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ABSTRACT

In this thesis, the performance of the shadowed fading model over indoor wireless

communication channels is presented. Three shadowed fading models namely; x-u/gamma,
Fisher Snedecor ( ‘F ) and Rayleigh/TWDP are considered for obtaining the performance
measures such as Average Bit Error Rate (ABER), Outage Probability and Channel Capacity.

The analyses have been performed under different scenarios like single channel, multiple
channel, and OFDM systems.

In order to analyze the performance of shadowed fading for single-channel; x-u/gamma and
Rayleigh/TWDP models have been considered. The expressions of Probability Density Function
(PDF), Cumulative Distribution Function (CDF), Moment Generating Function (MGF),
Moments, Outage Probability, Amount of Fading (AF), ABER for different modulations
schemes and Channel Capacity over various adaptive transmissions protocols for x-u/gamma
shadowed fading model have been derived. As special case, the numerical results have been
presented for different parameters of the x-u/gamma model and compared with previous reported
results. Further, the expressions of PDF, CDF, MGF, Outage Probability, and ABER for
different modulation schemes for Rayleigh/TWDP shadowed fading model have also been
presented. The numerical results have been presented for different parameter values of
Rayleigh/TWDP model. The improvement in system performance is observed by varying the
shadowing parameter.

Fading has a significant role to degrade the performance of wireless communication systems.
This fading effect can be mitigated by employing the diversity combining techniques at the
receiver. MRC diversity is the best method to improve the SNR at the output of the receiver.
Therefore, the performance of ‘F shadowed fading model with MRC diversity for i.i.d. branches
have been analyzed in this thesis work. Primarily, the expressions of MGF, Moments, AF,

ABER and Channel Capacity for F shadowed fading model have been derived. Also, the

numerical results for different multipath fading and shadowing parameter values of ‘F shadowed

fading model have been presented. In light shadowing environment, the new results converge to



existing results of Nakagami-m and Rayleigh distribution. Additionally, the Monte Carlo
simulations are provided to cross verify the derived expressions.

In multipath propagation, generally, the time period of signal (symbol duration) becomes smaller
than the delay time of the channel and that introduces inter-symbol interference (ISI). To remove
the ISI effect, the OFDM technique is widely used which increases the symbol duration by
converting the serial data stream into the parallel data stream. Also, in the real environment, the
channel is not always stationary (transmitter and/or receiver also) and therefore inter-carrier
interference (ICI) introduces in the received signal. The Fractional Fourier transform (FrFT)
based OFDM technique can easily deal with this type of impairment. Thus, the performances of
the OFDM system with Fast Fourier transform (FFT) and FrFT over F and x-u/gamma

shadowed fading channels have also been analyzed in this research work. Particularly, the exact
and approximate expressions of ABER for uncoded OFDM with FFT and FrFT have been
derived. Both MQAM and MPSK signaling schemes have been considered to derive these
expressions. Moreover, the ABER expressions for space-frequency block coded (SFBC)-OFDM
with FFT and FrFT have also been derived to improve the quality and reliability of the received
signal. Both exact and approximate BER results closely matched to each other. The derived
expressions have been validated through Monte Carlo simulation results and previous existing

results.
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Chapter 1

Introduction

1.1 Indoor Communication System
The technology in wireless communication is improving every day. This technology has covered
huge areas of application such as medical, military, education, entertainment, sport, and
communications. The wireless communication system has more enormous advantages over
wired communication systems because of its easy installation, system reliability, mobility, and
low cost [1]. The transmitted signals are reflected, refracted and/or diffracted through the
surrounding objects, and only some part of the signals is received at the receiver.
In indoor wireless communication, the transmission of information may be possible between two
or more users within a maximum of 100 meters. In this type of system, communication is
possible among the users in building-to-building, multi-floor buildings, office areas, conference
room, hall, laboratory, airport, railway stations, shopping complex, etc. [1]. In the indoor
scenarios, the signal covers a small distance but has high channel variation in comparison with
the outdoor environment. In this type of environment, the obstruction in signal occurs due to
walls partition, multi-floor buildings, doors, chairs, humans, tables, etc. Various statistical
measurements and modeling of the channel for indoor scenarios have been proposed in reported
literature [2-4]. Generally, channel measurements have been taken in the office building,
laboratory, multi-floor buildings, and corridors only.
The Wireless Local Area Network (WLAN) provides considerably good coverage over the local
area and has a range of up to 100 meters. The WLAN has been extremely popular today since it
provides not only wireless connectivity but also a high data rate, minimum maintenance cost,
easy installation, and simple operation. The WLAN standards IEEE 802.11 series, HiperLAN1,
and HyperLAN2 are used for establishing the connection among users.
WLAN is popular in residential as well as the commercial application which includes:

o Alternative to wired LAN

o Extension of existing LAN



o Nomadic access
o Interconnection between buildings

o Adhoc Networking.

The Wireless Personal Area Network (WPAN) technologies are used for short-distance
communications, and it provides coverage within 10 meters. This technology requires minimum
cost and low power wireless devices [5]. The most common devices that support short-range
communication are laptops, computer peripherals, wearable devices, PDAs, sensors, mobile
phones, etc.

The Wireless Body Area Network (WBAN) technologies are used for very short distance
communication, and it provides coverage up to 1 meter. In WBAN, sensors are used as
communication devices which may be positioned on or around the human body. It requires low
power devices (maximum radiated power is ImW) [6, 7]. IEEE 802.15.6 standard is used for
WBAN. In WBAN, the attenuation or fluctuations in the signal depends on the position of
transmitter (Tx) and receiver (Rx) on the human body, nearby scattering objects, and posture of
the human body. Three different types of links are possible in the body-centric communication
system. This includes body-to-body, off-body, and on-body communication [6]. In off-body
communication, the sensor nodes are placed on the body surface which can directly
communicate with the nearest base station. In on-body communication, two or more sensor
nodes are placed on the body surface so the shadowing occurs due to body parts. In body-to-
body communication, the sensor nodes are positioned on different human bodies.

The signal propagation structure into and inside the building is more complex in comparison
with outdoor environment because of building structure, layout of the room and type of material
used to construct the buildings. In the indoor environment, the signal propagation depends on
various factors like thickness of wall partition, the position of transmitting and receiving antenna,
closed or open doors, etc. Therefore, practically, it is difficult to develop a generic channel
model for indoor wireless communication. Indoor radio propagation accounts various losses such
as free space transmission loss, and penetration loss. The penetration loss includes both wall
partition loss and floor partition loss. In addition to noise and interference, the propagated signal

may also influence by multipath fading and shadowing that degrade the system performance.



Thus, a low quality of received signal introduces higher error rate. The limitations of indoor
wireless communication can be summarized as:

o Unreliability

o Limited frequency

o Low data rate

o Security

o Interference

o Health hazard

1.2 Shadowed Fading Model

The random variation in received signal strength is called fading. With the effect of multipath
and Doppler shift, a signal component with some distortion is obtained at Rx, which is different
from the originally transmitted signal [8]. There are two classes of fading: small-scale fading and
large-scale fading. The short-term fluctuation in the received signal amplitude is called small-
scale fading [9]. This type of fading is the cause of the multipath effect. The small-scale fading
models include x-u, Nakagami-m, Hoyt, Two-wave with diffuse power (TWDP), Weibull,
Rayleigh, Beckmann, and Rician distribution.

The large-scale fading occurs when the receiver moves over a large area. Large scale fading
depends on the presence of obstacles in the signal path, the position of the receiver, and its
distance from the transmitter [9]. When the receiver travels over a large distance, some losses
occur that depend on the Tx and Rx distance, known as path loss (nth—power law). Also, since the
receiver moves in the shadow region of objects (like buildings, trees, mountains, etc.), the
shadowing occurs [1]. Hence, the term large-scale fading corresponds to the combined effects of
path-loss and shadowing loss. This type of fading is commonly characterized by lognormal
distribution [1]. Due to the complexity of lognormal distribution, it has rarely used for further
analysis. The gamma distribution is the better replacement of the lognormal distribution since its
statistical behavior is similar to the lognormal model [9].

In real environment, the received signal at the receiver characterizes both multipath fading and
shadowing effects simultaneously by considering the shadowed fading model (or composite
fading model). This type of fading is found in indoor scenarios, urban areas where the

pedestrians and vehicles move with slow speed, and in Land Mobile Satellite (LMS) systems,



where the vehicles have high speed [8]. The different shadowed models are available in the
reported literature that found suitable in cellular communication, optical wireless
communication, LMS communication, body-centric communication, vehicular communication,
etc. [10-20]. Based on obstructions in the signal path, the shadowed fading model can be
classified into two types: multiplicative shadowed fading model and Line of Sight (LOS)
shadowed fading model. The LOS shadowed fading occurs only when the dominant LOS signal
component is obscured by surrounding objects like trees, buildings, chairs, and the human body
[10-14].

On the other hand, the multiplicative shadowed fading occurs when both dominant and multipath
signal components are obscured by surrounding objects (including the human body) which
causes variations in net power of the received signal component [15-19]. The experimental
results have shown that the multiplicative model shows the better characterization of the wireless
channel environment in comparison to the LOS shadowed fading model [19]. Because in LOS
shadowed fading, only the LOS component is obscured by surrounding objects; however, in
multiplicative shadowed fading, both LOS and diffuse power signal components are obscured by

surrounding objects.

1.3 Thesis Contributions

This research investigates the performance of the shadowed fading model which can help the
researcher/scientist to design an optimal indoor wireless communication system. The
performance analysis parameters such as Average Bit Error Rate (ABER), Channel Capacity,
Average Signal-to-Noise Ratio (SNR), and Outage Probability measure the quality and reliability
of distorted received signal at the receiver. The choice of modulation/detection scheme is the
primary interest for system designer that helps to reconstruct the distorted signal with minimum
error. The implementation of Maximum Ratio Combining (MRC) diversity at the receiver
provides the maximum SNR that helps to strengthen the received signal. The design of the
OFDM system at the transmitter and receiver section provides high data transmission over a
given bandwidth. Also, the OFDM system with FrFT can efficiently perform over doubly
dispersive channels. The x-u/gamma, Fisher Snedecor ( ‘F ), and Rayleigh/TWDP shadowed

fading models have specified indoor applications and these are adequate for indoor off-body



communication, indoor device-to-device communication, and indoor WLAN system,

respectively.

The main contributions of research work based on objectives are summarized as follows:

1.

The aim of the first objective is to study and analyze various composite fading model for
indoor communication. Shadowed fading models such as x-u/gamma, Generalized K,
Fisher Snedecor ( ‘F ), Rician/TWDP (JFTS), and Rayleigh/TWDP are adequate for
indoor wireless communication. In this research work, three shadowed fading models: x-
u/gamma, Fisher Snedecor ( ‘F ), and Rayleigh/TWDP are presented to evaluate the
performances over indoor wireless channels. The x-u/gamma model has seven special
cases. Therefore, by setting the several x-u/gamma parameters, the newly obtained results
converge to existing results of special cases. Also, the new results of F model converge
to existing results of classical multipath fading models by putting the several parameter
values. The analysis of ‘F model with maximum ratio combining (MRC) coding has

shown improvement in system performance.

The second objective aims to analyze the performance of composite fading model over
single channel for indoor scenarios. To achieve the second objective, the performance of
rx-u/gamma model is investigated. In this context, the statistical parameters such as
Probability Density Function (PDF), Moment Generating Function (MGF), Cumulative
Distribution Function (CDF), and Moments in the term of instantaneous Signal-to-Noise
Ratio (SNR) for this generalized fading distribution model are computed mathematically.
Further, the exact novel analytical expressions of Outage Probability and Error
Probability using several signaling techniques are derived. Also, the novel analytical
expressions for several capacities are obtained. The numerical results are presented for
various x-u/gamma parameters. Moreover, the newly achieved results converge to
existing results of shadowed and multipath fading models, as special cases.

Thereafter, the performance of Rayleigh/TWDP shadowed fading model is evaluated. In
this context, the novel mathematical expressions of PDF, CDF, and MGF over
Rayleigh/ TWDP channels are derived. Further, the expressions of different Average

Error Probabilities and Outage Probability are derived. Using several shadowing and



shape factors, the analytical results are illustrated. Moreover, the results of ABER for
Rayleigh/TWDP model are compared with the corresponding results of Rayleigh/gamma
model. The higher value of shadowing parameter for both shadowed fading models
shows better performance. In single channel, the ABER and outage probability has shown

the improvement in system performance as compared to existing models.

The third objective aims to analyze the performance of composite fading model using

diversity combining technique for indoor scenario. Therefore, the performance of L-
branch Maximum Ratio Combining (MRC) receiver for F model is evaluated. In this

context, novel mathematical expressions for MGF, Amount of Fading (AF), Moments,
and ABER for various modulation techniques are derived. Also, the several capacities
expressions over this generalized shadowed fading channel are computed mathematically.
As an illustration, the results are plotted for fading severity parameter, shadowing
parameter, and for different number of branches. Further, in light shadowing
environment, the numerical results are reduced to corresponding existing results. Both
simulation and numerical results showing the perfect match. The performance

improvement is seen as the number of diversity branches varies.

The fourth objective aims to analyze the performance of composite fading model using
OFDM and FrFT OFDM schemes. To achieve the fourth objective, the novel
mathematical ABER expressions using M-ary signaling technique of uncoded and SFBC
coded OFDM system for x-u/gamma and F models are derived. Both FrFT and FFT

domain are considered to derive these expressions. With the condition of no shadowing,
the newly obtained results converge to results of multipath fading models, as special
cases. The Monte Carlo simulations are carried out for validation purposes. The Error
Probability reduction depends on the mean SNR, modulation index, code rate, number of
Rx and Tx antennas, and type of signaling schemes. The error rate of FrFT based OFDM
shows better performance than FFT based OFDM. For example, (at 40dB average SNR)
the error probability of 4-PSK signaling for uncoded OFDM with FrFT and FFT are
3.12x107 and 7.77x107, respectively.



1.4 Thesis Outline

The organizations of thesis are as follows

Chapter 2 introduces the literature survey that covers some important topics used in thesis work.
This Chapter starts with a brief survey on the measurement and modeling of indoor wireless
channels. After that, previously proposed various shadowed fading models are reviewed which
includes applications such as LMS, urban environment, (device-to-device) D2D, wearable
communication, vehicular communication, and medical imaging. The performance parameters
such as ABER, Channel Capacity, Outage Probabilities, and AF have an important role to
implement any wireless systems. Therefore, the survey on the performance of various shadowed
fading models over a single channel is discussed. The performance on the several diversity
combining techniques is also reviewed in this Chapter which is frequently used to improve the
SNR at the receiver output. Chapter 2 also reviewed the literature on the performance of the
OFDM systems in several fading channels. On the basis of literature survey, some problems are
formulated. With the help of the formulated problem, the objectives, and methodology of the

research work are decided.

Chapter 3 starts with the mathematical modeling of some important multipath fading, shadowing,
and shadowed fading, which is related to the shadowed fading models used in this thesis for
performance analysis. This Chapter also introduces the basics of diversity combining techniques,
mathematical models, and types. After that, the basics of the OFDM system, its block diagram,
applications, advantages, and disadvantages are discussed. Further, the definition of FrFT, its
mathematical model, and applications are discussed. Finally, the definition and mathematical
formulas of performance parameters, for example, AF, Average Error Probability of several
signaling techniques, Outage Probabilities, and different capacities are presented. To this extent,
the formulas of BER for different modulation techniques and Channel Capacity for different
power adaptive methods using both PDF and MGF based approaches are discussed.

The performance analysis of two shadowed fading models, namely x-u/gamma and
Rayleigh/TWDP, are investigated in Chapter 4. Initially, in this Chapter, the statistical
parameters such as CDF, PDF, MGF, and moments for x-u/gamma model are proposed.
Correspondingly, the performance in the term of ABER for various modulation techniques,

Channel Capacity for several policies and Outage Probability are obtained. Further, the



numerical results are demonstrated and their conversions to special cases are presented by setting
several factors. This Chapter also proposed the PDF, CDF, and MGF of Rayleigh/TWDP model.
To this end, the performances in the term of Outage Probabilities, and Error Probabilities for

some signaling technique are presented.

Chapter 5 presents the performance of the diversity combining technique for ‘F shadowed fading

model. The MRC receiver algorithm has been used to obtain performance measures such as
Moments, AF, ABER, and Channel Capacity. Correspondingly, the numerical results are plotted
for several shadowing and fading factors. The improvement in performance depends on the
signaling schemes used, modulation index, number of diversity branches, and average SNR.
Further, the generalized results reduce to previous existing results, as special cases. Moreover,

the simulations and new proposed results show good agreement.

The performance of uncoded OFDM and SFBC-OFDM systems for two shadowed fading
models i.e. xk-u/gamma, and F is evaluated in Chapter 6. Both FFT and FrFT algorithms are
considered for such analysis. In this context, Average Error Probability expressions are derived
using several M-ary signaling techniques. Further, the newly obtained results converge to
reported existing results that show the generality of both shadowed model. The simulation results

show a good match with new results.



Chapter 2

Literature Review

In this Chapter, a brief survey on indoor channel modeling and measurements is presented.
Throughout study on the various shadowed fading models and their performance analysis over
single-channel are also presented in this Chapter. The diversity mechanism in wireless
communication combat the effect of fading and provide a good quality signal at the receiver
output; therefore, the survey on performance analysis using diversity combining technique is also
discussed in the middle of this Chapter. For the doubly dispersive channel, the conventional
OFDM and FrFT-OFDM systems are the best methods to achieve high signal quality. Therefore,
the analyses of these techniques are also presented in this Chapter.

Based on the literature survey, the gaps are identified, and corresponding research objectives are
defined. Further, based on research objectives, the research methodology is presented in the end

of this Chapter.

2.1 Indoor Wireless Channel Measurements and Modeling

Modeling of the channel has a vital role to characterize the signal that propagates between
transmitter and receiver. Indoor wireless communication includes technology such as WLAN,
WPAN, and WBAN. In the indoor system, communication is possible between building-to-
building, multi-floor buildings, office areas, conference room, hall, laboratory, etc. The indoor

channel model is categorized in two ways:

e Statistical model

e Deterministic model

The statistical model requires a large number of measurements to obtained channel parameters
like channel impulse response, power delay profile (PDP), and coherence bandwidth. The

statistical-based channel model includes Saleh-Valenzuela (S-V) model [21], Extended S-V [22],



and 3GPP spatial channel model [23]. On the other hand, the deterministic model requires site-
specific information such as dielectric constant, thickness, and the absorption coefficient of
material (walls). The deterministic model characterizes the real effect of the environment but has
high computational complexity. The main advantage of the deterministic model is that it does not
require any complex measurement set up and unnecessary burden. Generally, the ray-tracing
method is used in the deterministic model [24]. Some research papers based on statistical
measurements over indoor communication channels are discussed below.

A. A. M. Saleh ef al. [21] proposed a statistical model for indoor radio channels based on
measured results. The clusters and rays within-cluster are modeled as a Poisson arrival process
with different rates. Spencer et al. [22] included the Angle-of-Arrival (AOA) in Saleh-
Valenzuela's model given in [21]. According to this technique, both clusters and rays are
characterized by time and angle. The measurements and modeling of channels in the indoor
office areas at 60 GHz were presented by X. Wu et al. [25]. An angular extended S-V model has
been used to characterize the indoor channel measurement results [25].

The omnidirectional and maximum power path loss models for the indoor environment at 83.5
GHz have been presented by J. Senic et al. [26]. The measurements were conducted over 3000
transmitter-receiver antenna positions in different scenarios such as hallway, lobby, and
conference room [26]. K. Turbic et al. [27] presented a shadowing model for the human body.
The proposed model is based on body shadowing loss which is presented in the term of cosine
function [27]. Off-body indoor channel measurements at 60 GHz were performed by L. Petrillo
et al. [28]. The S-V model has been used to propose the impulse response model. The results

have been obtained in the term of path loss and delay spread [28].

2.2 Shadowed Fading Models

Multiplicative shadowed fading is mostly used for better characterization of the wireless channel
in comparison with LOS shadowed fading model. The reason behind this is that in the
multiplicative shadowed fading model both specular component and diffuse power component of
the multipath fading model follow the shadowing distribution. Table 2.1 listed the various
shadowed fading model over the wireless communication channels. The shadowed fading model
includes a wide range of applications not only in wireless communication but also in other fields

such as image processing, and biomedical imaging [17, 29, 30]. Some significant applications
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include body-centric communication, molecular communication, D2D communication, optical
wireless communication, radar communication, unmanned aerial vehicle (UAV), LMS, and
cellular communication.

Rayleigh/lognormal was the first shadowed fading model proposed by H. Suzuki in 1977 [16].
This model is a combination of Rayleigh and lognormal distribution, and it is suitable for the
urban environment. C. Loo [10] proposed a Rice/lognormal shadowed fading model. In this
model, the LOS component of Rice distribution follows the lognormal distribution. The model is
suitable for LMS communication channels. After that, the Rice/lognormal model was modified
by G. E. Corazza et al. [15] with the assumption that the total signal component of the Rice
fading follows the lognormal distribution. The proposed model is adequate for LMS, rural,
urban, and suburban environments. A Generalized Rice/lognormal model was proposed by F.
Vatalaro et al. [31] with the assumption that the additive diffuse-multipath components have
constant average power. The proposed model reduces to Rayleigh, Rice, lognormal, and Loo
model. S. H. Hwang ef al. [32] extended the Rice/lognormal model proposed by G.E. Corraza
with the assumption of independent shadowing. The closed-form expression of PDF for
Rayleigh/gamma (K distribution) model was obtained by A. Abdi ez al. [17]. T. T. Tjhung et al.
[33] proposed the Nakagami-m/lognormal model. The authors also derived the expressions of
Level Crossing Rate (LCR) and Average Fade Duration (AFD) [33]. A. Abdi et al. [11]
proposed Rice/Nakagami-m model for the LMS communication system. In this model, the LOS
component of the Rice model follows the Nakagami-m model. In [11], the expressions of PDF,
moments, MGF, LCR, and AFD have been derived. P. M. Shankar [18] proposed the
Generalized K model. In this, the average power of Nakagami-m distribution follows the gamma
distribution. T. Eltoft [34] introduced the Rician/inverse Gaussian model which is suitable for
Synthetic Aperture Radar (SAR) and medical ultrasound images. Karmeshu et a/. [35] proposed
Rayleigh/inverse Gaussian distribution, which is adequate for biomedical imaging and optical
wireless communication. A. Laourine et al. [36] proposed Nakagami-m/inverse Gaussian
shadowed fading model (or G-distribution). P. S. Bithas [37] proposed Weibull/Gamma
distribution. In [37], the closed-form expressions of PDF, Characteristic Function, Moments,
Outage Probability, and ABER were derived. The extended Generalized K model was proposed
by F. Yilmaz et al. [38]. In [38], the expressions for PDF, CDF, LCR, AFD, fractional moments,
AF, ABER, Outage Probability, Average Capacity, and Outage Capacity have been provided.
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Table 2.1: List of Shadowed Fading Model

Authors Types Shadowed Fading Model | Years Applications
Suzuki Multiplicative Rayleigh/lognormal 1977 Urban Environment
C. Loo LOS Rice/lognormal 1985 Land Mobile Satellite
G. E. Corazza Multiplicative Rice /lognormal 1994 Rural, Urban, Suburban Environment
F. Vatalaro Multiplicative Generalized 1995 Wireless Communication
Rice/lognormal
A. Abdi Multiplicative Rayleigh/gamma (K 1998 Radar Communication, Scattered
distribution) Radiation, Medical Ultrasound Image
T. T. Tjhung Multiplicative Nakagami-m/lognormal 1999 Land Mobile Satellite
A. Abdi LOS Rice/Nakagami-m 2003 Land Mobile Satellite
P.M. Shankar Multiplicative Nakagami-m/gamma 2004 Indoor, Outdoor
(Generalized K)
T. Eltoft LOS Rice/inverse Gaussian 2005 SAR, Medical Ultrasound Image
Karmeshu Multiplicative | Rayleigh/inverse Gaussian | 2007 Biomedical Imaging, Optical Wireless
A. Laourine Multiplicative Nakagami-m/inverse 2009 Wireless Communication
Gaussian
P.S Bithas Multiplicative Weibull/gamma 2009 Wireless Communication
F. Yilmaz Multiplicative | Extended Generalized K 2010 mmWave, Free Space Optical Channel
P. C. Sofotasios | Multiplicative n-u/gamma 2010 Wireless Communication
P. C. Sofotasios | Multiplicative k-u/ inverse Gaussian 2013 RF, FSO
P. C. Sofotasios | Multiplicative n-u/inverse Gaussian 2013 RF, FSO, Ultrasound Imaging
J. F. Paris LOS x-u/Nakagami-m 2014 Underwater Acoustic Communication
I. Dey Multiplicative Rician/TWDP (JFTS) 2014 Indoor WLAN
S. L. Cotton LOS k-u/lognormal 2014 Body Centric Communications
S. L. Cotton LOS x-u/Nakagami-m 2015 Cellular D2D Communications
S.K. Yoo et al Multiplicative K-p/inverse gamma 2015 Wearable, Cellular D2D and Vehicular
Communication
S.K. Yoo et al Multiplicative n-u/inverse gamma 2015 Wearable, Cellular D2D and Vehicular
Communication
S.K. Yoo et al Multiplicative K-u/gamma 2016 Off-body Communication
S.K. Yoo et al Multiplicative Fisher-Snedecor ( F) 2017 Wearable, Indoor D2D Communication
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P. C. Sofotasios et al. [39] proposed #-u/gamma fading distribution. Further, P. C. Sofotasios et
al. [40] also introduced x-u/inverse Gaussian model in the year 2013. This model is suitable for
Radio Frequency (RF) and Free-Space Optical (FSO) wireless communication. In [40], the
analytical expressions of PDF, Moments, and AF were derived. In the same year, P. C. Sofotaios
et al. [41] proposed n-u/inverse Gaussian fading distribution which is suitable for RF, FSO, and
ultrasound imaging.

The x-u shadowed fading model was proposed by J. F. Paris [12]. In this model, the LOS
component of x-u distribution follows the Nakagami-m distribution. The proposed model is
adequate for LMS and Underwater Acoustic Communication (UAC) systems. In [12], statistical
parameters like PDF, CDF, and MGF were obtained. S. L. Cotton [13] proposed the x-
u/lognormal LOS model in which the resultant dominant component of x-u distribution follows
the lognormal model. In [13], the channel measurements were performed in the body-centric
communication system.

I. Dey et al. [4] proposed a JFTS model which is the combination of TWDP and Rician
distribution. In [4], the indoor channel measurements were conducted over frequencies 900,
2450, and 5000 MHz with different transmitter and receiver antenna positions. The measured
PDF showed good agreement with the theoretical PDF of the JFTS model [4]. S. L. Cotton [14]
proposed shadowed x-u distribution by considering the resultant dominant signal component of
k-u distribution follows Nakagami-m model. The D2D field experiments at 868 MHz frequency
have been performed in an outdoor environment. The experimental results better matched with
the proposed shadowed x-u fading model [14].

S. K. Yoo et al. [19] proposed x-u/gamma model that was initially introduced by P. C.
Sofotasios ef al. [42]. H. Shankar et al. [43] proposed the Rayleigh/TWDP model which is
adequate for indoor NLOS environment. In [43], the author derived the expression of PDF of the
envelope signal. In the same year, POCA/TWDP model was provided by H. Shankar et al.
[44]. In POCA/TWDP model, POCA is a small-scale fading distribution, and TWDP is the
shadowing distribution.

The inverse gamma based shadowed fading distributions were proposed by S. K. Yoo et al. [45]
that were initially proposed by S. K. Yoo et al. [46, 47]. In [45], the expressions of statistical
parameters like PDF, MGF, CDF, Moments, and AF of both shadowed fading models were

derived. In [45], further, the channel measurements were performed in three different wireless
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applications like wearable, vehicular and cellular communication. The obtained measured results

provide excellent fit, in both LOS and NLOS conditions, with both models [45]. S. K. Yoo et al.
[48] proposed a shadowed fading model, coined as Fisher-Snedecor ( F ), in which the RMS of

Nakagami-m signal follow inverse Nakagami-m fading distribution. Particularly, the D2D
experiments were performed in the indoor and outdoor scenario at 5.8 GHz. The author, in [48],
further analyzed the ABER and Outage Probability performance. For the D2D communication

system, channel measurement results best fitted to ‘F shadowed fading model in comparison with

the Generalized K fading model [48]. O. S. Badaneh et al. [49] proposed the product of F

shadowed fading model. The product of two x-u random variables was presented by N. Bhargav

et al. [50].

2.3 Performance Analysis over Single Channel

The capacity performance under various rate and power adaptive methods with and without
diversity over Rayleigh channels was analyzed by M. S. Alouini et a/. [51]. The MRC and
Selection Combining (SC) diversity techniques were considered to derive Channel Capacity
expressions [51]. The Symbol Error Rate (SER) performance for M-ary signaling over Rician
channels was analyzed by J. Sun et al. [52]. A. Abdi ef al. [53] proposed the closed-form
expression of ABER over K channels. Further, the obtained results were compared with the
Rayleigh/lognormal model that shows good agreement [53].

The closed-form MGF based expressions of Average SER (ASER) for binary and M-ary signal
over Nakagami-m channels were derived by H. Shin ef al. [54]. P. S. Bithas et al. [55] derived
PDF, CDF, and MGF expressions in the term of SNR over the Generalized K fading channels.
Further, the performance metrics like Average Channel Capacity (ACC), Outage Probability, and
ABER were obtained. The ABER expressions were obtained for a large variety of modulation
schemes like BPSK, square MQAM, non-coherent BFSK, BDPSK, gray coded MPSK, and
MDPSK [55].

D. B. da Costa et al. [56] proposed ACC for several fading distributions. The ACC of
Nakagami-m lower bounds the 7-u model however it upper bounds the x-u model. Moreover, it
lower bounds the ACC of a-u for a > 0 and 4 > m and upper bounds the ACC of a-u for a > 2
and u <m [56]. In [57], the expressions of MGF and ABER using different modulation schemes

for x-u and n-u models were provided by D. B. da Casta et al. The obtained new results include
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the result of Rician, Hoyt, and Nakagami-m fading channels [57]. The closed-form expressions
of ACC under three adaptive transmission policies: ORA, OPRA, and CIFR for Generalized K
model were provided by A. Laourine et al. [58].

K. P. Peppas [59] obtained the ACC expressions of #-u fading distribution. These expressions
were obtained for both single branch and MRC receiver operating over not necessarily
identically distributed branches. The proposed expression includes several special cases like
Hoyt and Nakagami-m distribution [59]. The performance over Generalized K fading channels
was analyzed by G. P. Efthymoglou ef al. [60]. A. M. Magableh et al. [61] proposed the MGF,
Error Probabilities, and Outage Probabilities expressions of a-u fading distribution.

M. D. Renzo et al. [62] proposed a new formula of Channel Capacity by using MGF and/or
truncated MGF based approach. In [62], the author introduced E-transform to obtain the Channel
Capacity under ORA and OPRA policy using MGF and/or truncated MGF expression. Also, the
Mellin and Hankel transform of MGF was introduced to obtain the Channel Capacity under
CIFR and Truncated CIFR policy, respectively [62]. F. Yilmaz ef al. [63] derived a novel MGF
based unified ABER and Channel Capacity expressions for single and multiple receiver with
MRC. The MGF and ASER expressions for different modulation schemes over the Generalized
K channels were derived by G. P. Efthymoglou [64]. Further, the closed-form expression of
CDF of SNR (for integer m) was derived, which helps to achieve the expressions of Outage
Probability, ACC, and ABER [64].

I. Dey et al. [65] derived the expressions of joint moments, mean, variance, and AF for JFTS
distribution. The MGF and error rate expressions for JFTS model were derived in the work of 1.
Dey et al. [66]. 1. Dey et al. [67] derived the expression for CDF over JFTS fading channels that
further helps to obtain the expression of Outage Probability. The expression of pairwise error
probability of turbo codes for PDF of square random variables for JFTS fading distribution was
derived in the work of L. Dey et al. [68].

I. Dey et al. [69] analyzed the capacity performance over JFTS channels. The numerical results
illustrated the effect of JFTS parameters on channel capacity [69]. The expressions of achievable
bandwidth efficiency, cutoff rate, and channel capacity by considering the M-ary signaling and
JFTS distribution were derived by 1. Dey et al. [70]. Further, the author obtained the upper and
lower bounds errors by truncating the infinite series expression of bandwidth efficiency [70]. The

ABER expressions for various modulation techniques using CDF based approach over the JFTS
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channels were derived by L. Dey et al. [71]. Further, the expression of achievable channel cutoff
rates was derived in [71]. The expression of Outage Probability in the presence of self-
interference over the JFTS channels was obtained by 1. Dey et al. [72]. To this end, the author
derived the expression for PDF of the difference between two correlated but not necessarily
identically distributed squared JFTS variates [72].

Y. Xi et al. proposed a novel analytical method to calculate the Average Packet Error Rate
(APER) of general packet transmission system for quasi-static fading channel [73]. M. Rao et al.
analyzed the performance of Generalized Two Ray (GTR) distribution [74]. A. Hamed et al.
[75] obtained the expressions of MGF and truncated MGF for K distribution. Based on derived
MGF/truncated MGF, the expressions of ACC and ABER (MQAM) were obtained. Further, the
performances of the adaptive MQAM system by considering the Outage Probability, system
capacity, and ABER have been evaluated [75]. D. Das et al. [76] proposed a method of
Automatic Modulation Classification (AMC) based on fourth-order cumulants to classify 8-PSK,
16-PSK, QPSK and OQPSK signaling schemes.

The capacity analysis of a-#-x-u distribution was performed by X. Li ef al. [77]. In [77], the
Channel Capacity performance improved by increasing the fading parameters like dominant
power component (x), multipath cluster («), and mean value (a). T. Aldalgamouni et al.
analyzed the performance of a-y-u fading distribution [78]. In [78], the proposed expressions
reduced to Channel Capacity of a-u, Nakagami-m, Weibull, and #-u distributions. The closed-
form expressions of Channel Capacity and ABER with interference for extended Generalized K
distribution were derived by S. P. Singh ef al. [79]. These expressions have been obtained by
using the proposed unified conditional expression of ABER and channel capacity [79].

The exact and approximate expressions of MGF and SER for several fading models were derived
by E. Salahat et al. [80]. F. J. L. Martinez et al. [81] presented a method for obtaining the
incomplete MGF (IMGF). The derived IMGF expression of x-u shadowed has been used to
obtain the channel capacity, outage probability, physical layer security, and ABER with adaptive
modulation [81]. The generalized MGF based analysis of x-u extreme distribution has been
performed in J. Gong et al. [82]. The expression of generalized MGF for the TWDP distribution
was derived by J. P. P. Martin ef al. [83]. Further, the performance in the term of energy
detection, SER (NCMFSK), Outage Probability with interference and physical layer security

were evaluated [83].
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T. Aldalgamouni et al. [84] analyzed the error probabilities and capacity performance for F
model. J. Gong et al. [85] proposed the generalized MGF and investigated the secrecy capacity

performance for ‘F model. The effective rates analysis for ‘F model with multiple antenna

systems was performed by S. Chen et al. [86]. The work on physical layer security for F model
was provided by L. Kong et al. [87]. H. AlI-Hmood et al. [88] investigated the energy detection

performance for x-u shadowed and F models.
F. S. Almehmadi et al. obtained the effective capacity expression for F model [89]. The secrecy
capacity analysis for ‘F model was provided by O. S. Badarneh ef al. [90]. The capacities

performances using F model were analyzed by S. K. Yoo et al. [91], H. Zhao et al. [92], and N.
Kapacu et al. [93]. S. K. Yoo et al. [94] evaluated the performance of entropy, and energy
detection for F model. In [94], the analytical expressions of the average probability of detection,

noise power uncertainty, square law diversity reception, and collaborative spectrum sensing were
derived. Further, the author obtained the expressions of area under the curve (AUC) of
instantaneous SNR, average AUC. Finally, to study the performance of entropy, the author

obtained the expressions of Shannon entropy and cross-entropy [94].

2.4 Performance Analysis for Multiple Channels

The performance of the Generalized K fading model operating over multiple channel receivers
was investigated by P. M. Shankar [95]. In [95], several statistics for SC and MRC receiver
were derived. Further, the author studied the performance of error rate and AF for different
fading and shadowing parameters. P. S. Bithas ez al. [96] analyzed the performance of several
diversity schemes over Generalized K fading channels. Further, with the assumption of i.n.i.d.
channel, the performance measures such as average output SNR, AF, ABER, and Outage
Probability were obtained [96].

P. Theofilakos et al. [97] presented the performance of Generalized SC (GSC) for 1.i.d. K
distribution using MGF based approach. In [97], the analytical expressions of marginal MGF
were obtained, which is used to evaluate the ABER for GSC receiver. The performance of
diversity receiver over on-body communication channels at 2.45GHz was studied by I. Khan et

al. [98]. In [98], the experiments were taken in both anechoic and indoor environments with
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random body movements. Mainly, three combining techniques (MRC, SC, and Equal Gain
Combining (EGC)) were chosen for performance evaluation [98].

P. S. Bithas er al. [99] analyzed the capacity performance of selection diversity receiver for
Generalized Gamma fading channels. Further, the channel capacities for Nakagami-m and
Weibull fading models have been formulated using newly derived expressions [99]. V. K.
Dwivedi et al. [100] analyzed the capacity performance using MGF based approach for
Generalized K fading model with MRC diversity. A novel unified MGF based method to obtain
the ergodic capacity for diversity receivers (MRC and EGC) over the generalized fading
channels was introduced by F. Yilmaz et al. [101]. P. M. Shankar [102] derived the expression
of PDF with interference for the Generalized K distribution. Using derived PDF expression, the
expression of ABER for BPSK has been obtained [102]. The expressions of MGF, ABER,
Channel Capacity (CIFR), and Outage Probability for the Generalized K fading model were
derived by V. K. Dwivedi et al. [103].

M. R. Bhatnagar et al. [104] evaluated the performance for shadowed Rician distribution using
MRC receiver. The proposed ABER expression was used to obtain the diversity order and
coding gain [104]. E. Salahat et al. [105] derived the analytical expression of PDF for x-u
shadowed fading model operating over MRC receiver. Further, the author obtained the
expressions of ACC and Error Probability for the Additive White Generalized Gaussian Noise
(AWGGN) model [105]. The performance of several diversity techniques for #-u/gamma fading
distribution has been analyzed by H. Al-Hmood ef al. [106].

The investigation on signal improvement and reliability over the off-body channel environment
for switch diversity methods was reported by S. K. Yoo et al. [107]. The diversity equations of
Nakagami-m fading model have been used to compare with experimental results of all three
switch diversity techniques. In [107], the goodness of fit and Kullback-Leibler divergence test
shows that both empirical and theoretical PDF good matched to each other. The generalized
MGF based performance for Beckmann fading model was analyzed in the work of J. P. P.
Martin et al. [108]. The derived generalized MGF was used to evaluate the expressions of the
average probability of detection without and with diversity, AUC, and outage probability for the
interference-limited case [108].

O. S. Badarneh et al. [109] analyzed the performance of MRC diversity for i.n.i.d. F model. Y.

A. Rahama et al. [110] evaluated the performance of Fox’s H function distribution for i.n.i.d.
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case. H. AI-Hmood et al. [111] analyzed the performance of SC diversity for i.n.i.d. F model.

The analysis of shadowed Hoyt/lognormal fading distribution using a mixture of gamma
distribution was performed by S. Kumar et al. [112]. Particularly, the analytical expressions of
PDF, CDF, Moments, Outage Probability, Channel Capacity for different adaptive transmission

policies, and Error Probabilities for several signaling techniques were provided [112].

2.5 Performance Analysis for OFDM System

The Error Probability performance of uncoded and SFBC coded OFDM systems for Rayleigh
fading model was analyzed by M. Torabi et a/ [113]. The ABER expressions of downlink SFBC
with CDMA for Rayleigh model were derived by T. Aldalgamouni et al. [114]. P.
Dharmawansa ef al. [115] analyzed the BER/SER performance of OFDM system with Carrier
Frequency Offset (CFO) over frequency selective, frequency flat Rayleigh, and Additive White
Gaussian Noise (AWGN) channels. F. J. L. Martinez et al. [116] evaluated the BER
performance of MIMO-OFDM systems for Rayleigh distribution with MRC receiver and
beamforming by considering imperfect channel prediction and interpolation.

The Error Probability performance using BPSK signaling of flat/frequency-selective Rayleigh
distribution for OFDM technique with CFO was analyzed by R. U. Mahesh et a/ [117]. S. P.
Majumder et al. [118] evaluated the performance of error rate of SFBC coded OFDM for MSK
signaling. V. Bhaskar et al. [119] analyzed adaptive modulation for the MIMO-OFDM with
single and multiple antenna systems over Nakagami-m fading distribution. In [119], the
expressions of spectral efficiency, error probability, and ACC were derived. The numerical
results were obtained for different diversity order and Nakagami-m parameters [119]. U. Raj et
al. [120] presented the performance of #-u fading distribution using SFBC-OFDM.

The BER performance of uncoded OFDM and SFBC-OFDM systems for TWDP distribution
was analyzed by D. Singh et al. [121]. D. Singh et al. [122, 123] analyzed the error probability
performance of different fading distributions for SFBC coded OFDM. D. Singh et al. [124]
analyzed the performance using Beaulieu-Xie fading model for single and multiple antennas
OFDM system. The SER expressions of Space-Time Block Coding OFDM (STBC-OFDM)
systems with CFO for generalized frequency-selective fading model were derived by D. Singh et
al. [125]. Further, the ASER expression for imperfect Channel State Information (CSI) has been
obtained [125].
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S. Kumari et al. analyzed the error rate performance using BPSK modulation technique of
FrFT-OFDM with CFO for Rayleigh distribution [126]. The BER performances for 1024-PSK
and 1024-QAM modulation schemes of FrFT appended OFDM system over various channels
like Nakagami-m, Rician, Rayleigh, and AWGN were presented in the work of A. Kansal ef al.
[127]. M. R. Mousavi et al. [128] obtained the BER expression of OFDM technique with FrFT
for Rician distribution. The BER expressions using BPSK and 16-QAM of the FrFT-OFDM with
CFO for frequency-selective Rician fading model were derived by R. M. Ashri et al. [129]. Z.
Mokhtari et al. [130] derived the expression (tight bound) for Inter-Carrier Interference (ICI)
power of OFDM system using FrFT.

The SER expression using QPSK modulation technique of Rayleigh distribution for OFDM
system with discrete cosine FrFT was derived in the work of A. Kumar ef al. [131]. V. K.
Trivedi et al. [132] analyzed the performance of OFDM technique using FrFT for Nakagami-m
distribution. The error probability expressions of uncoded and SFBC coded OFDM using FrFT
for Rayleigh and TWDP fading models were derived by T. Chawla et al. [133]. A. Kumar et al.
[134] analyzed the SER performance of OFDM technique with discrete FrFT for Rayleigh
distribution with Symbol Timing Offset (STO) and CFO.

2.6 Motivation

The wireless system performance is based on the medium through which the information-
carrying signal passes. In indoor scenarios, the transmitted signal may go through the highly-
dense environment, which causes both shadowing and multipath fading effects. Thus, the
shadowed fading model can be well characterized the received signal in this type of
environment. Various shadowed fading models over indoor communication channels have been
proposed, in which the multiplicative shadowed fading models are most adequate since it
includes both LOS and NLOS obstructed signal components.

Also, the diversity combining technique mitigates the effect of fading using multiple receiving
antennas. Thus, performances for shadowed fading models over indoor communication channels
with and without diversity are necessary to evaluate. The performance can be analyzed in the
term of ABER, Outage Probability, Channel Capacity, and AF. In multipath propagation, the
signal spreads in the time domain which causes ISI. OFDM is a good technique to reduce ISI [1].

Practically, the channel is not stationary, therefore ICI introduces in the received signal.
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Traditional OFDM systems cannot deal with this type of impairment. Recently, FrFT-OFDM is a
good technique to deal with ICI. In a real environment, both ISI and ICI introduce in the
receiving signal because of spreading in time and frequency. The OFDM and FrFT-OFDM

systems can efficiently deal with this type of scenario.

2.7 Research Gaps

On the basis of reported literature, it is the point to notice that multiplicative shadowed fading
distribution show excellent agreement with the channel measurement results in comparison with
LOS shadowed fading distribution. The performance over shadowed fading distributions can be
evaluated in the term of Outage Probability, ABER, Channel Capacity, and AF. Further, the
enhancement in the performance can be achieved using the diversity mechanism and OFDM

system. Based on the literature review, the following gaps are identified:

1. The performance of shadowed fading models is still needed to be elaborate in the term of
ABER, AF, Channel Capacity, and Outage Probability. Both PDF and MGF based
method can be used to obtain the performance measures. The ABER expressions can be
obtained for various modulation techniques. The Channel Capacity expressions can be
obtained for various power and rate adaptive methods [19, 48].

2. Further, the diversity techniques combat the fading effect at the receiver section with the
use of multiple receiving antennas. The mostly used diversity combining techniques are
SC, MRC, and EGC. By using these combining techniques, we can obtain various
performance parameters such as Outage Probability, ABER for different modulation
schemes, and different adaptive Channel Capacities [4, 12, 45, 48].

3. The OFDM technique reduces ISI and significantly provides higher data rates. Therefore,
the performance measures like ABER and Channel Capacity can be evaluated for the
OFDM system model. [4, 12, 13, 19]

4. 1t is found that the traditional OFDM technique fails in fast fading or doubly dispersive
channels. The FrFT based OFDM technique is the right way to deal with this type of
fading channels. Hence performance matrices like BER using the FrFT-OFDM technique
can be obtained over fast fading or doubly dispersive channel which is not possible with

the traditional OFDM system [4, 48].
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2.8 Research Questions

The proposed research work is an attempt to answer the following questions:

1. How to select shadowed fading models which is suitable for indoor wireless
communication?

2. Whether the multipath fading and shadowing parameter affects the system performance?

3. Whether the diversity combining technique combats the effect of fading? What is the role
of number of diversity branch on system performance?

4. Whether the FrFT based OFDM scheme provides minimum error rate in comparison with

FFT based OFDM?

2.9 Research Objectives
Based on previous studies and after going through the literature survey, the following research

objectives are proposed

1. To study and analyze various composite fading model for Indoor Communication.

2. Performance analysis of composite fading model over single channel for Indoor
scenarios.

3. To analyze the performance of composite fading model using diversity combining
technique for Indoor Scenario

4. To analyze the performance of composite fading model using OFDM and FrFT-OFDM

schemes.

2.10 Research Methodology

In this research work, the performance measures of shadowed fading models over indoor
wireless communication channels are evaluated. First of all, the mathematical models of various
fading distributions, diversity techniques, OFDM, and FrFT have been studied. The
mathematical formulas of some essential performance parameters like ABER, Channel Capacity,
Outage Probability, etc. have been presented. After that, the performance measures for the
shadowed fading models over SISO channels have been computed. The diversity combining

techniques mitigates the fading effects by enhancing the multiple antennas at the receiver with
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intelligent combiner. The MRC is an optimum and straightforward technique for obtaining the
best output SNR. Hence, analysis using MRC diversity technique over the shadowed fading
channels has been performed. Further, the BER analyses of uncoded OFDM and SFBC-OFDM

systems with FFT and FrFT over shadowed fading channels have been presented.
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Chapter 3

Background and Overview

In the wireless communication system, both multipath fading and shadowing effects occur
simultaneously. In other words, multipath fading is superimposed on shadowing; in such
scenarios shadowed fading model can be well characterized to the received signal [8]. In this
Chapter, the analytical models of some significant multipath fading, shadowing, and shadowed
fading are presented that are used in this thesis for analyzing the performance of digital
communication systems. The diversity mechanism is one of the well-known methods to mitigate
the fading effects. Accordingly, this Chapter also introduces the basics of different diversity
combining techniques.

The OFDM and FrFT-OFDM systems can efficiently deal with the doubly dispersive channel.
Therefore, the basic principle of OFDM and FrFT are discussed in this Chapter which is helpful
in this thesis to analyze the performance of OFDM and FrFT-OFDM systems. Further, the
definition and mathematical formulas of some important performance matrices like ABER,
Outage Probability, Channel Capacity, and Moments are presented in the end of this Chapter.
Two methods of analysis i.e. PDF and MGF based approach, are discussed in this Chapter to

evaluate the performance matrices.

3.1 Multipath Fading Model

The short-term fluctuation in the received signal amplitude is called multipath fading or small-
scale fading. This type of fading is the cause of the multipath effect. The multipath fading occurs
when the receiver moves over a small area. The multipath fading is characterized by Rayleigh,
Nakagami-m, TWDP, Rician, Weibull, x-u, etc. These types of fading models are adequate for
urban, suburban, and indoor scenarios. Some important multipath fading models are presented

below
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3.1.1 Rayleigh Model
The Rayleigh model consists of only multipath non-LOS components. Its density function in

envelope form is [8]:

2

r
()= ?e"p{ﬁ
0, r<0

}, 0<r<w G.1)

where 26 is the average fading power, and 7 is the envelope of the received signal.

3.1.2 Rician Model
Rician distribution consists of the strongest direct LOS component and weaker multipath

component. The PDF of Rician model is given by [8]:

r I”2+Vl2 Vir
Toexp| - [T v 0,020
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0, r<0

where [y (-) denotes the modified Bessel function of the first kind and zero-order [135, Eq.
(8.447.1)] and the peak amplitude of the dominant signal is denoted by V. The Rician factor K
(dB) is defined as:

‘Vlz

K =
2072

(3.3)

When the dominant signal component (or LOS component) /; = 0 in (3.2), the Rician

distribution reduces to Rayleigh distribution.

3.1.3 Nakagami-m Model
Nakagami-m distribution is adequate for indoor-mobile multipath propagation, and ionospheric

propagation. The PDF of this tractable fading model is [8]:

B P2 2m™ 3 mr*
Sr(r) = Fm)Q” GXP{ 5 J (3.4)
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where I'(-) represents the gamma function [135, Eq. (8.310)]. m and Q are denoted as severity

parameter and mean power, respectively. With m=1, this simple model converges to Rayleigh

distribution. For m<1, it becomes Nakagami-¢q (Hoyt) model, where m is given by:

252
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(3.5)
3.1.4 TWDP Model
This model consists of the two strongest dominant signal components with multiple weaker

additive components. Its PDF is given by [136]:

I G A z(j-1
fR(r)—o_z exp( K};aJDﬁa,K,Acos i 1) (3.6)
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where Rician factor K is defined as:

V'lz + V22

K= , 3.7
= (3.7)
A defines the shape of TWDP pdf and its range is between 0 and 1 [136]:
_ Peak  Specular Power 1= AA
Average Specular Power V,+V, (3.8)
D(x.K,v) = %10 (e T=v)2K Jexp(vK) +%1O (T 7)2K Jexp(—vK) (3.9)

M is the order of approximate TWDP PDF. With the increase of M, the approximate PDF
becomes more accurate of true TWDP PDF [136].
The order M is given by:

order(M) > %KA (3.10)
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3.1.5 x-u Model
This generalized model represents the random fluctuations of the fading signal with LOS channel

conditions. The density function in envelope form is represented as [137]:

u+l

fr(r) = _21y(1+1()7 =rt exp(—,u(1+/c)ﬁjl ll(Z/u,/K(l-i—K‘)Lj (3.11)
s s Q¢ \/5
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where 7,(+) is the modified Bessel function of the first kind with order v [135, Eq. (8.406.1)].
The parameter « is defined as:
52

K =
2uc’

&%, u, and 2uo” are the total signal power of dominant component, number of multipath
clustering, and total signal power of scattered waves, respectively. Q=F [RY] =0°+2uc” is the
average power. This generalized fading model can be reduced to classical small-scale fading

models like Rician, Nakagami-m, Rayleigh, and one-sided Gaussian distribution.

3.2 Shadowing Model

The obstacles between the Tx and Rx causes shadowing effects. In other words, shadowing
occurs when the user (Tx and/or Rx) moves in the shadow region of objects. This phenomenon
causes random behavior in the transmitted signal. Generally, the lognormal distribution is used to

characterize the shadowing and its PDF is discussed in the following section.

3.2.1 Log-Normal Model
The density function is [9]:

_ 1 _[hl(”)—m']z} 3.12
Jr(r) —VW@&P{ = (3.12)

where the median value is denoted by m’

It is noted that the lognormal distribution characterizes the shadowing. However, this distribution
forms a complex analytical solution for evaluating its performance over wireless communication
channels. Because of the complexity of lognormal model, Gamma [138], inverse Gamma [139],

inverse Gaussian [140], and inverse Nakagami-m distribution [141] are the best replacement for
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the lognormal distribution. These models are simple and more manageable as compared to the
lognormal model. In recent literature, TWDP distribution has also been used for evaluating the
shadowing effects by replacing K factor to Sy, factor [4].

The PDF of Gamma distribution can be given by [9, 138]:

) el
fu=F b (3.13)

where c is a positive number, and S is the parameter of Gamma distribution. This distribution is
commonly used for characterizing the shadowing effect.

The PDF of the inverse Nakagami-m model is defined as follows [141]:

224! 2 YA
Jr(r)= I CXP(—%)(ZJ (3.14)

where 4 and o is the shape and scale parameter, respectively.

3.3 Shadowed Fading Model
Shadowed fading models are suitable for indoor communication and their mathematical

frameworks are presented as below:

3.3.1 FModel

This simple and tractable model is based on inverse Nakagami-m shadowing which is used to

model the RMS value of Nakagami-m signal. The envelope PDF is [48]:

me . (msQ)mx r2m71

B(m,m,)(mr* +m Q)" (3.15)

Jr(r)=

where B(.) is the beta function [135, Eq. (8.380.1)]. ms and m represent the shadowing and
severity parameters, respectively. Q= E[»*] is the mean square value. With my—o0, no

shadowing of RMS signal power occurs and with m—0, the RMS signal power is deeply
shadowed. Therefore, for m=1 and my—o0, it converges to Rayleigh distribution, and for m>0

and mg—oo, it becomes Nakagami-m fading.
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The density function of instantaneous SNR is expressed as [48]:

771
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The MGF is given by [109]:
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where G'[-|-] denotes the Meijer G function. 0<m <¢q,and0<n< p, here m, n, p and q are

the integer numbers [135, Eq. (9.301)].

3.3.2 k-u/gamma Model
This generalized model is based on gamma shadowing. In this, the average power of x-u

distribution follows the gamma shadowing. The density function is [19]:

a+u+3j a+u+j
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where K,(+) is the modified Bessel function of the second kind with order v [135, Eq. (8.446)]. a
and p represent the shape and scale parameters, respectively. By setting the several parameters
values, the above model, as given in (3.18), converges to other fading distributions such as

Nakagami-m, Rice/lognormal, x-u, Rayleigh/gamma, Generalized-K, Rice, and Rayleigh [19].

3.3.3 Rayleigh/TWDP Model
It is the mixture of Rayleigh and TWDP fading. The density function in envelope form is [43]

_ L 3.19
Je() = RPZCXP(S)ZCD( Sh» }K PP (3.19)

where Ci, (5, C3, and C, are constant, and M, = Acos(z(i—1)/(2M —1)). Sn and A represent the

shadowing and shape parameters, respectively. P, and P; are the mean power. Rayleigh/TWDP
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model is adequate for those scenarios where the transmitter and receivers are separated by

surrounding objects like multi-floor buildings and wall partitions.

3.4 Diversity Techniques

The fading effects deteriorate the performance of digital communication systems. The diversity
mechanism is a good technique to overcome the fading effects and improve the signal reliability
at the receiver. Based on the nature of fading that deliberate to mitigate, the diversity technique is
divided into two classes: micro, and macro diversity. The micro diversity technique reduces the
short-term fading using multiple antennas at the base station whereas the macro-diversity scheme

combats the effect of shadowing using numerous base stations [9].

> Cutput Signal

Figure 3.1: Concept of diversity combining technique [9].

In diversity combining technique, various replicas of the signal are received at the receiver
section that must be intelligently combined to improve the quality of the signal. Figure 3.1
represents the outline of diversity combining algorithm. Through each branch, the signal is
received and multiplied by a predefined weight factor and then combined intelligently to provide
the output signal. Based on combining methods, the diversity technique is broadly classified into

two groups:

(1) Switching based
(2) Weighting coefficients
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In the switching method, one of the diversity branches is chosen; however, in the second
technique, the result is obtained by summing the weighted portion of the signal from all diversity

branches [1]. Figure 3.2 shows different types of diversity combining techniques:

Combining Technique

l

W W
Based on switching Based on weighting coefficients
1. Selection combining 1. Maximal ratio combining
2. Threshold combining 2. Equal gain combining

Figure 3.2: Types of diversity combining technique [1]

3.4.1 Maximum Ratio Combining (MRC)

By using this combining method, the best SNR with the highest probability can be obtained as
compared to the other methods. MRC gives the best performance as compared to other
combining techniques; however, it needs complex implementation [1].

In MRC diversity, the instantaneous output SNR is expressed as [9]:

L L
Ve = 27 =2 2 (3.20)
i=l

i=1

Es
0

where 7, denotes the instantaneous SNR of i™ branch. k. is randomness or fluctuations at i"

branch. The MRC algorithm provides the highest SNR improvement by combining the received
SNR in all branches.

3.4.2 Equal Gain Combining (EGC)

EGC is a special case of the MRC algorithm. In EGC, gain factors are same. The SNR output at
the EGC receiver is given by [9]:

rioe = 3| 27| @21
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The EGC scheme is less complicated than the MRC scheme. EGC diversity has better output
SNR in comparison to SC and SSC diversity.

3.4.3 Selection Combining (SC)

In the SC technique, the single path that has a signal with the highest instantaneous SNR, as
compared to all other individual paths, is selected for demodulation. This technique improves the
receiver performance without any additional transmit power or sophisticated receiving circuitry.

The SC algorithm with the selection of g; can be given as [9]:

arfy T
The branch with highest SNR value can be express as:
Vse=max{y},, ; (3.23)
For 1.i.d. case, the distribution function becomes:
Fyc(y) =[probly, <y}1" (3.24)
Thus, the density function of SC diversity is expressed as:
fet) = B = LF I £7) (3.25)

It is noted that the SC algorithm is least complicated than all other combining techniques since it
requires only a single branch that has maximum instantaneous SNR. The SC scheme requires the
scanning of all diversity branches and selection of one branch for obtaining the maximum SNR

at a time is practically difficult. To avoid this difficulty threshold combining algorithm is used.

3.4.4 Threshold Combining (TC)

In TC technique, the threshold SNR is fixed. In this algorithm, the branch that has the highest
SNR is selected to receiver for processing. It chooses another branch (having high SNR) when
the SNR of current branch falls below the predefined threshold [1]. The improvement in received

SNR depends on the level of the threshold value. For performance improvement, the threshold
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level should be adaptive according to variable wireless environmental conditions. TC scheme has
the least complex receiver circuit and does not require unnecessary switching from one diversity

branch to another diversity branches.

3.5 Orthogonal Frequency Division Multiplexing

In multipath propagation, the signal spreads in the time domain which causes ISI. Accordingly,
the signal may undergo frequency-selective fading which distorts the shape of the signal and also
challenging to detect the signal. Multicarrier modulation is an excellent technique to deal with
these impairments. OFDM is the particular case of multicarrier modulation. In the OFDM
technique, the system bandwidth is divided into sets of sub-band and these sub-bands are
orthogonal and independent to each other [1].

In Frequency Division Multiplexing (FDM) technique, the net bandwidth is partitioned into
smaller sub-bands with some space to avoid mutual interference. This space is provided by
introducing a guard band between two sub-bands. Therefore FDM technique uses an inefficient
frequency spectrum. However, the OFDM technique provides the sub-bands to be spaced much
closer to each other by using overlapping. OFDM technique saves up to 50% of the total
spectrum [1]. Figure 3.3 depicts the block diagram of transmitting and receiving OFDM model.

Transmitter path —p

X[0] x[0] cos(2mfyt)
R bps X | Sernalto| X[1] . x[1] , |Parallel to| x(n) Add x(t) X s(h)
—| Modulator > parallel "| IFFT "| serial » cyclic » DAC —PG’@—P
converter converter prefix \
X[N-1] x[N-1] \NJ

Y Wireless -"f
z _Channel \

4— Receiver path \

0] &l /
R bps De- Y | Parallel tq  Y[1] _y[1] | Serial to | x(n) Remove —
<«+—| modulator [« serial | FFT | paralle]l |« cyclic [« ADCle LPF 1—(&}1—
converter converter prefix y(t) T 1(f)
Y[N-1] yIN-1]

cos(2nfyt)

Figure 3.3: OFDM System Model [1].
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Considering, the incoming signal data rate is R bits per second (bps). It passes through the
modulator that modulates the incoming signal. In other words, the modulator maps the incoming
signal onto the carrier signal. After getting the modulated signal X, it changes into the parallel
data stream. Now, the N parallel discrete-frequency components are passes through the Inverse
FFT (IFFT) to obtain the N parallel discrete-time components. After IFFT, the discrete-time
component passes through the parallel to serial converter to get a signal in the time domain.
Cyclic Prefix (CP) is added to remove ISI. After that, the data is up-converted before
transmission through the wireless channel.

After passes through the wireless channel, the carrier signal component gets remove and obtain a
baseband signal component. Followed by the filtering circuit, and CP, the discrete-time signal
component is obtained. A serial to parallel converter collects N sample data in the time domain.
These time-domain samples are passes through the FFT to output the frequency domain samples.
These frequency domain samples are then serially converted and pass through the demodulator

to map the received signal Y and produce the data R bps.

3.5.1 Applications

OFDM technologies are being widely used in several WLAN and Wireless Metropolitan Area
Networks (WMAN). This technology is also used in Digital Video Broadcasting (DVB), Digital
Audio Broadcasting (DAB) system, and Long-Term Evolution (LTE) [1]. Further OFDM has a
highly desirable feature for wireless transmission; therefore, it has more considerable interest in

the research community as well as industrial purposes.

3.5.2 Advantages
o It provides spectrally efficient transmission (sub-bands are densely packed). Hence
realize high data rate over a given bandwidth.
o For fast and efficient signal processing, OFDM can be digitally implemented using IFFT
and FFT.
o OFDM can efficiently deal with ISI. OFDM makes symbol duration N times larger than
the original symbol duration. This resultant symbol duration is significantly large as

compared to delay spread causes in the channel.
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o OFDM converts frequency-selective fading into flat-fading conditions that simplify the

processing at the receiver for recovering the data.

3.5.3 Drawback
OFDM technique suffers from the specific drawback that degrades the performance of OFDM

based system
o Itis sensitive to CFO

o Itis also sensitive to the timing offset

3.6 Fractional Fourier Transform
It is the generalized form of the FT [142]. With the increase of order between 0 and 1, the FrFT
can represent the signal characteristic between the time and frequency axis. Suppose s(t) is any

signal quantity in time domain and therefore, its FrFT is given as [143,144]:
S, =F,[s10) = [K,&v)s()dt (3.26)

where F,[-] is the FrFT operator with transform order P. The FrFT kernel K,(¢,v) is represented

as:
. P+ :
exp(—]utcsc¢+] 5 cot¢J\/(1—]cot¢)/2ﬁ , p#nrw
K, (t,v)= ot—v) , ¢=2nrx (3.27)
o(t+v) , ¢=0C2n+)rx

where ¢ = pr/2 is the angle of rotation. The IFrFT can be defined as:

s(t)=F_[S,1() = TK_,, (t,v)S, (u)dv (3.28)

3.6.1 Applications of FrFT
FrFT is the best technique to deal with non-stationary signals. It has many applications as given

below [142]
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o Optical information processing

o Phase retrieval and signal reconstruction
o Signal detection and parameter estimation
o Filtering in the FrFT domain

o Neural networks

o Sound analysis

o Image processing

o Applications in radar, sonar, and communication

In frequency-selective channels, the ISI can be easily resolved by using the OFDM technique.
However, when the channel is frequency dispersive (that causes ICI), the orthogonality between
subcarriers is destroyed using a traditional OFDM system. Thus, to reduce ICI, FrFT based
OFDM is used that improves the system performance as compared to FT based ODFM system
[143].

3.7 Performance Measures

For implementing any wireless system, the analysis of performance measures is necessary.
Performance analysis parameters include ABER, Channel Capacity, Outage Probability,
Moments, AF, AFD, and LCR [8]. Some important performance parameters are discussed as

below.

3.7.1 Moments
The Moments has a vital role in performance analysis over the radio communication channels.
With the help of the Moments, the Average Output SNR, second Moment, and AF can be

evaluated. The n™ moment is given by [8]:

E[y"]= j y"f,(n)dy (3.29)

where n is the order of moment and E[] is the expectation. By putting n = 1, the first moment or
mean value can be calculated. Likewise, by putting n =2 and 3, the second and third moment can

be calculated.
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An alternate way (using MGF based approach) to obtain the Moment is given by [8]:

dM
E[y”]=—y(s) (3.30)
dS s=0
where A7 (y)is the MGF and it is given as:
M, (s)= [exp(=s).f, (1)dy (331)
0

3.7.2 Amount of Fading (AF)
The AF can be computed using second and fourth Moment of any fading model. AF is related to

the severity parameter and is defined as [8]:

AFZED/‘]_(E[?Z])Z (3.32)
(£17°1)

3.7.3 Average Bit Error Rate (ABER)
The Error Probability depends on the types of modulation technique, modulation index, average

SNR, fading factors, etc. The formula to calculate the ABER is given as below [8]:
PE)=[P(E|y)- f,(n)dy (3.33)
0

where P(E | ) represents the Conditional Error Probability (CEP) in AWGN channels. Table 3.1

shows the conditional BER for several modulation techniques.

The formula of ABER for several signaling techniques using MGF method is shown in Table
3.2. The calculation of ABER using MGF based approach is easy because this method avoids the
computations of mathematically complex integration. For example, the ABER for BDPSK can
be directly obtained using given MGF expression (as shown in Table 3.2). Using this method,
generally, the solutions are obtained in the closed-form if the PDF is available in closed-form.

The ABER using MGF based approach is given by [8]:

(3.34)

1 o‘+jooM (—S)
P =5— | = —ds

o—jo
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Table 3.1:

Conditional error rate for several modulation techniques

Modulation 1) & Conditional Error
Scheme Probability P(E/y)
BPSK 0.5 1
BFSK 0.5 0.5 §lerf0( /527/)
QPSK and 1 0.5
MSK
BDPSK 0.5 1
NCFSK 0.5 0.5 & exp(=£,7)
NCMFSK 1 ¥ (M ( 1)
_ -1’ 1—-—
LS (,- j :
MPSK 1/ 7 sin®(z /M)
sin” () /M
¢ [exp(-£,0)d0
0
MDPSK 1/ 7z sin’(z/M)
1+cos(7/ M)cos(6)
/4 DQPSK 1/27 2 z
2 \/ECOS(Q) él{em(_gz (9))‘19
Table 3.2: ABER for several modulation techniques using MGF based approach
Modulation ABER
Scheme
BDPSK 0.5 M, (a), @ 1
NCFSK 0 5M7(a), a=0.5
BPSK 1 ”I” a 9> =1
7z 3 "{sin*(0)
BFSK 1 ”I” a 9> 8=0.5
7y sin®(6)
BFSK with l”j/ZM [ a jde, a=0.715
min. corre. 7 o {sin?(9)
MAM 2AM -1) ¢ g Vg g, = 3log, (M)
Mrlog,(M) 4~ 7\ sin?(8) M-
Square 4 1 YP( Zom 1Y o _ 3log, (M)
MQAM Mrlog,(M) {(1_WM M7(sin2(9)]d9_[l_m] { M’“[sinz(e)]dg “Som T 1)
MPSK 1 Zrsx o a2 T\, @ =72/
ﬁlng(M)‘([My(Sinz(e) 0 gpsx =log,(M)s (Mj
MDPSK 1 j‘)M ( & psk
mlog,(M)y "\ 1+ cos(8)cos(z/ M)
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3.7.4 Outage Probability
It is the probability that SNR () falls below the certain threshold SNR level (y,) and

mathematically can be represented as [8]:

7

P, =Py <y} =[1,(0dy =F,(3,) (3.35)

0

The P,y using MGF based approach is given by [8]:
~ L<7+joo M}, (—S)
27y o—joo

exp(sy, )ds (3.36)

out

3.7.5 Channel Capacity

The amount of data transmitted through the wireless medium is said to be Channel Capacity. In
the case of ideal condition (or no fading), the maximum capacities are obtained. The capacity
improvement depends on some parameters such as code rate, constellation size, and transmitted

power. The capacity with different variable data rate and power methods are given below

3.7.5.1 ORA
This method has variable data rates and fixed transmitted power. Only Rx knows the CSI. The
Cora 1s defined as [62]:

Cons = [log, 1+ 7)f, (1)dy (3.37)

The Channel Capacity for ORA policy using MGF based approach is [62]:

1

i d
_ (— 3.38
Cors ) j E,(=s)— =M (s)ds (3.38)

0
where Ej(-) denotes an exponential integral function [135, Eq. (8.211.1)].

The capacity in the low SNR region (Cora) is given by [62]:

39



Con" =10 [ (3.39)

The capacity at high SNR under ORA method is [77]:

Chn® = [log, (1 f,(dy (3.40)

3.7.5.2 OPRA
In this method, both Rx and Tx know the CSI. Because of CSI availability, this method can
easily vary the data rate and transmitting power. Channel Capacity under OPRA schemes is

given by [62]

Corns = | 1og{ j £, ()dy (3.41)

70

where 7, is the cut off SNR below which no transmission of data occurs.

Given an average transmit power constraint; the optimal power cutoff SNR level y, for adaptive

transmission technique must satisfy the following relationship [62]

[———}/ ()dy =1 (3.42)

The Channel Capacity for OPRA policy using MGF based approach is given by [62]

0

E (=s)Y, (s;y,)ds (3.43)
Corra hl(2 ] y 0
where
exp(s ~ 1 S CXp(s ' o
¥ (s:7,) = Xp(){ {-j—M{—%j}w M) L -rMen) L | G4
0 Yo Yo Yo ) “n

Here M , (+) is the truncated MGF.
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3.7.5.3 CIFR
This method has fixed data rate. Both Tx and Rx know the CSI. The Ccpr is defined by the
following formula [62]

Cons =g, 1+ 57— ! (3.45)
/4 dy

8

~~

7)

O ——y

<

The Channel Capacity for CIFR scheme using MGF approach is given by [62]

1 (3.46)

Comr =l0g,| 1+
[ M, (s)ds
0

3.7.5.4 TIFR
In the CIFR method, the Tx sends the transmitting power to Rx in huge amount. Due to which
the penalty introduces on capacity under CIFR transmission protocol. Therefore, the TIFR

method is preferred so that the capacity losses could be overcome. In this, the Tx sends the

power to Rx above the predetermined cutoff SNR y,,. The Crygr 15 [62]

1
Crr =log,| 1+ ——— (I=P,.())) (3.47)
1,
[7 =y
Yo 7

The Channel Capacity for TIFR scheme using MGF based approach is given by [62]

Crpr =log,| 1+ (3.48)

IR (A=P,.(7,))
R)ut(]
Vo

where P, (-) is the Outage Probability of 7 whose PDF and MGF are given in [62].
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In this Chapter, the mathematical models of different fading channels, different diversity
techniques, OFDM system, and FrFT model have been presented. Also, some mathematical
formulas to calculate the performance measures such as ABER, Channel Capacity, AF,
Moments, and Outage Probability have been presented. The MRC diversity provides better SNR
improvements in comparison with SC, EGC, and TC diversity. Moreover, the employment of

OFDM model at Tx and Rx gives better performance in time-varying wireless channels.
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Chapter 4

Shadowed Fading Model over Single Channel

In indoor wireless system, the transmitter (Tx) and/or receiver (Rx) may be located in the
corridor, office room, laboratory, seminar hall, and also on the human body. Multipath fading
occurs due to scattering and reflections from the surrounding objects. However, the obstruction
in the signal components from the surrounding objects and the human body is the main cause of
shadowing. Therefore, the characterization of signal components can be well modeled by a
combination of both multipath fading and shadowing (or shadowed fading).

In the indoor scenarios, the performance can be evaluated in the respect of ABER, Outage
Probabilities, AF, and Channel Capacities. Different methods of analysis such as PDF, MGF,
CDF, and Characteristic Function based approach can be used for obtaining the performance
parameters of single channel. In this Chapter, two shadowed fading models i.e. x-u/gamma and
Rayleigh/TWDP, are presented for performance evaluation of channel. Correspondingly, the
statistical parameters are derived for both models. With the help of these statistics, the
performance matrices are computed. Finally, in this Chapter, the numerical results are obtained

from the derived expressions and compared with the existing fading models.

4.1 Introduction

The multipath fading signal under LOS channel conditions is characterized by x-u fading. Based
on several u and x values, this generalized multipath model converges to other distributions like
Nakagami-m, Rician, Rayleigh, and one-sided Gaussian. The x-u distribution based new
shadowed models were developed in [12-14, 19, 40]. One of these is x-y/gamma, which is the
composition of x-u and gamma model, is derived in [19]. This paper presents the expressions of
the Density Function, CDF, MGF, Moments, and AF as the function of received envelope signal
for x-u/gamma fading [19].

TWDP model characterizes the multipath fading which consists of two specular components and

multiple diffuse power components [136]. Further, it can be reduced to Rician and Rayleigh
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distribution. In reported literature, the TWDP distribution has been used as a shadowing model
by replacing the K factor to Sy, factor [4, 43, 44]. TWDP based new shadowed fading models are
Rician/TWDP (also known as JFTS model), Rayleigh/TWDP, and POCA/TWDP [4, 43, 44].
These models are adequate for the indoor WLAN communication system. Rician/TWDP model
had been proposed by I. dey et al. [4] which is the mixture of Rician and TWDP distribution.
The Rician/TWDP shadowed fading model is analytically complex.

In this Chapter, the performances of two new shadowed models: Rayleigh/ TWDP and «-
u/gamma have been evaluated over the indoor wireless communication. Following parameters

have been evaluated and compared in this Chapter:

e Density Function, MGF, Moments, and Distribution Function for x-u/gamma fading are
computed.

e The expressions of Error Probability using several modulation techniques, Outage
Probability, and Capacity for ORA, OPRA, CIFR, and TIFR methods for x-u/gamma
fading are derived.

e The key statistics such as PDF and MGF for Rayleigh/TWDP model are derived.

e The expression of CDF as the function of the envelope signal for Rayleigh/TWDP model
is derived.

e Performance matrices such as ABER using BDPSK, NCFSK, BPSK, and BFSK
modulation schemes and Outage Probability for Rayleigh/TWDP fading distribution are
computed.

e The new results of derived expression for x-u/gamma and Rayleigh/TWDP model are
presented and compared with existing fading model.

Research hypothesis test: Both multipath fading and shadowing parameter of shadowed fading

model influence the system performance.

4.2 System Model
Assuming, signal x(7) is transmitted over the shadowed fading channels. The received signal y(¢)

can be expressed as

y(t)=h-x(t)+c(t) (4.1)
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where, & is the multipath fading and shadowing envelope. c(f) denotes the additive white
Gaussian noise. Two shadowed fading models are considered in this Chapter for evaluating the

performance matrices. The formulation of these two shadowed fading models is given below.

(A) Formulation of x-u/gamma model
Integrating the x-u conditional envelope PDF with respect to random variation of mean signal

power Q, the k-u/gamma PDF can be represented as,
[2(1) = [ fra(r| @) fo(@)da (4.2)
0

With the assumption of constant €, the x-x/gamma PDF in (4.2) becomes [137]

w41

2 NER 1 2
Sralrlw)y= 2D T exp(—%}lﬂ{mls/x(l+x) ﬁj 43)
K ? exp(ux)w *

It is noted that (4.3) represents the PDF of x-u distribution. x denotes the ratio of the total power
of dominant components (J°) to the total power of the scattered waves (2uc”). The parameter  is
the multipath clustering, and ¢* denoted the power of the scattered wave in each cluster. Hence,
the corresponding mean signal power is given as E [R*] = Q = §*+2u0".

Now by assuming Q follows the gamma PDF [9, 138§]

" ®
Jel ) =5 exp(_ EJ (“44)

By plugging (4.3) and (4.4) into (4.2), (4.2) becomes

u+l

fR (}") — fﬂ(K + 1) 2 pH Ta) a;/r exp(— ’Ll(1+—K)r2] exp(_ QJI,uI(Z/u 'K‘(l + K‘) Ljda) (45)
— . ® B Jo
k * exp(ux)l(a)p

So, the PDF of envelope signal over x-u/gamma channels in infinite series form can be given as

[19]
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a+u+j

a+u+3j

for) =3 k(i) ; ’"M::;:_EKW,»[2F,/@} (4.6)

J'exp(ur)l(e)l (u+ )

(B) Formulation of Rayleigh/TWDP model
The density function of Rayleigh model is [8]

Sy () = fy(:P)= —em(—zx—Pj (4.7)

The PDF of TWDP distribution, which is characterized as shadowing, is given as [43]

—e a. 4.8
fy(y)—P2 XP[ P hj,z“ D{\/F ShaAbJ (4.8)

where

D(Euv) = %exp(w)[o (e 2u=v) )+%exp(—m)]0 (e2u+)) (4.9)

and, y is the received signal envelope of TWDP distribution, S, denotes the shadowing
parameter, A is the shape parameter and P; is the mean signal of TWDP distribution. M is the

approximation index and b, = cos(i —1)z /7.

The joint PDF f,; (x, ) can be given as [43]

2 2
[ (x,) = xp[—x——y——shj[%n +a,T, +a,T, +aT] (4.10)

xye
BP,

where,

T, = exp(—AS,b )1, (725, (1+ Ab)/ P,) +exp(AS,b) 1, (325, (- Ab)/ ) (4.11)

and, ai, a», a; and a4 has constant value.
Therefore, the density function of envelope signal for Rayleigh/ TWDP shadowed fading model

is evaluated as [43]
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_ _r 4.12
Jr()= 1P2 -5 (=S )ZCD{ Si» }K [ PP] (4.12)

4.3 k-u/gamma Model

4.3.1 PDF

The mathematical formula to obtain the PDF of yis given as [8]

oA D

By plugging (4.6) into (4.13), the density function of x-u/gamma becomes

a+pu+j

i 2u7 i ‘ ””‘fﬂ‘z u(1+1)Q TK _ 2\/mJ (4.14)
= 2 @ pewtm ( By j { pr

By using [135, Eq. (9.34.3)], an alternate expression of PDF (SNR) is computed as

Ln=3 s (“(”’“)QJGL{“(”—’C)W (4.15)

= flexp(ue)C (@ (u+ H\ p7 o B7 ‘a—l, u+j—J

4.3.2 MGF
The definition of MGF is given in (3.31). By substituting (4.14) into (3.31), the MGF of y is

given as

a+u+j

-3 2k (y(1+x)QJ2‘"" ok ,[2 MHK)QV}, (4.16)
= 2 @ pepa F7 Jewsny Sl 7

The G,7[-]-] and K,(*) function is related through the following mathematical formula [135,

Eq. (9.34.3)]

(4.17)
4

x“K,(x) =2""Gyl| = X Tl v
2 2

N|<
<

On plugging (4.17) into (4.16), (4.16) becomes
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> A+ x)c! (QJ"O z,o(ﬂ(l + K)Q2 J (4.18)
M = = —sy)GF| /7 d .
O = s @ 7 NPT T M o1
By using [135, Eq. (7.813.1)], the MGF becomes
M- W’ (pa+ K)Qlez,zl (#(l +0Q[ 0 ) (4.19)
T E fepuoT@Tu+ U spr ) By la—Lutj-1
4.3.3 CDF
The CDF of yis given by [9]
4
F,(n=[1,(dy (4.20)
0
On substituting (4.15) into (4.20), (4.20) is expressed as
S W (p+ K)ij 20(/1(1 +K)Qy ]
F,(r)=2.~ . — G| ——~ o lay (4.21)
! ,-Z;‘J!em(uk)l“(ﬂﬂ)F(a)k By ! " gy e-1, p+j-1
Using [135, Eq. (7.811.2)], after algebraic calculation, (4.21) becomes
F (y)= i w1’ (/U(l + K)Q7JG2,1 (ﬂ(l +x)Qy |0 J (4.22)
TS fexp(uT (@) (u+ P\ B Uo7 a1 ouj-1 -1

4.3.4 Moments
The Moments associated with instantaneous SNR has been defined in the previous Chapter in

(3.29). By substituting (4.15) into (3.29), the Moment becomes

n_% W’ ( u(1+K)QJ°° : z,o[u(mc)ﬂy j (4.23)
E[y"]= G| 2R ol :
= @@ i N T g et w1 f”
With the help of [135, Eq. (7.811.4)], the above equation can be expressed as
=S ,ufl("l“(d+n)l"(,u+ j+.n)( u(l +K)QJ“”“’ (4.24)
S jlexp(uOl@T(u+ )\ p7
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4.3.5 Average Bit Error Rate

The expressions of conditional BER for different modulation schemes over the AWGN channels
are mentioned in Table 3.1. Moreover, Table 3.2 presents the formulas for obtaining the ABER
using MGF based approach. The ABER expressions for different modulation schemes for «-

u/gamma model are derived as follows

(A) BDPSK and NCFSK
With the help of Table 3.2, the error probability for BDPSK and NCFSK is expressed as

F(E)=0.5-M,(a) (4.25)
Now, by substituting (4.19) into (4.25), the ABER can be obtained as

0
a-lLu+j-1

P(E)=053 ! (H1+0Q) o 1+
S flexp(uR)T(@)(u+ )\ afy 2\ sy

j (4.26)

(B) BPSK and BFSK
By using Table 3.2, the expression of error probability for BPSK and BFSK modulation can be

given as

1 /2 a
- 4.27
PE)=— !M{sz(g)jde (4.27)

By putting (4.19) into (4.27), (4.27) becomes

0

F(E)=
a-Lu+j-1

1 i Wi f( ,u(1+/()Qsin2(o9)J G“[ u(1+ K)Qsin*(6)
7 S jlexp(ua)T(@)T (1 + ) 4 afy " affy

Jde (4.28)

Putting sin*(0)=x in (4.28) and after performing integration by substitution, (4.28) can be written

as

I < u' K’ (ﬂ(l""()gjl 1/2 -1/2 2,1(#(1‘*"()9
P(E)y=— -(1- GhH| —m————=
N e I W 2, A

0o jdx(4.29)
a-Lu+j-1

0

With the help of [135, Eq. (7.811.2)], the ABER (BPSK/BFSK) can be obtained as
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Pe(E):Li : 1 x’T(0.5) . (ﬂ(1+’f)QjG2’2(ﬂ(l+’f)Q
2r zoj.exp(uzc)l"(a)l“(y+])k afy aBy

-05 0 ] (4.30)
a1 p+j-1 -1

J

(CO) MAM
With the help of Table 3.2, the ABER for MAM scheme is given as

p(Ey=—2M=D M( L g 431)
¢ Mrlog,(M) 5 7{sin®(0)

By substituting (4.19) into (4.31), (4.31) can be written as

F(E)= Mrlog,(M) =5 jlexp(ux)l ()l (1 + ) 5

2M -1) i WK ”j‘z(,u(l+K)Qsinz(e)szyl[,u(l+I()Qsi112(9)
g By " g by

0 jd@ (4.32)

a-Lu+j-1

By putting sin*(0)=x, after performing integration by substitution, (4.32) can be obtained as

0
a-lLu+j-1

P(E)=
a2 g By

" Mrlog, (M) S jlexp(u)T(@)T(+ )\ 28 4, 7

AM-1) & wK (/1(1+K)Q]j[x1/2 -(l—x)l/zGlz’zl[

0

By using [135, Eq. (7.811.2)], (4.33) can be written as

P(E) = M- @ ,U/K'/F(OS) (Iu(l-f—l(')Qsz,z[,u(l-i-K’)Qx_O.S, 0 J (434)
e - . . — 2.3 — .
Mrlog,(M) & jlexp(uoT(@)T(u+ D\ g ) 7'\ gy la=1, u+j-1, -1
(D) MQAM
The tight bound CEP is expressed by [75]
P(E|}/)STO.2-exp —l'—syj, y20, M=>4 (4.35)
¢ 0 M -1

By plugging (4.35) into (3.33), the expression of ABER can be obtained as
P(E)= To.z -exp (—1;5 ;/J 1, (dy (4.36)
¢ ) M—-1" )7

Using (3.31), (4.36) can be written as
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P(E)=02-M(s) s (4.37)

M-

On putting (4.19) into (4.37), the corresponding error probability is expressed as

P (5 o.zi | e | ((M-1) (1 + K)Qj G2 ((M — Dl + )0 | J (4.38)
S flexp(uol(@(u+ )\ 1567 | 1567 Ja-1 p+j-1
(E) MPSK
The ASER for MPSK in the term of MGF, using Table 3.2, is given as
LTy (2 (4.39)
— MPSK .
By the definition of MGF, as given in (3.31), the above equation can be written as
1 0 @ g
P(EY=—([e ( Engr }/ (7)dyd0 (4.40)
et )

By using integration property, the above expression becomes

zw lﬁ/z _ Bupsk l T _ Bupsk 4.41
R = L ] exp( —sz(a)dee+” I exp( —sz(g)yjde}mdy (441)

0 /2

By using [145, Eq. (7)] and [145, Eq. (8)], the above integration can be approximated as

17¢ gMPSK 1 1 — 48\ psk )
— y 1d@ =~ —exp(— +—exp| ——%
”i [ (o) o0 (= Zunsiy )+ o Sy

17 & mpsk 1 — g V4 [ 77]
— exp| ——5——y [dO =~ —| exp(— +exp| —BE 1 @-—
T ,;[2 ( sin’ 9) 4 27 (“&urs?) sin’ (®) 2

By substituting (4.42) into (4.41), (4.41) can be simplified as

(4.42)

)

P(E) = (g - %jj X0 (- sV, ()7 + % [ e [— ggmy)c (dy

(E_ij Xp( gMpég) }/(7) (4.43)



Now, by the definition of MGF, as given in (3.31), (4.43) becomes

0 1 1 4 0 1 g
F.(E) =(E_ng;/(gMPSK)+ZMy[§gMPSKj+(g_ZJM;/(%) (4.44)

By plugging (4.19) into (4.44), the ABER for MPSK can be obtained as

R)(E):i, 1K’ (ﬂ(1+K)QJK lj 1 Gi;(ﬂ(1+K)Q

= Jlexp(u)l' ()l (u+ J)k By 27 6) &upsk Eursk BY

0
a-lLu+j-1

L3 G21[3,u(1+1()§2
1685k 48 ek BY

0 H (4.45)
a-l,u+j-1

0 [@ ]sm © -2 11+ x)Qsin’® O
a-Lu+j-1 2r 4 + Svrsk B

8 upsk

(F) NCMFSK
With the help of Table 3.1, the expression of conditional SER for NCMFSK modulation scheme

over the AWGN channels is given as

)

By plugging (4.46) in (3.33), the expression of ASER for NCMFSK can be obtained as

Z( 1)( JJ ( [1__j jf ("dy (4.47)

With the help of (3.31), (4.47) becomes

R(E)=- f (—1){7}\4 [(1 - %D (4.48)

By substituting (4.19) into (4.48), the corresponding ASER is given as

0 (4.49)
a-lLu+j—-1

i’ A+x)Q | | 1+ 5)Q
SRR ) SIS provesy o prove
, oJ'eXp(ﬂK)r(a)F(ﬂ+J)Ml_ D 57 [1_ D 57
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4.3.6 Channel Capacity

The Channel Capacity is an essential performance parameter since it represents how much data is
transmitted through the channel under fading conditions. The Channel Capacity for different
power and rate adaptive methods has been discussed in the previous Chapter. The capacities

under various adaptive transmission protocols for x-u/gamma model are derived as follows

(A) ORA
By putting (4.14) into (3.37), the Channel Capacity for ORA policy in bit/s/Hz is expressed as

atutj

_ N Zlquj (/J(l + K‘)QJ 2 % 0‘*/‘2*/'*2 { \/m} (4 50)
C()RA - . . — 1 2 1 Kaiyij 2 /s 2R d .
,-Z:;‘]!F(y+])l“(a)exp(ﬂ,()k By _([ og,(1+7»)y 5 ¥

The relation between logarithmic and Meijer G function is given as [146, Eq. (8.4.6.5)]

1,1
’ 451
1,0J (451)

In(1+y) = Géﬁ[?

By substituting (4.51) into (4.50) and using logarithmic property, (4.50) can be written as

e 2y 52
1,0 By

With the help of [135, Eq. (7.821.3)] and after performing some mathematical steps, the Channel

a+u+j

1 2u’ K ul+x)QY) 2 G w2
Cons = gy S M8 [
() S AT@C(u+ Hep(ul f7 )

Capacity for ORA scheme can be obtained as

) Jged vl
Cops = Z H K Gl,4( By 1 o
7=0

JT (e + ) exp(uT(@) In(2) | (1 +©)Q

—a+1 —u—j+1 1 1J (4.53)

An alternative method to obtain the Channel Capacity for ORA policy is MGF based approach,
as defined in the previous Chapter in (3.38). Therefore, to get the Channel Capacity for ORA

policy using the MGF method, first of all, the first-order derivative of MGF M (5) has to derive

which is given as

M;(S)=;;My(S)=ij s (y(l+K)QJds‘]Gz*‘[#(l+K)Q

lexp(ul(@)C(u+ H pr Jas” 7 spy

0 J(4.54)

a—-lLu+j-1
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With the help of [146, Eq. (8.2.2.30)], the above equation becomes

-1
a—-lLu+j—1

-3 ~p'x’ p(l+ K)Qsz,][u(l +R)Q
TS jlexp(u)D(e)T(u+ D sPpy ) P spy

J (4.55)

By plugging (4.55) into (3.38), the Channel Capacity for ORA is obtained as

. 1 i K [ /u(1+K)QJ.TEi (_S)( % j Gi;[[u(l+l{)§2
S

T ) = Slep(uoOl@Tu+H\ p7 N By

-1 st (4.56)
a—-1lLu+j—1

The exponential integration and Meijer G function is related by the following formula [146, Eq.
(8.4.11.1)]

E (-s)=-G} (s

|
N o} (4.57)

By substituting (4.57) into (4.56), (4.56) becomes

i) ( u(l+ K)QJT (1) G20 (S
Sep(ul(@(u+ H g7 fils? )"

Using G"'[-]-] function property and [146, Eq. (2.24.1.1)], Cora can be obtained as

)y v e v ] o T NS B
In(2) & M@+ Heopwo | f7 ) lut+o0| 2, 1

8

1
C =
ORA hl(z) ;

1 sz,l(ﬂ(mc)Q
0, 0) " 7
\ sPy

-1 st (4.58)
a-1l,u+j-1

Il
o

(B) OPRA
In this policy, both transmitter and receiver know CSI. The optimal power cutoff SNR level |

for adaptive transmission policy must satisfy the following condition [62]

T[L _ %ny (»dy =1 (4.60)

7o 7/0
or,
Yo 7
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where Fy(-) denotes the complementary CDF of SNR.

With the help of (4.15), the integral term in (4.61) is expressed as

If(y)d —i w K’ (,u(l+K)QJT}/_1G§,ZO(,U(1+15)Q;/
S Nexp(uT(@T(u+ )\ g7 )37 " By

. Jd7(4.62)
a-1, u+j-1

Let y/y,=t, so dy =y,dt. After performing integration by substitution, (4.62) can be obtained as

wfy(y)dy:i . w K’ ' ((nQ +K)QJTZIG§,;£ﬂ(1+K)QyOt ' jd’ (4.63)
S S flexp(uol(@T(u+H\ g7 " g7 la-1 p+j-1
With the help of [135, Eq. (7.811.3)], (4.63) can be simplified as
If @, i K (u(+ K)QJGz,o(u(l + ), [I J(4.64)
Sy Jlexp(uL (@ (u+ H\ By p7 0. a-1 u+j-1

By substituting (4.64) into (4.61), the condition for optimal data transmission is obtained as

F () & wiKc (/,1(1+K)QJG3,O[,LI(1+K‘)§27/O 1
Yo S llep(uol(@T(u+ )\ By g7 0. a-1, u+j-1

le (4.65)

It is noted that no transmission of data takes place when the received SNR level  falls below the

optimal power cutoff SNR levely,.

Now, the expression of Channel Capacity under OPRA policy can be obtained by plugging
(4.14) into (3.41)

mfi 1K’ (ﬂ(HK)QJj'l [ szo(uaw)Qy

S fep(uol@ru+ )\ 7 ), By

dy (4.60)

a-1, y+j—J

Let y/y,=x or dy =y,dx and after performing integration by substitution, (4.66) becomes

Copns = 1 i wK’ (ﬂ(HK)Q%jjln Gé’g[ﬂ(l—l—l()g}/ox
In(2) & jIT(u+ HM(@)ep(u) 7 ’ By

. de (4.67)
a-1, u+j-1

The relation between logarithmic and hypergeometric function is given as [135, Eq. (9.121.6)]
In(1+ x) =x, F,(1,1;2;—x) (4.68)
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By plugging (4.68) into (4.67), (4.67) becomes

_ i wx! ( ﬂ(1+7<)970j
Comi =152) 4 S flep(uol(u+ HL@\  pr
j(x 1), F (L1231 - )G”(% _ de (4.69)
1 ﬂ 24 _19 H+t ] -1

With the help of [135, Eq. (7.831)], the Channel Capacity for OPRA scheme is obtained as

OPRA

1 & pK ( y(1+x)ﬂyojc4,o[y<l+x)mo 0
T InQ) S fexp(ul(@T(u+ )\ B7 B7

0 J (4.70)

-1, -1 a-1, u+j-1

(C) CIFR
The Channel Capacity under CIFR scheme using MGF based approach can be obtained by

solving the integration presented in (3.46), and it is given as

TMy(S)dS:i ‘Ll‘in T ] 2](#(1""()9 0 . }S (4.71)

= Jlexp(ur)l () (u+ j)y spy —Lu+j-1

By putting 1/s =¢ into (4.71) and follow some mathematical steps, (4.71) becomes

0 },t 4.72)
a-lLu+j—-1

With the help of [135, Eq. (7.811.4)], the above equation can be obtained as

0

© lu'Kj i 21 M
.(‘)-My(s)ds Z:(; lexp(yK)F(Ol)F(ﬂ+J'([ ( By

B < it ((p(+x)Q 4.73
!My(s)ds _/Z:;j!em(uzc)(a—l)'(uﬂ‘—l)k By j “

By substituting (4.73) into (3.46), Ccirr can be written as

log{n / S ”“ﬂ“gn (4.74)

= I+ PHa eXp(uK)K By

(D) TIFR
The Channel Capacity for TIFR policy has been defined in the previous Chapter in (3.47). By
plugging (4.64) into (3.47), the Crypr is expressed as
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where
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Fr)=Y - WKl (u ) O)G.(—_o . J(4.76)
ad ;J!em(ﬂK)F(ﬂﬂ)F(a)K By b By la-1, p+j-1, -1

4.3.7 Outage Probability
Using [19, Eq. (8)] and (3.35), the Py, is expressed as

o o\* 1 Q
mc’lu”’“(1+1<)"‘(y°_ J ,Fz(a;a—y—j+l,1+a;’u( +K_)}/° J
V4

By
Jisin((u—a+ Hm)yexp(ux)fTA+a)l(u+ HI+o — 1~ j)

o0
P=2
j=0

HE]
a2 (14 ) (79] IF{u vl pmas e HETONE °Qj
-3 | 7 | Pr (4.77)
70 Jisin((u—a+ j)m)exp(ux) B D)0 (1+ p+ HI(1-a+u+ j)
An alternate and tractable expression of P, can also be evaluated using (3.35) and (4.22)
P -3 wr’ (10 +5)Q7, jng(u(l + K)Q, [0 j (4.78)
S lep(uor@T(u+ HL 7 * By la-1 utj-1 -1

4.3.8 Results

The performance of x-u/gamma fading distribution is analyzed in this section by considering the
matrices such as Error Probability, Capacity, and Outage Probability. The performances depend
on the shadowing parameter, Mean SNR, Modulation Index, Fading Parameter, and type of
signaling techniques. The newly obtained results converge to special cases of x-u/gamma fading
model. Figure 4.1 depicts the ABER for BDPSK ((4.26) with @ = 1) and NCFSK ((4.26) with a =
0.5) and its comparison with previous results of Nakagami-m/gamma [55] and Rayleigh [52,
147]. As presented in Figure 4.1, the curve overlapping with Nakagami-m/gamma fading has
minimum error rates than the curve overlapping with Rayleigh fading. Moreover, BDPSK

technique shows better error rate performance in comparison to NCFSK.
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Figure 4.1: ABER comparisons using BDPSK and NCFSK with several fading
distributions.
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Figure 4.2: ABER using BPSK, BFSK, and BFSK with minimum correlation.
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The error rates comparison curve between BPSK ((4.30) with a = 1), BFSK ((4.30) with a = 0.5),
and BFSK with min. corr. ((4.30) with a = 0.707) is shown in Figure 4.2. The BPSK technique
has lowest error probability than BFSK as can be easily seen in Figure 4.2. The reduction in BER
is achieved as u,x increases with constant f,a. Moreover, slight reduction in BER 1is achieved as
p,a increases with constant w,x. In Figure 4.2, the ABER for any signaling schemes (BPSK or
BFSK) decreases by varying the average SNR.

Table 4.1: Required number of terms in (4.30) to achieve an error rate less than 106

Parameters (k,n,0,3) Number of Terms in (4.30)
k=1,u=1,0=2,p=2 9

k=1,u=1,0=0.5,=0.5 11
K=2,u=2,0=2,p=2 17

Table 4.1 shows the number of terms in (4.30) for obtaining the error rate less than 107, 1t is
clear that only few terms are required to obtained better accuracy of results. Also, larger values
of x,u,0.B requires large number of terms as clearly depicted in Table 4.1. In a similar way, the

number of terms can also be provided for all proposed mathematical expressions of x-u/gamma

model.
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Figure 4.3: ABER comparison using BPSK with several fading distributions.
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Figure 4.3 depicts the error rates of BPSK (((4.30) with a = 1). The error rates result is compared
with the corresponding result of x-u [57, Eq. (12)], Nakagami-m [9, Eq. (4.138)] and Rayleigh
[9, Eq. (4.134)] distribution. The proposed results have good match with exiting results. The
error rate curve having higher value of multipath cluster (4=1.4) goes downwards rapidly than
lower one as the mean SNR level increases, which means that large number of multipath clusters

gives better performance improvement.
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Figure 4.4: ABER comparisons using BPSK with several shadowed fading distributions.

Figure 4.4 represents the ABER using BPSK and its comparison with previous results of
Rice/lognormal [148, Eq. (6)], Nakagami-m/gamma [9, Eq. (4.152)] and Rayleigh/gamma [9, Eq.
(4.152)]. The curve coinciding with Nakagami-m/gamma model has minimum error probability
than the curve overlapping with Rayleigh/gamma and Rice/lognormal distribution. In Figure 4.4,
the ABER reduces as average SNR increases for constant «,u,a.,f.

Figure 4.5 shows the ABER for MAM and its comparison with existing results of Rayleigh [8,
Eq. (8.103)] and Nakagami-m [8, Eq. (8.106)] model. The result is obtained by using the derived
expression given in (4.34). In Figure 4.5, the error rate reduces as u increases with constant f, a,

and x. Also, 4-AM has lowest error probability than the other two with higher modulation index.
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Figure 4.5: ABER comparison using MAM with several fading distributions.
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Figure 4.6: Error probability using MQAM signaling for several parameters.
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Figure 4.6 depicts the ABER for MQAM (4.38) with u,x= 0.5,1,2 and f,a=2. In Figure 4.6, on
increasing M (4to32), ABER performance degrades. The error rate using 4-QAM is minimum
and it increases as M varies. Also, the error rate reduces as the fading parameters (u,x) increases

between 0.5 and 1 with constant modulation index and shadowing parameter.
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Figure 4.7: ASER comparison using MPSK (M=4,8) with several fading distributions.

The error rates comparison graph using MPSK (4.45) is shown in Figure 4.7. The results
obtained are compared with the ASER of Rayleigh [8, Eq. (8.113)] and Nakagami-m [8, Eq.
(8.115)] model; which have shown excellent agreement. The higher value of x has minimum
SER. The SER performance improves by varying u between 1 and 2, as shown in Figure 4.7.
Also, 4-PSK modulation scheme shows excellent SER performance in comparison with §-PSK
modulation scheme.

Figure 4.8 depicts the plot of ASER for NCMFSK (4.49) with M=2,4 and its comparison with
the results of Rayleigh [52, Eq. (9)] and Rician model [52, Eq. (8)]. In Figure 4.8, with u=1,
0=100, p=1.6 and M=2 (or 4), the ASER reduces as x varying between 0.001 and 3.2. Also, the

ASER increases, as M increases from 2 to 4 with constant x,u,a.,p.
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Figure 4.9: Channel capacity comparison using ORA method with several fading
distributions.
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Figure 4.9 depicts the Channel Capacity for ORA transmission protocol (4.53) of x-u/gamma
model and is compared with Rayleigh [9, Eq. (4.208)], Nakagami-m [9, Eq. (4.207)], Rice [9,
Eq. (4.210)], and x-u [56, Eq. (6)] distribution. The Channel Capacity becomes higher as u

Increases.

K—0,p=m=54,a=24,=1.5
(Nakagami-m/gamma)
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(Rayleigh/gamma)
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Figure 4.10: Channel capacity comparison using ORA method with several shadowed
fading distributions.

Figure 4.10 illustrates the graph of Cora (4.53) and its comparison with the corresponding results
of Rayleigh/gamma [9, Eq. (4.214)], and Nakagami-m/gamma [9, Eq. (4.214)] model. As
expected, the higher capacity is achieved as the mean SNR increases.

Figure 4.11 depicts the Channel Capacity comparisons (ORA) using PDF and MGF based
analysis with different x,u,a and g values. The capacity plot using both PDF (4.53) and MGF
(4.59) based approach shows an excellent agreement. In Figure 4.11, on increasing x,u (1 to 2)
with a=f=1, the Channel Capacity increases. The Channel Capacity also increases by varying o,/

(0.5 to 1) with fixed x,u.
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Figure 4.11: Channel capacity comparison for ORA method using PDF and MGF based
analysis.

Figure 4.12 depicts the Channel Capacity comparisons of various adaptive transmission
protocols. In Figure 4.12, the AWGN channel shows the highest Channel Capacity as compared
to the capacity of various adaptive transmission protocols over the x-u/gamma channels. The
capacity for ORA (4.53) scheme shows the best performance in comparison with OPRA (4.70),
CIFR (4.74), and TIFR (4.75) schemes since it uses a fixed amount of transmitting power. Also,
the Channel Capacity for all the presented adaptive transmission protocols improves as the
average SNR increases. From Figure 4.12, it is also observed that the TIFR yields an increase in
capacity over the CIFR but this increase in capacity diminishes as average SNR increases. The
capacity for the CIFR scheme is minimum because of high capacity loss. This capacity penalty is

recovered by the TIFR protocol since it transmits the power only above the fixed cutoff SNR.
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Figure 4.12: All channel capacities comparison with ideal AWGN channel.

Table 4.2: Channel capacities for various rate and power adaptive methods at 12 dB
average SNR with k=u=0==1.

Methods Channel Capacity (bits/s/Hz)
AWGN 4.074
ORA 3.577
OPRA 3.388
TIFR 2.990
CIFR 2.675

As shown in Table 4.2, at 12 dB average SNR, the values of Cora, Copra, Crirr, and Crypr are
3.577, 3.388, 2.990, and 2.675, respectively. Thus, it is clear that ORA scheme has better
capacity performance in comparison with the other policies. Also, the AWGN channel has a
maximum capacity (4.074) as expected. The CIFR has minimum channel capacity because a

large amount of power is transmitted using this scheme.
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Figure 4.13: Capacity of CIFR method with several shadowing and fading parameters.

Figure 4.13 represents the Channel Capacity for CIFR policy (4.74) for several f,a,u,x. The
capacity increases as the fading parameter (u,x) vary from 1 to 2. However, a slightly low
capacity improvement is observed as the shadowing (f,a) parameter increases between 1 and 2.

Figure 4.14 illustrates the Channel Capacity for TIFR policy (4.75) with {u,x =1,2,3}, { p,0=1}
and 7,=0.5,4. With the higher level of average SNR (> 6 dB), aty,=4 dB, the higher value of

capacity is achieved and lower capacity is observed at 7,=0.5 dB. Moreover, a large value of

fading parameter (u,x) provides higher Channel Capacity as depicted in Figure 4.14.
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Figure 4.15 illustrates the Channel Capacity under TIFR scheme versus cut-off SNR (dB) with
different value of y (5, 10, 15, 20 dB). Figure 4.15 depicts that higher value of average SNR

(20dB) has high capacity and the capacity becomes lower as average SNR decreases from 20dB
to 5dB. Moreover, on increasing the cut-off SNR (dB), the Channel Capacity for TIFR policy (at
fixed average SNR) increases slightly and then gets decreases sharply. Thus it can be concluded
that the higher value of cut-off SNR (dB) has high capacity loss for constant average SNR.

Figure 4.16 shows the Outage Probabilities comparison curve with 10 dB threshold SNR. In
Figure 4.16, Py, of x-u/gamma model (4.77) coincides with corresponding results of Rayleigh
[9, Table 4.4], Rician [8, Table 9.5], Nakagami-m [9, Eq. (4.157)], Rayleigh/gamma [9, Table
4.4] and Nakagami-m/gamma [9, Table 4.4] model. With f=1.6, 0=100, k—0, the Py, reduces as

U varies.

K—=0,p=1,a=100,=1.6
(Rayleigh)

k—=0,u=1,a=78p3=0.7
(Rayleigh/gamma)

> 10723 R,
= k—0, u=m= 14, 2N /
) 3
E a=100,=1.6 ] 2 N
£ 1075 (Nakagami-m) & R,
S »
@ 1 N, "
en o) B
] 1 S Q 3 ]
g . K:K:3.2,p_:_l,a:100,[3:1.6 ‘\,‘ 2N
10 (Rician) / =8 I
N,
1075+ k-0, u=m=54,0=24,p=15 Ye
] (Nakagami-m/gamma) S
1076_ T T T T T T T I I
10 15 20 25 30 35 40 45 50

Average SNR (dB)

Figure 4.16: Outage probability comparisons with several fading distributions using 10 dB
threshold SNR.
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Figure 4.17: Outage probability with different threshold SNR (5, 10, and 15 dB).

Figure 4.17 depicts the plot of Outage Probability at 5, 10, and 15 dB threshold SNR. In Figure
4.17, 5 dB threshold SNR value achieve minimum Outage Probability in comparison with 10 dB

and 15 dB threshold SNR. Also, with fixed a,f andy,, the Outage Probability decreases sharply
as u.x varies. However, on varying the value of f,a (1 to 5) with fixed u,x,y,, the slight

improvement in Outage Probability performance is observed.

Table 4.3: Outage probability of x-u/gamma model for different threshold SNR at 40 dB
average SNR with x=u=1.5 and f=a=1.

Threshold SNR(dB) Outage Probability
5 3.92x10™
10 7.04x10™
15 1.13x107
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Table 4.3 depicts the Outage Probability for several threshold SNR with x=u=1.5 and p=a=1. It
is clear that the Outage Probability for 5dB threshold SNR at fixed average SNR (40 dB) is
minimum as compared to 10 dB and 15 dB threshold SNR.

From the all presented results of x-u/gamma fading model, it is clear that the system
performance improved as the fading parameter (u,x) increases with constant shadowing
parameter (f,a) and vice versa. Moreover, the proposed results of x-u/gamma distribution have

shown closely overlapped to the existing results.

4.4 Rayleigh/ TWDP Model
The mathematical work and analysis of Rayleigh/ TWDP model have been evaluated in this
Section. The performance matrices like Error Rates and Outage Probabilities are computed using

derived statistical parameters.

4.4.1 PDF
The density function of y can be obtained by substituting (4.12) into (4.13) such that

Q & Qy Qy
()= —exp(—S,)) C.D ——S,,AM, K, | |— dy (4.79)
77 2PPy ' Z \7-Rp, " PP,

4.4.2 MGF
The MGF can be obtained by substituting (4.79) into (3.31)

T Q - Qy Qy
M (s)=|exp(—sy —exp(—=S,)> . C.D| | |[——;S,,AM, |K,| |= dy (4.80)
’ J ( )2P1sz "G (\/\/yﬂa ' J ( 7-PIP2J

With the help of (4.9), (4.80) becomes

- Q ° Qy Qy
M, (s)=.C, -S AM.S - | 25,(1-AM)) |K d
,(5) le ’2P1P2;76xP( h)[em( ; h)ieXp( SV)IO[\/ 7. PP, i I)J m[ y,Plpzj Y

_ [exn(— 9y Qy (4.81)
+exp( AM,-S/J{exp( sy)l{\/,/y,% 25/,(1+AM,-)JK,,,( 7~1’11’sz7]
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The Bessel function in the infinite series form can be represented as [135]

3 x )" 4.82
1= Z:m'l"(m+0(+l)( j ( )

m=0

By putting (4.82) into (4.81), (4.81) can be written as

- Qy
L(S,,AM )| [ y"*K ( —]d;f (4.83)
4PPy D \7-RP,

M;/(S) :ici

where

2Sh(1_AMi) '
ﬁ’ﬂPz 4

(m!)?

[/ Q .ZS,I(1+AMI.)]m
SIS 4 (4.84)

+op(-(1L+M,8)S,). —s

L(S,,AM ) = exp(~(1- M ,A)S, )Z

By using [135, Eq. (6.631.3)], the MGF expression can be obtained as

M (S)_ ZCL(S,,,AM) —(m+1)/2 i C(m +1)exp Q _ W-(m+1)/zm/2 L_ (4.85)
i Zite 8RBy T\ 4sBBy

4.4.3 CDF

The distribution function in the term of envelope signal is presented as [9]
Fo(r) = Po(R<r) = [ fr(r)dr (4.86)
0

By plugging the PDF of envelope signal of the Rayleigh/ TWDP model (as given in (4.12)) into
(4.86), the expression of CDF can be written as

tor =l r ﬂ'(j—l) r 4.87
Fo(r)= exp(=S,)> C.D| |[——:;S,,Acos=—=2L—2 K | —— |dr (4.87)
P =g S, { N 2M—1] ( PleJ

By using (4.9) and (4.82), the above expression can be written as
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[2rSh(l—AM[)jm EZrSh(HAM[)]m
" M o 4,/PP, - 4/pp, (4.88)
FR(F):-[ﬁexp(_Sh)ZCi eXp(ShAMi)Z\(/nj)z_l—exp(_ShAMi)z (m')z m[\/;ip}dr
Now, (4.88) can be simplified as
1 Mo r
F.(r)=——0(S,,AM)S C.[r"™'K d (4.89)
(=355 S, D j [ T’,Pz]r
where,
{(1—AM,)S,1T [(1+AMI.)S,1JM
VAL Rk (4.90)

08, AM,) = (=S, (1~ AM )3 ep (5, 1+ AM ) S s

With the help of [149, Eq. (7.14.1.3)], (4.89) can be written as

Fe)=2/RP, )"’ial--Q(Sh,AMJLm«mf;,',f_r(_m)—(r/ R K,/ PR, )} (4.91)

4.4.4 Outage Probability
The expression of the Outage Probability can be obtained by plugging (4.91) into (3.35) such
that

_p| (P25 rr  [([r2 " 782 4.92
P, FR[\/T] 2;alQ(Sh’AMI)Lin((m+1)7Z')F(—m) [ )/P1P2] K”’*{ 7/}71})2]] ( )

4.4.5 Average Bit Error Rate
The expressions of Error Probability using several signaling techniques for Rayleigh/ TWDP

model are derived in this Section.

(A) BFSK and BPSK
With the help of (4.85) and Table 3.2, the ABER for coherent modulation scheme can be

obtained as
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m+l

P(E)=— j ¢ L(Sh,AM)( 9) [

o =l

) .2
Q JF(m+l)eXp(Q o0 HJW(;nH)/z,m/z(WJde (4'93)
YRP, 8aP Py 4aP Py

By puttingsin® @ = x, after performing integration by substitution, and using [135], (4.93) is

expressed as

(m+1)/2
1 4 Q r(m+1) ~1/2
P(E)y=—) C.L(S,,AM, 2(1—x I'(—m
> (E) 4”; L(S, )(w/ngzawwzf (1-x)"?40(= )MDPW

m—1

: o ) 2 .
< | matimat,— 22X | [ X T0m_ plimae— 2% |l (494)
4aPPy ) \4aPPy ) T(m+1) 4aP

With the help of [135, Eq. (7.512.12)], the ABER for coherent binary modulation schemes can

be obtained as

) o Q )" T(m)(m+1.5(0.5)
PE(E)_167Z' (m+2)/2PP72CL(Sh’AM){£4aplpzj7j (m+1)

m

s, By m+1.5,m+1L;m+2,m+1; Q)2 r(m)r(os)r(ls)2 1502, m+ 12 |L(4.95)
4aPPy ) \ 4aPPy 4aP, P,y

(B) BDPSK and NCFSK
The ABER for binary non-coherent modulation scheme can be obtained by substituting (4.85)

into Table 3.2. Hence it can be written as

4
Pe(E)ZlZCiL(Sh,AM[)(a)f(’”“)/Z _i ['(m+1)exp L_ W—(m+1)/2m/2 L_ (4.96)
85 7P P, 8aP Py \4aB By

4.4.6 Results

The analytical analysis of Rayleigh/TWDP distribution is demonstrated in this Section. The
performance is dependent on the Mean SNR, Average Fading Power, Shadowing (Sy), and Scale
Parameter (A). The plots of the Distribution Function, Outage Probability, and Error Probabilities
for several modulation techniques are illustrated in this section.

Figure 4.18 illustrates the CDF for different shape parameter (A = 0, 0.5, 0.8, 1). Usually,
average fading power P;=0.2 and P,=0.2 are considered to plot the CDF curve.
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Figure 4.18: CDF for A =0, 0.5, 0.8, 1 with $,=2 dB and P;=P,=0.2.
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Figure 4.19: CDF for different P, and P; values with $;,=10 dB and A=0.6.
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Figure 4.19 represents the CDF versus received signal envelope for different P, P, values with
Sh=10dB and A=0.6. In Figure 4.19, for P,=P,=0.15, on increasing the received signal envelope,
the CDF increases sharply.

Y, =5, 10, 15,20 dB

Outage Probability
=

]0—3 -

10'47 T T T T T
10 20 40 50

30
Average SNR(dB)
Figure 4.20: Outage probability for various threshold SNR with $,=2 dB and A=0.1.

Figure 4.20 illustrates the plot of Outage Probability for A=0.1 and S,=2 dB with different values
of threshold SNR 7, =5, 10, 20, and 30 dB. In Figure 4.20, on increasing the threshold SNR (5

to 20 dB), the Outage Probability increases. Moreover, the Outage Probability reduces as the
mean SNR varies for fixed threshold SNR as expected.

Figure 4.21 illustrates the ABER for BPSK modulation scheme (4.95) with different shadowing
parameter (Sy = 2, 5, 8, 10 dB) and constant shape parameter (A = 0.6). A lower S, factor has
very small range of discrete shadowing values that encountered rapidly and therefore causes the
higher severity in shadowing. However, a large Sy factor shows large variations in main wave
amplitude contributed by each scattering neighborhood that causes approximately equal number
of low and high discrete shadowing values and therefore lower severity in shadowing occurs. In
Figure 4.21, the error rates become lower as the average SNR varies with any fixed value of Sj.
Also, on increasing the shadowing parameter (2 to 10 dB) with A = 0.6, the ABER decreases that

improve the system performance. The larger S, factor (10dB) shows lower BER because of
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lower severity in shadowing. However, lower S, factor represents higher BER because of high

severity in shadowing.
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Average Bit Error Rate
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|
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Figure 4.21: ABER for BPSK with A =0.6 and S, =2, 5, 8, 10 dB.
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Figure 4.22: ABER for BDPSK and NCFSK with different A and Sj,.
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Figure 4.22 represents the error rate comparison curve between BDPSK and NCFSK with S, =5,
10, A=0.2, 0.6 and P,, P,=0.1, 0.3. In Figure 4.22, for any modulation schemes, on increasing
A parameter (0.2 to 0.6) with constant S, = 5 dB, a slight degradation in BER performance is
observed. However, for any modulation schemes, on increasing the shadowing parameter (S, = 5

to 10 dB) with constant A = 0.6, the BER performance improves.

10"
] —— Rayleigh TWDP
] — — Rayleigh Gamma
10°! 3
2 1073 .
& . BFSK with min. corr.
E ]
= 1077 3
M ]
W -
5
5 1074
- ]
4: _
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10 ] ™~

T | | | T T
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Average SNR (dB)

Figure 4.23: ABER for BDPSK and BFSK with minimum correlation with A = 0.6 and S}, =
2 dB. Rayleigh/TWDP (solid line), Rayleigh/gamma (dash line).

Figure 4.23 illustrates the ABER for BDPSK and BFSK with minimum correlation for A = 0.6
and S, = 2dB and its comparison with Rayleigh/gamma shadowed fading model [53]. In Figure
4.23, BDPSK modulation scheme shows minimum error rate in comparison with BFSK with
minimum correlation. Also, as depicted in Figure 4.23, the BER for BFSK signaling of the
Rayleigh/ TWDP model is minimum as compared to BER of Rayleigh/gamma model at high
SNR region (>10dB).
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4.5 Contribution
In this Chapter, the performances of x-u/gamma and Rayleigh/TWDP models have been
evaluated. The contributions of this Chapter are as follows:

e The statistical parameters such as PDF, MGF, Moments, and Distribution Function of «-
#/gamma model have been computed.

e Channel Capacity for different power and rate adaptive methods, Outage Probability, and
Error Probabilities expressions have been derived mathematically.

e The performances have been examined by varying few terms such as Average SNR,
Modulation Index, Scaling, and Shaping factors.

e The improvement in overall performance has been observed as u,x varies with the
shadowing factor kept constant.

e The analytical expressions of some statistical parameters such as PDF, CDF, and MGF
of Rayleigh/TWDP fading have been computed which helps to derive the Error
Probability and Outage Probability expressions.

e The performance of the Rayleigh/TWDP model depends on the Shape (A) and the
Shadowing parameter (Sy,). The numerical results have been presented that demonstrated

the derived expressions of the Rayleigh/ TWDP model.

Based on the research outcomes reported in this Chapter, it is concluded that both multipath
fading and shadowing parameter has considerable role in system performance. Thus, the research

hypothesis testing is successfully achieved.

Published paper related to this Chapter:

(1) Hari Shankar, Ankush Kansal, “CDF and MGF based analysis over Rayleigh TWDP shadowed fading channel
for indoor communication”. International Journal of Electronics, Taylor & Francis, vol. 105 (12), pp. 2099-
2113,2018.

(2) Hari Shankar, Ankush Kansal, “Performance analysis of k-p/gamma shadowed fading model over indoor off
body communication channel. International Journal of Electronics and Communication (AEU), Elsevier, vol.
93, pp. 283-288, 2018.

(3) Hari Shankar, Ankush Kansal, “MGF-based analysis of k-p1/gamma composite fading model for indoor off body
communication”. Transactions on Emerging Telecommunications Technologies, Wiley, €3566, pp. 1-17, 2019.
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Chapter 5

Shadowed Fading Model over Multiple Channels

In indoor wireless communication, when the signal passes through the channels, it becomes
faded by surrounding objects like building, walls, doors, chairs, and the human body. Also, both
scattered and dominant components of the signal may be obscured by surrounding objects and
the human body which causes shadowing. These factors may degrade the indoor wireless system
performances.

The diversity combining is a good method to overcome the effects of fading by setup the several
antennas at the Rx. In the diversity mechanism, the signal quality can be improved without
increasing the transmit power and bandwidth. Well-known diversity combining methods are
MRC, SC, and EGC. MRC is one of the easiest and optimal algorithm to improve the SNR. In
this technique, the copies of all information-bearing signals are combined at the receiver.
Operating with MRC diversity, the performance measures such as Moments, AF, ABER, and
Channel Capacity are computed in this Chapter. A tractable and straightforward shadowed

fading model, known as Fisher Snedecor ( F), is used to obtain these expressions.

5.1 Introduction

The Nakagami-m distribution is the multipath fading model. It is a purely statistical and simpler
model because the performance matrices are available in closed-form. This model often shows a
good match with empirical data obtained in LMS and indoor radio propagation environments
[150]. The Nakagami-m model can be reduced to Rayleigh and one-sided Gaussian model. The
Nakagami-m distribution based shadowed fading model includes Nakagami-m/lognormal [33],
Nakagami-m/gamma (Generalized K) [18] and Nakagami-m/inverse Gaussian (G distribution)
[36]. Recently, one more shadowed fading model, namely Fisher Snedecor ( F ), associated with
Nakagami-m distribution has been proposed [48]. The work on this tractable model has been

provided in many literatures [84-94, 109, 111]. The investigation on the ‘F model (i.n.i.d. case)

was performed by O. S. Badarneh et al. [109]. Correspondingly, the author derived the
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expressions of PDF, CDF, Outage Probability, and ABER for BPSK signaling. However, the

MGF expression of i.i.d. MRC receiver and it's throughout analysis is not given in [109].
Therefore, in this Chapter, performance evaluation of ‘F shadowed fading model over i.i.d. MRC
receiver has been elaborated.

Research hypothesis test: The MRC diversity improves the system performance over F

shadowed fading channels.

5.2 System Model
Assuming user equipment 1 (UE1) sends information to the user equipment 2 (UE2) through a
wireless medium. The UEI consists of a single transmitting antenna and UE2 has multiple

receiving antennas followed by maximum ratio combiner, as shown in Figure 5.1. The channel is

assumed to be characterized by ‘F model. It is also assuming that the transmitting signal is

represented as x(7). For i diversity branch in F channel, the received signal is expressed as

Y () =hx(t) + ¢, (1) (5.1

The instantaneous SNR ( ) at the output of L branch MRC diversity is represented as [ 8]

r=3 (5:2)

(L) =

-
Tx

Figure 5.1: MRC diversity in ‘F channel.

The density function at each receiving diversity branch for F model is given by [48]
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i —\si ;1
m" - (mg y)"y"

)m,+m5[

1 ()= (53)

B(m,, mg Ym,y + my,

Let us also assume that all branches of MRC receiver have equal average SNR. Therefore, at the

output of MRC diversity, the density function for i.i.d. branches is given by [109]

1 m " I'(m+m,) ‘ . o —my 54
fMRC(V)—F(mL)(mS7] |: T(m,) :|7 2F1(m+msamLamLa msfj (5.4)

where »F () is the Gauss hypergeometric function [135, Eq.(9.100)].

5.3 MRC Diversity for F Model
5.3.1 MGF

The MGF of y for MRC diversity is represented as [§]

©

MMRC(S):J.exp(_SV)fMRc(V)dV (55)

0

By plugging (5.4) into (5.5), (5.5) can be expressed as

Loo

[ m " I'(m+m,) o —my -~ w1 56
MMRC(s)—(msyj F(mL)( o) j!zFIEerms,mL,mL,mjexp( sy)}/ dy (5.6)

5

The G,"'[-|-]and 2F;(*) function is related by following mathematical expression as [135, Eq.

(9.34.7)]
—m- —mL _
mr -G, m7_| e T =, F m+ms,mL;mL;iz/ (5.7
IFrm+m)my ““\my| -1, —mL m.y
By substituting (5.7) into (5.6), (5.6) becomes
1 mL+1 F( n )Lw mem mL
m m mx mL 1,2 m7 eI,
M e (5) = — —s7)Gy3| (5.8)
e (2 F(mL)F(ermx)[ms?/J [ r(m,) JV P (s7) (mj/ o, —mLJ

With the help of [135, Eq. (7.813.1)] and after performing some mathematical steps, the MGF

expression can be obtained as
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mL+1 L
—mL, —m- —mL
M (5) = 1 [ m] (F(m+ms)J G;;[ m, mL, —-m-m,, —m ] (5.9)
F(mLI(m+m )\ smy I'(m,) \smyy| -1, —mlL,
5.3.2 Moments
The Moments of y operated for MRC receiver is given as
E"1= 7" fune )y (5.10)
0

By plugging (5.4) into (5.10), (5.10) becomes

mL L
n 1 m 1—‘(’/n + ms) T n+mL—1 - m}/
E = F, ,mL;mL;—= |d 5.11
7 F(mL)(mij [ T(m,) ij : ("”mm " me 7 G

By substituting (5.7) into (5.11), (5.11) can be written as

nq_ 1 m " L'(m+m,) e ntmL ~12| MY
Ay ]_r(mL>r<m+mx)(mS7j [ T(m,) JI g Gz’z[mj

0 -1, -m

—m— —mL
mem,, ijdy 5.12)

With the help of [135, Eq. (7.811.4)] and after some algebraic calculation, (5.12) can be solved

as

By = T(mL+n)(m+m, —mL—n)( m J_”(F(m—kmx)j (5.13)

L(m+m)U(mL) my L(m,)
5.3.3 Amount of Fading
The definition of AF is given in (3.32). Therefore, by using (5.13) and (3.32), after performing

some mathematical steps, the AF becomes

. (mL+ 1T (mL)T(m+m,) ( T(m,) JL _1 (5.14)
(m+m, —mL-2)'(m+m, —mL-1D)I'(mL+1) \I'(m+m,)

5.3.4 Average Bit Error Rate
ABER of L branch MRC diversity for F model is given by
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P.(E) = [PAE!7)fyue (r)dy (5.15)

(A) NCFSK and BDPSK
The average error probability expression for BDPSK and NCFSK can be obtained with the help
of Table 3.2

Pe(E):O-S'MMRC(a) (516)

By putting (5.9) into (5.16), the ABER can be obtained as

P.(E)= 0.5 m e L(m+m) ! G2 m
e T(mL)C(m+m )\ am y T(m,) 2 amy

where a = 1 for BDPSK and a = 0.5 for NCFSK.

-mL, —-m-m,, —mL (5.17)
-1, —mL,

(B) BFSK and BPSK
The average error probability for BPSK and BFSK is given by (Table 3.2)
T sin” @

pgy=] ”I MW[“jde (5.18)

By putting (5.9) into (5.18), (5.18) becomes

1 r + L mL+l iy r o, 26 mL+1 . 20
P(E)= (m+m,) i, J- sin G msmi
A (mL)C(m+m)\  T(m,) my a | amy

0 s

-mL, -m-m,, —ijde (5.19)

-1, —mL,

Let sin> @ =t i.e.2sin@cos MO = dt, after performing integration by substitution, (5.19) can be

written as

_mL, —m—ms, —mL}t (5.20)

L mL+1
1 I'(m+m m o - mt
P(E)= ( ) _ J’t L 1/2(1_1) 1/2G31§ _
2l (mL)C(m+m)\  I'(m,) amy amy| —1, -mL,

0 K

By using [135, Eq. (7.811.2)], (5.20) becomes

P () - r(0.5) Tm+m)\ [ m )" ool m
2 (mLT(m+m )\ T(m) | \amy “amy

s

-mL-05, -mL, —-m-m, —mL (5 21)
-1, -mL, —mL-1,
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(CO) MAM
The ABER for MAM is given by (Table 3.2)

_ M-y O 8. 5.22
F.(B) Mrlog, (M) ! MMRC(sinz 9}49 (522)

By following the similar step from (5.18)-(5.21), the solution of (5.22) can be obtained as

F(E)=

(M -1)(0.5) Conem) | (_m Y o _m |-ml=0S5 —mL —mem, -ml) s o3
M log,(M)T(mL)T(m+m.)

[(m,) gamy + gamyl -1 -mL, —-mL-1,

(D) MQAM
Exact analysis: The expression of ABER for square MQAM is defined as [150]

___ 4 LT wowr Vo (1 LY Suow 5.24
o nlogz(M){(l JA?MMW(SW(@)JM [l m] !M“’*C(sm%e) H} (24

By using [151, Eq. (19)], (5.24) becomes

4 1)1 1 4 1)1

= 1- —M L Vg 1| =M, 2 (5.25)

P.(E) 7Z'10g2(M)|:[ \/ﬁj{lz MRC(gMQAM)+4 MRC(:;gMQAM)} ( \/]\7] {8 MRC( gMQAM)}:|
By putting (5.9) into (5.25) and after performing some mathematical steps, the above expression

P(E) - 4 L(m+m))( m_ [l_lj 11 G
7log,(M)L(mL)C(m+m)\ T(m,) ) (my M2 guow )\ B0
mL+1 L L
+1 3 G;Z :jm -mL, -m-m, —-m
4\ 4g MOAM "\ 4myg moam | 1, —mL

2 mL+1
-mL, —-m- -mL
_(I_Lj o G| —m mb mmem, - (5.26)
\/M 8 2gMQAM ‘ 2ms7/gMQAM

-1, —mL,
Tight bound analysis: The conditional BER expression (tight bound) for MQAM over AWGN

can be written as

-mL, -m-m_, —-mL
-1, —mL,

channels is given by [75]

85



1.5y
P(Ely)<02 ., 720,M >4 (5.27
(E/7) eXp( (M—I)J Y )

By putting (5.27) into (5.15), the ABER for MQAM (tight bound) can be expressed as

_onf _ L5y 5.28
R,(E)—O-z_([fMRC(V)eXp( (M—l))dy ( )

With the help of (3.31), (5.28) becomes

P.(E)=02M [15] (5.29)
(M -1)

By putting (5.9) into (5.29), the tight bound ABER expression for MQAM can be obtained as

P(E) = 0.2 m(M 1) " T(m+m,) LGIJ m(M—l)‘—ML, -m-m, —mL (5.30)
T TmLC(m+m)\ 1.5m7 I(m,) U 1smy | -1, —mL,

(E) MPSK
The ASER for MPSK in the term of MGF is defined by [8]

M

n—m/
f;(E)=% | MMRC(M 0 (5.31)
0

sin’(6)
where g, ... =sin’(z/M)

By using [151, Eq. (16)], (5.31) can be written as

® 1 1 4 0 1 Eup:
Pe (E) = (g _EJMMRC (gMPSK ) + Z MMRC (5 & mpsk j + [E - ZJMMRC [ Suffgg] (5 32)

where @ = z— 7/ m

By putting (5.9) into (5.32), the ASER for MPSK becomes

P (E) B 1 [meLH[r(m + mS)JL (@ B 1]( 1 JmLH G])} m
‘ L(mL)(m+m)\ mjy [(m,) 2r 6\ Gupsk * M Y sk

1 3 e 1.3 3m - mL, —m-— m_y Py - mL
+— G3:2 D
4\ 48 psk 4m 78 ypsic | — 1L, —-mlL,

-mL, —-m-m, —mL
-1, —mlL,
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+(g_lj{sln2 @J”IL-'-IG;,;( mS_il’l2 @ _mL, _m—msa _mLJ (5.33)
2 AN Cursk \mygupsk| — 1 —mL,
(F) NCMFSK
The CEP using NCMFSK is represented as (Table 3.1)
1 ¥ (M 1
P(E/y)=—> (-1 —[1-= 5.34
(Ely) M;( )(i ]eXp( ( iij (5.34)
By plugging (5.34) into (5.15), the ASER for NCMFSK can be written as
_ LS (M (i1 5.35
2 =3 3 e ren~(1-1) (5:35)
By substituting (5.4) into (5.35), therefore (5.35) becomes
M (M
;(_Dl(i J m \"[Temem)] 7 ! "7 gy (5.36)
P(E)== : i —1-- F, L;mL; d .
Ot (myj { r(m,) My exp[ ( ijyjz ["”mm " my} ’

Using [135, Eq. (7.522.3)], the ASER for NCMFSK can be obtained as

+mg —mL-1

L& (MY( D\mp) * [Tmem)]
Y () I

X eXp ((1 - 1) Mj ' I/Vl—m—mv—mL m+mg—mL ((1 - 1) Mj (537)
i)2m SR i) m

where W,5(.) denotes the Whittaker function [135, Eq.(9.220)]. It is noted that for M = 2, (5.37)
reduces to ABER for NCFSK (5.17).

5.3.5 Channel Capacity
For adaptive transmission, the cutoff SNR having optimal power must satisfy the following

relationship [150]

J.(___j./MRCO/)d}/: _.'(7 i ]./MRCO/)d?/:l (5.38)
Yo ¥V W\ VoY

70 0 0
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By putting (5.4) into (5.38) and using [146, Eq. (2.21.1.13)], (5.38) can be solved as

L mL
- _
1 [ (m+ms)} {}/OmLB(Z’_mL)( mj 3F2(m+mxamLa'”L_1;'”L’mL+l; sz

yOF(mL) l—‘(llns) s ms?
r —mL —
I (m +m, —m )3F2 —1,m+m, —mL,0;1 —mL,0; m;: =1 (5.39)

(A) ORA
The Channel Capacity for ORA policy (in bit/second/Hz) can be obtained by putting (5.4) into
(3.37) as

mL L
1 m T(m+m) | ¢ .. —my
C. = $ 1 1+9), F +m_,mL;mL,—= |d (5.40)
ORA F(mL)(msfj |: T(m,) :|_([7 og,(1+7), 1[’” mg,mL;m my e

Using (4.51) and (5.7), (5.40) becomes

Cool =1n 1 ( mj {F(m+ms)} ].iﬂ/mLG;,é[}/
QrmLI(m+m )\ m.y I'(m,) 0

By using [146, Eq. (2.24.1.1)], Cora can be obtained as

o | n mL+1 T(m+m,) LG3)3 m
M QML) (m +m,)\ m 7 T(m,) \my

m—m —mL
52 Jdy (5.41
-1 - LJ 4 ( )

Lo my |
L, 0) **\my

9

-m-m, -mL, ~-mL-1, -mL (5.42)
-1, -mL-1, —mL-1, —mL

Low SNR regime: By putting (5.4) into (3.39), the Cora in low SNR is given as

L mL »
o Llmtm,) || _m_ [ 2B m+m mLmi =" |y dy (5.43)
In(2)I'(mL)|  T'(m,) my)

s

With the help of (5.7) and [135, Eq. (7.811.4)], Cora expression for low SNR regime can be

obtained as

mgy

crove o LG+ DIGntm, —ml 1) [ m J“(r(m +m, )JL (5.44)
In(2) C(mL)C(m +m,) T(m,)
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High SNR regime: The Cora in high SNR can be obtained by putting (5.4) into (3.40) as follows

s

mL L

1 m Tm+m) | ¢ .. —my

CHSNR — K L—1 1 F , L; L; d 5_45)
Ok F(mL)(msf} { [(m,) } I}f 0g,(7)2 1[m+ms e m )7J 4 (

0

By using (5.7), and [146, Eq. (8.4.6.11)], the above equation can also be expressed as

mL L
1 m T'(m+m)| 7 0 0 my |[=m-mg, —mL
CHSNR: s mL _1 GZ,Z G1,2 My (5.46)
ows ln(2)F(mL)[mS)/] { T(m,) M7 (=D “[7 0 0\ my| -1, —mef”

or,

-m-m,, —mL
-1, —mL 4

0, 0
Gi3|
0, 0 my

mL L
1 m IF'm+m,)| |7
CHSNR _ s i+l (522
ows ln(z)r(mL)(msyJ [ T(m,) } !y [y

—-—m-mg, _ijd]/ (547)

Jra(s

0

By using [146, Eq. (2.24.1.1)], (5.47) can be computed as

cmvi_ 1 m ' [Tm+m)] ool m [l —mL=l —mem, =L
O Jog( )T (mL)\ m.y T(m,) “\myl-mL-1, -mL-1, -1,  —mL
_GH mi -mL, -mL, -m-m,, -mL (5.48)
“\my|-mL, —-mlL, -1, —mL

(B) CIFR
The Channel Capacity under CIFR protocol can be obtained by solving the integral term

presented in (3.45) and using (5.4), it is given by

]ngRC(}/) dy = ! (F(erms)] ( m_J TzFl(m+ms,mL;mL;_—anymL2d7 (5.49)
o 7 FmL)\ T(m,) my) o

s

Using [146, Eq. (2.21.1.1)], (5.49) can be written as
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IfMRCm iy 1( J(r<m+ms>]Lr<m+ms—mL+1> (5.50)
(mD)\m7 | Tm,) C(m+m,)

By substituting (5.50) into (3.45), Ccirr becomes

C[FR logz{ ( F(my) JL msyLF(m—i_ms)J (551)

Fm+m,)) T'(m+m, —mL+1)

(O) TIFR
The Channel Capacity under TIFR protocol (in bit/sec/Hz) can be obtained by evaluating the

integral term presented in (3.47) as

1 e ) )
J‘fMRCO’) dy IfMRC /4 dy - J‘fMRC(?’ dy (5.52)
70 0 0 Y
By putting (5.4) into (5.52), therefore (5.52) becomes
L mL
fMRC(y) 1 I(m+m,) m T —Mm | -2
F LymL;—— d
S F(mL)( r(m,) ] (an D (’“’"’" " ,ij ’
Yo
—J.;/’"L : F[m-l—m mL;mL;— jd}/ (5.53)
0 ms}/

By using [146, Eq. (2.21.1.1) and Eq. (2.21.1.4)], (5.53) can be expressed as

TfMRC(y)dﬂ/ :[F(m+ms)jL{1"(m+ms —mL+1)( 1 _J_ 7/0mL—1 [ m_]mLB(mL_Ll)
Yo 57/

14 I'(m,) I'(m+m,) Lmy | T'(mL)\ m
X, F, (m+m mL,mL—1;mL,mL;— 20 j} (5.54)
my

By putting (5.54) into (3.47), the Channel Capacity for TIFR policy can be obtained as

Crm = logz{l +{ Lm,) j 1_ J(l -F,) (5.55)
E(m+m)) A(y)

where
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mL -
A(j/):{r(m+ms—mL+l)_[ mj 7o B(mL_l’l)3F2(m+m5,mL,mL—l;mL,mL;_m%j} (5.56)

Cm+m)Lmy \m7 T(mL) my

5.3.6 Results

The analytical and simulation results of F model with MRC diversity technique are illustrated in
this section. The results are depicted in the term of several performance matrices like Channel
Capacities, AF and Error Probability. Several modulation techniques are carried out for
presenting the error rate results. Both Monte Carlo simulation results and achieved results show
excellent agreement. With my—oo, the results obtained from derived mathematical expressions

get closely overlapped with results reported in literature.

5 T T T T T
| ms=5L=1
| R ms=20,L=1
4l — = -ms=20,L=2]]
O  Ref [48]

Amount of Fading
N

Figure 5.2: Amount of fading with m=5,20 and L=1,2.

Figure 5.2 depicts the AF versus m with L=1,2, and m=5,20. The AF curve goes down with
increasing m. For large value of m, minimum AF is achieved. For MRC with single branch
(L=1), the AF curve closely matches with AF results available in [48], as shown in Figure 5.2. In

light shadowing environment (m=20), the AF has lower value because of lower severity in
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shadowing. However, in moderate shadowing environment (m,=5), the AF becomes high
because of higher severity in shadowing. Thus, in Figure 5.2, the AF decreases as mj; varies
(5t020) with constant L. The AF becomes almost constant at the higher value of m (m>4). It is

the point to notice that, the AF is low for two branch MRC diversity technique.

qi:ggf’:;ec:‘::--.
10_1__ =:==c==_ L:l
] e;::eee:,‘ (Rayleigh)
] GGO .‘==°"=:-
€==‘==__
102 900600508
: °00g
R L=2
S 103 - BDPSK (A
45
o :
2107 5 NCFSK
]
z
107 5 — — /v
m=1,ms=20 L=3
10-6_
| | | | I
0 5 15 20

10
Average SNR (dB)
Figure 5.3: Error probability of NCFSK and BDPSK signaling with varying L.

Figure 5.3 represents the ABER of BDPSK and NCFSK for m¢=20, m=1 and L=1,2,3. In Figure
5.3, the NCFSK modulation technique has high error probability than BDPSK. Since the curve is
plotted for light shadowing; therefore it converges to results of the Rayleigh model [9] for L=1.
In Figure 5.3, by varying L (1 to 3), the ABER decreases for BDPSK (or NCFSK).

Figure 5.4 depicts the curve of error rate using BDPSK and NCFSK modulation technique for
ms=0.5,20, and m=1,2 with L=2. For the lower severity parameter (m), the error rate is high for
any fixed m; as shown in Figure 5.4. It is the point to be noted that the error rate curve for
BDPSK outperforms the NCFSK. In Figure 5.4, the ABER reduces as m increases with constant
m; and any modulation technique. Also, the error rate graph decreases slightly by increasing m;

(0.5 to 20) with constant m.
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Figure 5.4: Error probability of NCFSK and BDPSK with m; and m varying.

Figure 5.5: ABER comparison using BPSK with several fading distributions for m=1,2,3,
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Figure 5.5 shows the ABER comparison curve using BPSK technique for m¢=20, m=1,2,3, and
L=1 with Rayleigh [9, Eq. (4.134)] and Nakagami-m [9, Eq. (4.138)]. In Figure 5.5, the ABER
decreases sharply by increasing m. For higher m, the fading becomes less severe and therefore

minimum error rate is achieved as illustrated in Figure 5.5.

103

<
Fo

Average Bit Error Rate
=

10-°
10°7
~ Q
10-8 < BPSK L=3 <><> OO
—©—  BFSK with min. corre. O 4
—&— BFSK .
I I I I tl
0 5 10 15 20

Average SNR(dB)
Figure 5.6: ABER using BFSK and BPSK signaling with L varying.

Figure 5.6 depicts the error rate comparison curves between BPSK and BFSK technique with
ms=2 and m=1 up to three diversity branches. In Figure 5.6, the ABER decreases as L increases
from 1 to 3. More importantly, the BFSK technique shows higher error probability than BPSK
for constant ms, m, and L. Moreover, BFSK with minimum correlation represents minimum
ABER in comparison with BFSK modulation scheme.

The error probability for BFSK and BPSK signaling for different diversity branches is tabulated
in Table 5.1. It is clear that three branch diversity has achieved minimum error probability for
any modulation scheme. Moreover, BPSK signaling has a minimum error rate than the BFSK

signaling for fixed L.
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Table 5.1: Error rate comparisons of BPSK, BFSK, and BFSK with minimum correlation

for m=1 and m¢=2 at 15 dB average SNR.

Modulation Scheme ABER Number of Branches (L)
BPSK 1.07x107 3
BFSK with min. corre. 3.82x107 3
BFSK 1.52x10° 3
BPSK 3.88x10° 2
BFSK with min. corre. 1.05x107 2
BFSK 2.68x107 2
BPSK 1.66x10™ 1
BFSK with min. corre. 3.21x10* 1
BFSK 5.9x10™ 1
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Figure 5.7: Error probability of MAM signaling with M=4,8.
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Figure 5.7 depicts the ABER for 4-AM and 8-AM with m=1,2,5 and L=1,2,3 under moderate (m,
= 4) and light shadowing environment (m;=20). The error rate comparisons are carried out with
the relevant results of Nakagami-m [8, Eq. (8.106)] and Rayleigh model [8, Eq. (8.103)]. The
BER (MAM) result is obtained from the derived expression given in (5.23). In Figure 5.7, the
BER (using 4-AM) becomes minimum by varying the L between 2 and 3 with m=4, and m=2.
For the case of no shadowing (ms=20), the error rate of 4-AM technique outperforms the 8-AM
technique with m=20, m=5 (or 1), and no diversity (L=1). In Figure 5.7, by varying m (1to5) in
light shadowing environment (m=20) with L=1, a sharp improvement in ABER performance is

observed.

Average Bit Error Rate

i T T T T
0 10 20 30
Average SNR(dB)

Figure 5.8: ABER using 4-QAM, 8-QAM and 16-QAM for m=1, m=2 with L=1,2,3.

Figure 5.8 depicts the ABER for MQAM (M=4,8,16) with m=1, m=2 and L=1,2,3. In Figure 5.8,
on increasing the modulation index (M=4tol16) for any value of L, the BER performance
degrades as expected. Also, on increasing L (1to3) for any value of M, the BER decreases.

Figure 5.9 illustrates the ABER of MPSK for m=1,5, M=4,8, and L=1,2 in light shadowing
environment. The BER comparisons are performed with Nakagami-m [8, Eq. (8.115)] and

Rayleigh [8, Eq. (8.113)] for no diversity. In Figure 5.9, the error probability decreases as L
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increases with constant ms, M, m. From the curves, it clear that the ABER performance improves
as m increases with constant ms, M, L.
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Figure 5.9: ABER using 4-PSK and 8-PSK for m=1, 5, m=20 and L=1,2.
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Figure 5.10: ASER using NCMFSK technique with varying L.
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Figure 5.10 depicts the plot of ASER for NCMFSK with m=1, m=2, M=2,4,8 and L=1,2,3. The
result is obtained from the derived expression presented in (5.37). In Figure 5.10, the lowest
error rate is obtained for larger diversity branch with constant modulation index. Also, on

increasing M (2 to 8) with fixed L, the BER performance degrades.
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Figure 5.11: Capacity with ORA method for m=0.5,1,2, m=4,20 and L=1,2,3.

Figure 5.11 depicts the capacities comparison curve of ORA scheme with up to 3-branch
diversity. The Cora of F model (5.42) converges to Cora of Nakagami-m [9, Eq. (4.207)], and
Rayleigh [51, Eq. (36)] with no diversity (L=1). In Figure 5.11, higher capacity is achieved for
higher diversity branch (L=3). At high SNR regime, both exact and asymptotic Cora show
excellent agreement. The capacity improvement is seen as m increases between 1 and 2 with
my=20, L=1 as illustrated in Figure 5.11. The channel capacity increases as the average SNR

Increases.
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The capacity curve of CIFR technique for several diversity branches is shown in Figure 5.12. In
Figure 5.12, Ccipr increases as the diversity branch varies (L=1 to 3) with constant m, and m. The

capacity performance also improves by increasing the average SNR as expected.

& (&)} (0}

Channel Capacity(bits/s/Hz)
w

m=2,ms =20
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O 1 1 1
0 5 10 15 20

Average SNR(dB)

Figure 5.12: Capacity with CIFR method for m=20, m=2 and L=1,2,3.

The comparison between Ccrr and Crpr technique is presented in Figure 5.13. The results of
Ccrrr and Crpr are plotted using derived expression shown in (5.51) and (5.55), respectively.
The effects of shadowing can be observed in the amount of data transmission using Figure 5.13.
In the case of no shadowing (m=40), the capacity has high value, and however, for the case of
moderate shadowing (m;=10), a low capacity value is achieved. The C¢rr has a lower value than
Crirr because this technique sends a high amount of power to the Rx. However, Cripr sends the

power to Rx only above the cutoff SNR level.
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Figure 5.13: Capacities comparison between TIFR and CIFR method.

5.4 Contribution

The analysis of ‘F model for i.i.d. MRC receiver has been presented. Correspondingly, the
expressions of Moments, AF, Capacities, and Error Probabilities using several signaling
techniques have been computed. The performance improvement at the output of the MRC
receiver for F shadowed fading model depends on m, mg, and L. The numerical results have been

presented for different values of m under light shadowing (ms—o0) and deeply shadowing
environment (m;—0). For the case of no diversity and ms—oo, the achieved results converge to
several fading distributions results. In the case of higher m, the Error Probabilities and AF
become lower. Moreover, on increasing L at the output of MRC diversity, the overall
performance improved as expected. Thus, it can be concluded that the MRC diversity has a
significant role to enhance the quality and reliability of the signal at the receiver output.

The contributions of this Chapter are as below:

e The expressions of Moments, MGF, and AF are derived mathematically.
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e The Average Error Probability expressions for several modulation schemes are
computed.

e The Capacity for ORA method is computed.

e To go more insight, the Asymptotic Capacity for ORA protocol in low and high SNR
region are computed mathematically.

e The Capacity expressions for CIFR and TIFR methods are derived.

e The results converge to special cases that show the generality of F model.

Based on the research outcomes reported in this Chapter, it is concluded that performance of ‘F

shadowed fading model using MRC diversity has been improved. Therefore, the research

hypothesis statement is absolutely correct.
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Fading Channels”. Wireless Personal Communications, Springer, 2020.
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Chapter 6

Shadowed Fading Model using OFDM and FrFT OFDM System

The spreading of the signal occurs in time domain (time taken by the signal between Tx and Rx)
when it propagates through the multiple paths, which causes ISI. Additionally, the signal may
undergo frequency-selective fading which distorts the shape of the signal and also challenging to
detect the signal. This ISI impairment can be overcome by enhancing the OFDM technique at Tx
and Rx. Also, because of movements of Tx and/or Rx (and surrounding objects also), the signal
may spread in the frequency domain (Doppler spread) which causes ICI. The conventional
OFDM systems suffer from CFO and do not cooperate with ICI. The FrFT based OFDM
technique can efficiently deal with ICI (or effects of Doppler spread). Moreover, SFBC-OFDM
provides high reliability, high data rate, high spectral efficiency in the wireless system.

In this Chapter, the performance of uncoded OFDM and SFBC-OFDM is analyzed in the term of
ABER for two shadowed fading channels. Mainly, MPSK and MQAM modulation techniques
are used to obtain BER expressions. The results are demonstrated for various shadowed fading

parameters.

6.1 Introduction

In a real indoor radio environment, both phenomena i.e. delay spread (that causes ISI) and
Doppler spread (that causes ICI) may happen simultaneously. The common methods to
overcome the ICI effect are to use the ICI self-cancellation and receiver windowing [152-154].
The use of OFDM with FrFT is also the best method to overcome the ICI impairments. The
performance analysis of the conventional OFDM and FrFT-OFDM systems has been provided in
many literatures [113-134]. Generally, Nakagami-N/gamma, -y, Rayleigh, Nakagami-m, and
TWDP fading distribution were employed to evaluate the performance over conventional OFDM
and FrFT-OFDM systems.

SFBC-OFDM system provides a high data rate, high spectral efficiency, and reliability

improvement. Performances of SFBC encoded OFDM over various multipath fading (Nakagami-
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m, Rayleigh, x-u, TWDP) and shadowed fading (K, Generalized K) channels have been
elaborated in many literatures [113, 120-124].
In this Chapter, the performance of uncoded OFDM and SFBC-OFDM systems for two recently

proposed shadowed fading models (k-u/gamma and F ) are evaluated.

Research hypothesis test: The error probability performance of FrFT based OFDM is better in
comparison with FFT based OFDM.

6.2 System Model

Considering the transmitting and receiving OFDM system with SFBC encoder that contains V'
number of subchannels and each subchannels is divided into V, number of subbands, V, = V/t,
where ¢ is symbol duration. As given in Figure 6.1, at the starting, the serial data sequence is
converted into parallel data sequence which is mapped onto carrier signal using MQAM/MPSK
modulator. The modulated data signal 4 = {a[0], a[1]........ a[V4-1] is passes through the SFBC
encoder having R. coded rate, where p, =y xR . The output of the SFBC encoder passes

through the OFDM multicarrier modulator (operated in Fourier and Fractional domain) which
covert the discrete-frequency signal component into the discrete-time signal component. After
adding CP, the signals are transmitted through the Mt number of transmitting antennas.

At the receiving section, the received signals are denoted by Vi, 13,...Yme. At the receiver, the CP
becomes removed from the received signal, and the remaining received signal component passes
towards the FrFT/FFT block that outputs the discrete frequency signal components by, ba,...bux.
These frequency signal components pass through the SFBC decoder and demodulator. After go

through the parallel to serial converter, the received serial sequence is represented as

My
B, =Y H, A+C, ,1<j<M, (6.1)

i=1

where (C; = ¢;[0], cj[1],..... Cj[V'l])T represents the AWGN, (A; = a;[0], aj[1],..... ai[V/t-l])T
denotes the transmitting signals at i transmit antennas and ( B; = b;[0], b;[1],..... bj[V-l])T is

receiving signal at ;™ receive antennas. H i =diag{H_/.’i[ﬂ,]}Z;é denotes the channel frequency

response.
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Figure 6.1: Structure of SFBC encoded OFDM Model.

6.3 Error Probability of OFDM with FFT

The basic formula to obtain the BER is given in (3.33) which will be used here to derive such

expressions.

6.3.1 Error Probability of Uncoded OFDM with FFT
At the receiving OFDM section, the received signal (b) at FFT output is represented as

B[A]= H[Ala[A]+ [ A] (6.2)

where 1=0,......,/-1
Its matrix representation is

B=H -A+C (6.3)
where A = (a[0],....a[V-1])" represents the transmitting signal, B = (b[0],....b[V-1])" denotes the
receiving signal, H = diag {H[k]}_, is diagonal matrix having size ’ x ", and C = (c[0].....c[V-
17" is the AWGN.

At the output of receiving OFDM section, the Conditional BER is given as [113, Eq. (16)]

1 V-1
PAEIy) =72 Fan(E]7) (6.4)
A=0

where P, (E/y) denotes the CEP of A™ subchannel. The expression of CEP for OFDM

technique is [113, Eq. (17)]
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P (Ely) =Eerfel&y) (6.5)

where, for MPSK & =1/log, (M), £ =sin*(z/M), and  for MQAM
£ =(2/log,(M))-(1-1/M), & =1.5/(M -1). }/:|H[i]|2Ea / N, denotes the instantaneous SNR.

Let us consider, each sub-channels has same CEP. So, net CEP becomes

B(E/y)=&erfe(Ey) (6.6)

By putting (6.6) into (3.33), the exact error rate of conventional OFDM in shadowed channels is
given by

PE) =& [erfel &7 )1, )y 6.7)
0
An approximate CEP expression is [113]
Py(E/p) =& exp(=&,7) (6.8)
where for MPSK &, = 0.2, &, =7/2"7°2" +1), and for MQAM &, = 0.2, &, = 1.6/(M-1).
Now, the expression of conditional BER by letting } identical sub-channels can be given as

P(E/y)=¢&exp(-&,7) (6.9)

On substituting (6.9) into (3.33), the approximate ABER expression over shadowed fading

channels is given by
PEY=& [ f,(nep (=& Hy (6.10)

With the help of (3.31), the above equation can be written as

P(E)= &M (&) (6.11)
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(A) F Model

By substituting (3.16) into (6.7), the Error Probability expression of F' model is obtained as

e L m"-m )"y
P(E)=¢, !erﬁ(@/g(m,msxmy+mS7)m+m&“”7 (6.12)
or
& (mA)' e
fE= B(m,ms)( m j Jer e ) T (®19

Let y = x* i.e. dy = 2xdx. With the help of integral by substitution property and after performing

some mathematical steps, (6.13) becomes

P(E)=—2 (””57 jm"])erﬁ(w/gzxﬂ X e (6.14)

B(m,m )\ m /(xz +m,y/m)

By using [155, Eq. (2.8.3.4)] and after performing some mathematical steps, (6.14) can be

obtained as

P(E)= &l (m+0.5) m3Fl(m+mS,m,m+0.5;m+l; _m_j[mi‘yj (6.15)
B(m:ms)\/;mgz §2m37 m

where, 3F(+,",";;*) denotes the Gauss hypergeometric function [146].
The expression of approximate Error Rate can be obtained by putting (3.17) into (6.11)

P(E)=—2 g2 ™
¢ C(m)(m,) '\ m7E,

I=m,, IJ (6.16)

m, 0

(B) xk-u/gamma Model
By putting (4.14) into (6.7), the expression of Error Probability for OFDM becomes

a+u+3j a+p+j a+p+j

PE(E)Zi 2u 2 kK'(l+x) 2 jﬂﬂ(%j 2 Te%(@»/a+/’;~f‘ Ka_ﬂ_{z /%jdﬂﬁﬂ)

j=0 0

T lexp(u)l( )l (u+ B 2
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The erfe(-) and G,[|-]functions are related by following mathematical formula [146, Eq.

(8.4.14.2)]

afelJ&r)=G [ez 00 SJ (6.18)

By putting (4.17) and (6.18) into (6.17), the ABER becomes

P(E (ux)’ (ﬂ(l+K)QJszéo( i 1 ch’g[,u(l+lc)§2 Jd (6.19)
8= ZJ'l"(u+J)e><:p(w<)F(f%)k By ! 2(® "loos)™ gy la-tu+j-1)7
With the help of [135, Eq. (7.811.1)], (6.19) becomes
P =% ()’ & ( /U(1+K)Q]G22,32(,U(1+K)Q 0.  -05 J (6.20)
ST+ Pexp(uraT@\ &7 ’ &Py e—l, p+j-1 —1

The ABER expression (approximate) is computed by putting (4.19) into (6.11) as

B SV ((ua +K)Qlez;(u(l +00f 0 J (6.21)
ST+ Hr@ep(uo\ &7 )\ &7 la—Lu+j-1
6.3.2 Error Probability of SFBC-OFDM with FFT
The SNR is represented as [113, Eq. (30)]
Mp My My My
y = H”[/L]‘ E /N, = 227/” (6.22)
M Rc Jj=1 i=1 T ¢ j=1 i=1

where H;;[/] denotes A™ subchannel having /" receiving and i transmitting antenna.

The CEP can be calculated by substituting (6.22) into (6.6) as

P(E/y)=&erfe (6.23)

The ABER is given as [113, Eq. (33)]
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o0

P(E)= I ..... [REINS D Fy s Prtr )11 A rg ) (6.24)

0
By putting (6.23) into (6.24), (6.24) can be expressed as

Mg My,

EX DV

j=1 i=l

) (1) 'fmk,m- Doty Y10 AV sy e (6.25)

The complementary error function is defined as [8, Eq. (4A.6)]

erfc(x)=£J2.exp[— ?Cz Jdé’ (6.26)

I 2sin’ @

By putting (6.26) into (6.25), (6.25) can be written as

My My

© ocz 62227/‘,1'
P PR B P R = i A SO S A VO (6.27)
g 7 1) Xp 2R,MTSi1129 a1 Vatgsry I My JEV 11 MMy

Using the property of exponential function, (6.27) becomes

R few| -l b o o o[-0t ey, d0(628)
L (E)= AL 2R M, s 2o Y104y, exp WM, sin? g | 7w Yot VA v, .

By the definition of MGF as given in (3.31), the above equation can be obtained as

b
pE(E):ﬁj‘M 572 M L.dg (6.29)
7 ¢ "\ 2R.M,sin’ @ Tursr{ QR M, sin® 6

In a simplified form, (6.29) becomes

Pe(E)—

o'—.N\:i

[T __ e 6.30
1;[1;[ ( 2R.M, sin’ deg (6:30)
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For the i.i.d. fading channels, (6.30) becomes

[%Pé”)J a0 (631)
2R M sin” 0

By putting (6.22) into (6.9), the approximate expression of CEP is

2

T

F(E)=

O 0 [ N

Mp My

ED DV

P(E/y)= e (6.32)
(E/y)=E& exp R,

Thus, an approximate ABER expression can be obtained by substituting (6.32) into (6.24)

My My

® o ‘54227_/,1'
PAE) =& [ onfexp| =2 |, ) S, Gty Y7 e, (033)
0 0 c T

Considering same steps between (6.27) and (6.30), (6.33) becomes

P =s][1[v, [MR] (6.34)
With i.i.d. channels, (6.34) becomes
P(E)=¢, {My (Af—Rﬂ (6.35)

(A) F Model

By putting (3.17) into (6.31), exact Average Error Probability expression (finite integral term)

can be obtained as

MMy

P (E) = j (2R M, msin> @]l —m_, 1 10 (6.36)
¢ o r(m)r(m) G2l m_ y&, m
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By plugging (3.17) into (6.35), the expression of approximate Average Error Probability is

computed as

1 MMy
1=m,, H (6.37)

R.M
PG(E)=§{ 1 G( —
r m

(m)T(m) '\ m &,

(B) x-u/gamma Model
The Average Probability of Error (exact) can be computed by putting (4.19) into (6.31) as

MM,

0 D 0 (6.38)

P-4 .
oa-1u+j-1

T

S —io N

i WK (2R M, sin’ Gu(1+ K)Q] G“( 2R M, sin® Qu(l+x)Q
S jlexp (U (@) (u+ ) &By &8y

By putting (4.19) into (6.35), an approximate ABER expression can be obtained as

0 HMRMT (6.39)

a-lLu+j-1

P(E)=& i s (R.M,u(l+ K‘)QJ G”[ RM (14 x)Q
T Freewor@rwe )\ g ) as

6.4 Error Probability of OFDM with FrFT
The received signal (by) at the output of receiving OFDM with FrFT operation can be

represented as

b,[A] = H ,[Ala[ 2]+ [ A] (6.40)

where 1=0,......,V-1

Its matrix representation is
By =HyA+C (6.41)
where 4 = (a[0].....a[V-1])" represents the transmitting signals, By = (194,[0],....b¢[V—1])T denotes

the receiving signals, H,=diag{H [A]}," denotes diagonal matrix, and C = (c[0].....c[V-1])" is
¢ ¢ =0

the AWGN.
The channel response at the order of p is given by [133]

H,(A) = /wgexp(— AL cot() — jAu cot(@) — 27z A)h(n) (6.42)

z=0

The instantaneous received SNR in fraction domain can be given by
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Ve = \H¢(/1)\2Ea /N, (6.43)
Applying expectation in (6.43), average SNR in fractional domain becomes

7,= E“H¢ @) JE /N, (6.44)
Considering p is the ratio of fractional channel to Fourier channel [133]

_EllH, @[]

- (6.45)
E[H(A)|"]

By maximizing the ratio given in (6.45), the optimal angle (¢) can be obtained and therefore it

can be represented as [133]

2
E[H, (A1) ]
Py = “”—‘2 (6.46)
EH@[ |
With the help of (6.44) and (6.45), the mean SNR in FrFT is represented by
77¢ =E[7¢]=p}7 (647)

6.5 Results

The analytical results of Error Probability for uncoded and SFBC coded OFDM using M-ary
signaling techniques with FrFT and FFT are presented in this Section. Mainly, x-y/gamma and F
models are selected to achieve such results. The Error Rate performance depends on the
shadowed fading parameters, type of modulation scheme, Mg, M1, mean SNR, modulation index,
and code rate (R.). The results are reduced to corresponding existing results of special cases for
the higher value of shadowing factors. The Monte Carlo simulations are provided to validate the

derived expressions presented in the last section.
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Figure 6.2: Error probability of OFDM using 16-QAM signaling scheme with FrFT/FFT
for F fading distribution.

AN

Figure 6.2 illustrates the Error Probability of OFDM system using 16-QAM modulation
technique with FFT/FrFT for F model. For the case of no shadowing (ms=20) with m=1, the
error rate curve reduces to corresponding results of Rayleigh model in FFT [113, Eq. (22)] and
FrFT [133, Eq. (12)] domain. In Figure 6.2, the exact result closely overlapped with
approximated results. Also, for m=1 (or 4) under the light shadowing environment (m:=20), the
FrFT based OFDM outperforms the FFT based OFDM. In Figure 6.2, the error rate is minimum
for higher m. The error rate reduces as the average SNR increases for both FrFT and FFT cases.
The error rate comparison curves between FrFT and FFT of OFDM system using MPSK
signaling with m=2, m=4 for ‘F model is presented in Figure 6.3. The reduction in error rate is
seen in the case of FrFT based OFDM. In Figure 6.3, 8-PSK gives better BER performance than
16-PSK.
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Figure 6.3: Error probability of OFDM using MPSK signaling scheme with FrFT/FFT for

F fading distribution.
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Figure 6.4: Error probability of OFDM using 16-QAM signaling technique with FFT for -
u/gamma fading distribution.
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Figure 6.4 depicts the error probability of OFDM using 16-QAM signaling with FFT for x-
u/gamma model. The largest decrement in error rate is seen as u,x varies between 0.5 and 1 with
shadowing factors kept constant. However, a slight improvement in ABER performance is
observed as S, a varies between 1 and 2 with constant u,x. The approximate and exact 16-QAM

signaling based BER curve showing tightly closer with each other.

Table 6.1: Required number of terms in (6.21) to achieve an error probability less than 10°¢

Parameters (x, u, a, ff) Number of Terms in (6.21)
r=1u=1,0=1,p=1 8
xk=0.5,u=0.5,0=1,6=1 5
=1,u=1,0=2,p=2 6

Table 6.1 depicts the required number of terms in exact ABER expression (6.21) to achieve the
error probability less than 10 for several x,u,a.f values. To obtain the desired accuracy, only

few terms are required as clearly depicted in Table 6.1.

10° : : :

Exact Analysis
*  Approximate Analysis
O  Monte Carlo Simulation

‘:-:‘,'.‘.. A" 5
107 y

—
o\
n

|
w

|
B

Average Bit Error Rate
o o

10

—6 I 1

0 10 20 30 40 50
Average SNR(dB)

Figure 6.5: Error probability of OFDM using 16-QAM signaling scheme with FrFT and

FFT for x-u/gamma fading distribution.
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Figure 6.5 represents the error probabilities comparison plot between FrFT and FFT of 16-QAM

signaling based uncoded OFDM in x-u/gamma channel. It is the point to notice that the OFDM

technique using FrFT achieved higher reduction in error rates.
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Figure 6.6: Error probability of OFDM technique using MPSK signaling scheme with
FrFT and FFT for x-u/gamma fading distribution.

Figure 6.6 illustrates the error probabilities of OFDM using MPSK signaling in x-u/gamma

channel. As can be observed in Figure 6.6, FrfFT based OFDM outperforms the FFT based

OFDM system. More importantly, 4-PSK has lowest BER as compared to 16-PSK for any type

of Fourier transform algorithm based OFDM.

Table 6.2: ABER using MPSK signaling of uncoded OFDM system for x-u/gamma model

with k=u=a==1 at 40 dB average SNR
Modulation Schemes With FFT With FrFT
Exact analysis (4-PSK) 7.755%107 3.121x107
Approximate analysis (4-PSK) 6.055x107 2.475%107
Exact analysis (16-PSK) 3.8957x107 1.8526%10
Approximate analysis (16-PSK) 2.475%107 1.2309x107
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The error probability for 4-PSK and 16-PSK signaling of uncoded OFDM at 40 dB average SNR
is tabulated in Table 6.2. Both approximate and exact error rate has almost similar value for 4-
PSK (or 16-PSK). Moreover, the error rate of FrFT-OFDM is minimum in comparison with
FFT-OFDM.
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Figure 6.7: Error probability of SFBC coded OFDM using 16-QAM signaling for several
My and My with m=2 and m=4 for ‘F fading distribution.

Figure 6.7 depicts the error probabilities of SFBC-OFDM using 16-QAM signaling for F model.
Particularly, M1=2, Mr=1 (G2=1), M1=3, Mr=1 (G3=0.5), and M1=4, Mr=1(G4=0.5) are used to
plot the BER curve. As can be observed that, the SFBC-OFDM using FrFT showing the lowest
probability of error than FFT based SFBC-OFDM for any number of Mr and Mr. Also, on
increasing Mt (2 to 4) with Mr=1, the ABER decreases. Thus, it is the point to conclude that the
largest number of Mt provides a huge reduction in error probabilities.

Figure 6.8 depicts the probability of error comparison curves between 16-PSK and 8-PSK
signaling scheme of coded OFDM for F model with m=4,8, ms=2, M1=2, Mr=1. In Figure 6.8,
the error rate reduces as m increases (4 to 8) with constant mg and M. Moreover, for FFT (or
FrFT) domain with fixed m and ms, 8§-PSK-SFBC-OFDM has the lowest ABER than 16-PSK-
SFBC-OFDM.
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Figure 6.8: Error probability of SFBC coded OFDM using MPSK signaling technique with
FrFT/FFT for [F fading distribution.
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Figure 6.9: Error probability of SFBC coded OFDM using MQAM signaling technique for
k-u/gamma fading distribution.
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Figure 6.9 illustrates the error rate plot of SFBC coded OFDM using 16-QAM modulation
technique for x-u/gamma model and its comparison with corresponding results of Nakagami-m
[123, Eq. (33)] and Rayleigh fading [113, Eq. (35)]. Particularly, M1=2, Mr=1 with M=4,16 and
32 is chosen to plot the error rate curve. The error probability reduces as u varies between 1 and
1.4 for any value of M, and constant x,a,5. Moreover, the higher value of modulation index M

has higher BER and it reduces as M decreases.
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Figure 6.10: Error probability of SFBC coded OFDM using 16 QAM and 16 PSK signaling
technique with FrFT/FFT for x-u/gamma fading distribution.

Figure 6.10 illustrates the error rate plot of SFBC coded OFDM using 16 QAM and 16 PSK
signaling for x-u/gamma distribution. The curves are obtained for M=2, Mr=1 with =1, u=I,
a=2 and f=2. In Figure 6.10, 16 QAM signaling technique has lower BER in comparison with 16
PSK. Also, for any signaling technique (16 QAM or 16 PSK), the FrFT based SFBC-OFDM
represents better BER performance in comparison with FFT based SFBC-OFDM.
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6.6 Contribution
The OFDM (SFBC coded and uncoded) based error probabilities performance of x-u/gamma and

F model have been analyzed in this Chapter. Correspondingly, the error probabilities

expressions of M-ary signaling schemes have been computed mathematically. The error rate
variation depends on the means SNR, fading factor, modulation index, Mz, Mr and shadowing
factor. In light shadowing environment, the new generalized results have been reduced to
corresponding existing results of small-scale fading models. The best reductions in BER have
been seen for higher value of Mrt. The error rates have also become lower by selecting FrFT
algorithm in OFDM system. The simulation and mathematical results show tight closer with each
other. The study shows that the error rate performance of the FrFT-OFDM is much better than
FFT-OFDM. Moreover, MQAM has the highest BER as compared to MPSK. Also, on
increasing Mt and My in the SFBC-OFDM system, the error rate performance improved.
The main contributions of this Chapter are as follows:
e The mathematical expressions of Error Probability of MPSK/MQAM signaling technique
for uncoded and SFBC encoded OFDM are derived.
e Approximate as well as exact analyses are presented to compute the BER.
e By setting the value of several shadowed factors, the generalized proposed results
converge to special cases.

e The simulation results are carried out for validation purposes.

Based on the research outcomes reported in this Chapter, it is concluded that the FrFT based
OFDM has achieved better error probability performance as compared to FFT based OFDM.

Therefore, the research hypothesis has been tested successfully.

Published paper related to this Chapter:

(1) Hari Shankar, Ankush Kansal, “Performance Analysis of uncoded and SFBC OFDM system over composite
fading channels”. Physical Communication, Elsevier, vol. 40, pp. 1-10, 2020.
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Chapter 7

Conclusions and Future Work

This Chapter presents the summary of the research work and Future scope. Some significant
findings of research works are also pointed here. Section 7.1 introduces the conclusion of the

research work and Section 7.2 discusses the Future scope.

7.1 Conclusions

The performance for several shadowed fading models over indoor wireless communication
channels has been presented in this thesis. In this context, the performance for single-channel,
diversity system and OFDM system using FFT and FrFT have been analyzed. Three shadowed
fading models i.e., xk-u/gamma, F, and Rayleigh/TWDP are considered for mathematical

analysis. The numerical results have been presented for several shadowing/multipath fading
parameter values and verified with Monte Carlo simulation and reported existing results.

The analytical expressions of statistical parameters such as Density Function, MGF, and
Distribution Function in the term of SNR over x-u/gamma shadowed fading channels have been
derived. By using these statistical parameters, the expressions of Error Probability for several
signaling techniques, Outage Probability, and Capacities for different adaptive transmissions
protocols have been derived. The numerical results have been presented for four parameters (x,
u, a, and B) which shows excellent agreement with existing results. It is pointed that, the
improvement in performances have been obtained as the fading factor (u,x) increases with
constant shadowing factors (f,a) and vice versa.

The analytical expressions of PDF, CDF, MGF, Outage Probability, and Error Probability for
Rayleigh/ TWDP shadowed fading distribution have been computed. The performance
improvement has been presented by increasing the shadowing parameter (S,) with a fixed shape
parameter (A).

The diversity combining technique improves the quality of the signal at receiver output by

utilizing the multiple receiving antennas. Therefore, the expressions of MGF, Moments, AF,
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ABER, and Capacities for i.i.d. ‘F distribution with MRC diversity have been computed. The

reductions in error rates for several signaling techniques have been presented as L, ms, and m
varies. Further, the Error Probability expressions of the OFDM technique with FrFT/FFT using
M-ary signaling scheme (including uncoded and SFBC coded) for two shadowed fading channels
have been derived. The Error Rate performances depend on the type of signaling technique,
modulation index, mean SNR, Mg, Mr, code rate, shadowing, and fading factors. The FrFT-
OFDM shows minimum Error Probability in comparison to FFT-OFDM. By varying the number
of transmitting antennas (M) with a constant receiving antenna (My), the BER performances
have been improved. Moreover, both exact and approximate results have shown excellent
agreement. Also, Monte Carlo simulations have been carried out to cross verify the derived
expressions. The derived expressions are available in the term of special function such as

hypergeometric, Bessel, Meijer G, beta, and gamma.

7.2 Future Work
The performance improvement techniques of the shadowed fading model over indoor
communication channels have been presented in this thesis. The research works have been

carried out by considering three shadowed fading models ie. F, x-pu/gamma, and

Rayleigh/ TWDP. However, there are lots of works that still need to be done in the future, these

include

(1) Performance of energy detection and physical layer security: Energy detection method is
used to measure the energy level of an unknown received signal and compares it with a specific
threshold in order to determine its presence or absence within a given bandwidth. Energy
detection is considered as most practical spectrum sensing method for cognitive radio because
the unlicensed user can detect unknown signals of licensed user. The performance of energy
detection is influenced by fading channels between wireless nodes. To analyze the energy
detection performance, the expressions of probability of detection and probability of false alarm
can be derived. The performance of energy detection can also be analyzed using different
diversity combining schemes such as MRC, SC, EGC, SSC, and square law combining.

Security is the major concern in indoor wireless communication because the data transmission

occurs in open space. The implementation of physical layer security at lower layer is a best
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method for designer to achieve secure transmission. The performance of physical layer security

can be analyzed by computing the secrecy capacity.

(2) Performance of space-time block coding (STBC) system: The MIMO system can use
multiple antennas at both transmitter and receiver sections in order to improve data rates and
quality (reliability) of the signal. The space-time block coding system provides full diversity gain
with low computational complexity. The STBC system is also used to combat the effects of
fading channels. The expressions of ABER and Channel Capacity for STBC system over

different shadowed fading channels can be derived.

(3) Performance over interference-limited scenarios: Interference degrades the wireless system
performance. The interference can occur in multiuser and multicellular environment. In the
interference-limited environment, the received signal quality is represented by signal to
interference ratio (SIR) and noise is assumed to be negligible. If both noise and interference are
present in the wireless environment, the received signal quality is represented as signal to
interference plus noise ratio (SINR). Both SIR and SINR have an important role in wireless
system performance. The statistical parameter such as PDF, CDF, and MGF can be derived.
Using these statistical parameters, several performance measures such as ABER, OP and channel
capacity can be derived for interference-limited system. Moreover, different diversity reception
techniques with multiple antennas can be used to combat fading effects in interference limited

scenarios.
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