. In this with the
knowledge of CSI at the relay-destination link expression for the Py is derived over SC
and MRC combining techniques. Some other work on hybrid satellite-terrestrial link can
be found in [145] [146] [147]. The deployment diagram of hybrid satellite-terrestrial link

is given in figure 2.4.
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Figure 2.4 Hybrid satellite-terrestrial link

2.5.9 Other networks

There are many other emerging applications where the CC is considered as an important

design parameter and is well studied.

Figure 2.5 IRS assisted wireless network
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For example, the IRS provides the promising solution to enhance the spectral efficiency
by smartly tuning the reflection of the signal through its passive reflecting elements as

shown in figure 2.5.
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Figure 2.6 Application of IRS

In this regards, IRS-assisted relay networks are being studied to improve the system
performances. Similarly, the MIMO-OFDM network is being studied over various fading
channels in terms of its throughput performance. The applications of IRS can be found in

many applications as shown in figure 2.6.

2.6 Research Gaps and Motivation

The size of the mobile cells in 3G/4G wireless technologies was relatively large, thus the
signal propagation scenario was thought to be outdoor propagation. Due to the small
areas of the cells in 5G, the signal propagation inside a femtocell is very difficult to

model in the form of outdoor fading channels. For addressing the propagation
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phenomenon in 5G and beyond technology, BX fading channel and FSF fading channel
are introduced.

The LOS and the diffused power components inside the femtocells are modeled in the
form of BX fading channel and it has found application in the signal propagation in small
buildings and fast-moving trains. Although there are various works in literature related to
the performance analysis over BX fading channel, but the MRC diversity analysis over the
said channel has not received enough attention.

With the emergence of real-time applications in 5G and beyond networks, the effective
rate analysis of the system is need of the hour and the EC performance over BX fading
channel for multi-antenna system has not been investigated yet.

FSF fading channel is a composite fading model that is used to model the signal
propagation for D2D and wearable communication links and the effective rate
performance over FSF fading channel for multi-antenna system has not been explored in
literature.

Moreover, the usefulness of the results for RIS-aided application for both the fading
channels has not been studied earlier. Motived by these gaps, this thesis studies the
performance evaluation of BX fading channel and FSF fading channel for multi-antenna

system.

2.7 Problems Formulation

Based on the discussion presented in the previous section, we consider the following
problems for analysis in this report. Analysis of diversity receivers over BX fading

channel can be a potential area of research. The EC performance of BX fading channel
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and FSF fading channel for multi-antenna system and their application in IRS-assisted

communication can be of interest to the research community.

2.8  Aim and Objectives

The main aim and objectives of this thesis are highlighted in the following points:

e To study and analyze the performance metrics like AF, Pout, CC and ASEP for the sum
of BX random variables.

e To study the EC analysis for the multi-antenna system over the BX fading channel.

e To analyze the EC performance over FSF fading channel for multi-antenna system.

e To study the application of the proposed results for RIS-aided system for both FSF
fading channel and BX fading channel.

To fulfil the above-stated aims and objectives, we focus on the mathematical analysis of

the performance measures of the receivers in the best possible compact form.

35



Chapter 3: Performance Analysis of Beaulieu-Xie Fading Channel
with MRC Combining

CHAPTER 3
PERFORMANCE ANALYSIS OF BEAULIEU-XIE FADING

CHANNEL WITH MRC COMBINING

This chapter presents the performance analysis of BX fading channel with combining. In
this work, the performance of communication system inside a densely packed small cells
or femtocells with MRC diversity is studied. The LOS and the diffused power
components inside the femtocells are modeled in the form of BX fading channel and the
performance metrics are derived. The closed-form expressions for Pout, AF and ASEP for
coherent and non-coherent modulation schemes are derived for the said channel. Further,
the CC analysis over different transmission policies is performed and the corresponding
results are plotted. The effect of diversity and the other fading parameters on the
performance measures are demonstrated. Analytical results are supplemented with

Monte-Carlo simulations for validating the results of our study.

3.1 Channel Model

The PDF of p for Ith branch BX fading channel can be written with the help of equation

(1.6) as

=
2
f7| (7I ):%

(mk,) 2

m+1l  m
2

eXp (_mlkl )eXp (_77|7| ) - (2\/ miki,7, ) (3.1)
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where 7, = L™ *(-mk,)/ 7 . The variables m, and 7, are severity fading parameter, and

average received SNR of the Iy branch, respectively. ki is the ratio of specular power to
the diffuse power components. The sum distribution of received SNR plays a
predominant role in the analysis of diversity systems. The distribution of the sum of

received SNR at the output of an L-branch combiner can be defined using [12] as

7 =) 7 . Interms of PDF, it can be written as

-

f7| (7/| ) (32)

L
=1

f(r)=
The characteristic function of equation (3.1) can be easily evaluated using the

relationship ¢, ( j) =J' f (y)e'”dy as
0

9, (ja)|): ;_1 I)T?ﬁ Texp(_% (77| + Ja)|)) Iml—l('\/ 2mkim,7, )d7/| (3.3)

Comparing with equation (6.643.2) of [148] we have

L= %,a =1+ jo,V= m'T_l,b =/ mkn, . Further simplifying we get

m+1

) n, ¢ exp(-mk o .1 k
¢~n (le ): I (m|—1| l )(mlklnl)z eZ(m ] |)(,7| * le) i M—m| m [Mj o
(mk) * e Ve

mky7

Solving equation (3.4), we get
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m+l 1 m k|’_7|
] n 2 2 exp(—m k e2(77|+1w|) m k
¢7' (le)z I ml(1+1l I) ﬂM7m| m,-1 I+—IT7;) (35)
(mk)?2 22 (77' + jo )2 - Ut o,
Which is further reduced to
m mik;7,
2 exp(—m, k 2(m +jar)
¢}/l (JCOI)ZUI p( ﬂl I) . ﬁM_m| m -1 (%j (36)
(mk)?  (n+ie )z 2 AT

Here M., (.) can be written in the form of Kummer's confluent hypergeometric function

using equation (13.1.32) of [149]. Comparing with equation (13.1.32) of [149], we get

1m 1
mk, AT
M mik,7, _g Antia) mkm |*° 2|\/| 1+ﬂ_£+ﬂ 1+m_1m (3.7)
2 gt e j 2.2 2 27 " Tptie

22
Apply equation (3.7) in equation (3.6), we have

m
k77 W,

¢ (Ja)l ) _ 77' 2 eXp(—m| kl )e2(77|+j(al)_ 2(n +jmo;) M M (ml ml MJ ( 38)
7N m i ™ , 1 .
(mk,)? (m + ey ) e

Further simplifying using equation (13.6.12) of [149], we get

?, (jwl):

(3.9)

m" eXp<_ml Ky ) exp( m,K,7, j

(77, + jo, )ml m+ jo

The complementary function at the output of L branch MRC combiner can be defined as

s, =119, (3.10)

L
1=1
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Putting equation (3.9) in equation (3.10) and assuming o, = @,...= o, = ®

————exp(-mk )exp(M} (3.11)

n+jo

(3.12)

L . K z+m,
g, = 1n"exp(- Z (m '7' { = ] (3.13)

1=1 z=0 77| + JCO

Rearranging equation (3.13), the complimentary function of the sum distribution is given

by

o z ~(z+m;)
¢, = l_[mmI exp(-mik; ) Z(Ir11|k—lnl)£1+n_|] (3.14)
()

L w —(z+my)
g, =[] n™ exp(-mk,) Z mkn) [1+77—'J (3.15)

The PDF expression of the sum of i.n.i.d. branches SNR can be evaluated by applying

equation (9.4.55) of [148] in equation (3.15)
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L
L m k n 0 Zz+m|—1

fy(;/):H M exp(—-mk, i Zy'l

i = F(z+m )21 S
(3.16)

x¢2(L)(ml+z,m2+z ....... mL+z;ZmI L= Y Ty Ve — LY

1=1

where ¢, (.;.;.) is defined in equation (1.4.8) of [148]. Using equation (3.16) and

following the similar approach as used to calculate equation (8) of [150], the CDF

expression of the sum of i.n.i.d. branches SNR can be given as

F}/ (7):l|i[77,m' eXp(‘m|k|) i (m|k|n|) ) i}/;m,H

Sz (z+m +1) =

(3.17)
L
x¢2(L)[ml+z,m2+z """" mL+Z;1+Zm|+Z;—77|}/,—772]/, ------ —ny

1=1

For i.i.d. branches, the PDF expression at the output of MRC combiner can be easily

evaluated using equation (9) of [150] in equation (3.16)

k & z+mL1
F(r::;)) ZZy ¢,[mL+zL;mL+zL;ny ]

£ (r)=n"exp(- ka)lj z

n™exp(-mkL)

~ w(mknL) szLi
- (zL+mL) ZZ:;

Z ¢, [mL+zL;mL+ zL; 77y ]

(3.18)

Then applying the series expansion of ¢2 (.;.;.) using equation (1.3.17) of [148],we get

n™t (mknL;/) (mL)

f,(r)= F(mL)eXp[(_kaer/)] (m ZZ:; (L) (3.19)
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Using the series expansion of ,F(;.;.), the final expression of SNR PDF of sum of L-

branch comes out as

oF (;mL;mKLyy ) (3.20)

3.2 Performance Analysis
3.2.1 Outage Probability
The Pout can be derived by putting equation (3.20) in equation (1.8) as

mL Ve
n™ exp(—mkL) "t (mL-1)
ot = " exp(-ny) F (;mL;mKLyy )dy (3.21)
t F(mL) .([ 01

Using the infinite series expansion of \F, (;.;.) in equation (3.21)

™ exp( kai mL)
T r(mL “~ FmL+z)z!

(mknL)Z jhw“ “exp[ -7 (n)]dy (3.22)

0

Vth

Comparing j;/ (mt
0

-1)+

“exp[ 7 (n) ]dy with equation (3.381.1) of [148] we get

& BN Y (mL + z,
[ 7™ exp[—y(n)]dy = ( n(mm)W‘“) (3.23)

0

Putting equation (3.23) in equation (3.22), we get the final expression of Pout

= (mkL)’
P =exp(—mkL ————Y (mL+2z,7ny, .
e = XD )Z (s )2t ( ) (3.24)
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It is noted that the above equation is in the form of an infinite series. The upper bound on

the truncation error in the expression of P, by z number of terms can be evaluated as:

ut

= (mkL)’
E, = —-mkL)Y ———Y (mL + 2,7, 3.25
c=exp(om ); 2T (mL +2) (mL+2.77,) (325)
Put z-Z=g in the above equation
0 (ka)Z+g
E, = exp(-mkL)> " Y(ML+Z+9,77,) (3.26)

o (Z+ghI(mL+Z+09)
Using equation (8.351.2) of [148]

) _ (nﬂ/th )mL+Z+g

Y(mL+Z+9.m7, ML+Z+9)

FML+Z+g;mL+Z+9+1-ny,,) (3.27)

Put equation (3.27) in equation (3.26), we get

© Z+g
E, = (772)"™ exp(-mkL) Y ——TKL770)
o (Z+g)(mL+Z+09)

llF1 (ML+Z+g;mL+Z +9+L-ny,)

(3.28)

The ,F, (.,.,.)in equation (3.28) is monotonically decreasing function with respect to g,

hence it can be upper bounded as

m = (MKL777,,)°
E, <(yy)™ (MKLny,)” exp(-mkL),F (ML +Z;mL+Z +1-177,) o

a0 (S+g)(mL+S+09)!

(3.29)
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Using the result,

i (mkL7y,,)° _ @,
o (S+ghH(mL+S+9)! - (@NE+D,(S+mL+1) T(S+DI'(S +mL +1)

and putting

@,
(@D +1),(S+mL+1),

= F,(4;S+1S+mL+1,mkLzpy, ) in above equation, we get

i (mKkLny,,)° L FEGS+1LS+mL+1mkLyy,)
a0 (S+ghH)(mL+S+0g)! r'S+)r(S+mL+1)

(3.30)

Put equation (3.30) in equation (3.29), we get

E, < (77,)" (mkLz7y,,)* exp(—=mkL), F, (ML +S;mL +S +1,~777,,)
1P @S+1S+mL+Lmkiyy,) (3.31)
rS+Hr(s+mL+1)

3.2.2  Amount of Fading

The ith moment of 7 can be defined as E[i] = jy f (7)dy and using equation (3.20) can

be written in the form of series expansion as

mL

n
r'(mL)

Ely']= exp(~mkL) [ ™" exp(-177), F; (;mL; mKLizy )dy (3.32)
0

Using series expansion ,F, (;.;.), we have

i71_ 77mL 1—‘(ml—) sOO mL+i+s-1
B 1= Dy & )2 Oy ML) {y exp(-77)dy (3.33)

The integral term in the above equation can be simplified using equation (3.381.4) of

L Liies '(mL+s+i
[148], j y™ T exp(-ny)dy = % as
0
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mL o .
I'(mL) (mkLp)’ C(mL+s+i)

L ]_r( nD) PO o) e

(3.34)

The above equation can be simplified as

™ e = D) O(mL+s+i)
E[y]_—mn exp(—mkL )Z(s')r(mL+s) LD '(mL +i)(mkL)®

(3.35)

Further simplifying equation (3.35), we get

E[y']=n"exp(-mkL)

1“(mL+|)Z (mL+i), (3.36)

I(mL) <= (sh(m L)
Doing further manipulation, the simplified closed-form expression of the ith moment

comes out as

(mL),

E[V']=ml

F.[(mL +i;mL; mkL)] (3.37)

AF is a measure of the severity of the channel and is defined as
AF = ED/Z]/(E[;/]2 —1). The final expression of AF can be easily evaluated using
equation (3.37).

3.2.3 Channel Capacity

The CC is gaining high importance with tremendous growth in the field of wireless
communication. It gives the capacity limits i.e., the maximum data rates that can be
sustained by a channel. Without putting a limit on the complexity or delay of the encoder

and decoder, CC is having different transmission policies for fixed transmission power

44



Chapter 3: Performance Analysis of Beaulieu-Xie Fading Channel
with MRC Combining

like ORA, OPRA, CIFR and TIFR. In this section, the CC of the BX fading model is
studied by deriving the closed-form expressions for different adaptive transmission

techniques.

3.2.3.1 ORA

In this transmission policy, the transmitting power remains constant and the CSI is

present only at the Rx. The mathematical expression of ORA CC is given by [50] as

c e
OBRA =j|ogz(1+y) f (y)y (3.38)
0

here B denotes the bandwidth of the fading channel. Putting equation (3.20) in the above

equation and using the infinite series expansion of (F, (;.;.), equation (07.34.03.0228.01)

of [151] and equation (07.34.03.0456.01) of [151] we get

Com _ 1™ exp(- ka)Zr(mL)(kam

B I(mL) In(2) (su)r(mus)f " log, (1+y) exp(=ny)dy (3.39)

. 1,2 1
Using log(1+y) =G, (7 n

1
o) and exp(-ny) =Gy [777

11
) OJG&? LW

Applying equation (07.34.21.0011.01) of [151] , the integral term in the above equation

Oj in above equation, we get

C mt = (mkL T mlas
ora _ 1 exp(-m )Z ( n)’ I}/ L 165 [}/ y

B In(2) 5 (SHC(mL+5)y

0} dy (3.40)

can be simplified as

N B 1 1 . 1-(mL+s)-1 1-(mL+5s)-0
mL+s 1Gl,2 Gl,O d — 1 (mL+S)GZl
!7 “[71 0 -] °1[Wo] r=0 “[” 0 1-(mL+s)-1 1-(mL+s)-1
(3.41A)
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On further rearranging the above equation, we have

< B 1 1 —(mL +5s) (1-mL-5)
mL+s lGl,Z Gl,O d — G3l
!7 2’2[71 0 —] “(WOJ 4 23[" 0 —(mL +5) —(mL+s)}
(3.41B)
Put equation (3.41B) in equation (3.40), we get
mL — L 1— L—
Cora _n exp(—mk )Z (mkLz)® G [77‘ (mL +s) @1-mL-5s) j
B In(2) “(sHI(mL+5s) ° 0 —(mL+s) —(mL+5s)
(3.42)
3.2.3.2 OPRA

In this technique, CSI is available at both the Tx and the Rx. The main motivation of
using this adaptation is to assign more power to the channel with higher SNR values and

lesser power to the channel with lower SNR values. The OPRA CC is defined by [152] as

COPRA
’ j log, [m ] (r)dy (3.43)

Vth

where 5 is the cutoff SNR level below which the transmission is suspended. The above

equation is valid under the condition:

T[i—iJ f, (y)y=1 (3.44)

7th j/th 7/

The condition in equation (3.44) can be rewritten in simplified form as

)| % y)dy -1 (3.45)

<
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Using equation (3.24) we can write |1 as

I, =ih[1— exp(—ka)ZZ}%Y (ML +2z,777,,) (3.46)

Using equation (3.20), and the infinite series expansion of (F, (;.;.) l2can be written as

mL

7 ~ 2, (mkLn)*T'(mL)
Iz_l“(mL) X ka); (sHI(mL +s)

J, r" e exp(ony )dy (347)

Applying equation (3.381.3) of [148] we get

mL

_n _ - (
IZ_F(mL) X ka); sH(mL +5)

mkLy)° T(mL) [ T(mL+s-1) Y (mL+s-177,)
(mi+s-1) (mL+s—1) (3.48)
U 1

The above equation can be further simplified as

3 B S (MKLYT(mL+s-1) & (mkL)® ~
I, =nexp( ka)LZ:; SOC(ML+s) SZ::;(s!)F(mL+s)Y(mL+S 1,777/“1)} (3.49)

Further simplifying (3.49), we get
[(mkL)* T(mL) T(mL+s-1)T(mL-1)]
= | (s!) T'(mL+s) TI'(mL) T(mL-1)
= —mk
I, =nexp(-m L)SZ_(; oy
L (sHI(mL+s)

(3.50)
Y(mL+s-L77,)

Rearranging the terms, we get

] =77exp(—ka)[i (mkL)*(mL -1), (mkL)®

S (s)(mL),(mL-1) Z(; (shr(mL +s) Y(mb+s—1 m)} (3.51)

The final expression of |, comes out as
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| WL F (mL-1,mL; mkL) | (352)
2 _Uexp(_m )|: (mL—l) ] .
where
& (mkLy ~ B
3_n§—(s!)r(mL+3)Y(mL+S 1,777,)exp(-mKL) (3.53)

The upper bound on the truncation error in the expression of |, by S number of terms

can be evaluated as

& (mkLy ~ ~
E, ‘”E—(s;)r(mm)”"““s L17,)exp(-mkL) (3.54)

Put g=s-S

= (mkL)®*®

E|3 = 772

0 (@+9)I(mL+g+S)

Y(mL+g+S-1,7y,)exp(-mkL) (3.55)

Using equation (8.351.2) of [148], we have

)mL+g+S—1

(74

Y(mL+9g+S-1, =
(mL+g M) (mL+gs5_D)

F(ML+g+S-1mL+g+S,-77,) (3.56)

Putting equation (3.56) in equation (3.55), and rearranging we get

0 (ka)g+S (nyth)mL+g+S—l
90 (g+S)II(mL+9g+S) (ML+g+S-1)

E. =7 exp(—mkL),F (mL+g+S—-1,mL+g+S,-77,)

(3.57)

Further simplifying equation (3.57), we have
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E,, < (7)™ " (mkLyy,,)°, F (ML +S —1mL + S, -7y, )7 exp (—mkL)

3 (mklyyy)° (3.58)
0 (@+S)I'(mL+9g+S) (mL+g+S-1)
> mkL ¢
In equation (3.58), Z (mkLr77,,) can be written as

0 (@ +S)IT(mL+g+S)(mL+g+S-1)

i (MkL77,)° _ Z“’: (MkL773,)° (ML+g+S-2)!
0 (g+S)(mL+g+S) (ML+g+S-1) HI(@+S+DIr'(mL+9g+S) (ML+g+S-1)!

(3.59A)
On further simplification, we get
i (mkLr7y,,)° _ i (MkL7yy,)° IF(mL+g+S-1)
0 (@+S)IT(ML+g+S)(mMmL+g+S-1) SHI(@g+S+DI'(mL+g+S) I'(mL+g+S)
(3.59 B)
Which can be further solved as
i (mkLny,,)° _
0 (g+S)T(mL+g+S) (ML+9g+S-1)
(3.59 C)

i(mkumh)g @, (mL+S-1), r(mL+S-1)
) g! (S+1), (ML+S),(mL+S), T(S+1I'(mL+S)I' (ML +S)

Put equation (3.59C) in equation (3.58), we have

y (77)™ " (mkLyy,)* (F (ML +S =1 mL+ 85—y, )T (ML +S —1) exp(-mkL)
b (SHIC(ML+S +1r(mL +S)
1 (mL+S-1)
XZ F3
(S+1) (mL+S) (mL+S)

E

(3.60)
|mk|—777th
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r(mL+S-1) 1

We know, -
r(mL+S) (mL+S-1)

. For solving the expression of OPRA CC,

put equation (3.20) in equation (3.43), we get

mL

COPRA F y n (ML) F(mL) .
—28 — | log, (=) ———exp(—-mk L )exp(- —~ (mkL d
: ; g2(7m) F () p(-mkL)exp(-ny)y ;r(ml_+s)( ny)'dy (3.61)

Further simplifying the above equation, we have

Copra _ nmL exp(_m K L) Z (kaU)
B In(2) 5 sIT( mL+s

j log (—)y Vexp(-nndy  (362)

Applying the change of variable z =(y /7, ) and dz :idy

Tt

Copra _ " exp(_m k L) z (mkLzp)®
B In(2) S'F mL +s

j log (2)(z7) " exp(-nya)7sdz  (363)

On further simplifying we get

mL

COPRA 77 exp(_mkl—) (mL+s) hd (ka]]) 2 (mL+s-1)

- Z log ze xp(-ny,.z)dz 3.64

’ e ;S,r - S)j ) logzexp(-ny,2)dz  (3.64)
Using equation (4.358.1) of [148],
X (mL+s-1) 8 —(mL+s) . .

Z logzexp(-ny,.2)dz = ——— '(mL +s, in equation (3.64),
{ (2) g zexXp(-17,2) a(mm)(”“‘) ( 7s)in eq (3.64)
we have

mL
Copen _ T exp(-mk L)z (mkLyya) 0 (770) "V T(ML+5,77,)  (3.65)
' th .

B In(2) 5 sIl(mL+s) o(mL+s) 77

Solving the following term in the above equation
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0
o(mL +5)

—(mL+s)
(m7a)" T(ML+s,77,) (3.66)

We have

5[(777m )*(mus) r(mL-l'S,?]}/m)] —(mL+s) 0 0 —(mL+s)
= ——I'(mL +s, +I(mL+s, R
a(mL+s) ()™ Sy DL )+ DL+ S = ()

(3.67)

H 6 —(mL+s
Solving the term, r(mL +s, S M-+ we get
g ( 777th)a( L+s) (777th) 9

0 —(mL+s —(mL+s
F(mL+S,Wm)m(nm) " = (ML + 5, 770) 109(r7) (170) T (3.68)

As per [24], we have

(7]}/th )—(mL+s)

1 1
0 0 mL+s

(3.69)

—(mL+s) ,
P T(mL+5,77,)= (774 ) F(mL+s,n7m)|09(Wm)+G§§[m

Using equation (3.68) and equation (3.69) in equation (3.67), we get

—(mL+s)
Anry)  T(mL+s,77,)]

= (7)™ (ML + 5,77, 109 (77, )

o(mL +5)
+G! [Wm ] ; mL+Sj]—F(mHS,Wm)|09(777m)(777m)(mm)
(3.70)
Further simplifying equation (3.70), we have
8[(777th)‘(m;+5>r(mL+S,7mh)] (e G2 [m 11 } 571
(mL+5s) 0 0 mL+s

Put equation (3.71) in equation (3.65), we get the final expression of OPRA CC as

51



Chapter 3: Performance Analysis of Beaulieu-Xie Fading Channel
with MRC Combining

Copma _ 1" " ep(-MKL) & kL) 11
= \ &
B In(2) Ssir(mL+s) *° 7 0 0 mL+s
(3.72)
3.2.3.3 CIFR

CIFR policy is also known as zero-outage capacity due to the reason that it maintains a
fixed data rate regardless of the channel conditions. Under this policy, the transmitter
allocates higher power to the channel with low SNR and lower power to the channel with
high SNR so that the non-fluctuating received power is maintained. The CC under this

scheme is defined by [50] as

Ceen = Blog, (1+ ) (3.73)

o f
Let |4=j0[ yf/))d;/ (3.74)

Taking into consideration la, it is nothing but the E[1/y ], which can be directly evaluated

by putting i= - 1 in equation (3.37) as

I, = _mb), F, (mL —1;mL;mkL)

* " ptexp(mkL) (3.75)

Put equation (3.75) in equation (3.73), we get

1

C.er =Blog, | 1+ (3.76)

ML L -1 mLmkL)
exp(mkL)
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3.2.3.4 TIFR

CIFR transmission policy is suffered from an efficiency drawback as it needs to invest
more power to compensate the deep fades. An efficient way to compensate for this loss is
to assign the power only if the received SNR is above the fixed threshold SNR. This
policy is known as truncated CIFR (TIFR) CC and its expression over a fading channel

can be obtained by [50] as

C,r =Blog, |1+

(1-P.) (3.77)

T £, ()

7th

Letl, =T 4%

7th }/

. |2 has already been evaluated and given in equation (3.52) and Pou is

given by equation (3.24). The value of ,,_ can be chosen to achieve a predetermined Pout
or to maximize equation (3.77). Pout is achieved at the cutoff value ,, which can be

directly evaluated using equation (3.24). The final expression of Crier can be given as

2

Cier = Max { Blog, £1+ Iij(l— P. )} (3.78)

3.2.4 ASEP/ABEP

In case of fading channels, ASEP can be mathematically calculated out by averaging the

instantaneous error probability and is given by [12] as
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P=E[P()]=[P(T,(r)dr (3.79)

where P(7) is the instantaneous symbol error probability, which depends upon the

modulation techniques used in the communication system.

3.2.4.1 Coherent Modulation Scheme

The generalized symbol error probability expression for the coherent modulation scheme

is given by [12] as
I:>C0herent (7/) = Z ad [Q (\/@)]d (380)

The values of D, ¢, and C, for different coherent modulation schemes are defined in
[153]

Cofy

Q(J@)z(%e‘ 2 +%e°°”)" (3.81)

Putting equation (3.81) in equation (3.80), we get

Cofy

> al T a'2 -Cofyyd
I:)Coherem (7) = Z ad (Ee + ?e ) (382)
d=1

Putting equation (3.82) and equation (3.20) in equation (3.79) and using the
approximation of Marcum Q-function as defined in [153] we can write the ASEP for the

fading channels as

Cofy

) c & 8, —Cyfryd
exp(-177)> a, (e 7 +ore)dy
d=1

Pcon =

mL S

77 e (mk?]L) r‘(mL)oO (mL+s-1]
—mkL

F(mL)eXp( m )Szz;‘ sIC(mL+5s) Iy

0

(3.83)
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The parameters a,, a,and b have their usual meaning as defined in [12], and using the

Binomial expansion in the above equation as

Yoot 2oy <30 e nGe Ty Eeny (3.84)

Putting equation (3.84) in equation (3.83), we get

— i mk77L D a a, a5 sy - ety
Pcon =" exp(-mkL) C(d,NE)"" () e 2 exp(-7y)d
can = 17" exp( gs,r mL+Sdzd§ @nNe) (2)£y (=)
(3.85)
Solving the above integral terms using
L (mLes) —(CO 7 (d-r)- Cofy(r))) (mLss-1) Cofy(%—%ﬂ)
[r e exp(—ry)dy = j yooe exp(-ry)dy (3.86)
0
We get
£ Cofr £
(misst) —(Z&(d=1)-Co f () (mLss-1) C,f(d+r
[r e 2 exp(-ny)dy = [ 7 eXp(—V(n+%))d7
0 0
(3.87)
Using equation (3.381.4) of [148], in the above equation as
ra C,f(d+r) r(mL+s
[r™ exprtn+ 28 Dy, - TOLES) (3.8)
0 2 M mi+s
(n+ 5 )

Putting equation (3.88) in equation (3.85)
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S

Peon = " exp(- ka)Z Z%ic(d r)(ai - 2) (277+C Zf(d+r))mL+s

(3.89)

mknL2 )
2n+C,f (d +r)

mknL
Solving Z L) 2

( using equation (1.211.1
P s! 277+C0f(d+r) SZ:(; 9¢d ( )

of [148] we get

P 21 - 2mkLy e
"= kL c(d,
Cof (217+C0f(d+r)) eXp(2n+C0f(d+ ))exp( m )Z-;adrzt; ( r)( (2)

(3.90)
Rearranging equation (3.90), final closed-form expression for generalized expression
ASEP of coherent modulation schemes comes out as

D~ 277 mL a1 d-r 277 _
Pcoh~(2n+cof(d+r) lead;C(d r)( ( £)" exp(m I<L( 1 C.f@1T) 1)

(3.91)

3.2.4.2 Non-coherent Modulation Scheme

The system performance of coherent modulation techniques outperforms that of non-
coherent modulation in terms of ASEP, but the biggest challenge involved in coherent
detection is the hardware complexity involved during carrier phase recovery information,
which makes the practical implementation of such system very difficult. The advantage
of the non-coherent detection scheme is that it does not require carrier phase information

and utilizes methods like square law detection to recover the transmitted data. The
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mathematical expression of instantaneous error probability for non-coherent detection

schemes is expressed using [154] as

I:)Non—coherent (7) = AeXp(—;/B) (392)

where the values of A and B for different non-coherent detection schemes are defined in
[154]. The expression for ASEP for non-coherent detection can be evaluated by putting
equation (3.91) in equation (3.79) as

o0

————— 7" exp(-y(n+ B))dy (3.93)

0

© ka
P n

mL
Non-coherent Aﬂ eXp ka)Z S'F mL+S

Using equation (3.381.4) of [148], _[ym“s’l exp(—=y(n +B))dy = % , we get
0 n+
(mknLjs
_ " +B
PNon—coherent = A(]’] Z B) - exp( ka)Z 77 S_ (394)
mkL
= A )™ exp(—mkL) exp( Ty (3.95)
n+B +B
After simplifying equation (3.95), the final expression comes out as
= A(—T )™ exp(mkL(—1— —1)) (3.96)
n+B n+B

It is noted that the generalized ASEP expression produced in equation (3.91) for coherent
detection and equation (3.96) for non-coherent detection is direct and easily

implementable. The advantage of getting these straight forward expressions is that high
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power and low power analysis of ASEP is not required to be performed as the original

results are already very simplified and provide insights into the system performance.
3.3  Numerical Results and Discussions

This section provides the numerical results for the analytical expressions obtained in
previous sections. For validating the correctness of the derived expressions, the
corresponding Monte-Carlo simulations are also included in plots. In the Monte-Carlo
simulations 10° random samples are generated, which are sufficient for the desired
accuracy of the proposed methodology. Figure 3.1 illustrates the analytical and simulated
results for Pout as a function of normalized outage threshold for various values of m and
L. It is observed from the plots that diversity reduces the chances that the received SNR

falls below a fixed threshold by a huge margin.
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Figure 3.1 Pout versus normalized outage threshold for different values of m and diversity order

The number of terms required to get the desired accuracy in the closed-form analytical
expression of Poyt is shown in Figure 3.2. It is noted that the truncation error for a fixed
value of S reduces with the decrease in average received SNR. The diversity has the
advantage for lower values of S in terms of accuracy, but this behavior of the system gets

reversed for higher values of S.
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Figure 3.2 Truncation error versus the number of terms in the infinite series for different values of
average received SNR and diversity order

The variation of severity fading parameters versus the number of diversity branches is
shown in Figure 3.3. It is noted that the channel condition is improved with the increase
in L and k values. For the initial increase in L, the improvement in the system

performance is very predominating, which becomes saturated for further increase in L.
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Figure 3.3 Amount of fading as a function of diversity branch for different values of k
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Figure 3.4 ORA CC versus average received SNR for various values of m, k and L

Figure 3.4 shows the ORA CC versus average received SNR for L-MRC BX fading
channel. The effect of diversity order on the special cases of BX as Rayleigh (k=0, m=1)
and Rician (k=1, m=1) fading are also shown here. It can be seen from this figure that the
performance difference between L=1 and L=4 plots decrease with the increase in L

values.
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Figure 3.5 Variation of CC under different adaptive transmission schemes with average received SNR

Figure 3.5 illustrates the CC plots with two-branch and four-branch diversity for the
different adaptive transmission techniques. It is clear from the figure that OPRA Yyields
the maximum capacity among the available transmission schemes. It is also seen that
increasing the number of branches tends to decrease the disparity in capacity between the

different schemes. We also noticed that CIFR suffers a large capacity penalty than TIFR
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scheme, because in TIFR truncated channel inversion is included in place of complete
channel inversion. Figure 3.6 plots the ASEP against average received SNR for the
coherent MPSK modulation scheme for various m values and also portray the impact of
diversity order along with constellation size. The trend perceived here is that with the
increment in the value of L, ASEP decreases while increment in the value of constellation
size deteriorates the system performance by elevating error rate (upward shift of plot) and

hence increases ASEP.
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Figure 3.6 ASEP for M-PSK with several values of M, m and diversity order
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Figure 3.7 ASEP for M-QAM over different values of M and fading parameter k

Figure 3.7 exhibits the ASEP performance curves for M-QAM coherent modulation

schemes for different values of k and M. It is clear from the figure that the increase in the

parameter k makes the ASEP plot move downwards, which means error introduced by

channel decreases and hence performance of the system improves.
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Figure 3.8 ASEP for non-coherent 8-FSK over various values of m, k and diversity order

ASEP performance of non-coherent M-FSK scheme for different values of m, k and L is
illustrated in Figure 3.8 The effect of fading can be counter-attacked by applying the
diversity scheme, as can be seen from the plot that increase in diversity order improves

the channel conditions (as plot shifts downwards).
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3.4 Significance Findings

This chapter presents the performance analysis over BX fading channel with MRC
diversity. The closed-form expressions of the Pout, AF, CC and ASEP (coherent and non-
coherent) are derived for the fading channel. The effect of diversity order and fading
parameters on the system performance are analyzed. It is observed that with the increase
in the number of diversity branches the deteriorating effect of fading is reduced. Along
with ORA, OPRA, CIFR and TIFR CC policies, Pout analysis is also performed. The
unified analytical expressions for various coherent and non-coherent modulation schemes

with MRC diversity is also derived and demonstrated.
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CHAPTER 4
PERFORMANCE ANALYSIS OF EC OVER BEAULIEU-
XIE FADING CHANNEL WITH MULTI-ANTENNA

SYSTEM

In this chapter, EC performance of the delay sensitive communication system over BX
fading channel with multi-antenna system is studied. The closed-form mathematical
expressions for the EC are derived and the effect of different fading parameters on the
effective throughput of the system is demonstrated. The simplified asymptotic expression
for high signal-to-noise ratio (SNR) and low SNR regimes are provided to gain more

insight into the system.
4.1  System Model

To facilitate the efficient support of QoS in the next-generation wireless networks, it is
essential to model a wireless channel in terms of connection-level QoS metrics such as
data rate, delay and delay-violation probability. However, the existing wireless channel
models, i.e., physical-layer channel models, do not explicitly characterize a wireless
channel in terms of these QoS metrics. The reason is that, these complex QoS
requirements need an analysis of the queueing behavior of the connection, which is hard
to extract from physical layer models. To address this issue, a link-layer channel model

termed the EC model is developed in [7]. In this approach, a wireless link is modeled by
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two EC functions, namely, the probability of non-empty buffer, »°(x) and the QoS
exponent, @ () of the connection. The QoS guarantees heavily rely on this queueing

model as shown in Figure 4.1. This figure shows that the source traffic and the network

service are matched using a FIFO buffer (queue).

4 )

Queue
Q(t) S(t)

A(t)

Channel

N /

Figure 4.1 A Queueing system model

medmmmeeab--

Considering a queue of infinite buffer size, Q(t) having a constant data rate with variable
CC. If the delay, D(t) is experienced by a source packet arriving at time t, then

probability of the D(t) exceeding a delay bound, Dmax must satisfy the below condition

[7]

P.(D(t)2 D, )~ 7 (1)exp(~0 () Dy, ) (4.1)

where{®(u),0(u)} are the functions of the source rate (). For a given source rate,

7°(m)and () atatime t are defined in [7] as

7" (1)="P (Qt)=0) (4.2)
0(11) fim log(P. (g(t) > B) 43)
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where B is the buffer size.
4.2 Channel Model

The PDF of the sum of L-branch SNR is given in equation (3.20). The MGF of a

distribution function can be defined as
M, (s)=E[exp(-sy)]=[exp(-sy)f, (r)dy (4.4)
0

Putting equation (3.20) into equation (4.4) and using the expansion of confluent
hypergeometric function, we obtain

& (mkep)t

M, ()= exp(ka)%F(mLer)(d !)!ym ) exp[(—n

—s)qdy (4.5)

Solving equation (4.5) using equation (3.478.1) of [148] and performing some

mathematical simplifications, we get

- d —(mL+d)
L (k) fy, s (4.6)
exp(mkL) i d! n

To simplify the analysis, equation (4.6) can be further reduced using equation (8.4.2.5) of

M. (s)=

[155] as

© ka) S
M GL| 3 p(misa) 47
7( Z mL+d) 11[77 0 j 4.7)

exp ka 0

4.3 Performance Analysis

Consider a multi-antenna system model with L transmitting antennas and only one

receiving antenna. The channels between different transmit and receive antennas are
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assumed to be flat-fading channels. The channel’s input-output relation can be given by
Y4 =hysoX+n, where h,., eC*" denotes the MISO channel vector, x is the transmit

signal vector, and n represents the complex AWGN.

4.3.1 PDF-based Approach
4.3.1.1 Exact Analysis

For a Lx1 MISO fading channel, the maximal arrival rate that can be supported under a

statistical QoS constraint can be expressed by [81] as

R(p,0)= —%Iogz [E{(1+€7/jAH = —%Iogz E@*%}_A f, (;/)dy} 4.8)

The average transmit SNR is defined as, o = P./N,, where P, is the average transmit

S

power of the system. Putting equation (3.20) in equation (4.8) and using the infinite series

expansion of (F (;.;.), we get

o0

i ka77 J~

1 (mL+ -
R(pﬁ)——xlog{ “exp(- ka)Zd,F oL+ d) " exp(- 777)(1+f7j d7]

(4.9)

The integration of equation (4.9) can be simplified using equation (39) of [156]. Using

equation (07.33.17.0007.01) of [151], the final expression of EC can be obtained as

= (mkL)’
R(p.0) =" _1og, (5] Liog,| 3™y ( a; A-mL+1-g; 75
Aln(2) yo, A i d! Yo,

(4.10)
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The above equation is in the form of infinite series summation. The error in equation

(4.10) by truncating the series by D number of terms can be given by

= (mkL)*
ED:z—l(mdl) l(A;A—mL+1—d;£j (4.11)
d=D : P

Putting g=d-D in the above equation and rearranging we get

o (mkL)’ nL
Eo =(mkL)” Y ————U| AA-mL+1-D-g;" = (4.12)
=T (D+g+1) o

L). _ . . :
Since U (A; A-mL+1-D- g;n—j is @ monotonically decreasing function with respect
Yo

to g. Therefore, E_ can be upper bounded as

D& (ka)g _ nL
Eo <(mkL)” Y ———~2—U| A/A-mL+1-D; = (4.13)
o (D+g+1) Yo,

Using equation (39) of [81], the above equation becomes as

E, s[l—m}exp(mkuu (A;A—ml_-i-l— D;Ej (4.14)
P

r(b)
4.3.1.2 Asymptotic Analysis

In general, the closed-form expression obtained in equation (4.10) is in the form of
infinite series, thus the direct interpretation of the CC under QoS constraint becomes a bit
difficult task. In this section, we derive closed-form approximations of the effective rate

in both high-SNR and low-SNR regimes. These approximations reduce the computational
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complexity and provide a straightforward way to understand the parameters’ impact on
the system performance.

a) High SNR Approximation

High power analysis provides intuitive insight as how the system performance behaves
with respect to channel fading parameters at high SNR. The expression of EC at high
SNR (7 — ) can be written using (1+ ,o;//L)fA = (,o;//L)fA approximation in equation

(4.8) as
1
R(p—)oo,@);—xlogz(l) (4.15)

Putting equation (3.20) in equation (4.15) and using the series expansion ofoFl(;.;-), I

can be written as

A d
L < (kaU) R mL+d-A)-1
| =| = | »™ exp(—mkL ( ) —ny d
(pj n" exp(—m )dz_od!F(mL+d)£7 exp(-ny)dy  (4.16)

Applying equation (3.381.4) of [148] in the above expression, we get

(L)' (mL), R
I_[,oj exp(ka)lFl(mL A;mL;mkL ) (4.17)

The expression of the EC for high-SNR regime can be obtained by putting equation

(4.17) in equation (4.15) as

A
.1 gL} (mL) -
R(p—)oo,@):—z'ogg (;J mlﬁ(mL—A’mL’mk'—) (4.18)
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b) Low SNR Approximation

In many communication networks, such as cellular networks, systems often operate in
low-SNR situations. Hence it is beneficial to derive an approximation of (4.10) in the
low-SNR regime. Note that in the low-SNR regime, analysis based on SNR would lead to

misleading conclusions. The capacity analysis should be better conducted using the
transmitted normalized energy per information bit E, /N, rather than the average SNR p .

Following the same method as in [84], the effective rate in the low-SNR regime can be

approximated by

E
Rl =2 |~S,log, | —{—2
[NOJ " i Eb (419)
I\IOmin

where

-2(R'(0,6)) In(2) E, ) 1
%= R'(0,0) and [N J_R'(o,e) (4.20)

0 min

R(0,6)and R (0,6)are the first and second-order derivatives of R(0,6), which are

defined in terms of first and second moments of » as

R'(O,@):LELZ]) and R'(0,0) = ——— L [ (E[7]) -(A+1)E[r ﬂ (4.21)

L2 In(2)

Putting equation (3.20) in the definition of E[y], E | % ] and using equation (3.381.4) of

[148], we get
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L
E[;/] _ mexp(—ka)lFl(mL +l;mL;ka) (4.22)
n

E[7*]= ( exp( mkL), F, (mL +2;mL;mkL ) (4.23)

Putting equation (4.22) and (4.23) into equation (4.21), we get the expressions of
R'(0,8) and R'(0,0), which are further used to get the value of Spand E, /N, ., as in
equation (4.20). Further substituting Soand E, /N, .., in equation (4.19), we get the final

expression for the EC at low SNR as

E, (mL), exp(-mkL), F, (mL +1;mL;mkL)
2log, {2

R(—b): N, nLIn(2) (4.24)
No (A+1)(mL), exp(mkL), Fy (ML +2;mL;mkL) _
(mL)lz[lFl(mL +1;mL;ka)]2
To further simplify this using the expansion of , F, () function, we get
kL
o, 29 - () k)
R[%J - L =0 (4.25)
o I
0 (A+1)exp(ka)Z mL+1+n)n.n A
o (mL+n)(mkL)

4.3.2 MGF-based Approach

4.3.2.1 Exact Analysis

Compared to the PDF-based approach, the MGF-based approach has many advantages.
First, the PDF-based approach can be viewed as a special case of the MGF-based

approach. This is due to the fact that in the PDF-based approach, the joint PDF has to be
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obtained in advance of further analysis. Rewriting equation (4.8) in terms of MGF as

given in [157], we get the expression of EC as
R(p19) = __IOQZ

exp ('OTSJ ds} (4.26)

Substituting equation (4.7) into equation (4.26), using variable transformation and using

O'—;S

equation (07.34.03.0228.01) of [151], we get

1
1 I'(A) exp(mkL)
R(p,0)=-=log, A (4.27)
(p ) A 0g Xi (mkl_) J.SA7 (Sl ) pS L-(mL+d) |4g
S (d)r(mL+d)y ’ nL "’

Furthermore, applying (07.34.21.0011.01) of [151] in the above equation, we get

R(p,0) = -~ log, (ka) GL [ﬁ 1—(mL+d)]:| (4.28)

F(A)exp(ka)dZ r(mL+d) “{yL"
4.3.2.2 Asymptotic Analysis

Considering high SNR conditions, i.e. when p — ©, the MGF expression in equation

(4.7) can be approximated as

1 ps mL
M (s)~ —exp(ka)( j (4.29)

Substituting equation (4.29) into equation (4.26), we get

o.0) L gL ()"
R(p—>x,0)~ Iog{ " exp(-s exp(ka)[nLj ds] (4.30)

Rearranging the terms, we get
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mL o

ISA‘mL‘l exp(—s)ds} (4.31)

0

1 (p/aL)
I'(A) exp(mkL)

Solving the integral using equation (3.381.3) of [148], the expression of EC under high

SNR regime can be approximated as

R(,D—>oo,9)z—l|og{rl F(A_mL)[ﬁj_ } 432

A (A) exp(mkL) (7L

4.4 Numerical Results and Discussions

In this section, we have presented the analytical results to study the impact of various

system parameters on the performance of the effective rate.
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Figure 4.2 EC versus p for different values of &
The variation of effective rate versus p for different values of & and by keeping constant
L=4, T=1, B=1 is shown in Figure 4.2. The effective rate increases with an increase in k

and @ values. It is noted that the effect of delay exponent on the system performance is

more pronounced than the fading parameter k.
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Figure 4.3 EC versus @ for various values of T

It is noted that the difference between the plots of delay exponent is less at lower average
transmitted SNR, and the plots depart away with an increase in average transmitted SNR.
It is observed that for a fixed value of m=1, k=0, the EC value is increased (from 1.6503

to 2.0908) by 27% when & — 5 to 1 at o = 0dB, while EC value is increased (from

6.2643 to 8.2292) by 31% for & - 5to 1 at p = 20dB.
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Figure 4.4 EC versus ) for different values of m, k and L

80



Chapter 4: Performance Analysis of EC Over Beaulieu-Xie
Fading Channel with Multi-antenna system

AL
4.5 —E—A=3 .

Effective Capacity, bits/sec/Hz

Eb/NO SNR, dB

Figure 4.5 EC versus Eb/NO at low SNR

The impact of T on the EC as a function of @ is shown in Figure 4.3. It is observed from
the plots that the EC of the system was found to decrease with the increase in frame
duration and delay exponents. It is noted from the plots that for a fixed value of m=2,

k=2, L=2, B=1, p =5dB and & =8, the EC value is reduced (from 2.4641 to 1.6835) by
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32% when T is increased from 1 to 2, while EC is reduced (from 1.0195 to 0.8574) by
16% when T changes from 4 to 5. The combined effect of m, k and L on the EC as a

function of average received SNR is shown in Figure 4.4.

4%ﬁ0%mmm-
& Simulation

p =10dB, 50B,
0dB, - 50B

Effective Capacity, bits/sec/Hz
N
ol

Figure 4.6 Effective throughput versus A for various values of p

. The asymptotic plots of the EC are also shown in this figure. The asymptotic plots are

seen to merge quickly with the analytical plots for higher values of fading parameters and
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diversity order. In Figure 4.5, the results are drawn for EC in case of low SNR against
Eb/No for various values of A, and fixed value of m=2, k=2, L=3 with constant average
received SNR of 2 dB. From the figure, it can be demonstrated that in the case of low
SNR the EC is increasing by reducing the delay parameter of the system. The impact of
delay constraint A on the effective throughput performance is illustrated in Figure 4.6.
From the figure, it is seen that the effective throughput considerably decreases when the
value of A changes from 0 to 10. Particularly, for a fixed value of m=0.5, k=0.5 and N=4,

the EC value is increased (from 2.7727 to 4.0010) by 44% when o — 5dB to 10dB at
A=2, while EC value is increased (from 1.1805 to 1.5090) by 28% when p — 5dB to
10dB at A=10. Besides, at high o values, the system achieves higher effective
throughput, especially at a very low A regime. The results presented in this study can be

used in designing the communication systems for real-time applications in femtocells and

high-speed trains.
4.5 Significant Findings

We have derived the mathematical expression of effective rate performance of the system
over BX fading channel for multi-antenna system. High power and low power asymptotic
expressions of the maximum data rate are provided. It is concluded that the growing
demand of the high data rate with tighter delay constraints can be achieved by increasing
the number of diversity branches in the system. Simulation results are in close agreement

with the numerical results.
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CHAPTER 5
PERFORMANCE ANALYSIS OF EC OVER FISHER-
SNEDECOR F FADING CHANNEL WITH MRC

RECEPTION

The EC performance of the delay sensitive communication system over FSF fading
channel with MRC is studied. The closed-form mathematical expressions for the EC
are derived in terms of Meijer G-function and the effect of different fading parameters
on the effective throughput of the system is demonstrated. The simplified asymptotic
expression for high SNR and low SNR regimes is provided to gain more insight in to
the system. The effect of different system parameters on the EC performance is also
demonstrated. Simulation results are corroborated along with the numerical results to

verify the correctness of the formulation.
5.1 System and Channel Model

To encourage the effective support of QoS in next-generation wireless networks, it is
essential to present a wireless channel in terms of connection-level QoS metrics.

Using the physical-layer channel models, the performance evaluation of the delay-
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limited applications can be complicated and unreliable in some cases [7]. With the
support of EC, the channel can be modeled in terms of link-layer QoS-metrics. To
evaluate the performance of real-time applications of the wireless communication
system under the QoS requirements such as delay, reliability, and efficiency, the EC
concept is introduced in [7]. FSF distribution is used to model the combined effect of
multipath fading and shadowing. This model is formed by the composition of
Nakagami-m and inverse Nakagami-m distributions. The PDF of the received SNR of

the Iy branch of MRC combiner over FSF distribution is given by [71] as

m, 1)

f, ()=

m," (ms,77|)msI 7|(
_ )m|+mSI (5.1)

B(m,,mSI )(m,yI +m, 7,
wherey, is the average received SNR of the I branch, myis the fading parameter and
m, is shadowing parameter of the ln branch. The channel severity is inversely

proportional to the shadowing parameter. The L branch MRC combiner co-phased,

weighted and summed the individual branch SNRs and get the instantaneous SNR ()

at the output of the combiner using
Y=y (5.2)

With the assumptions of L i.i.d. branches of MRC with equal average SNR in all the

branches i.e. y, =y for le {1,2,3,...L},the mathematical expression for the PDF of

7 is given by [73] as

y(mL—l) m mL m
f = F{(m+m )L, mL;mL,——
,(7) B(mL’mSL)LLmJJ ) 1[( +m, ) Lmjyj(s.a)
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5.2 EC Performance Analysis

5.2.1 Exact Analysis

We derive the mathematical formulation of the effective rate of the system over FSF
fading channel with L branch MRC combiner. Putting equation (5.3) in equation

(1.11) and using [158], the EC expression is written as

NGRS )[LmsyJ e A"

1
R(«é’)z—zlog2

(5.4)
Using equation (07.34.21.0011.01) of [151] and after some mathematical

manipulations, equation (5.4) can be further simplified as

R(H):—%Iog

1 , 5| Lm7|(1-A) (1-mL)
2(1‘(A)1‘(mL)l‘(msL)GZ { my‘ 0 m,L D
(5.5)

5.2.1.1 Special Cases of Fisher-Snedecor F channel

Nakagami-m and Rayleigh fading channels are special cases of FSF distribution. The

EC of Nakagami-m can be obtained from equation (5.5) by putting m, — « as

0 m,L
(5.6)

1 1 . 1 Lm_y
R(@)——Iog{r( ) Lim )Gfg{ 7

A A)T (mL)m—=T(m m

(1- A) amqD

Using equation (8.2.2.12) of [159], the closed-form expression of effective rate over

Nakagami-m channel with diversity reception can be written as
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RNak(e>=—llogz[ L e Ze “”‘”Dm

A T(AT(mL) 2 m| o

Putting m = 1 in equation (5.7), one can easily find out the EC expression for

Rayleigh fading channels with MRC diversity as

w03 e ) e

5.2.2 Asymptotic Analysis

In this section, we present a detailed asymptotic analysis of the effective throughput in
both high and low SNR regimes. The aim of providing asymptotic analysis for system
performance is to gain more physical insights and optimize system parameters
accordingly [160]. In addition, the asymptotic result reduces the analytical complexity
while designing the system.

5.2.2.1 High SNR Approximation

High power analysis provides intuitive insight as how the system performance

behaves with respect to channel fading parameters at high SNR. The expression of EC

at high SNR can be written using (1+ y)_A = y~* approximation in equation (1.11) as

1
R(p —0,0)=~—log, (1) (5.9)

where | is written as

'—;8

mL A-1) m mL m
Fl(m+m)L,mL:mL—y(d )
B( mL m, L (Lmsfj 2 1(( ;) Lms_y] 7 (510)

0

Using equation (2.21.1.1) of [159] and simplifying, the above equation can be written

as
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|=[ m jAF(mL—A)F(mSL+A) 10

Lm.y I'(mL)(m,L)

Putting equation (5.10) in equation (5.9), we can get the final expression of EC as

m jA (mL—A)T(m.L+A)

r(mL)T(m,L) (-11)

Similarly, the high-power EC expressions for Nakagami-m and Rayleigh can be

derived by using Lim[a*br(a+ b)/r(a)] =1 in equation (5.11) and simplified as

a—w

A
1 m) I'(mL-A
RNak(P—NO,@):—K'ng (;} W (5.12)
1 1)'T(L-A)
RRay(,o—>oo,¢9):—xlog2 (;j W (5.13)

5.2.2.2 Low SNR Approximation

It is required to derive an approximation of equation (5.5) in the low-SNR regime.
The effective rate performance for the fading channel is investigated for a low-power
regime by considering that channel information is known to the Rx only where Tx
may have either no channel information or imperfect channel information. By
following the second order Taylor expansion of the EC atp — 0", as per below

equation:

2

R(p,0)=R (0,0)p+ R"(O,H)%+O(p2) (5.14)
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where R (0,0)and R'(0,0)are the first and second-order derivatives of R(p, ) with

respect to average transmitting SNR, p at p= 0. Note that in the low-SNR regime,
analysis based on p would lead to misleading conclusions. The capacity analysis

should be better conducted using the transmitted normalized energy per information
bit(Eb/NO)rather than the average SNR p [161]. Following the same method as in

[161] , the effective rate in the low-SNR regime can be approximated as equation

(4.19). The parameters of equation (4.19) are defined in equations (4.20) and (4.21).

Putting equation (5.3) in the definition of ith moment i.e., E[;f‘] = J'y/i f (y)dy, we

0

get

. 0 (mL+i-1) m mL m
E[yl]:J‘ 4 { j 2Fl((m+mS)L,mL;mL,—FJ/jdy
0

Lmy m.y
(5.15)

Using the relationship between hypergeometric function and Meijer G function and

using (7.811.4) of [148] we get

(5.16)

E[y']- F(mL+i)1“(ms|__i)( . Ji

r(mL)r(mL) (mLy

The expressions of E[y]and E [7/2] can be easily calculated using equation (5.16) as

~ r(mO)r(mL) (mLy (5.17)
;7 T(mL+2)T(mL-2)( m -2
ED ]_ I'(mL)I"(m,L) [msl-fl (5.18)
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Putting the value of E[y] and E | 7* [from equations (5.17) and (5.18) into equation

(4.21), the expressions for R (0,6)and R (0,6) can be obtained as

r(mL+1)I(mL-1)

R (0,6)

B In(2)r" (mL)T" (m,L

)

m
m.Ly

j_l

F(mL+1)F(mSL—l)£ m J'l 2

"(oa)zi (mL)C(mL) m,Ly
7 In@ r(mL+2)r(mL-2)( m
(AH){ T(mL)T(m,L) (mst

/)

(5.19)

(5.20)

Now putting equation (5.19) and equation (5.20) in equation (4.20), we get the

expressions of (Eb/NO)min and So. Further, applying these results in equation (4.19), we

get the final expression of EC for low SNR regime.

5.3 Numerical Results and Discussions

In this section, we have presented the analytical results to study the impact of various

system parameters on the performance of the effective rate. The variation of effective

rate versus received SNR for different diversity order and fading parameters are

shown in figure 5.1. The effective rate increases with an increase in m and L values. It

is noted that the effect of diversity order on the system performance is more

pronounced for lower values of the fading parameters.
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Figure 5.1 EC versus average SNR for various values of fading parameters and diversity order

The impact of delay constraint and average SNR on the EC as a function of diversity
order is shown in figure 5.2. It is clearly observed from the plots that the effect of
higher delay constraints can be compensated with the higher diversity order. It is
noted that the difference between the plots of delay constraints is more at lower

diversity order and the plots come closer with the further increase in diversity order.
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Figure 5.2 EC versus L for different values of delay constraint and average SNR

The effective throughput versus the QoS exponent & is plotted in figure 5.3. Overall,
the results show that the performance of the system degrades with a large QoS
exponent, which implies that as the delay constraints become large, the less
throughput system can handle. However, it is also seen that when QoS exponent is
sufficiently small, further increase in @ can only pose slight impact on the effective

throughput performance of the system.
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Figure 5.3 Effective throughput versus the QoS exponent parameter

The asymptotic performance of the system in terms of high SNR approximation for
different diversity order and shadowing parameters are depicted in figure 5.4. The
asymptotic plots merge quickly with the analytical plots for higher values of
shadowing parameter and diversity order. In figure 5.5, the results are drawn for EC
in case of low SNR against Eb/NO for various values of diversity order and fixed

values of A=1, m=1 and ms=30.
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Figure 5.4 Impact of diversity order on the asymptotic performance for various values of shadowing
parameter

From the figure, it can be inferred that with the increase of diversity order, the
effective rate of the system also increases. The results produced here can be directly
applied for designing the communication systems for the real time applications where

the channel characteristics are modeled in the form of FSF distribution.
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5.4  Significant Findings

We have derived the mathematical expression of effective rate performance of the
system over FSF fading channel with MRC reception. The impact of system
parameters on the EC performance is studied in details. These results have extended

and complimented the existing research of effective rate analysis. High power and
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low power asymptotic expressions of the maximum data rate are provided and the
importance of the approximation for MRC diversity is depicted. It is concluded that
the growing demand of the high data rate with tighter delay constraints can be
achieved by increasing the number of diversity branch in the system. Simulation

results are also provided to verify the correctness of the proposed methodology.
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CHAPTER 6

RIS-AIDED THROUGHPUT ANALYSIS OVER FISHER-

SNEDECOR F AND BEAULIEU-XIE FADING CHANNELS

With the demanding need for next-generation wireless networks and the emergence of
RIS in wireless communications, data rate performance over these systems is being
researched for different fading channels. This chapter looked into the throughput
analysis of the BX fading channel and FSF composite fading channel for R1S-assisted
wireless systems. The MGF-based approach is used to derive the expressions of the
system throughput for the aforementioned systems. The system performance in terms
of the channel parameters and the number of reflecting elements is thoroughly
examined and discussed. The accuracy of the inferred theoretical expressions is

confirmed by the results of the Monte-Carlo simulation.

6.1 IRS-aided system

The evolution of wireless communication appears intriguing, given the possibility for
new use cases and the demanding needs of 5G/6G wireless networks [18], [162]. The
signal propagation in wireless scenario is indeterministic due to the dynamic position
of surrounding objects with respect to the Tx and Rx [75], [123]. RIS have been
emerged as a technology where the network operators can modify the electromagnetic
radiation to remove the detrimental effects of fading in wireless propagation [163],

[164].
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The RIS-aided system design has been extensively researched in different
wireless communication sectors as a newer technology. The integration of RIS into
various emerging technologies, such as NOMA scheme was discussed in [165],
energy receivers in SWIPT networks was discussed in [166], and secrecy performance
in PLS networks was discussed in [167], has become increasingly important in next-
generation wireless systems [168]. In [169], the authors have used an IRS for FSO-RF
dual-hop system to enhance the system performance. Other work related to IRS-based
study into the UAV can be found in [170]. Recently in [171], the performance
analysis of the IRS-assisted mobile network in terms of the Pou, ABER over FSF
distribution has been analyzed. In most of the new applications not only the
throughput, but also delay should be addressed as a QoS requirement for these real-

time applications [7], [70].

Table 6.1 Work on IRS-equipped communication system using MGF-based

approach
S. Year | Reference | Performance parameters Fading
No. Channel
1 2019 [173] SER Rayleigh
2 2020 | [174] SER Rayleigh
3 2021 | [175] coverage analysis Nakagami-m
4 2021 | [49] average/effective throughput, | k —u
average BER/SER
5 2021 | [176] effective throughput BX
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Table 6.2 Work on IRS-equipped communication system using PDF-based

approach
S.No. | Year Reference | Performance | Fading Channel
parameters

1 2020 | [177] Pout, BER/SER | Rayleigh

2 2020 | [178] cC Rayleigh

3 2020 | [179] Pout, SER, CC | Rayleigh

4 2020 | [180] Pout, CC, BER | Rayleigh

5 2020 | [181] Pout, CC Rician

6 2020 [182] BER double-Nakagami

7 2021 [183] Pout, CC, BER | Nakagami-m

9 2020 [184] Pout, CC Generalized Fox’s H

10 2021 | [185] EC a-

11 2021 | [186] Pout, BER FTR

12 2020 [187] Pout, CC FTR  channel  with
antenna  misalignment/
hardware impairments.

13 2021 [188] Pout, BER Rayleigh/Gamma-

Gamma
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In light of the foregoing discussion, the throughput performance analysis of RIS-
assisted communication systems is the need of the hour [172]. The performance of
RIS-aided systems over various fading channels has been studied by a number of
researchers. The PDF-based approach and the MGF-based approach are employed in
the literature for the throughput study of RIS-aided systems. Both the methodologies
have advantages and disadvantages; thus, they are utilized as needed depending on the
system's design complexity and the time required to analyze performance metrics.
Tables 1 and 2 show a literature review of the PDF-based strategy and the MGF-based
approach, as well as the performance metrics evaluated and the channel employed in
the study. It is clear from table 1 and table 2 that RIS study is the need of the hour in

the development of next generation networks.

Similarly, the error probability and throughput analysis of RIS-aided system over the
generalized x-u fading channel has been presented in [49]. Because of the importance
of FSF composite fading channel in the D2D communication system [71], some new

research has been performed on it, including the MRC diversity study.

6.2 IRS-aided Point-to-Point system

Consider an IRS-aided system consisting of a Tx, an IRS module equipped with N
passive reflecting elements and a Rx as shown in Figure 6.1. For this system, it is
assumed that link between Tx and IRS is not affected by fading and IRS is having CSI
so that it can modulate the phase of the reflecting element to maximize the

instantaneous SNR at the Rx.
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Figure 6.1 IRS-aided wireless system

The received signal at the Rx can be expressed as

N .
Yq z\/Es{;hiem}("‘n (6.1)

where h =ae'® represents the fading channel coefficient between in passive
reflector to the Rx, where a, and 6. denotes the magnitude and phase of h,

respectively. ¢ is the induced phase at each reflecting element, at ¢ =-6,, Rx yields

the maximum SNR. Using equation (6.1), the SNR received by the user from the N

reflecting elements can be expressed as

Ya = PY (6.2)

2

N
where p=p /N,andy =)'|h| -
i=1

Using equation (6.2) and equation (4.4), the MGF expression can be written as
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M, (s)=E[exp(-s7,)]= Texp(—SW)fy (7)dy (6.3)

6.3 Throughput Analysis over Fisher-Snedecor F composite

channel
6.3.1 Average Throughput

The PDF of the sum of received SNR for N branches over FSF distribution is given by
equation (5.3). One of the most crucial parameters to consider while developing a
communication system is system throughput. In this part, we will calculate the
average and effective throughputs of the RIS-assisted system over FSF composite

channel. The average throughput of a fading channel can be defined as

C = Eflog, (1+7,)] (6.4)

As per [49], the average throughput in terms of MGF can be expressed as

1 5 :
C= ) ! E/(-s)M’,_(s)ds (6.5)
here M 'yD is defined as
O\, () =2 Efexp(~psy )1 =—p [ 7€XB(~ps7)1, () ¥ (6
os P 0s 3 !

Putting equation (5.3) in the above equation, we get
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i - 0 m ™ mN _
LAVINCE B(mN+mSN)(ms7NJ .([7 exp(-psy) .

szl[(erms)N,mN;mN,—mTN yjd)/

s

Using [158] , the Gauss hypergeometric function can be represented in the form of

Meijer-G function and equation (6.7) becomes

MN+1 o,
0 —P m mN+2)-1
—M,,(5)= ( = J [y
os P I(mN)TC(mN){ mzN
( ) ( ) s/ 0 (6.8)
-mN -mNN —-mN
_ GlZ m7/ m s d
XexP( P57) ZZLmst 1 “mN V

Expressing the exponential term of equation (6.8) into its equivalent Meijer-G

function using 07.34.03.0228.01 of [151] we get

mN +1
0 -p m r 3
—M S) = (MmN +2) 1G1o S
s F(mN)F(mSN)[meNJ !y “[p 7oj
(6.9)
-mN-m.N -mN
xG%% m_}/ S dy
m,7 N -1 -mN

Solving the integral using equation (07.34.21.0011.01) of [151], equation (6.9) can be

simplified as

—(MN+2) mN+1
iM (s)=- > m_
os ° L'(mN)T(mN){ pmN
-mN-mN -mN —(mN+1)]

(6.10)

xGL3

m
> pm.7Ns 1 —mN

Putting the above result in equation (6.5) and using equation (8.4.11.1) of [159] i.e.,

1
E (-x)=-G/ g[x 0

, we have
0
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mN+1OC
C- 1 1 m J‘s—(mN+2)G2 of ¢ 1
In(2) T (mN)T(mN){ pm,7N : oo (6.11)
—-mN-mN -mN —(mN+1
ngi m_ ) ( b ds
pm.7 Ns 1 —mN

Using G, ;{_F’

a 1-b
7 :Gnm _q
b ar 1-a

q

z'lJ, property of Meijer-G function and equation

(07.34.21.0011.01) of [151] and after some manipulations the above equation can be

written as

C i 1 1 m mN +1
~In2) T(mN)T(mN) | pm 7N

(6.12)
G pmyN 0 mN+2 mN+2 mN +1
X —_—
Yom LemN+mN mN+L mN+2  mN+l
Using the property of Meijer-G, equation (6.11) can be further simplified as
1 l ( m JmN+l
C= —

<G gL—/’m;j N

2 mN+2 mN+2
1+mN+m,N mN+2 mN+1

6.3.2 Effective Throughput:

The EC model, a link-layer channel model, was created to address the connection-
level QoS metrics like throughput, latency, and delay-violation probability in next-
generation wireless networks [7]. For a block fading channel, the EC can be expressed

as equation (1.11). The definition of EC in terms of MGF can be given as

R(,o,e):—%log2 Ts“exp(—s)My(p—Sst (6.14)

1
T(A)

The MGF of equation (6.14) can be evaluated using
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mN
1 m TN m
M (s) = (MY oy (=s7 ), F.| (m+m. )N, mN:mN, - d
(s) B(mNerSN)[mJNj !7 p(=s7)x, R | (m+m,) e

(6.15)

Using [158], the Gauss hypergeometric function can be represented in the form of

Meijer-G function and equation (6.15) can be calculated as

S

-1 -mN

1 m mN +1, \ my
M _ m _ GlZ
O )47 et “[ms?N

~mN —m_N —mN]
dy

Applying the conversion of exponential function into Meijer-G using equation
(07.34.03.0228.01) of [151] and then solving the integral using equation

(07.34.21.0011.01) of [151] in equation (6.16), we get

-1 -mN

mN +1
M (s) = 1 m oGy M -mN  -mN-mN -mN
I'(mN)I(mN)| m7Ns m.7 Ns

(6.17)

Applying the change of variable in equation (6.17), as required in equation (6.14), it

becomes

_ N +1
M (P_Sj— s D m " x g3 M
7 UN r(mN)T(m,N){ pm.7 A4 pm.7s

-1 —mN
(6.18)

~mN  —mN —m_N —mNJ

q

Using Gy :(_P

a 1-b
z|=G; | —
b ar 1-a,

zlJ property of Meijer-G function, equation (6.18)

can be rewritten as

105



Chapter 6: RIS-Aided Throughput Analysis over
Fisher-Snedecor F and Beaulieu-Xie Fading Channel

S—(mN +1)

MV(%S): F(mN)F(m+ms)£pms;7

mN +1 _
xG31 pms7s
23 T

2 1+mN
1+mN 1+mN+mN 1+mN

(6.19)

Using equation (6.19), 11 can be evaluated as

_ ! [
! C(mN)C(mN)\ pmy

xl‘s(A’mN’z) exp(—s)xG; g[pr:i}/ s

mN +1
] (6.20)

2 1+mN q
S
1+mN 1+mN+mN 1+mN

Applying the conversion of exponential function into Meijer-G using equation
(07.34.03.0228.01) of [151] in the above, we get

~ 1
- T(mN)r(m,N) | pm,7

XJ‘S(A—mN—l)—lG].O s| |xG:t pmy s
1 m

01
The integral part in equation (6.21) can be solved using equation (07.34.21.0011.01)

]mN +1

Il

(6.21)
2 1+mN

ds
1+mN 1+m+m, 1+mN

of [151] and it becomes

PN (
! C(mN)C(mN){ pmy

mN +1
J :

XG: :{pmd’

2 (2+mN-A) 1+mN
1+mN 1+mN+mN 1+mN

(6.22)

Further putting equation (6.22) in equation (6.14) and doing some simplification, we

get the final expression of EC as

1 1 mN +1 _
m m
R<p,a>—zlogz{ ( ] SHE

C(A)T(mN)T(mN){ pmsy m

(6.23)
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6.4 EC analysis for IRS-assisted system over BX Fading channel

6.4.1 Effective Throughput

Using variable transformation s = psin equation (4.7), the MGF expression of IRS-

aided system over BX fading channel can be evaluated as

d mkN) S
M GJJ. 9 [1-(mL+d)
()= exp (mkN ; I'(mN+d) ”( n (6.24)

Putting equation (6.24) into equation (6.14) and using equation (07.34.03.0228.01) of

[151], we get

(mkN )’
(dO)T(MN +d) °

_ s 1
I'(mN)exp(mkN ) §

M

GlO ( I )Gﬁ[ps t—(mud)jds
n

(6.25)

]
o

Using equation (07.34.21.0011.01) of [151], we get the closed-form expression for the

EC of IRS-aided system as

i 1 o (mkN)d 1-(mN+d)
R(p,0) =~ log, F(A)exp(mkN);(d!)F(mNer) 21( : H

(6.26)
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6.4.2 Asymptotic Analysis

Considering high SNR conditions, applying o — oo in equation (6.24), putting it in
(6.14) and using equation (3.381.3) of [148], we get the final high-SNR

approximation as

L 1 T(A-mN)(p\™
R(p—®,0)= AIOQ{F(A) exp(mkN)[n] ] (6.27)

6.5 Numerical Results and Discussions

Here, the graphs of the analytical expressions obtained in the preceding sections are
illustrated. To establish the validity of the derived expressions, the results are verified
using their Monte-Carlo equivalents (with a sufficiently large number of samples 10°
generated). Figure 6.2 shows the average throughput versus the average transmits
SNR for various fading parameters and special cases of the FSF composite channel.
The average throughput is demonstrated to grow as the fading parameters values

increase. Additionally, the simulation results overlap the analytical plots.
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Figure 6.2 Average throughput versus average transmit SNR for various values of fading
parameters and special case of FSF composite channel
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Figure 6.3 Average throughput versus average transmit SNR for some values of reflecting elements

Figure 6.3 depicts the average throughput versus the average transmit SNR for
various values of reflecting element. The performance of the system improves as the
number of reflecting elements increases. Figure 6.4 shows effective throughput as a
function of average transmits SNR for various fading parameter values. The
behaviour of fading parameters on system performance, as shown in figure 6.2 is also

verified here.
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Figure 6.4 Effective throughput versus average transmit SNR for different values of fading
parameters

Figure 6.5 shows effective throughput as a function of A for various values of average
received SNR. It's worth noting that when the average received SNR value rises and
the A value falls, the system's data rate performance improves. For smaller values of

A, the effect on system performance is more noticeable than for higher values of A.
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Figure 6.5 Effective throughput versus A for various values of average received SNR

Figure 6.6 shows effective throughput versus the number of reflecting elements for
various average transmit SNR levels. Surprisingly, a considerable increase in the N
value leads to a significant gain in system performance, which thereafter fades away.
The conclusions obtained in this part are quite generic and can be used to design
communication systems in which signal propagation is represented using a FSF

composite fading channel and its special cases.
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Figure 6.6 Effective throughput versus number of reflecting elements for various values of average
transmit SNR

Figure 6.7 demonstrate the EC performance of the IRS-assisted system for BX fading
channel under different system settings. The graph is plotted according to the results
obtained from equations 6.28 and 6.29. The EC versus p is plotted by varying the values
of fading parameters m and k, while the values of A & N is set to 6 and 2 respectively. As
expected, increasing the value of m or/ and k improves the effective throughput

significantly. Further, we can also see that the analytical results match perfectly with the
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simulation results. Also at the high SNR regime, the asymptotic results are well

approximate to the exact values.
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Figure 6.7 EC against p for various values of m and k with A=6 and N=2
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Figure 6.8 EC versus N with A=6 and p =10dB

Figure 6.8 plots the EC versus N for BX Fading channel, considering the non-integer

values for m and k. From the figure, it is clear that for a given # , the effective system

throughput increased almost linearly as N increases. Also, the gain achieved due to

increasing the fading factor m and k is more significant when N is large.

115



Chapter 6: RIS-Aided Throughput Analysis over
Fisher-Snedecor F and Beaulieu-Xie Fading Channel

6.6  Significant Findings

This research looked into the throughput study of the FSF and BX fading channel for
RIS-assisted wireless systems. The expressions of the effective throughput and average
throughput for the aforementioned FSF channel over the BX fading scenario are derived.
The system performance in terms of the channel parameters and the number of reflecting
elements is thoroughly examined and discussed. It is concluded that the growing demand
of the high data rate with tighter delay constraints can be achieved by increasing the
number of reflecting elements (N) in the IRS-assisted system. The accuracy of the results
is verified by comparing them to their Monte-Carlo simulation counterparts. The results
presented in this study can be used in the development of communication systems for

real-time applications in next-generation wireless networks.

116



CHAPTER 7

CONCLUSION AND FUTURE SCOPE OF WORK

In this dissertation, performance evaluation of BX fading channel and FSF fading
channel has been performed. The EC behaviour of the said channels with diversity
reception is studied. The application of the proposed results for IRS-aided system
for both the fading models is also studied. In this chapter, the major contributions,

achievements, and future scope of work of the thesis are summarized.

7.1 Conclusion

The mathematical analysis for various performance measures over the BX fading
channel and FSF fading channel have been obtained. The mathematically obtained
expressions are numerically evaluated and the effect of different system parameters
on the Rx performance is studied. The numerical results have been validated with
the Monte-Carlo simulations results. The chapter wise main conclusions of this

thesis are summarised as follows:

e The performance analysis over BX fading channel with MRC diversity is
presented in chapter 3. The closed-form expressions of the Poyt, AF, CC, and
ASEP (coherent and non-coherent) are derived for the fading channel. The
effect of diversity order and fading parameters on the system performance are
analysed. It is observed that with the increase in the number of diversity

branches the deteriorating effect of fading is reduced. Along with ORA, OPRA,
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CIFR, and TIFR CC policies, Pout analysis is also performed. The unified
analytical expressions for various coherent and non-coherent modulation
schemes with MRC diversity are also derived and demonstrated.

Chapter 4 analyse the EC performance of the multi-antenna system over the BX
channel. The simplified high-SNR and low-SNR solutions are also derived. It is
concluded that the growing demand for the high data rate with tighter delay
constraints can be achieved by increasing the number of antennas in the MISO
system.

In chapter 5 the mathematical expression of effective rate performance of the
system over FSF fading channel with MRC reception has been derived. The
impact of system parameters on the EC performance is studied in details. These
results have extended and complimented the existing research of effective rate
analysis. High power and low power asymptotic expressions of the maximum
data rate are provided and the importance of the approximation for MRC
diversity is depicted. It is concluded that the growing demand of the high data
rate with tighter delay constraints can be achieved by increasing the number of
diversity branches in the system. Simulation results are to validate the accuracy
of the proposed methodology and it is observed that the simulation results are in
close agreement with the numerical results.

Chapter 6 discusses the RIS-aided performance metric of the multi-antenna
system over the BX fading channel and FSF fading channel. The expressions of
the throughput for the aforementioned system are derived using an MGF-based

technique. It is concluded that the growing demand for the high data rate with
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tighter delay constraints can be achieved by increasing the number of reflecting
elements in the IRS-assisted system. The accuracy of the results is verified by
comparing them to their Monte-Carlo simulation counterparts.

The obtained expressions for performance measures are obtained in terms of

gamma, incomplete gamma and hypergeometric functions.

7.2  Future Scope of Work

This thesis has addressed different problems that are related to performance
analysis of fading channels. However, there are also other questions, which are
being currently investigated and which have not been presented in this thesis.
This research work gives rise to several possible improvements and future

research directions.

e The validation of the proposed fading models was performed through Monte-
Carlo simulation only and measurement validation still need to carried out to find
the application to different practical scenarios. Throughout the thesis,
communication system behaviour with fading models was examined with
arbitrary parameters. Further, parameter estimations of the proposed models
through measurement data can be considered to gain more practical insight.

e Analysis of the proposed composite models can be extended to examine the
system behaviour under multi-hop, PLS, and for co-channel interference.

e To improve the performance of the system, various diversity combining
techniques like MRC, SC and EGC are used in the literatures. The GSC diversity

technique is less explored for the fading channels. For the considered channels
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also, GSC performance is not explored till now, so all the performance matrices of
BX fading channel and FSF fading channel for GSC diversity can be studied.

The energy harvesting technique is a promising solution for the battery limited
devices which is widely used in the real-world applications of 5G and beyond
networks [189]. Limited work has been done in the literature to investigate the
effect of energy harvesting on the data rate of the system. In energy harvesting
channels [190], transmitter is powered by energy harvested from a random
exogenous energy source. The closed-form expressions of the ergodic capacity
and Pout for energy harvesting protocols is well explored in [191]. In [192], The
authors have modeled the harvesting of energy in terms of gamma distribution and
the expression of Pout and CC are derived. Similar study like [192], need to be

carried out for BX and FSF fading channels.
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