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Abstract

Wireless communications have become an essential part of our daily life. Despite the
fact that wireless networks are simple to set up and deploy, the channel conditions
in wireless networks are susceptible to fading and attenuation, thereby reducing the
transmission efficiency and reliability. The influence of unstable wireless channels,
fading and attenuation is a significant limitation of wireless networks. The persistent
and exponential increase in the usage of wireless communication services demands
for enhanced reliability, transmission range and efficiency. This can be achieved by
exploring and proposing different propagation techniques and models.

This thesis evaluates a network model which makes use of an adaptive modula-
tion coding scheme in the presence of an Amplify-and-Forward relaying environment.
We deploy adaptive modulation technique in combination with Amplify-and-Forward
relaying transmission mechanism to select the best suitable transmission path and ob-
tain better transmission efficiency for a wireless communication system. The network
model thus designed comprises of two links, one considering the relay transmission
path that travels from the source-to-relay-to-destination, and the other link consid-
ering the direct transmission path traveling from the source to the destination, while
both the links undergo Nakagami-m fading.

In addition, the system ensures better performance in different conditions by
making use of adaptive modulation and coding scheme and deploying distinct mod-
ulation and coding schemes based on the condition of the communication channel.
The performance of this system model is analysed through mathematical analysis
and the results are validated and depicted through simulation in MATLAB under
different conditions. We have thereby derived the closed-form expressions for the Sig-
nal to noise ratio (SNR), Outage Probability, and the Packet Error Rate (PER) for
the considered network model in the Nakagami-m fading environment. Different fad-
ing parameters that affect the system performance are considered and varied while
obtaining the required results through MATLAB simulations. The system model
proposed significantly reduces the outage probability and packet error rate and aids
in achieving better system performance and reliability.

Keywords: Adaptive Modulation, Modulation and Coding Schemes, Amplify and
Forward, Signal to Noise Ratio, Nakagami-m Distribution.
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Chapter 1
Introduction

Figure 1.1: Types of Wireless Communications

1.1 Background to Wireless Communication
Over the past ten years, wireless communication has been one of the rapid-growing
fields in the telecommunication sector. Wireless technology, especially the branch of
wireless communication has become an inevitable part of human life. It transfers the
information from one place to another in the absence of physical wires or any fixed
channels. Wireless communication transmits information by sending electromagnetic
waves over the open-air atmosphere. Over a multi-path propagation environment,
different electromagnetic waves will be added constructively or destructively to the
signal at the receiver, depending on the wavelength and propagation distance. In-
spite of finding its use in various possible ways, wireless communication has its draw-
backs, one of it being fading. Fading refers to the variation in the received signal
as compared to the actual transmitted signal, that is caused by the fluctuations in
the transmission path. Therefore, the received signal at the destination of a wire-
less communication system is often varied because of fading effects. The variation
in communication channel i.e unstable wireless channels can affect the reliability of
the data transmission. Attenuation also influences the efficiency of the transmission
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Chapter 1. Introduction 2

process. Wireless signals transmitted are significantly affected by the time-varying
channel that causes a reduction in the efficiency of the system. The channel quality
can vary spontaneously and hence a solution to combat the variation and unpre-
dictability of the communication channel by adapting to the transmission rate has
to be addressed. With the present technology and ever increasing trends of wireless
communications that make use of high data transmission rates, it is essential to find
an effective solution to provide both reliable and efficient transmission in wireless
communication.

1.2 Relaying Transmission Techniques
In this thesis, we utilize cooperative communications, notably relaying, in order to
improve the transmission efficiency, network coverage, and thereby reducing the out-
age probability. During the implementation of relaying in the system, the relay
selection has a substantial influence on the performance of the system. To enhance
the reliability and extend the transmission range of a wireless communication sys-
tem, implementation of relaying transmission is a very effective method [3, 4]. The
principle of relaying transmission is that when the signal received directly from the
transmitter is too weak, i.e., the receiver is out of the transmission range of the
transmitter, the system can deploy an intermediate node, also called as a relay node,
to forward the signal received from the source to the final destination. By doing so,
the received signal is strong, and the decoding capability of the receiver is enhanced.
We deploy relaying transmission to support data transmission from the source to
the destination if the received SNR through the intermediate relay node is better
than the received SNR of the direct transmission link. This aids in the extension of
the coverage area of transmission and thereby increasing the capacity of the wireless
communication system. Predominantly, there are two types of relaying transmission
techniques namely, Amplify-and-Forward (AF) relay transmission and Decode-and-
Forward (DF) relay transmission techniques. Amplify and Forward (AF) relaying is
comparatively less complicated and in-expensive as compared with the other relaying
scheme, Decode and Forward (DF).

1.2.1 Amplify and Forward Relay Protocol

Amplify and Forward Relay Protocol(AF) is a well known and one of the most used
protocols of relay transmission. The received signal from the source is only amplified
and re-transmitted to the destination without carrying out any form of decoding
[5, 6]. In this protocol, the transmission occurs in dual-hop manner. In the first hop,
the relay receives the signal from the source, and in the second hop, the relay amplifies
and forwards the signal to the destination. The AF protocol notably requires less
processing and saves resources. It is a pretty viable relaying protocol for reducing the
complexity of implementation and keeping away from complicated code design [7, 8].
In this protocol, the re-generation of data is not required, making this protocol
simple and less complex as compared to the Decode-and-Forward protocol(DF). As
a downside of AF protocol, not only does the signal from the source gets amplified,
but the noise also gets amplified at the relay. Nevertheless, the AF protocol takes
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much less time for the execution as compared to DF protocol as performing the
decoding process is not required for AF protocol. The Figure 1.2 shows how the AF
protocol works.

Figure 1.2: Amplify and Forward

1.2.2 Decode and Forward Relay Protocol

Decode and Forward Relay Protocol is also one of the well known protocols of relay
transmission. In this, the received signal from the source will decode, re-modulate,
and then re-transmit at the relaying node [5, 6]. The information transmitted by the
source to the relay does not carry any kind of details about the source-relay link.
Hence, making the data processing a hard decision at the relay. The relay selection
has an impact on system performance, but it has no impact on Decode-and-Forward
at the destination. For an unreliable source-relay link, several bad selections will be
made at the relay. Thus, the DF protocol offers a free magnifying of the noise and
interference at the relaying node, but it comes to the cost of the high complexity of
implementation [9]. The Figure 1.3 shows how the DF protocol works.

Figure 1.3: Decode and Forward
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1.3 Adaptive Modulation
The rate of transmission is a very significant factor in wireless communication sys-
tems. Modulation technique involves conversion of every bit into one of a series
of wave forms or symbols, before being transmitted. The selection of appropriate
modulation and coding schemes to address the propagation characteristics of the
communication channel is the crux of adaptive modulation coding scheme. The
main Adaptive modulation provides better packet rate than other fixed modulation
schemes for the wireless communication system [10]. The basic principle of adaptive
modulation is that the source adjusts the appropriate modulation scheme based on
the channel condition. We incorporate the adaptive modulation and coding scheme
due to its ability to switch the modulation and coding scheme in accordance with
the channel conditions for obtaining enhanced performance. If the channel condition
is bad, the system chooses an appropriate adaptive modulation scheme with a low
transmission rate. As a result, ensuring that the data is correctly received and that
the receiver is capable of decoding the signal. When the channel improves, we use
a coding scheme with a greater transmission rate. Even in the presence of inter-
ference in the transmission path between transmitter and receiver, the system can
still apply adaptive modulation to adjust the transmission rate that can reduce the
packet error rate significantly at the receiver. In this technique, the modulation and
coding scheme for each node can be adjusted instantaneously in order to match the
conditions of the channel. As the channel conditions change, the modulation and
coding scheme is adjusted just enough to compensate. This mechanism is entitled to
give the nodes the maximum possible data rate that the transmission link can keep
up. In particular, in the case of good channel conditions, the system can select mod-
ulation and coding schemes that provide a relatively high transmission rate, such as
quadrature amplitude modulation schemes (M-QAM) [11]. On the other hand, when
the channel condition is worse, the system needs to reduce the transmission rate by
choosing proper modulation schemes such as binary phase-shift keying (BPSK) [12].
The relation between signal to noise ratio (SNR) and packet error rate (PER) for
error resilience has often been evaluated while deploying modulation and coding tech-
niques [10]. Efficient usage of adaptive modulation technique in wireless networks by
switching the modulation scheme can enhance the transmission efficiency and reduce
the error rate. Adaptive modulation is an efficient way to improve the performance
of the system by delivering better reliability in transmission [11]. A simple block di-
agram, showing the essential and important parts of an adaptive modulation scheme
are shown in Fig. 1.4. The most notable aspect of adaptive modulation is its ability
to improve the system’s throughput by shifting between different modulation modes
depending upon the quality of the wireless channel [13].
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Figure 1.4: Major functions in an Adaptive modulation system [1].

1.4 Binary Phase Shift Keying
Phase-shift keying is a digital modulation technique that sends data by shifting the
phase of frequency carrier wave signal. The modulation is achieved by changing the
sine and cosine values at a certain time intervals. Binary phase-shift keying (BPSK)
is a simpler form of phase shift keying (PSK). BPSK employs two phases separated
by 180 degrees. The information transmitted through a communication channel is
projected onto the carrier’s phase in Binary Phase Shift Keying [14]. The discrete
information is represented by a 180-degree phase, and as the information changes
from one instant to another, the modulated wave undergoes a shift in its phase. It
can handle the highest levels of noise or distortions and hence is the most reliable
type of PSK [15].

1.5 Quadrature Phase Shift Keying
Quadrature Phase Shift Keying (QPSK) is a type of Phase Shift Keying in which
two bits are modulated at the same time, with one of four potential carrier phase
shifts (0, 90, 180, or 270 degrees) [14]. Using the same bandwidth, QPSK allows the
signal to convey twice as much information as regular PSK [15]. Here, the discrete
information is represented by a 90-degree phase and as the information changes from
one instant to another, the modulated wave undergoes a shift in its phase. QPSK
can be used to double the data rate of a BPSK system while keeping the same signal
bandwidth, or it can be used to keep the same data rate while halving the desired
bandwidth.
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1.6 Quadrature Amplitude Modulation
Quadrature Amplitude Modulation (QAM) is a combination of digital and analogue
modulation method. It modulates the two carrier waves with an amplitude-shift
keying (ASK) digital modulation method to send two digital bit streams or two
analogue message signals. The effective bandwidth is doubled with this strategy.
Quadrature carriers are two carrier waves, typically sinusoids, that are 90 degrees
out of phase with one another. The values of M considered for MPSK in 16-QAM
is M = 16. Higher order modulation schemes allow for more bits per symbol to
be conveyed [16]. Phase modulation (analogue PM) and phase-shift keying (digital
PSK) are specific instances of QAM in which the transmitted signal’s amplitude is
constant but with varying phase [15].

1.7 Fading
Fading in wireless communication refers to the disturbance or gradual loss of in-
formation that occurs during the transmission of data between the source and the
destination. Buildings, bridges, mountains, hills, and other physical obstructions are
some of the obstacles that cause fading between the source and destination during
data transmission. Due to various obstacles in the propagation, the signal may take
multiple paths in the course of reaching the destination. As a result, the receiver
may receive multiple copies of the information with varying amplitudes or phase,
causing disruption or attenuation of the information [17, 18].

1.7.1 Rayleigh Fading

Rayleigh fading is employed when there are several indirect pathways between the
source and destination with no line of sight. When there are multiple barriers and
obstructions between the source and the destination, and the signal scatters before
reaching the target. It’s the best suitable model for signal propagation in the tropo-
sphere and ionosphere layers, and also for the heavily populated metropolitan areas
for radio broadcasts [18, 19].

1.7.2 Rician fading

Rician fading is used when there is a signifiant Line-of-sight is between the source
and the destination. The Rician fading parameter K ≥ 0 is typically used in small
multipath and direct path environments for line-of-sight communication [16]. K is
the ratio between the power of dominant paths and scattered paths [18, 19].

1.7.3 Nakagami-m Fading

Nakagami fading takes place in multipath dispersion with relatively large delay-time
spreads and diverse clusters of reflected waves. Within a group, the individual re-
flected wave phases are variable, but the delay times for all waves are approximately
the same. If the envelope is Nakagami distributed, the associated power is gamma
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distributed. The degree of fading is indicated by the fading figure or form factor,
which is given by the parameter (m). The distribution is represented by Rayleigh
fading in the extreme case of (m=1). When (m > 1), the function of signal intensity
is low in comparison to Rayleigh fading. The amplitude of the Nakagami-distributed
signal is made up of several independent and identically distributed Rayleigh fading
signals [17]. Nakagami-m takes place due to the grouping of accidentally delayed, re-
flected, scattered, and diffracted signal components. The signal-to-noise ratio (SNR)
is degraded by fading, resulting in a greater bit error rate (BER). In order to repre-
sent the same, we use the Nakagami-m gamma function.

Other distributions, such as Rayleigh, Rician, and log-normal, are not as good as
the Nakagami distribution for the urban multipath channel environment.

1.8 Path Loss
Path loss is the loss of transmitted signal while traveling from its source to its des-
tination. Path loss models consider distance dependence attenuation, which means
that the power received at the destination is proportional to the distance between the
source and the destination. At the same time, the path loss model is more reliable
in line-of-sight. The unit of measurement for path loss is dB.

1.9 Packet Error Rate
Packet error rate is an important quality of service parameter in the wireless commu-
nication. The packet error rate is the ratio of incorrect packets received to the total
number of packets received. A greater packet error rate indicates that the system is
less reliable.

1.10 Motivation
In order to improve the transmission efficiency of wireless communication over fad-
ing channels, adaptive modulation is one of the viable and suitable techniques to be
deployed. Modulation technique involves the conversion of every bit into one of a
series of waveforms or packets before being transmitted [20]. Because wireless trans-
missions use multicasting, a special communication structure known as "spectrum
sharing" has emerged. In which, a source node connects with a destination node
with the help of one or more relay nodes to utilize new types of regional variations
and prevent multipath fading. Simplicity in execution, lower implementation cost
(i.e., Prior to re-transmission from relay to destination after amplifying the signal,
the relay node does not have to decode the data received), and improved reliability
are all advantages of the Amplify-and-Forward protocol, which is the technique dis-
cussed in our paper.

Relaying transmission is an effective method that employs the estimation of the
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SNR at the both the final destination and relay before sending the data, to select
the best path for transmission. In particular, the selection of the transmission path
from the source to destination is decided based upon the path that provides higher
SNR i.e., among the direct link from the source to the destination and the relaying
link (through the intermediate node), the link that offers higher SNR at the receiver
is selected to perform the transmission. Modulation and coding scheme (MCS) for
the transmission is selected based upon the channel conditions [21]. The Adaptive
Modulation and Coding technique used corresponds to the SNR values. Adaptive
modulation and coding scheme can be used to adapt to the situation of the wire-
less communication channel, particularly in noise affected channels and enhance the
transmission efficiency without affecting packet error rates [22].

Adaptive modulation provides a better bit rate compared to another fixed modu-
lation scheme for the wireless communication system [10]. Even when there is inter-
ference in the transmission path between the source and the destination, the system
has the ability to apply adaptive modulation to adjust the transmission rate, which
can significantly reduce the packet error rate at the destination. When performing
adaptive modulation in combination with relaying transmission, the instantaneous
SNR and PER is taken into consideration while choosing the best suitable modula-
tion technique [21, 23].

The destination evaluates the channel condition and quality based on the received
signal and then selects the modulation method for executing the transmission oper-
ation. If the channel environment is relatively favorable, the system uses high-order
modulation to improve the performance. Whereas, if the channel environment is
substandard and poor, the system uses low-order modulation to assure data trans-
mission. After which, the receiver will use feedback modulation switching signals
to instruct the source to modify the scheme. Once the transmitter receives this in-
formation in the form of feedback, it will use the right modulation scheme for the
forthcoming transmission. Hence, it is very important for a wireless communication
system to have better coverage, efficiency and reliability, and adaptive modulation
in combination with relaying transmission well serves the purpose.

1.11 Aim and Objectives

1.11.1 Aim

This thesis aims to deploy an adaptive modulation and coding technique combined
with an amplify-and-forward relay transmission mechanism to select the best suit-
able transmission path in order to obtain better transmission efficiency of the system
by using suitable modulation and coding scheme. We also analyze the system’s per-
formance under the influence of Nakagami-m fading channel parameters in different
conditions.
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1.11.2 Objectives

1. Propose a policy to select the best suitable path among the direct and relay trans-
mission links.
2. Deploy adaptive modulation in combination with amplify and forward relay trans-
mission technique in a wireless communication system to obtain better system per-
formance.
3. Derive and analyse the signal expressions and SNR expressions for relay trans-
mission and direct transmission path.
4. Analyse the performance of the wireless communication system in the presence of
Nakagami-m fading environment in different conditions .
5. Derive the expressions for system performance metrics: outage probability and
PER and validate the results obtained from the MATLAB simulations and graphs.

1.12 Research Questions
• RQ1- How can the system determine the best suitable transmission

link among direct and relaying paths and select the appropriate mod-
ulation scheme?

• RQ2- What are the main parameters of fading environment that
affect the performance of the system?

• RQ3- How do these fading environment parameters affect the system
performance in different conditions and environments?

1.13 Contribution towards Thesis
The contribution of each individual author towards the thesis work is represented
in this section. Both the authors have collectively contributed towards the core of
this thesis. The individual segments of the thesis taken up by the authors have been
listed below.

Segment Author-Nirnay Author-Sushma

Introduction �
Related Work �
System Model � �

Signal to Noise Ratio Expressions �
Nakagami-m Fading Distribution �

Adaptive Modulation and Coding Schemes � �
End-to-End Performance Analysis � �

Results and Analysis � �
Discussions � �
Conclusions �
Future Work �
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1.14 Research Methodology

1.14.1 Literature Review

We have performed a brief search for relevant papers in various international digital
libraries, including IEEE Xplore, ACM Digital Library, Google Scholar, etc., Search
keywords included: Adaptive modulation, Adaptive coding scheme, Amplify and
Forward relay network, Relaying transmission, Nakagami-m fading.

Inclusion criteria:

• Articles that are related to the current research.

• Articles published in conferences, journals, and books.

• Articles published in English.

We have read the obtained papers in-depth to determine the benefits, challenges,
background, and principles of adaptive modulation mechanism and relay transmis-
sion techniques. We then developed an analytical framework to investigate the sys-
tem performance of working of the proposed model by deploying adaptive modu-
lation and coding scheme in combination with Amplify-and-Forward relaying. We
constructed two frameworks for the analysis of the system performance and one is a
mathematical framework, and the other is simulation in MATLAB.

1.14.2 Mathematical Analysis

The expression for estimating the SNR of the signal at the receiver of the proposed
model is derived using the relationship between parameters and packet error rate.
Based on the attained SNRs at the receiver nodes, a mathematical framework is
proposed to analyze the system’s performance that deploys adaptive modulation in
combination with Amplify-and-Forward relaying transmission. With the help of the
system model, we first derived the signal expressions for the direct and relay paths.
After the addition of noise at every node of the system, the instantaneous SNRs over
the direct and relay links are derived with the help of the signal expressions primarily
obtained.Furthermore, we applied Nakagami-m fading distribution on instantaneous
SNR of the system to obtain the cumulative distribution function of SNR for the
direct and relay transmission paths of the system model. Finally, we calculated the
outage probability and average packet error rate by applying adaptive modulation
and coding scheme with the help of various predefined values and range of threshold
SNRs present for the different modulation schemes as mentioned in Table 3.1.

1.14.3 Simulation of system model in MATLAB

The simulation takes place by making use of queuing analysis in MATLAB. Monte-
Carlo simulations are executed to generate random fading channels and carry out
the modeling of the transmission of signals of the proposed system model. In this,
the transmission of packets from the transmitter to the receiver by either a direct
transmission path or a relay transmission path with different modulation and coding
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schemes is modelled and executed. In addition to the MATLAB code written for
carrying out the simulations, certain tools and code from the MATLAB tool box has
also been incorporated to generate the modulation signal. Furthermore, we make
use of the Q-function in MATLAB to calculate the packet error. Thus, the bene-
fits of deploying the adaptive modulation in combination with Amplify-and-Forward
relaying transmission for the wireless communication system have been determined
by using the MATLAB simulation for performance analysis. The graphs thus gener-
ated depict the effect of the fading parameters on the performance of the system in
different conditions.



Chapter 2
Related Work

According to [3], personal communication services have intensely increased in, al-
lowing for more intensive research and development in the wireless communications
industry. It shows how, as a result of its benefits and increased demand for com-
munication services, communication trends are gradually shifting towards wireless
communications. It outlines the events and actions that contributed to the invention
and expansion of wireless communications in present era. To improve the reliability
and transmission range, propagation techniques and models have been investigated
and explored to better understand shadowing, attenuation, losses, and diffractions
during wireless communications. Concerning to our research, [3] shows statistical
modeling and path loss dispersion of multipath wireless communication channels
and their fading effects between terminals.

The effect of fading in wireless communication channels have been discussed briefly
in [4] and it gives an experimental approach towards the performance analysis of
wireless communication. The concepts of outage probability, fading, and packet error
rate have been considered to depict numerically and their relation for better trans-
mission efficiency and performance while wirelessly transmitting data.

Relaying transmission can provide better signal strength and minimize the loss of in-
formation between sender and receiver by introducing a relay node between the sender
and receiver. Among the available relay transmission techniques, i.e., Amplify-and-
Forward and Decode-and-Forward and [5] proposes the better relay selection method
among the both. [5] explains why and how amplify-and-forward relaying is superior
in terms of simplicity and convenience of use when decoding a received signal. It
uses simulation to demonstrate an experimental technique in which the node with
the lowest signal error rate is chosen for amplifying and forwarding signals.

The performance analysis of the wireless relay channels with both Amplify-and-
Forward and Decode-and-Forward relaying techniques has been discussed in [6] and
it briefly compares both the techniques in different environments and scenarios. The
techniques are compared based on the channel capacity and signal-to-noise ratio
gains. The relay selection method also draws a relation between outage probability
and channel fading. [6] also lists out situations where both the techniques offer sim-
ilar performances. Because of the extensive controlled media layer and the overall
processing capabilities of decode and forward in an N-hop context, it is more com-
plicated than amplify and forward.

12
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The performance of adaptive modulation and coding techniques for Decode and
Forward relaying networks is explained in [21]. It also proposed a model for max-
imizing the transmission efficiency by switching between relaying transmission and
direct transmission techniques based on SNRs attained at the destination nodes. The
main criteria for selecting transmission paths are attaining maximum transmission
efficiency, which depends on the instantaneous SNRs of the transmission paths. [21]
relates transmission efficiency, outage probability by using an experimental approach
with the help of simulation by generating signals and carrying out numerical analysis
through queuing. It also discussed various modulation and coding schemes suitable
for different scenarios based on the channel conditions and regulating the transmis-
sion rate.

The installation of amplify-and-forward relay networks has been discussed in [7]
taking into account all of the potential obstacles, including interference in the trans-
mission channel. Simulations are run, and the numerical results reveal that the
transmission power restrictions and noise interference and attenuation constraints
induce outage probability and signal to noise ratio saturation, and also that the Am-
plify and Forward relaying demand low processing and complexity resources.

In [8], The authors evaluated the Rayleigh fading cooperative channel performance
of optimal switching and fixed switching adaptive M-QAM systems. The values of
the best thresholds are also calculated. Finally, they came to the conclusion that
M-QAM increases system complexity, which is unavoidable owing to the complex-
ity of transmitter and receiver design. In terms of spectral efficiency, the adaptive
five-mode M-QAM and improved switching are compared to the theoretical Shannon
channel capacity.

According to [20], Adaptive Modulation and Coding Over a Time-Varying Fading
Channel is the subject of a comprehensive study. On the basis of spectral efficiency,
several coding systems are compared. In comparison to OFDM, N-MSK has the low-
est spectral efficiency, according to [20]. High data rate transmission and N-QAM
for linear channels are used in the OFDM modulation technique.

In [12], A thorough evaluation of adaptive communication approaches is undertaken,
along with their benefits and drawbacks, and future directions are considered. A
number of methods and techniques were suggested and evaluated.

The article [22] is a research paper on modulation and coding schemes. The author
proposed two MCS to improve the overall utilization of wireless resources effectively.

In [23], The system performance of the amplify and forward multi-hop relay network
is derived in this article using dual-hop relay systems to approximate multi-hop re-
lay. When the SNR ratio combining approach is used at the relay and the selection
combining techniques are used at the destination node, the analytical formulas are
also obtained.
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Implementation of effective modulation and coding techniques in combination with
relaying in wireless networks enables improved network performance in non-line-
of-sight connections, which are common in metropolitan environments. These ap-
proaches allow us to select the most viable path for transmission and change the
modulation order and coding rate to better match the channel conditions resulting
in better performance in terms of probability of occurance or error and data trans-
mission efficiency. Though there exists certain amount of work in this field, the
performance of the system with respect to PER and outage probability in adaptive
modulation and coding scheme with Amplify and Forward relay transmission are not
present and none of them discuss the model of our thesis.



Chapter 3
System Model

3.1 Description of System Model

Figure 3.1: Block diagram of the Model

We consider a system comprising of three nodes, namely source(s), relay(R), and
destination(D). The source transmits signals to the destination directly linked with
channel coefficient hsd(t) between source and destination. Besides having a direct
link, we also deploy an additional node called relay having channel coefficients hsr(t)
and hrd(t) between source-relay, and relay-destination respectively. Here we deploy
Amplify and Forward relaying to increase the system reliability and then adapts the
transmission rate of modulation schemes for increasing transmission efficiency. In this
system, the source can directly communicate with the destination or communicate
via the relay node. The relay can only amplify and forward the signals in relaying
transmission, but the source can adapt to the transmission model according to the
channel conditions. The channel information such as SNR is estimated and made
available at the source, relay, and destination nodes. The transmission channels are
considered to experience Nakagami-m fading, making the channels constant during
the transmission instance.

15
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3.2 Signal Expressions
At first, the signal received at the relay node is expressed as given below,

Let x(t) be the transmitting signal at source with average transmit power P1, i.e.,
P1 = E(x(t))2. Where hsr(t) is the channel coefficient of the link from source to relay
with fading severity parameter m1 and channel mean power Ω1. Then, the received
signal ysr(t) at relay can be expressed as

ysr(t) = hsr(t)x(t) + n1(t) (3.1)

n1(t) is the Additive White Gaussian Noise (AWGN) generated at the relay node with
a zero mean and variance N0 = E(n1(t))

2. Then relay node amplifies the received
signal with a channel gain G and forwards the resulting signal to the destination.
Here P2 is the transmitted power at the relay node.

G2 =
P2

(hsr(t)x(t) + n1(t))2
(3.2)

G2 =
P2

P1|(hsr(t)|2 +N0

(3.3)

Where x(t) be the transmitting signal at source with average transmit power P1.

The signal received at destination over the relaying path is given as

yrd(t) = Ghrd(t)hsr(t)x(t) +Ghrd(t)n1(t) + n2(t) (3.4)

where hrd(t) is the channel coefficient for the link from relay to destination with fad-
ing severity parameter m2 and channel mean power Ω2. Further, n2(t) is the AWGN
at destination with zero mean and variance N0.

The signal expression for the direct path is expressed as

yd(t) = hsd(t)x(t) + nd(t) (3.5)

Let x(t) be the transmit signal at the source with power level P1, i.e., P1 = E(x(t))2.
Where nd(t) is the additional noise at the destination with zero mean and variance
N0, i.e., N0 = E(nd(t))

2

G2 =
P2

(hsd(t)x(t) + nd(t))2
(3.6)

G2 =
P2

P1|(hsd(t)|2 +N0

(3.7)
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3.3 Signal to Noise Ratio Expressions

3.3.1 Instantaneous SNR for the Relay Transmission Link

The signal is amplified at the relay and then sent to the destination. Therefore, the
instantaneous SNR (γ) at the destination from the relaying link is written as below,

γr =
(Ghrd(t)hsr(t)x(t))

2

(Ghrd(t)n1(t) + n2(t))2
(3.8)

γr =
P1G

2|hrd(t)|2|hsr(t)|2
G2|hrd(t)|2N0 +N0

(3.9)

γr =
P1|hrd(t)|2|hsr(t)|2
|hrd(t)|2N0 +

N0

G2

(3.10)

Xsr = |hsr(t)|2 and Xrd = |hrd(t)|2 are the channel power gains of the links from
source-relay-destination.

γr =
P1XrdXsr

XrdN0 +
(
N0
P2

)

P1Xsr+N0

(3.11)

γr =
P1XrdXsr

XrdN0 +
N0(P1Xsr+N0)

P2

(3.12)

γr =
P1P2XrdXsr

P2XrdN0 +N0(P1Xsr +N0)
(3.13)

γr =
P1

N0

P2XrdXsr

P2Xrd + P1Xsr +N0

(3.14)

γr =
P1

N0

( P2

N0
XrdXsr)

P2

N0
Xrd +

P1

N0
Xsr + 1

(3.15)

Note that γ̄1 = P1

N0
, and γ̄2 = P2

N0
are the transmit SNRs of the links from source-

relay-destination [21].

γr =
γ̄1γ̄2XrdXsr

γ̄2Xrd + γ̄1Xsr + 1
(3.16)

γr ≈ γ̄1γ̄2XrdXsr

γ̄2Xrd + γ̄1Xsr

(3.17)

1

γr
≈ 1

γ̄1γ̄2XrdXsr

γ̄2Xrd+γ̄1Xsr

(3.18)

1

γr
≈ γ̄2Xrd + γ̄1Xsr

γ̄1γ̄2XrdXsr

(3.19)

1

γr
≈ γ̄2Xrd

γ̄1γ̄2XrdXsr

+
γ̄1Xsr

γ̄1γ̄2XrdXsr

(3.20)
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1

γr
≈ 1

γ̄1Xsr

+
1

γ̄2Xrd

(3.21)

Finally, we obtained instantaneous SNR at the destination for the relay link as,

γr = min(γ̄1Xsr, γ̄2Xrd) (3.22)

3.3.2 Instantaneous SNR for the Direct Transmission Link

The instantaneous SNR for the direct link from source to destination can be expressed
using equation(3.5) as,

γd =
(hsd(t)x(t))

2

(nd(t))2
(3.23)

γd =
P1|(hsd(t)|2

N0

(3.24)

Denote Xsd = |hsd(t)|2 as the channel power again of the link from source-to -
destination. nd(t) is the AWGN at destination with zero mean and variance N0.

γd =
P1Xsd

N0

(3.25)

γd = γ̄1Xsd (3.26)

Based on the SNRs received at the destination, which is feedback to the source to
decides whether relaying is needed or not. It is done by comparing the SNR received
from the direct link with SNR received from the relay link. It is mathematically
written as

γ
T
= max(γd, γr) (3.27)

CDF of γ
T

is
Fγ

T
(γ) = Fγ

d
(γ)Fγr (γ) (3.28)

Using Nakagami-m fading distribution, we obtain the CDF of Instantaneous SNR in
the direct and relay paths.

3.4 Nakagami-m Fading Distribution
The cummulative distribution function (CDF) and probability density function (PDF)
of power gain Xi = |hi|2, i ε {sr, rd, sd} of Nakagami-m fading with fading severity
parameter mi, channel mean power Ωi = E{Xi} are given by the following equations.
The [21, p. 2188, eq. (22, 23)], have been used in order to obtain the CDF as follows,

FXi
(x) = 1− exp(−αix)

mi−1∑
j=1

αj
ix

j

j!
(3.29)

fXi
(x) =

αmi
i

Γ(mi)
xmi−1exp(−αix) (3.30)
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Whereas, αi =
mi

Ωi

Where, m represents the channel fading severity and Γ(m) is the gamma function
for fading severity. Rayleigh fading conditions can be obtained through Nakagami
by setting m=1. If m > 1 can be used for Rician distributed channel conditions,
while m<1, the channel conditions are worse than the Rayleigh distribution.

3.4.1 The CDF of SNR for Direct Transmission

Fγ
d
(γ) = Pr(γd

≤ γ) (3.31)

From (3.26), we substitute the values of γ
d

as,

Fγ
d
(γ) = Pr

(
Xsd ≤ γ

γ̄1

)
(3.32)

Fγ
d
(γ) = FX sd

(
γ

γ̄1

)
(3.33)

After substituting (3.33) into (3.29), we get

Fγ
d
(γ) = 1− exp

(−αsdγ

γ̄1

)msd−1∑
l=0

αl
sd(

γ
γ̄1
)l

l!
(3.34)

Hence the obtained expression for CDF of SNR for the direct transmission is,

Fγ
d
(γ) = 1− exp

(−αsdγ

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl

γ̄l
1

(3.35)

3.4.2 The CDF of SNR for Relay Transmission

From (3.22), we can obtained the instantaneous SNR of the relay link as

γr = min(γ̄1Xsr, γ̄2Xrd) (3.36)

Let γr1 = γ̄1Xsr, and γr2 = γ̄2Xrd

CDF of γr is expressed as

Fγr(γ) = 1 − [1 − Fγr1
(γ)][1 − Fγr2

(γ)] (3.37)

3.4.2.1 The CDF of γr1(γ)

Fγr1
(γ) = Pr(γr1 ≤ γ) (3.38)

Fγr1
(γ) = FX sr

(
γ

γ̄1

)
(3.39)



Chapter 3. System Model 20

After substituting (3.39) into (3.29) we get the CDF of γr1(γ) as,

Fγr1
(γ) = 1 − exp

(−αsrγ

γ̄1

)msr−1∑
j=0

αl
sr

j!

γj

γ̄j
1

(3.40)

3.4.2.2 The CDF of γr2(γ)

Fγr2
(γ) = Pr(γr2 ≤ γ) (3.41)

Fγr2
(γ) = FX rd

(
γ

γ̄2

)
(3.42)

After substituting (3.42) into (3.29), we get the CDF of γr2(γ) as,

Fγr2
(γ) = 1− exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αl
rd

k!

γk

γ̄k
2

(3.43)

After substituting (3.40),(3.43) in (3.37), we get the CDF of SNR for the relay
transmission as,

Fγr(γ) = 1−
{
1 −

[
1− exp

(−αsrγ

γ̄1

)msr−1∑
j=0

αl
sr

j!

γj

γ̄j
1

]}
{
1 −

[
1− exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk

γ̄k
2

]} (3.44)

Fγr(γ) = 1 − exp

(−αsrγ

γ̄1

)msr−1∑
j=0

αj
sr

j!

γj

γ̄j
1

exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk

γ̄k
2

(3.45)

Substitute (3.35) and (3.45) in (3.28) to obtain CDF of overall SNR of the system
(γ

T
).

Fγ
T
(γ) =

[
1− exp

(−αsdγ

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl

γ̄l
1

][
1 − exp

(−αsrγ

γ̄1

)
msr−1∑
j=0

αj
sr

j!

γj

γ̄j
1

exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk

γ̄k
2

] (3.46)

Fγ
T
(γ) = 1 − exp

(−αsrγ

γ̄1

)msr−1∑
j=0

αj
sr

j!

γj

γ̄j
1

exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk

γ̄k
2

− exp

(−αsdγ

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl

γ̄l
1

+ exp

(−αsdγ

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl

γ̄l
1

exp

(−αsrγ

γ̄1

)msr−1∑
j=0

αj
sr

j!

γj

γ̄j
1

exp

(−αrdγ

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk

γ̄k
2

(3.47)
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3.5 Adaptive Modulation and Coding Schemes
The source needs to know the channel conditions from the direct path and relay path
to deploy the adaptive modulation. Assume γ

T
is the end-to-end SNR. The range of

the SNR is divided into different ranges to deploy different modulation and coding
schemes[9]. The threshold values between the MCSs is given by

γ
T v

=
1

gv
ln

(
αv

PERTG

)
, v = 1, 2, .., V (3.48)

γ
V +1

= ∞ (3.49)

where the parameters in the Table 3.1 αv and gv are considered as constants. V
represents the various modes in the MCSs, and PERTG represents the target packet
error rate [9, eq. (6, 7)].

The signal to noise ratio (SNR) is the ratio of the received signal power to the
power of the noise observed at that receiver (measured in dB). A high SNR implies
that the signal power is significantly more than the noise power, whereas a low SNR
indicates that the noise power is almost equal to the signal power.

The range is divided from 0 to ∞ of γ
T

into V small ranges. In each range of
γ

T
, the system deploys different MCSs, as listed in Table 3.1. If the end-to-end SNR

fall below γ
T 1

the system will not transmit anything. In particular, If the end-to-end
SNR is in the of range γ

T v
to γ

T v+1
, the system uses v-th MCS with parameters

av and gv. Finally if the end-to-end SNR is higher than γ
T V

(from γ
T V

to ∞), the
system uses V -th MCS with av, gv.

Table 3.1: Modulation and coding schemes [2]
Parameter MCS1 MCS2 MCS3 MCS4 MCS5

Modulation BPSK QPSK QPSK 16-QAM 16-QAM

Code rate(bps) 0.50 1.00 1.50 2.25 3.00
av 274.72 90.25 67.61 50.12 53.39
gv 7.99 3.49 1.68 0.66 0.37
γ

T v
-1.533 1.049 3.972 7.702 10.249



Chapter 4
End-To-End Performance Analysis

The essential parameters for analyzing the performance of a system are outage prob-
ability, SNR, and packet error rate. The section below will evaluate the system
performance regarding outage probability, packet error rate, and SNR.

4.1 Outage Probability
In noise-limited systems, the end-to-end outage probability is used to know the sys-
tem performance. It is the probability, that the instantaneous SNR γ

T
falls below a

predefined threshold which in our case is γ
T 1

[21, p. 2189]. The threshold is already
defined, and if instantaneous SNR is less than the threshold, it means the signal
decoding fails at the destination side. Therefore, the outage probability of the end-
to-end SNR γ

T
[24, eq. (16)] is obtained from the definition and virtue of outage

probability which can be expressed as following:

Pout = Pr
[
γ

T
< γ

T 1

]
(4.1)

Pout = Fγ
T
(γ

T 1
) (4.2)

The expression of Fγ
T
(γ

T
) has already been obtained earlier in (3.47). This expres-

sion can be used to obtain the Pout expression. Hence, by substituting (3.47) into
(4.2), the expression for outage probability is obtained as shown below.

Pout = 1 − exp

(−αsrγT 1

γ̄1

)msr−1∑
j=0

αj
sr

j!

γj
T 1

γ̄j
1

exp

(−αrdγT 1

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk
T 1

γ̄k
2

− exp

(−αsdγT 1

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl
T 1

γ̄l
1

+ exp

(−αsdγT 1

γ̄1

)msd−1∑
l=0

αl
sd

l!

γl
T 1

γ̄l
1

exp

(−αsrγT 1

γ̄1

)msr−1∑
j=0

αj
sr

j!

γj
T 1

γ̄j
1

exp

(−αrdγT 1

γ̄2

)mrd−1∑
k=0

αk
rd

k!

γk
T 1

γ̄k
2

(4.3)

4.2 Packet Error Rate
The packet error rate (PER) defines the system’s reliability, which directly impacts
the system’s performance. Since the transmission channels are extremely dependable,
the packet error rate should be as low as possible, else the communication channel
may suffer various degradations and loss of information is seen and even not possible

22
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to use appropriate coding scheme. Hence, the proposed models helps in avoiding
such issues by making use of both adaptive modulation coding schemes and relay
transmission techniques. The PER with the received SNR γ, when the system deploys
the v-th MCS is approximated and expressed as [9, eq. (14)]

Pe,v(γ) =

{
1, 0 < γ < γ

T v

av exp(−gvγ), γ ≥ γ
Tv

(4.4)

The end-to-end SNR is denoted as γ
T
. The range of γ

T
is divided from 0 to ∞ into N

small ranges. The system deploys different MCS as stated in Table 3.1 for each range
of γ

T
. In our model, if the end to end SNR γ

T
is in the range of γ

T v
≤ γ

T
≤ γ

T v+1
,

the system uses the v-th MCS.

Thus, the average packet error rate of the system in the v-th MCS theoretically
can be expressed as,

PERv =

∫ γ
T v+1

γ
T v

Pe,v(γ)fγ
T
(γ)dγ v ∈ [

1, 2, ..V − 1
]

(4.5)

By substituting the value of Pe,v(γ) i.e, from (4.4), we obtain the expression as

PERv =

∫ γ
T v+1

γ
T v

av exp(−gvγ)fγ
T
(γ)dγ v ∈ [

1, 2, ..V − 1
]

(4.6)

By using the Integral By Parts technique for solving the integral expression in the
above obtained equation,

PERv = avexp(−gvγ)Fγ
T
(γ)

∣∣∣∣
γ
T v+1

γ
T v

+

∫ γ
T v+1

γ
T v

gvav exp(−gvγ)Fγ
T
(γ)dγ

v ∈ [
1, 2, ..V − 1

] (4.7)

PERv = avexp(−gvγ)Fγ
T
(γ)

∣∣∣∣
γ
T v+1

γ
T v

+

∫ ∞

γ
T v

gvav exp(−gvγ)Fγ
T
(γ)dγ

−
∫ ∞

γ
T v+1

gvav exp(−gvγ)Fγ
T
(γ)dγ v ∈ [

1, 2, ..V − 1
] (4.8)

The first part of (4.8) can be calculated as,

avexp(−gvγ)Fγ
T
(γ)

∣∣∣∣
γ
T v+1

γ
T v

=

avexp(−gvγ)

∣∣∣∣
γ
T v+1

γ
T v

− av

msd−1∑
l=0

αl
sd

l!γ̄l
1

γlexp(−(gv +
αsd

γ̄1
)γ)

∣∣∣∣
γ
T v+1

γ
T v

− av

msr−1∑
j=0

mrd−1∑
k=0

αj
srα

k
rd

j!k!γ̄j
1γ̄

k
2

γj+kexp(−(gv +
αsr

γ̄1
+

αrd

γ̄2
)γ)

∣∣∣∣
γ
T v+1

γ
T v

+ av

msr−1∑
j=0

mrd−1∑
k=0

msd−1∑
l=0

αj
srα

k
rdα

l
sd

j!k!l!γ̄j
1γ̄

k
2 γ̄

l
1

γj+k+lexp(−(gv
αsr

γ̄1
+

αrd

γ̄2
+

αsd

γ̄1
)γ)

∣∣∣∣
γ
T v+1

γ
T v

(4.9)
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We calculate the second part of (4.8) as,∫ ∞

γ
T v

gvav exp(−gvγ)Fγ
T
(γ)dγ =

∫ ∞

γ
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(4.10)

By making use of [25, eq. (3.351.2)], similar approach to solving the above equation
can be taken.

∫ ∞

u

xne−μxdx = μ−(n+1)Γ(n+ 1, μu); u > 0;Re μ > 0, n = 0, 1, 2, 3, .. (4.11)

Eq. (4.11) from [25, eq. (3.351.2)] is used to solve (4.10). Hence, the equation (4.10)
is converted to the form as shown below by applying (4.11) in (4.10). The equation
thus obtained after further mathematical simplifications is
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(4.12)

The third third part of (4.8) is calculated as,
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∫ ∞
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Again after applying (4.11) in (4.13) we obtain the third expression of (4.8) as,∫ ∞
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(4.14)

Therefore, in order to obtain the average packet error rate of the system in the v-
th MCS, we solve the expression (4.8) by substituting the simplified expressions of
individual parts of (4.8) that have been obtained in (4.9), (4.12), and (4.14). Hence,
the equation (4.8) can be solved as,
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(4.15)

Similarly, the packet error rate of the system in the V -th MCS is expressed as,

PERV =

∫ ∞

γ
T V

Pe,V (γ)fγ
T
(γ)dγ (4.16)

Substituting (4.4), into (4.16) we get,

PERV =

∫ ∞

γ
T V

aV exp(−g
V
γ)fγ

T
(γ)dγ (4.17)

In order to solve (4.17), we have applied (4.11) and performed further mathematical
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simplifications to obtain the final expression of packet error rate of the system in
V -th MCS as following
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(4.18)

Hence, the average packet error rate of the system is

PER =
V∑

v=1

PvPERv (4.19)

Where Pv is the probability that the system operates in the v − th MCS

Pv =

{
Fγ

T
(γ

T v+1
)− FγT

(γ
T v
), for v ∈ [1, ..., V − 1]

1− Fγ
T
(γ

T V
), for V

(4.20)

4.3 Explanation
This section discusses about the contribution of performance analysis that has been
collaboratively done by us. Firstly, we derived the signal expressions of the system
model. In order to analyse the performance of the system, we considered outage
probability and packet error rate. Hence, to derive the outage probability expression
for the proposed network, we first came up with the definition of outage probability
and then incorporated the expression of CDF of the instantaneous SNR into the fun-
damental definition and obtained the equation for outage probability. Similarly, since
we are utilizing the concept of adaptive modulation and coding schemes, we derived
the expressions for the PER by considering five different modulations schemes, with
each modulation scheme having its own predefined range of end-to-end SNR. We
considered [9, eq. (14)] for obtaining the primary fundamental expression of PER.
In order to obtain the average packet error rate, we have considered the range of
end-to-end SNR using which the system selects the MCS from Table 3.1 and using
the definition of average packet error rate. Furthermore, simplifications have been
done to attain the final expression of PER. These expressions contribute towards
obtaining the performance analytics through MATLAB simulations. The expression
of PER of the system thus obtained can be used through MATLAB to deduce the
graphs that depict the performance of the system.
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Results and Analysis

This section discusses the MATLAB simulations to show the system performance of
an adaptive modulation coding scheme in amplifying and forward relay networks over
the Nakagami-m fading channel. Here, we want to investigate the effect of fading on
the system performance, and hence we analyze the fading parameters such as fading
severity (m)and channel mean power (Ω). Therefore, to see the effect of channel
mean power (Ω), we need the parameters : path loss exponent (n) and transmission
distance (d).

We then analyze and investigate these parameters individually to see their effect
on the outage probability and PER in the following subsections. Firstly, we inves-
tigate the impact of fading severity (m) on outage probability and PER. Then we
investigate the effect of path loss exponent (n) and transmission distance (d) on
outage probability and PER.

5.1 The performance of system for different fading
severity

In this section performance analysis, we setup some parameters such as threshold to
calculate the outage probability will be in adaptive modulation, because the system
will not transmit if the SNR falls below the threshold value γT1 . To investigate the
fading severity (m), we fix all the parameters and change the fading severity from
1 to 2 to 3. The path loss exponent parameter (n) which affects the channel mean
power (Ω) is set to 2 and signifies a free space environment. We select the transmis-
sion distance from source and destination (dsd) as 1, from source and relay (dsd) as
0.6 and from relay and destination (dsd) as 0.6. The transmitted power at the relay
node (P2) is being fixed as 10dB, while the transmitting power at the source node
(P1) ranges from 1 to 20 dB.

We change the fading severity parameter of the Nakagami-m channel by consid-
ering 3 cases :
Case 1: msd = msr = mrd = 1
Case 2: msd = msr = mrd = 2
Case 3: msd = msr = mrd = 3

These cases are plotted in a single graph to observe the variation in system

28
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performance collectively.

Table 5.1: Parameters for simulation with different fading severity (m)
Name Parameter Value

SNR threshold value γT1 -1.533

Path loss exponent n 2
Normalised distance from source and destination dsd 1

Normalised distance from source and relay dsr 0.6
Normalised distance from relay and destination drd 0.6

Transmitted power at the relay node P2 10 dB
Transmitting power at the source node P1 1 to 20 dB

We have parameter called transmitted power, and it is the ratio between the power
of signal and noise power. Here, it is measured in dB. However, the transmit SNR
being referred to our mathematical framework and performance analysis is the ratio
between transmitted power and the noise level. It is not precisely the transmitted
power but proportion to the power. As we do not want to use the precise value of
the mean power, we use the ratio between transmit power and noise.

The normalized distance is based on the topology, we have considered the differ-
ence between the nodes. We decided to make the adaption and normalize beyond
one node’s distance in the topology. For example, we select the distance from source
to destination is 1 km, another node is 1/2 km, and normalize it for 1. That is how,
we come up with 0.5, and it is proposed between the node’s location. Normalised
distance is taken with reference to the other node and by normalization, there is no
unit assigned to the distance.
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Figure 5.1.1: Outage probability versus SNR for different fading severity

In Figures 5.1.1 and Figure 5.1.2, we plot the outage probability and PER against
the SNR of the adaptive modulation coding scheme in the amplify and forward relay
networks while changing the value of the fading severity parameter (m) from 1 to
2 to 3 and keeping all the other parameters fixed as depicted in Table 5.1. Here,
it is evident from Figures 5.1.1 and Figure 5.1.2 that the outage probability and
PER decrease significantly as the transmit SNR increases, which indicates that the
system performance improves significantly with an increase in transmitting SNR.
As the transmit SNR increases, the power at the transmitter side increases, and
the performance of the system is improved and enhanced. Furthermore, we look at
the effect of fading severity on outage probability and PER. Here, it is noticeable
that at m = 2, the system provides a lower outage probability and PER than at
m = 1. In Figure 5.1.1 and 5.1.2, for the fading environment m = 2, we observe
better performance because outage probability decreases and PER decreases. m =
1 represents a Rayleigh fading environment, and in this environment, we have a lot
of obstacles. It is a very dense environment with no line of sight, and the channel
cannot support the transmission. However, for m = 2, where we have a comparatively
less dense environment, we have a dominant line of sight, and the quality of the
channel condition improves. In this case, it represents the environment of Rician
fading. While considering m = 3, the environment is significantly less dense and has
a versatile line of sight. The quality of the channel condition is further enhanced.
This represents Nakagami-m channel’s fading environment.
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Figure 5.1.2: PER versus SNR for different fading severity

5.2 The performance of system for different trans-
mission distance

In this section of performance analysis, we fix the following parameters as given in
Table 5.2. However, we change the transmission distance from the source to the
destination (dsd), from the source to the relay (dsr), and from the relay to the desti-
nation (drd) in the following cases:

case 1: dsd = 1, dsr = 0.5, drd = 0.5
case 2: dsd = 1, dsr = 0.75, drd = 0.75
case 3: dsd = 2, dsr = 0.75, drd = 0.75
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Table 5.2: Parameters for simulation with different transmission distance (d)
Name Parameter Value

SNR threshold value γT1 -1.533

Path loss exponent n 2
Fading severity for direct link msd 2

Fading severity for intermediate link from S to R msr 2
Fading severity for intermediate link from R to D mrd 2

Transmitted power at the relay node P2 10 dB
Transmitting power at the source node P1 1 to 20 dB

Figure 5.2.1: Outage Probability vs SNR for different distances

In Figure 5.2.1 and Figure 5.2.2, we plot the outage probability and PER against
the SNR of the adaptive modulation coding scheme in the amplify and forward re-
lay networks while changing the value of the transmission distances. Here we have
three cases as stated above. When we compare the three cases, it is evident that, as
the transmission distance increases, the outage probability increases, and the PER
also increases. Hence, we can conclude that case 1 provides the best performance
amongst all the cases. While comparing cases 2 and 3, we fix the direct transmission
distance and only change the relay transmission distance by increasing the distance
in relay transmission. There is an increase in the relaying hops by fixing the direct
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transmission link and changing the relay transmission link. Hence, the performance
is reduced as the PER and outage probability increase.

We fix the transmission distance in the relaying link and increase the transmission
distance in the direct link during the comparison of cases 1 and 2. As a result, the
performance of the system decreases. When the transmission distance increases, the
outage probability and PER increase because the channel means power decreases as
the transmission distance increases. If the channel mean power decreases, the system
performance is reduced.

Figure 5.2.2: PER vs SNR for different distances

5.3 The performance of system for different path
loss exponent

In this performance analysis section, we fix the following parameters as given in
Table 5.3. However, we change the path loss exponent n as in the following cases
and observe the change in the system performance:
case1: n = 2
case2: n = 3.4
case3: n = 5
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Table 5.3: Parameters for simulation with different path loss exponent (n)
Name Parameter Value

SNR threshold value γT1 -1.533 dB

Fading severity for direct link msd 2
Fading severity for intermediate link from S to R msr 2
Fading severity for intermediate link from R to D mrd 2
Normalised distance from source and destination dsd 1

Normalised distance from source and relay dsr 0.6
Normalised distance from relay and destination drd 0.6

Transmitted power at the relay node P2 10 dB
Transmitting power at the source node P1 1 to 20 dB

To investigate the impact of variation of the path loss exponent (n) on the outage
probability and PER, we considered 3 cases having different values of n as mentioned
above. The path loss exponent value (n) in case 1 is taken as 2, representing a free
space environment with negligible obstructions and a very simple propagation envi-
ronment. The path loss exponent value (n) in case 2 is taken as 3.4, representing
an urban environment that is quite dense and has a considerable amount of obstruc-
tions in the path of transmission. The path loss exponent value (n) in case 3 is taken
as 5, representing obstructions by buildings due to their interior and exterior walls.
This is a much more dense environment than case 2 and has a significant amount of
obstructions in the path of transmission.

In Figure 5.3.1 and Figure 5.3.2, we plot the outage probability and PER against
the SNR of the adaptive modulation coding scheme in the amplify and forward relay
networks while changing the value of the path loss exponent (n). Here we have three
cases as stated above. When we compare the three cases, it is evident that, as the
path loss exponent increases, the outage probability increases, and the PER also in-
creases. Hence, we can conclude that case 1 provides the best performance amongst
all the cases. In case 1, n = 2 represents a free-space environment that is minimally
dense and has a versatile line of sight.
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Figure 5.3.1: Outage probability vs SNR for different path loss exponents

The quality of propagation is also superior as compared to other cases. Here, n =
5 represents a dense environment with no line of sight because of a large number
of obstructions due to buildings and other indoor and outdoor environments. As a
result, transmission is difficult. However, n =3.4 represents an urban environment
that is comparatively less dense. It has a dominant line of sight, and the quality of
the propagation also improves as there are comparatively fewer obstructions in the
environment.

As a result, the performance of the system decreases. The outage probability and
PER increase when the path loss exponent increases because the channel mean power
decreases. If the channel mean power decreases, the system performance is reduced.
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Figure 5.3.2: PER vs SNR for different path loss exponents
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Discussions

RQ1: How can the system determine the transmission link among direct and relay-
ing paths and appropriate modulation scheme?
Ans:
The proposed system makes use of a policy by which it selects the appropriate trans-
mission path among the direct link and the relay link depending on the SNR received
at the receiver across both direct path and relay path. The transmission path is de-
cided based upon the path that provides higher SNR i.e., among the direct link from
the source to the destination and the relaying link (through the intermediate node),
the link that offers higher SNR at the receiver is selected to perform the transmission.
After the selection of the appropriate transmission path, the obtained SNR is com-
pared with the predefined threshold value. When the SNR value is lower than the
predefined threshold, the whole system does not transmit data because the channel
is too bad to support any MCS. If the SNR value is higher than the threshold, a
proper coding scheme is selected depending on the range provided in table 3.1. For,
example if the SNR value is better than γ

T 1
and falls below γ

T 2
, the system selects

the first modulation and coding scheme (MCS1), which is BPSK. Based on the chan-
nel condition and range of SNR of the selected path, the source decides and switches
the modulation and coding scheme by adjusting the transmission rate. In particular,
if the channel condition is poor, the system selects an appropriate adaptive modula-
tion scheme that provides a low transmission rate. As such, ensuring that the data is
received properly and the receiver is able to decode the transmitted signal. However,
the system selects appropriate coding scheme with a higher transmission rate when
the channel condition improves.

RQ2: What are the main parameters of fading environment that affect the perfor-
mance of the system?
Ans:
The main significant parameter of the fading environment that affect the performance
of the system are fading severity(m) and channel mean power (Ω). The channel mean
power depends upon transmission distance(d) and pathloss exponent(n). The chan-
nel mean power is inversely proportional to the transmission distance and pathloss
exponent.

RQ3: How do these parameters affect the system performance in different conditions
and environments?
Ans:

37
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Increase in the fading severity increases the system performance. Increase in channel
mean power decreases the system performance. The outage probability and PER
increase when the path loss exponent increases because the channel mean power de-
creases. When the transmission distance increases, the outage probability and PER
increase because the channel means power decreases as the transmission distance
increases. If the channel mean power decreases, the system performance is reduced.

The SNR, PER, OP mathematical equations are mentioned below used in analysis
of system performance.
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Chapter 7
Conclusions and Future Work

7.1 Conclusion
In this thesis, we consider a system that uses adaptive modulation coding scheme
in combination with amplify and forward relaying transmission and investigate the
performance of this system in the presence of Nakagami-m fading channel. The sys-
tem determines the transmission path based on the instantaneous SNR obtained at
the relay and destination nodes. In order to investigate the system’s performance,
the signal expressions for the signal received at the relay, the signal received at the
destination in relay transmission, and the signal received at the destination in direct
transmission have all been obtained in Section 3.2. In the case of relay transmission
in the system, the signal received at the relay node is merely amplified and transmit-
ted to the destination node. Determination of SNR is essential for the selection of the
transmission and hence the SNR expressions for relay transmission path from source
to destination via relay (γr) and direct transmission path from source to destination
(γd) have been deduced and expressed in Section 3.3. The selection of the trans-
mission path is determined by these expressions and based on the SNRs attained at
the destination node and relay node, the path with the higher SNR is selected for
transmission. As the system is functioning in the presence of Nakagami-m fading
channel, we have obtained the cumulative distribution function of SNR for the direct
transmission path and relay transmission path by taking into consideration the CDF
and PDF of power gain (Xi) of Nakagami-m fading with respect to the fading severity
parameter (mi) and channel mean power (Ωi) as discussed in Section 3.4. Since the
system is also making use of adaptive modulation technique, the source node requires
the channel conditions for both direct transmission path and relay transmission path.
Based on the channel condition and the range of end-to-end SNR, the system uses
various distinct MCS and utilizes different parameter values as listed in Table 3.1.

We then emphasized on the end-to-end performance analysis of the system by inves-
tigating the outage probability and PER as discussed in Chapter 4. Since the system
is operating in a fading channel environment, we have taken into consideration the
fading parameter such as fading severity (m) and channel mean power (Ω). The
channel mean power is determined by the path loss exponent (n) and transmission
distance (d). Consequently in Chapter 5, we have gained insights about the sys-
tem’s performance by varying these parameters while depicting outage probability
and PER against SNR individually. MATLAB simulations were carried out for the
same and the observations obtained from the graphs thus generated showed the effect
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of these fading parameters on the performance of the system. It is evident in Sec-
tion 5.1 that the outage probability and PER decrease as the transmit SNR increases
when the fading severity parameter is increased from 1 to 2 to 3. This shows that the
performance of the system increases with the increase in transmit SNR for increasing
fading severity parameter. Meanwhile, the outage probability and PER increase as
the transmission distance is increased. The outage probability and PER increase as
the path loss exponent is increased from 2 to 3.4 to 5. This trend is observed as
the transmission distance and path loss exponent are parameters of channel mean
power, which affects the system’s performance, thereby resulting in the decrease of
system’s performance with decrease in the channel mean power.

7.2 Contribution of Thesis
Due to the sheer growth in the usage and application of wireless communications, it
is essential to have reliable and efficient wireless communication networks. In order
to over come the hurdles of instability, attenuation, fading in wireless communica-
tion networks, various different techniques and transmission models that increase
the reliability, transmission range and efficiency of the networks must be explored
and implemented. The performance of the models thus proposed must be analysed
and evaluated under different situations for obtaining best outcomes. In this en-
deavour of achieving an efficient and reliable wireless communication network, the
authors in [9] have made efforts by proposing a model that makes use of Adaptive
Modulation and Coding Scheme in Cognitive Incremental Decode-and-Forward Re-
lay Networks and discussed about the performance of the proposed network model
by analysing the outage probability and average transmission efficiency. The system
has the ability to chose the transmission path based on the instantaneous SNR as op-
posed to the conventional transmission technique. Though the model performs well,
the short comings of using decode-and-forward technique can be evaded by making
use of amplify-and-forward technique. Which is why, we have deployed amplify-and-
forward relaying technique in combination with adaptive modulation and coding
scheme in our model to reduce the complexity and execution time of decode and
encode mechanism of decode and forward relaying. The system has the capability
of switching between modulation schemes based on the condition of the channel and
also choose the suitable transmission path. We thereby also increase the transmission
range of the network. Besides analysing the outage probability of our model which
makes use of amplify-and-forward relaying, we have also explored another aspect of
the performance of the system by evaluating the packet error rate in the network.
Unlike the work in [9] where they have evaluated the transmission efficiency of the
network, we analysed the rate of occurrence of error in transferring a data packet
across the transmission path which is essential for determining the performance of
the network. The mathematical analysis and framework performed in this thesis
helps in interpreting the performance of the system. Additionally, the performance
of the system is evaluated under different conditions of varying fading severities,
transmission distances and path loss exponents.
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7.3 Future Work
This thesis is conducted on adaptive modulation coding scheme with amplify and
forward relaying transmission. The performance analysis of this system with respect
to outage probability and PER was carried out. The future work may incorpo-
rate exploring other performance analysis metrics and parameters that affect the
performance of the system. More number of distinct MCSs’ can be considered for
even better modelling and performance of the system. Spectral efficiency is also an
important aspect in wireless communication over fading channels, which has to be
evaluated. Since spectrum is a limited resource, all the available network capac-
ity improvements must be evaluated, improvised and executed in order to enhance
the spectral efficiency. Wireless signals transmitted are significantly affected by the
time-varying channels that cause significant reduction in the spectral efficiency of
the system. It is essential to find a solution that can provide reliable transmission
while enhancing the spectral efficiency of wireless communication networks.
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