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ABSTRACT

This paper presents the bit error rate (BER) vs. signal-to-noise (SNR) ratio performance of
channel models under UFMC system with 32- FSK, PAM, DPSK, 4-QAM, 16-QAM, 32-QAM,
64-QAM and 128-QAM modulation. In future it is believed to be more challenging and
complicated with the evolution of different types of fading model. These types of fading models
determined in urban and rural areas. Rayleigh fading model is considered to be most common
fading model, found in urban environment for non-line of sight. Rician fading consists of line of
sight communication and found to be more applicable for satellite communication. Nakagami
fading model is mostly suited for urban multipath propagation and it is sought to be most
practical model, specially used in mobile communication. In order to achieve error free signal at
the receiver the choice of modulation scheme should be done wisely. The combination of best
efficient modulation scheme along with the block coding helps in getting the signal error free at
the receiver. The condition of signal is decided by SNR v/s BER (bit error rate) simulation. Our
main objective is to get error free result at the receiver, so for this different data transmission
techniques are used to transmit the data from transmitter to receiver in various fading channels
under different modulation schemes. Effect of shape factor on Nakagami fading is also covered
in this thesis to get efficient results. The BER performance was to compared with Additive
White Gaussian Noise (AWGN), Rayleigh-faded, Nakagami-m faded and Rician-faded channels.
It has been further concluded that the BER vs. SNR performance graph in AWGN channel
environment is better than that in Rayleigh, Nakagami-m and Rician-faded channel. It is also
observed that by varying the standard-deviation of the channel, the BER vs. SNR performance
graph is not going to be affected if the channel is considered Rayleigh-faded. In this paper we
address a new aspect of UFMC system performance by investigating its capability to overcome
the channel fading channels’ effects and to provide good and reliable performance levels

overcome these channel effects.

Key word: UFMC, Rayleigh, Rician, Nakagami, AWGN, capacity
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Chapter One: Introduction

1.1.Background
The fifth generation it was various modulation techniques are used in under different

communication system such as orthogonal frequency-division multiplexing (OFDM), universal
filtered multicarrier (UFMC), filter bank based multi-carrier (FBMC generalized frequency
division multiplexing (GFDM) and etc. The orthogonal frequency-division multiplexing
(OFDM) and its different schemes orthogonal frequency division multiple access (OFDMA) in
the long-term evolution (LTE) system) are widely applied for wireless and underwater

communications [1].

The advantages of OFDM are the capability to support the usage of the adjustable channel
bandwidth, lower signal processing complexity, seamless integration with Multi-input Multi-
output (MIMO) systems, ability to accomplish users scheduling both in time and frequency
domain and its inherent robustness to combat multipath effect. Although it has efficient
implementation and robustness to channel delays as highlights but this method suffers from high
PAPR results low efficiency of power amplifier, increases the battery consumption. Moreover
the OFDM spectrum has high out of band side lobes causing problem of low spectral efficiency.
To overcome some of these drawbacks new modulation techniques for 5G communication
system are considered. The applications which use 5G communication system require higher
data rates, lower latency and efficient spectrum usage. The way to overcome the known
limitations of OFDM is UFMC technique. UFMC is generalization of Filtered OFDM and
FBMC modulations [2].

The filter bank multi-carrier (FBMC) has triggered much attention as a replacement for OFDM
in recent times. The FBMC scheme utilizes an integrated poly-phase filter-bank to offer a very
strong side lobe suppression function by filtering each subcarrier. However, in FBMC, each
subcarrier is filtered separately by the means of dedicated filter, hence, results in increasing
computational burden when compared to its filtered version, i.e., filtered-OFDM or the
traditional OFDM scheme [3].

The universal filtered multicarrier (UFMC) has been proposed to solve to reduce peak to
average power ratio (PAPR), out of band (OOB), reduce the latency, complexity and reduce
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battery consuming. The subcarriers are grouped in subsets are subject to be filtered in the UFMC
transmitter, therefore, not only reduce the required number of filters, but also simplify the
transceiver configuration. The UFMC scheme can be treated as a mid-solution between the
FBMC method and filtered OFDM technique in terms of computational complexity. The UFMC
usages one-tap channel equalization technique with low-complexity, provides much lower OOB
emission than filtered OFDM and FBMC, channel estimation and equalization algorithms with
low-complexity and ease in the implementation with MIMO systems without generating
significant inter service band interference. The aforementioned advantages make the UFMC as

one of the most potential candidate waveforms for 5G systems and beyond [4].

In OFDM the total band is filtered and in Filter Bank Multi-Carrier (FBMC) individual
subcarriers are filtered where as a group of subcarriers (sub bands) are filtered in UFMC. This
subcarrier grouping reduces the filter length (when compared with FBMC). Single carrier
modulation uses one carrier to transmit overall data. This technique is widely used in GSM,
CDMA 2000. The main goals to favor this method are battery power and coverage extensions.
Single carrier method requires equalizers to get high spectral efficiency [1-3]. Multicarrier
modulation converts a wideband carrier into multiple orthogonal narrowband carriers. For higher

data transmission wireless communication systems required to integrate Multicarrier modulation

UFMC waveform is a derivative of OFDM waveform combined with post-filtering, where a
group of carriers is filtered by b using frequency domain efficient implementation [1-3]. The
filtering operation leads to a lower out-of-band leakage than for OFDM. The UFMC transmitter
is composed of sub-band filtering that modulate the data blocks. The transmitted signal uses no
CP, but there is still a spectral efficiency loss due to the time transient (tails) of the shaping filter.
The new waveform should achieve the asynchronous reception and transmission, non-orthogonal
waveforms for better spectral efficiency and low latency. But at the same time, you can easily
tune the subcarriers spacing and number of tones depending upon the band range and bandwidth
of application that we are dealing with. In addressing scalable waveform on the same network,
we can introduce filtering to the OFDM symbols that we can actually have different numerology
coexistence on the same network. Some new waveform designs are more attracted by industries
as well as research organizations which are less complex in design, UFMC is the most adequate
for 5G [5].
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UFMC is the method that combines the advantages of orthogonality OFDM and filter bank in
FBMC. Instead of filtering each carrier like in FBMC, we have to filter a block of carriers called
sub-band. Each sub-band contains a number of carriers; filter length will be depending upon the
width of sub-band. In the UFMC system, the complex symbols generated from the base - band
modulator. These complex symbols are converted to parallel stream, make a block of streams
and given as input to the IFFT of their respective. The length of N point IFFT output will be

serialized as block-wise and that output will be filtered with a pulse shaping filter of length L [6].
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1.2. Statement of the Problem

The main challenges in modern wireless communication systems are signal fading. UFMC
wireless channel was random in nature, so the signal are received from transmitter by
multipath i.e. reflection, diffraction and scattering in addition to direct line of sight path. These
conditions can occur due to the mobility of the receiver or the size of communication
environment. In UFMC wireless communications, signals that reach the receiver by more than
one path are known as a multipath propagating signal. When you compared UFMC, FBMC and
OFDM communication systems, OFDM has to face many challenges when consider for adoption
in more complex networks. For instance, the use of OFDM in the uplink of the multi user
networks known as Orthogonal Frequency Division Multiple Accesses (OFDMA) requires full
synchronization of the user’s signals at the base station input. Such synchronization was found to
be very difficult to establish especially in mobile environments where Doppler shifts of different
users are hard to predict, which leads to inter carrier interference (ICI). Further since filters
associated with OFDM carrier which have relatively large sidebands. This results in Out Of
Band (OOB) radiations. Insufficient spectral usage provided by CP-OFDM by using more guard
band. The challenges caused by conventional OFDM/CP-OFDM can be overcome by employing
new system termed as Filter Bank Multi Carrier System (FBMC). Instead of filtering the whole
band as in the case of OFDM, FBMC filters each sub carrier individually. UFMC is a
generalization of filtered OFDM and FBMC modulations. The main objective of this paper is to
compare the performance of channel models under UFMC modulation techniques waveform for

5G communication in terms of BER vs SNR with in various modulation schemes.

4|Page



1.3. Objective

1.3.1. General objective
The main objective of this thesis is the performance comparison of UFMC under Rayleigh,
Rician Nakagami-m and AWGN Channel Models

1.3.2. Specific objective
v To analysis the channel models with various modulation schemes.

v Analysis the capacity of UFMC system for Rician, Rayleigh, Nakagami-m and AWGN
channel models
v' Compare the performance of UFMC system for Rician, Rayleigh, Nakagami-m and

AWGN channel models with in different modulation schemes.
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1.4. Literature Review

July 2011,in the author, A. Sudhir BabuAssociate Professor [7] In this paper, The Bit Error
Ratio of a digital communication system is an important figure of merit used to quantify the
integrity of data transmitted through the system. By implementing the different modulation
techniques, the criterion is comparison of the variation of BER for different SNR. It is observed
that the BER is minimum for AWGN and maximum for RAYLEIGH and RICIAN. For RICIAN
it is found that the BER is less than AWGN and RAYLEIGH except in case of 16-DPSK. And it
is observed that 16-QAM is performing better than 64-QAM. For higher values of Eb / NO, the
BER is decreasing in all the fading channels for different modulation schemes.

May 2011,in the author,Pallavi Bhatnagar, Jaikaran Singh, Mukesh Tiwari [8], . In this
paper performance of MIMO OFDM is characterized with low complexity. The Rayleigh
distribution assumes that there are a sufficiently large number of equal power multipath
components with different and independent phase. On basis of the simulated results, it was
concluded that the structure has low bit error rate when MLSE equalizer is used. It is shown
through numerical simulations that high performance gain is achieved in equalized MIMO
OFDM system. The gap of this thesis is used only Rayleigh channel models that not used other
alternative models like AWGN, Nakagami-m and etc.

Suchita Varade, Kishore Kulat [9] “In this paper performance comparison of chaotic
communication based MIMO-OFDM system is given with and without using adaptive
beamforming. The use of chaotic communication system can increase the security prospective of
the system due to it bifurcation behavior when varying the initial condition. The proposed
scheme has been verified in AWGN channel, Rayleigh Fading channel and Rician Fading
channel. It has been observed that BER performance of the system is improved with adaptive
beamforming. Channels perform in the following order in terms of best (less SNR requirement)
to worst (more SNR requirement) to maintain the required BER: AWGN, Rician, Rayleigh. The
gap of this thesis is depend on channel models only there is no analysis on various types

mapping schemes with in cognitive radio.
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A. Sudhir Babu, Dr. K.V Sambasiva Rao [10] In this paper, we evaluated the performance of
available transmission modes in IEEE 802.11b. The performance of transmission modes are
evaluated by calculating the probability of Bit Error Rate (BER) versus the Signal Noise Ratio
(SNR) under the frequently used three wireless channel models (AWGN, Rayleigh and Rician).
From the simulation results, the Bit Error Ratio of a digital communication system is an
important figure of merit used to quantify the integrity of data transmitted through the system.
By implementing the different modulation techniques, the criterion is comparison of the
variation of BER for different SNR. It is observed that the BER is minimum for AWGN and
maximum for RAYLEIGH and RICIAN. For RICIAN it is found that the BER is less than
AWGN and RAYLEIGH except in case of 16- DPSK. And it is observed that 16-QAM is
performing better than 64-QAM. For higher values of Eb / NO, the BER is decreasing in all the
fading channels for different modulation schemes. The performance evaluation nice nothing but
how about the outage probability that means the probability distribution function (PDF) and
cumulative distribution function (CDF). In addition to this we done on PDF and also add

Nakagami-m channel model.

July-August-2015, Yashraj Singhl, Mrs. Anita Chopra2 [11].

In this paper demonstrate the comparison of the Rayleigh, Rician and Nakagami fading channel
models by using MATLAB simulation in terms of source velocity and probability density
function. We have developed algorithms for above channel, which calculate the Reference
signal, inphase signal, Quadrature Signal, Envelope Signal, Probability density function.

Major objective of this work (for which this research has been carried out) has the major
outcome that the probability density function of Nakagami-m is fading channel increases with
respect to Rayleigh and Rician fading channel. In Nakagami-m fading channel has sum of
multiple independent and identically distributed Rayleigh-fading signals have Nakagami
distributed signal amplitude. The Nakagami-m is generalized channel model which can be
converted to Rician distribution, Rayleigh distribution. This paper gap was not depend on SNR
vs BER. This paper performance analysis of Rayleigh Rician Nakagami-m and AWGN channel
models with in SNR and BER for UFMC system.

In,the authors, Shravan Kumar Bandari and V.V. Mani [12]. The purpose of this paper is to

study the performance of generalized frequency division multiplexing (GFDM) in some

7|Page



frequency selective fading channels. The exact symbol error rate (SER) expressions in Hoyt
(Nakagami-q) and Weibull-v fading channels are derived. A GFDM transceiver simulation test
bed is provided to validate the obtained analytical expressions. In summary, for Hoyt-q fading
and fixed pulse shaping filter parameter o, we observed a significant SER decrease as the Hoyt
fading parameter q increased from the value 0.2 to 1. Similarly, as the Weibull fading parameter
v is increased, there is a significant decrease in the SER for a fixed value of a. This implies that
GFDM exhibits better error performance for strong fading conditions than conventional OFDM.
In this thesis the performance comparison of Rician, Rayleigh, Nakagami-m channel fading and
AWGN channel for UFMC system and also to identify the appropriate channel model from those
in terms of BER verses SNR and also additionally Capacity verses SNR.
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1.5. Methodology
Generally, the methodology mainly consists of the following parts:

e First, reviews of different research papers which are closely related to this thesis

e After reviewing those literatures done so far by other scholars, we theoretically give
explanation regarding the UFMC system.

e Then, Rayleigh, Rician, Nakagami-m and AWGN models under UFMC system for their
detailed block diagram and description of each block. Particularly when the data was
transmitted by the transmitter, channel fading and noise was added to the signal. At the
receiver, the same signal was detected, dividing it by the same channel response that was
added to it. Numbers of errors are calculated by comparing the transmitted and the received
data. Signal and Noise power are calculated which then help in calculating the signal to noise
ratio for the system.

e Plot the comparison of the channel fading’s using MATLAB software tool.

e Finally, analysis performance and capacity for the channel models under UFMC system

simulation result with brief description.
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1.6. Scope of Thesis
Performance analysis of different types of channel fading for UFMC system in terms of several

parameters is possible but, this thesis performs the capacity analysis of the UFMC system using
Rayleigh, Rician AWGN and Nakagami fading its BER vs. SNR, outage probability of PDF
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1.7. Outline of the Thesis

The thesis is structured as follows:

Chapter 2 deals with the UFMC and also channel model used in the thesis. It discusses the basic

concepts and assumptions required to formulate a suitable channel model.

Chapter 3 discusses the characterization and application of probability distributions which are
relevant to model fading channels. Furthermore, the different statistical fading channel models

are described in detail with in formula.

Chapter 4 analyzes and discusses channel performance measures for fading channels in the under
UFMC. The key performance measures which are considered in the analysis are average BER vs.

SNR, outage probability, and average capacity.

Chapter 5 concludes the thesis work by pointing out its accomplishments and recommends

further extensions for the research.
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Chapter Two: System Design
2.1. UFMC System Design

Now-a-days UFMC is a highly research involved 5G modulation method. UFMC, a new
multicarrier modulation technique works equivalent to the generality of filtered OFDM and
FBMC modulations. Unlike self-subcarrier modulation in FBMC, a group of subcarrier
modulation is performed in UFMC. The subcarrier grouping reduces the length of the filter

compared with FBMC and also reduces time to perform modulation [13].

Data bit Band

per sub filter
band

To

Channel

Band
filter

Figure 2.1 UFMC transmitter block diagram [14]

UFMC employs the division of full band into sub bands. The modulation technique processes
these sub bands individually and each sub band consists of fixed number of subcarriers. The
narrowband and closely spaced Individual sub bands undergoes N-point Inverse Fast Fourier
Transform (IFFT) to get time domain of each sub band from Frequency Domain of each sub
band. Each sub band output resulting from IFFT is filtered by filter length L. The resulting
output signal is expressed as IFFT operation ensures that the sub band carriers do not interfere.
UFMC uses Band filter to perform a Chebyshev filtering operation. Band Filter filters each sub
band and each sub band responses summed. The filtering approach in UFMC reduces out of band
spectral emission for proper design of filter. Filter with parameterized side lobe attenuation is
employed to filter the IFFT output per sub band. UFMC receiver performs 2N point Fast Fourier

Transform (FFT) on data obtained from channel.
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From Frequency
channel 2N point domain Symbol
EET equalization demapping

Recover
data bits

per sub band

Figure 2.2 UFMC receiver block diagram [14]

A guard interval of Zeros is added between successive IFFT symbols. This prevents the Inter
Symbol Interference (IS1) due Transmitter filter delay. Discard even subcarrier points to get N
length frequency domain receive signal. FFT coverts data received in time domain into
frequency domain. Equalization detects the transmitted data. The Symbol demapping is

performed prior to the frequency domain equalization to get the original data bits.

2.2.  Communication System Model
Figure 2.3 shows the block diagram of a conceptual communication system that is usually

employed in the mathematical analysis of information transmission. The model is introduced by
C. E. Shannon, the father of information theory, in the mid-20th century. It comprises blocks
denoting information source and destination, designed transmitter and receiver, and transmission
channel. The information required to be transmitted successfully to the information sink is
generated at the information source. The transmitter and the receiver are digital signal processors
that are designed for a successful transmission. The behavior of the transmission medium that
cannot be influenced by the system engineer is depicted by the channel block, residing at the
center of the model diagram. The design of a successful communication system requires a good
model for the transmission channel. In other words, having a good description of the

communication channel enables better design of the system.

( ) Iransmitter R : . .
eceiver
Source Destination

Figure 2.3 Communication system model [15]

So far, experts have worked hard to describe phenomena accompanying different channels, and

at the same time to come up with some descriptive and simple mathematical models for further
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analysis of the system. Actually, there are three channel models that are commonly used in the
analysis of a communication system. These models are Additive White Gaussian Noise
(AWGN), Linear Time Invariant (LTI) and Linear Time Variant (LTV) channels. AWGN
channel is the simplest channel model that considers only single channel impairment: noise
c(t).The model is it does not take into account the effect of any fading or distortions. This model
is usually used to come up with controllable mathematical models of communication system
functionalities so that a better understanding of a system without fading and other distortions is
possible. Furthermore, this model is well suited for wired and satellite communication.

The second model, LTI channel model, includes deterministic linear distortion in addition to the
random AWGN. Here, the deterministic distortion is modeled by a linear time invariant filter
with an impulse response of c(t).This model is usually applied to analyze and design the
functionalities of both transmitter and receiver since linearity and time invariability properties of
the filter enables usage of good mathematical tools. Most wireless channels are time variant due
to the mobility of the transmitter and receiver and hence the third model called as LTV channel
is used. In this model, time varying filter with impulse response h(z,t) is used. Here h(t,t) is
the response of the channel at time t due to an impulse applied at time ¢t — t. This model is more
complex than LTI channel. As a result, LTI channel model may still be used given that the
channel is varying slowly compared to the time scale of the communication processes analyzed
[16].

2.3. Channel Model

Modeling the terrestrial wireless propagation was the importance for the design and performance
analysis of wireless communication systems. Unlike wired propagation situations which are
motionless and expectable in a typical mobile radio propagation condition, the received signal
presents both small-scale power fluctuations also known as multipath fading and large-scale
power fluctuations also known as shadowing. In the former, the transmitted signal experiences
reflection, diffraction, scattering, and delays, whereby the multipath phenomenon was caused by
a relatively fast constructive and destructive random combination of the received signal
duplicates. Large-scale signal power fluctuations, on the other hand, are caused by the presence
of large obstacles between the transmitter and receiver. Fig. 2.3 illustrates the received power

versus the distance, and it illustrates the path loss, small-scale fading and the large-scale fading
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phenomena [17]. The small-scale fading, results in very rapid fluctuations around the mean
signal level, while large-scale gives rise to relatively slow variations of the mean signal level. As
for the small-scale phenomenon, several statistical models, such as Rayleigh, Nakagami-m and

Rician distributions have been widely used to characterize it depending on some environment

conditions.
K(dB) path loss alone
Shadowing and path loss
7 Multipath, Shadowing and path loss

P

—~(dB)
Pt ‘

>
0 Log(d)

Figure 2.4 Path loss, shadowing and multipath versus distance [18]

The channel was communication medium through which the transmitted data propagates.
Wireless channel is random in nature, so the signal are received from transmitter by

multipath i.e. reflection, diffraction and scattering in addition to direct line of sight path [19].

. Reflected

" Receiver
Direct |:>

Reflected

Transmitter

Figure 2.5 Overview of Fading Channels [20]

These phenomena include multipath scattering effects, time dispersion, and Doppler shifts that

arise from relative motion between the transmitter and receiver. As shown figure 2-4 direct and
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major reflected paths between a stationary radio transmitter and a moving receiver. The shaded

shapes represent reflectors such as buildings

The major paths result in the arrival of delayed versions of the signal at the receiver. In addition,
the radio signal undergoes scattering on a local scale for each major path. Such local scattering
was typically characterized by many reflections by objects near the mobile. These irresolvable
components combine at the receiver and cause a phenomenon known as multipath fading. Due to

this phenomenon, each major path behaves as a discrete fading path [21].

Typically, the fading process is characterized by a Rayleigh distribution for a non-line-of-sight
path and a Rician distribution for a line-of-sight path Nakagami multipath distribution offers a
better fit for a wider range of fading conditions in wireless communication and Weibull indoor
and outdoor communication. The relative motion between the transmitter and receiver causes
Doppler shifts. Local scattering typically comes from many angles around the mobile. This
scenario causes a range of Doppler shifts, known as the Doppler spectrum. The maximum
Doppler shift corresponds to the local scattering components whose direction exactly opposes the

trajectory of the mobile [22].

In probability theory, the set of all possible outcomes of a random trial was called sample space.
Random variable was a real-valued function which was defined on the sample space. The
cumulative distribution function (CDF) of a random variable X was a function F, (x): R —[0,]
defined follows:

Fx(x) = P{X < x} (2.1)
Where P(x)was the probability of an event x. A random variable X was continuous if there was

an integrable function £, (x): R — R,such that for all x € R

Fe(x) = j f (W)dw (2.2)

The function £, (x) was called probability density function. For a given random variable X, the
definitions of the k™ raw moment, mean (expected value), variance, moment generating function,
and characteristic function are all given below:

MGF and CDF are useful tools for statistical analysis. It can be seen from definitions that @

X(w) = MX(jw). If all raw moments of X do not exist, then certainly MX(s) does not exist but
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dkmx(s)

the converse was not true. Furthermore, @ X(w) always exists and E[X*] = ok |S= 0
suppose that {Xj:j =1,234.. .. m} was a set of m random variables. Then their joint
statistical behavior was characterized by joint PDF denoted by f(x1,x2,x3 ......... ... ... xmM).
These random variables are called independent from one another [23].

a1, x2,x3 oo v s v xm) = fr1 (X1D) fx2 (02) fr3(X3) v ve e e e e e e fy () (2.3)
And they are said identically distributed if

fx1(x) = fr2(x) = fyz(X) cv v e et et ve e e fxym (X) (2.4)

Variables can be both independent and identically distributed (iid).Function of a random variable
provides another random variable with its own PDF. Suppose g was an invertible and
monotonically function of a single random variable X such thatY = g(w). Then the PDF of Y in

terms of the PDF of X was given by

-1

f:(g7' ) (2.5)

RO |50
The maximum and minimum of a given set of random variables {X;:j = 1,2,3,4 ..........m Jare
also random variables. If Xmax denotes the maximum and Xmin denotes the minimum, then the
following equations are valid for the two random variables [24].

PXmax <x} =PX; <X, <%,X3 <X oo vor v v o Xy < X} (2.6)
P{Xiin = %X} = P{X; = %,Xy = %,X3 = Koo evr e oo Xy = X} (2.7)
In digital communication, signal from an information source, communication channel and noise
generated at the receiver are usually random and functions of time. At any given time instant, the
value of each of them was random variable. Therefore, they can be characterized by a collection

of random variables which was called as random process or stochastic process.

2.4. Wireless channel

The performance of any communication system over radio channel is a basic element that is
looked into when selecting a specific transmission technique for any application or large-scale
deployment. It is usually evaluated in terms of average signal-to-noise ratio (SNR), outage
probability and bit error probability (alternatively bit error rate (BER)). Except for a few specific
applications related to air interface transmission techniques, fading, shadowing, reflection,
refraction, scattering, diffraction and the like processes are considered as unfavorable

phenomena when occurring in radio interface. In addition, channel capacity is limited by
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available bandwidth as well [25]. Effects due to path loss, the Doppler spread and multipath
propagation are also to be accounted when providing solutions for problems associated with any
type of communication technique. These effects are capable of generating additional forms of
interferences like inter-symbol interference (ISI), inter-carrier interference (ICl) and a
combination of inter-carrier and inter-symbol interference (ICSI). In other words channel
characteristics are dependent on multipath fading, the rate of time variation and frequency
selectivity. Due to these reasons, air interface is still identified as one of the bottlenecks in

mobile and wireless communication, basically in terms of capacity and reliability [26].

There are four types of fading. They are determined by the bandwidth and symbol period of the
transmit signal. When the signal bandwidth was smaller than the coherence bandwidth of the
channel, the channel is said to be flat-faded or frequency-flat. Otherwise it is said to exhibit
frequency-selective fading. When the symbol period is much shorter than the coherence time, the
channel is defined as slow fading. Otherwise, the channel is regarded as fast fading [27].
Frequency-selective fading was seen in high-data rate transmissions. This is due to the wider
bandwidth of the transmit signal than bandwidth over which the frequency response of a wireless
channel has a constant gain and linear phase. In other words, this is a phenomenon caused by the
time dispersion of the transmit symbol within the channel [26-27].

2.4.1. Multipath Propagation
Multipath propagation is one of the main phenomenon in a wireless channel. Different replicas

of the transmit signal are received through different paths and have distinct properties like
distance and attenuation strengths. The delays and the channel coefficient values vary, generating
delay and Doppler spreads. The most important parameters of a channel are coherence
bandwidth and coherence time. Coherence bandwidth is a statistical measure of the range of
frequencies over which a channel can be considered to be flat. Or coherence bandwidth may be
the approximate maximum bandwidth or frequency interval over which a comparable or
correlated amplitude fading is likely to be experienced by two frequencies of a signal. Again, this
is reciprocal to the multipath spread. There may be constructive or destructive contributions to

the total signal, due to these replicas of the transmit signal, leading to rapid fluctuations of

the resultant signal at the receiver [28].
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2.4.2. Inter-symbol Interference
Basically, signals arriving through delayed paths as copies of the transmit signal are not helpful

for signal detection. They are identified as ISI and make the communication systems less
reliable. Most of the time these replicas have less signal power than does the first arrive signal.
Here 1S1 is a form of signal distortion where one symbol interferes with the subsequent symbols.
Further, ISI is a resultant of multipath propagation and frequency-selective fading of the wireless
channel. The other main reason for ISI is the transmission of signal through a bandlimited
channel. In this situation, the frequency response above a certain frequency known as the cutoff
frequency is zero. Signals passed outside the band are removed, leading to a new pulse shape for
the receive signal [29]. A symbol can be spread over the subsequent symbol periods, due to a
change in its pulse shape. Apart from the loss incurred due to the change of the shape of the first
symbol, other symbols can also be subjected to severe interference. When a message is
transmitted through such channel, the spread pulse of each individual symbol will interfere with
the subsequent symbols [29-30]. Pulse shaping can be used to avoid interference caused by
bandwidth limitation. If a channel frequency response is flat and the shaping filter is with a finite
bandwidth, it is possible to communicate without generating any ISI at all. In the design of the
transmit and receive filters, attempts are always made to minimize the effects of ISl in general,
irrespective of their causes. Other widely used remedial methods to compensate ISI include the
use of adaptive equalizers. Channel codes (error correction codes) can also be used to combat ISI
or to improve the link performance in the case of imperfect channel equalization. Some
communication techniques, mainly in the family of multicarrier communication techniques, are,
by design alone, quite robust against ISI. Unfortunately, FBMC is highly susceptible in this
respect [30].

2.4.3. Large scale fading
According to radio signal propagation there was two types of fading; large scale fading and

small scale fading. Large scale fading represents average attenuation, amplitude and phase shift
changes or path loss due to motion of the large areas. This phenomenon affected by prominent
earth objects (tress, building, hills, forests etc.) between the transmitter and the receiver, the
receiver was often represented as being shadowed by such prominent. Due to which a great
variation occur in the strength of the received signal. The measured signal power differs
substantially at different locations even though at the same radial distance from a transmitter.
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These Represents the medium scale fluctuations of the radio signal strength over distances from
tens to hundreds of meters. Average powers now when the phenomena of large scale fading

occur then this value deviates from the mean average value [31].

2.4.4.Medium scale fading
Shadowing was a medium-scale effect field strength variations occur if the antenna was

displaced over distances larger than a few tens or hundreds of meters. It was the effect that the
received signal power fluctuates due to objects obstructing the propagation path between
transmitter and receiver. These fluctuations are experienced on local mean powers, that was,
short-term averages to remove fluctuations due to multipath fading. In an area where signal
reception would normally be strong, certain other factors may have an effect on the reception,
thereby making it either stronger or weaker, or may cause complete RF interference. Like a
building with thick walls or of mostly metal construction (or with dense rebar in concrete) may
prevent a mobile phone from being used. Underground areas, such as tunnels and subway
stations, lack reception unless they are wired for cell signals. There may also be gaps where the
service contours of the individual base stations of one's mobile carrier (and/or its roaming

partners) do not completely overlap [32].

2.4.5. Small scale fading
Small-scale fading refers to the dramatic changes in signal amplitude and phase that can be

experienced as a result of small changes in the spatial separation between a receiver and
transmitter. For mobile radio applications, the channel was time-variant because motion between
the transmitter and receiver results in propagation path changes. The rate of change of these
propagation conditions accounts for the fading rapidity (rate of change of the fading
impairments). Small-scale fading was also called Rayleigh fading because if the multiple
reflective paths are large in number and there is no line-of-sight signal component, the envelope
of the received signal is statistically described by a Rayleigh PDF. When there is a dominant non
fading signal component present, such as a line-of-sight propagation path, the small scale fading
envelope is described by a Rician PDF. A mobile radio roaming over a large area must process
signals that experience both types of fading: small-scale fading superimposed on large-scale
fading [31-32].
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2.4.6. Flat fading
If a channel has a constant response for a bandwidth greater than the transmitted signal

bandwidth, then the channel was said to be a flat fading channel. The conditions for a flat fading

channel are: B; < B, T, > T,

Doppler spreads are negligible where Bs and Ts are the signal bandwidth and the symbol
duration respectively. The term 'Flat' indicates that all frequencies of the transmitted signal
experience the same level of channel gain (or attenuation). The transmitted spectrum was
preserved at receiver. The channel gain was fluctuating with time, and so was the received signal
strength. Because the symbol period (Tb) is reciprocal of signal bandwidth, it follows that it must
be much larger than the rms delay spread of the channel, which was inversely proportional to the
channel coherence bandwidth (Bc). This type of fading channel was sometimes referred to as a

narrow-band channel [33].

2.4.7. Frequency selective fading

On the other hand, if the bandwidth of the transmitted signal was much larger than the channel
coherence bandwidth, frequency selective fading occurs. In this case, the channel gain was not
only fluctuating in time, but was also different for different frequency components of the
transmitted signal. This type of fading channel is more severe than flat fading channel, as it

induces Inter Symbol Interference (I1SI).
B, < B, T, > T,
The concept of pulse-shaping is used to control the transmit signal bandwidth [14].

2.4.8. Fast fading
Depending on how rapidly the transmitted signal changes compared to the rate of change of the

channel, a channel may be classified either as fast fading or slow fading. In the fast fading
channel, the channel characteristics are changing rapidly within the symbol duration. It means
that the channel coherence time (Tc) is smaller than the symbol period (Tb). As the channel
coherence time is inversely proportional to the Doppler spread (Bd), the fast fading channel often
has high Doppler spread. In practice, fast fading only occurs for very low data rate transmission
[34].
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2.4.9. Slow fading
In contrast, if the channel impulse response changes at a rate much slower than the symbol rate,

the channel is said to be 'slow fading'. Such channel was assumed to be static over one or several
symbol periods (Tb). In frequency domain, this implies that the Doppler spread (BD) of the

channel was much less than the bandwidth of the transmitted baseband signal [33-34].

2.4.10. Doppler spread
Doppler spread which means it describes the time dispersive nature of the channel in a local area

network. Doppler spread was a measure of the spectral broadening caused by the time rate
change of the mobile channel, also defined as the range of the frequency over which the received
Doppler spread was essentially non zero. The amount of spectral broadening depends on fd
which is a function of the relative velocity of the mobile, and the angle 6 between the direction of
motion of the mobile and direction of arrival of the scattered waves. If the baseband signal
bandwidth is much greater than Bd the effects of Doppler spread are negligible at the receiver.
This was a slow fading channel [35]. The Doppler Effect is caused by a shift in the receive signal
frequency from that of the original transmit frequency due to differences in relative velocities.
The Doppler shift range across the bandwidth of the signal is known as the Doppler spread. The
value of the Doppler spread can be considered as a measure of how rapidly the channel impulse
response varies in time. Typically, the reason for that is the relative movement between the
source and the destination nodes. The coherence time of a channel denotes the period of time
within which the channel fading remains correlated above a predetermined threshold. The
coherence time is inversely proportional to the Doppler spread. Thus, a slowly fading channel
has a large coherence time and a fast fading channel has a small coherence time.

2.4.11. Additive White Gaussian Noise Mode (AWGN)
The simplest radio environment in which a wireless communications system or a local

positioning system or proximity detector based on Time of-flight will have to operate was the
Additive-White Gaussian Noise (AWGN) environment. Additive white Gaussian noise (AWGN)
was the commonly used to transmit signal while signals travel from the channel and simulate
background noise of channel. The mathematical expression in received signal r(t) = s(t) +
n(t)that passed through the AWGN channel where s (t) was transmitted signal and n (t) is

background noise.
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Figure 2.6 Block diagram of AWGN Channel model [37]

An AWGN channel adds white Gaussian noise to the signal that passes through it. It was the
basic communication channel model and used as a standard channel model. The transmitted

signal gets disturbed by a simple additive white Gaussian noise process [36].

2.5. Distributions for Fading

2.5.1. Gaussian/Normal Distribution
Let X be a random variable that follows Gaussian distribution with parameters o and u

(usually denoted X ~N (4 ;o )). Then its PDF, CDF, MGF (moment generating function),

Mean and Variance given table 3.1. In the error function was defined

fe() = —= —— 2.8)

Fy () 5 [1 +erf (%)] (2.9)
E[x*] = (—ia 2.sgn(u)*U (%k,%,;THZZ)) (2.10)
My(s) = €27 E[X] =, VAR[X] = o2 (2.11)

Table 2-1 CHARACTERIZATION OF GAUSSIAN DISTRIBUTION [38]

By relation
2

erf(z) = ﬁfze‘tzdt (2.12)
0
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In the real axis, erf(—o)=—1; erf(0) =0; erf(w) = landerf(—x) = —erf(x).The
general formula for the raw moments of X was complicated due to the conuent hypergeometric

function, but the moments can be computed easily for small values of k using the formula

d*M(s)
E[X*] = 2.1
(X =— (2.13)
Furthermore, the central moments are
(2k)! g2k ; ok
I — or n =
E[(x — "] = 2¢k! 2.14
€ o 0 forn=2k—-1 ( )

The distribution fulfills the following properties [39]
If X~N(u,02) anda,€ Rthenax+ b~ N(au+ b,a?c?) If  {X,i=12.... n}are
independent variable such that X;~N(u;02) then Y™, X;~N(EN_ u; YXN_10,2) this

distribution was used as a model for many complex phenomena in various fields of science.

2.5.2. Rayleigh Fading Channel
Rayleigh fading was considered as the most effective model for tropospheric and

ionospheric signal propagation, as well as the effect of heavily built up urban

environment on radio signals.

fy(x) = {G— e x>0 (2.15)
0 x<0
Fy(X) = { 1—eo? x>0 (2.16)
0 x<0
E[XX] = (262)r (‘5‘ + 1) (2.17)
My(s) = M (1,%,%0252) + EoséozSZ (2.18)
E[X] = (5( g) (2.19)
VAR[X] = (4;—") o2 (2.20)

Table 2-2 CHARACTERISTICS OF RAYLEIGH DISTRIBUTION [40-41]
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Rayleigh fading is considered when there was no line of sight communication between the
transmitter and receiver. If there is much scatter in the environment that scatter the radio signals

before it arrives at the receiver, then in this case central limit theorem holds. Let {X;,i=

2 .
1,2 ... n} be iid zero mean Gaussian random variables such that X~ N(O’G ) VI, Then

X = ?=1Xl-2 is defining as a generalized Rayleigh random variable when n = 2 in the

equation, we get the Rayleigh distribution. Its PDF, CDF, MGF, raw moments, mean and
variance are given in table 2.2 Rayleigh distribution is used to model small-scale fading in
wireless communication channel when the channel was characterized by a large number of
scatters and there was no dominant path or a line of sight connection. For instance, urban areas in

mobile communication mostly have this kind of channel [40]

According to central limit theorem of the baseband equivalent impulse response of a channel
with a large number of scatters can be modeled by a zero mean complex Gaussian process.
Therefore, the envelope of the channel impulse response was the square roots of the sum of the
squares of two zero mean Gaussian random processes. By definition, this process was Rayleigh.
Furthermore, based on extensive measurements of the envelope of the received signal at the

receiver, suggested Rayleigh process as a suitable model in urban and suburban areas [41].

2.5.3. Rician fading channel

Rician fading model was applicable most when in addition to scattering there was a strongly
dominated signal was seen at the receiver, usually caused by line of sight. During such
random process, mean will no longer be zero. In this case mean will vary around the power level

of the dominant path. Let {X,,i=1 2....n} be independent Gaussian random variables with

i
same variance but different mean such that ~N(0,02) ,Vi. Then X = / n X;* was defined as
a generalized Rician random variable. When n = 2 in the equation, we get the Rician distribution.

In what follows, we denote a = / ™ X;% The Rician distribution descriptions are given in Table

2.3. Rice process was chosen as a suitable model of wireless channel when there was a dominant
path or line of sight connection between the transmitter and receiver. Rural areas in mobile

communication, for instance, usually possess this kind of channel. In the presence of a dominant
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or line-of-sight component, we get the sum of the scattered components and line of sight
components at the receiver [42]. According to central limit theorem the baseband equivalent of
the sum was a complex Gaussian process. Furthermore due to the dominant path, the mean of the
real part was different from zero. So the envelope of the impulse response was a Rice process.

The situation was similar with a sinusoidal wave plus random noise which has been treated

by Rician.
—x2_g2
fe () = { =€ b () x>0 (2.21)
0 x<0
a x
Fy(x) = { 1-a((2) x>0 (2.22)
0 x<0
k -a? 2
k1 - — k k a
E[X¥] = 2o%)zesr (1+5)M(1+5,1,2) (2.23)

E[X?] = 20?% + a?

_a\fM L (2.24)

VAR[X] = E[X?] — (E[X])? (2.25)
Table 2-3 CHARACTERIZATION OF RICIAN DISTRIBUTION [41-42]

In addition, the analysis based on experimental data in shows that Rician distribution was more
accurate than Rayleigh, Nakagami and Weibull distributions in modeling the signal statistics in

rural areas [43].

2.5.4. Nakagami fading channel

The Nakagami-m fading channel model has been widely used to model the fading
distribution in various wireless channels. While the Rayleigh and Rice distributions can indeed
be used to model the envelope of fading channels in many cases of interest, it has been found
experimentally that the Nakagami distribution offers a better fit for a wider range of fading
conditions in wireless communications. Since the value of k was an indicator of the severity
of the fading channel conditions and influences the BER, the knowledge of its values range
can be used in the evaluation and design of different wireless communications techniques
[44]. The Nakagami fading provides a very good fit for all fading conditions ranging from very

severe to no fading because of the presence of an adaptive fading parameter ‘m’ called shape
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factor. A Nakagami-distributed random variable X was characterized by Table below 2.4. In

2

. . 0
Table below the following notations are used: 2 = E[X?] andm = mParameter m was

usually called fading figure and the distribution is defined only for m =. %.The incomplete
gamma function needed in Table 2.4 is defined as
y(u,x) = f;c t¥letdt (2.26)

Nakagami distribution does not have a general closed form MGF. Nakagami random variable
becomes a Rayleigh random variable when m =1

fr(x) = { r(ZT)(%)m X e(%xz) x>0 (2.27)
0 x<0
F.(x) = { 14 (miﬁ) x>0 (2.28)
0 x<0
E[x*] = r(%) (3) (2.29)
e = (25) (5) e
VAR[X]=0[1- %(r ("gj)) (2.31)

Table 2-4 CHARACTERIZATION OF NAKAGAMI DISTRIBUTION [45].

Furthermore, Nakagami PDF possesses larger tails than Rayleigh PDF when =< m < 1but the

N =

reverse was true when m > 1. Where r(. )the gamma function, 2 and m are the parameters of the
distribution and where (2 is the average received power and m is the shape factor. The Nakagami

distribution includes the Rayleigh distribution for m=1 and one-side of the Gaussian distribution

form = % When m approaches infinity, it implies that there is no fading
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2.5.5. Weibull fading channel

The Weibull distribution, which was also commonly used in reliability engineering and survival

analysis, was shown to provide an excellent fit for indoor and outdoor environments.

Let X is a random variable that follows a 2-parameter Weibull Distribution with a scale
parameter o > 0 and a shape parameter § > 0. Then, it is characterized by table 2.5 for r(z).
Though there was no general closed-form solution found for the MGF, it is given in power series

form in Table 2.5 since all the raw moments are known [46].

fx(x) = {§ (i)ﬁ_l e ) x>0 (2.32)
0 x<0
Fy(x) = {1 ~e @ x>0 (2.33)
0 x<0
My(s) = o = (1+5) (2.34)
E(x¥) = a¥r(1+ %) (2.35)
E[X] = ar (1 + %) (2.36)
VAR(X) = a? [r(1+ %) —r2 (14 %)] (2.37)

Table 2-5 CHARACTERIZATION OF WEIBULL DISTRIBUTION [47-48]

Moreover, it has also other closed-form expressions when the shape parameter £ is integer or
rational. When B = 1, a Weibull PDF reduces to the exponential PDF, and when g = 2, it
reduces to the Rayleigh PDF [47]. Weibull distribution is another mathematical model for small-
scale fading in wireless communication. Empirical studies have shown that Weibull distribution
was an effective model of both indoor and outdoor propagation. Furthermore, reference describes
Weibull Distribution as a less complex and accurate description for the outdoor multipath fading

channel than some of the other existing models [48].
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Chapter Three: System Model
3.1. Mathematical analysis of Channel Model with UFMC

UFMC waveform was a derivative of OFDM waveform combined with post-filtering, where a
group of carriers was filtered by using a frequency domain efficient implementation [49]. The
filtering operation leads to a lower out-of-band leakage than for OFDM. The UFMC transmitter
is composed of B sub-band filtering that modulate the data blocks. The transmitted signal uses no
CP, but there was still a spectral efficiency loss due to the time transient (tails) of the shaping
filter. The Rx stage was composed of a 2NFFT point FFT, which was decimated by a factor 2 to
recover the data. A windowing stage can also be inserted before the FFT. It introduces
interference between carriers but interesting to consider for asynchronous uplink transmissions

as it helps to separate contiguous users [50].

Fading channel was a communication channel comprising fading. In wireless systems fading
may occur due to multipath propagation .The presence of reflectors and obstacles in the path of
propagation causes multipath propagation, which creates multiple paths for transmitted signal.
As a result, receiver receives superposition of multiple copies of transmitted signal. Each signal
copy will experience differences in attenuation, delay and phase shift while travelling from

transmitter to receiver [51].

This will result in amplifying or attenuating the signal power at receiver. Sometimes fading may
be deep which causes temporarily failure of communication due to several drops in the channel
Signal to Noise Ratio (SNR). Mathematically, fading was a time varying random change in
amplitude and phase of transmitted signal. In wireless communication system channel fading
was the degrading feature. In this chapter, the performance analysis of UFMC system was
discussed over AWGN, Rayleigh fading, Rician fading and Nakagami fading channel.
Probability distribution was an essential tool for a detailed understanding of statistical channel
modeling. Therefore, this chapter first covers the required basics of probability theory and then it
proceeds to a detailed description of distributions that are used to model fading channel. Finally,
with the help of the distribution tools, statistical fading channels modeling was discussed and
analyzed in detail [52]. UFMC is an intermediate waveform modulation technique between
FBMC & OFDM as it filters the modulated subcarriers on a sub band basis differing from FBMC
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which filters each subcarrier individually and OFDM which filters whole band at once. This
filtering avoids OOB spectral emissions. In UFMC the whole sub band is sub divided into
multiple sub bands of definite size, the symbols of sub bands are then passed through N -point
IFFT block that modulates the symbols generating time domain samples of length N, is then
passed through FIR filter of length L generating output signals of length N+L-1 as a result of the
linear convolution operation. These N+L-1 signals belonging to different sub bands are added to
generate final output corresponding to whole band. At the receiver, the received signal is first
converted to the base band frequencies then sampled. The received signal of length N+L-1
samples cannot be demodulated by N-point FFT ,rather it is zero padded with N-L+1 zeros in
order to demodulate using 2N-point FFT. The even index of total 2N generated complex values
of subcarriers contains data; while the odd subcarrier contains interference from the data symbols
are further discarded. Hence the way it avoids inter-symbol interference without adding cyclic
prefix as of OFDM, which in turn increases spectral efficiency. A Chebyshev window with side

lobe attenuation which is parameterized is employed to filter the IFFT /FFT outputs (sub bands).

™ 4 ™ _
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Figure 3.1 System model of UFMC [53]
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As mentioned before, UFMC is considered as an intermediate technique between OFDM and
FBMC as it filters the modulated subcarriers on a sub-band basis differing from FBMC which
filters each subcarrier individually and OFDM which filters the whole band at once. To get a
better insight of UFMC system operation, we can refer to Fig.3.1 which presents a system model
of a typical UFMC system including the transmitter, channel and the receiver. Starting with the
transmitter blocks, we can see that UFMC starts with subdividing the whole band into multiple
sub-bands of definite size, the symbols of each sub-band are then passed to an N-point IFFT
block that modulates the symbols generating time domain samples representing the modulated
signal that has a length of N samples, each one of these time domain signals of length N is then
passed through a digital FIR filter of length L generating an output signal of length N+L-1 as a
result of the linear convolution operation. These time-domain output signals of length N+L-1
belonging to different sub-bands are all added together to generate the final output signal
corresponding to the whole band. This output baseband signal is finally converted to an analog

signal to be up converted and sent to the antenna.

Transmitter operation is mathematically formulated in (3.1).

B

ym) = ) xi () * fi(n) (3.1)
i=1
where, i represents the index of different sub-bands, B is the total number of sub-bands and fi(n)
is the impulse response of the FIR filter used with sub-band i. After passing through the channel
whose effects will be clarified in details in the next section, the received signal at the receiver
will be first down converted to the baseband frequencies then sampled. Assuming a single tap
channel and keeping the system sampling frequency unchanged, the received digital signal
whose length is N+L-1 samples cannot be demodulated by an N-point FFT operation, rather, it is
zero padded with N-L+1 zeros in order to be demodulated using a 2N-point FFT where; the odd
index values of the total 2N generated complex values are further discarded in order to reject the
extra frequency samples taken between the peaks of the neighboring subcarriers leading to a final
output of N complex valued symbols corresponding to those generated by the transmitter. The

receiver operation can be similarly formulated as in (3.2). The input data represented by X is
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converted sub a band is passed through N point IFFT representing with matrix V. Finally passed
through filter of matrix F(s) for the i™ sub band

—2mnR

Y(k) =Xnz Y(n)e 2v 3.2)

It can be observed from (appendix B), c¢(l’, k") if the filter length is L = 1, which corresponds to
OFDM systems. The correlation between different subcarriers in UFMC results from the

Leakage effect of FFT if the FFT size is not an integer multiple of the signal length.

First, 2NL, . zeros are appended at the end of ykto generate vector ¥k with length 2N. Then
2Npoint DFT is performed on7yk, followed by down-sampling by a factor of 2. This
implementation, however, will introduce ISI/ICI in one-tap channel equalization in two
scenarios. First scenario is in multi-path fading channels where ISI will occur due to the lack of
guard interval between symbols. Even with CP added, the original UFMC system cannot achieve

interference-free one-tap equalization either since the circular convolution property is destroyed.

Secondly, the implementation of 2N-point DFT operation implies that the filter length plus the
channel length is smaller than N in order to make 2N —L2, k > 0. However, it is not necessary to
limit the system design with this constraint in general. To achieve interference-free one-tap
equalization, we make the following proposition for the UFMC system [56]

2
SNRofam = X Pom_: 2 for neu (appendix C) (3.3)

LZ,k O‘Z

It can be concluded that UFMC is a generalized OFDM system. In addition, equation (3.3)
confirms that the SNR of the n-th subcarrier is independent of its location in a subband and
subband index itself. Therefore, the subband index {.} m and subcarrier index n are omitted in
the sequel. In order to present an overall view of the system performance in comparison to
OFDM system, we focus on the average performance in one subband, in terms of output SNR,
capacity and BER [62]. The frequency selectivity of the filter is the essence of the UFMC
system design to make the system well-localized in the frequency domain to combat multipath
channel and reduce the OoB emission. However, similar to the side effects of the channel

frequency selectivity, the filter frequency selectivity may cause system performance loss, as
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analyzed in the following proposition. The conclusion can be extended to system capacity

without considering the overhead in high SNR region. Consider an UFMC system with

Lem > 1 and assume the parameters for the k-th user satisfy (appendix B). In addition, we
assume the subband bandwidth is small enough to be within the coherence bandwidth. In the
high-SNR region, i.e., SNR(n) >> 1, the UFMC system experiences performance loss in terms of

average capacity per subcarrier in the m-th subband in comparison to the OFDM system, i.e.,

Corummc = %E [z log, (SNR(w)] (3.4)

Now we analyze the BER performance of quadrature amplitude modulation (QAM) schemes.
The BER for My0g-QAM can be calculated as [63]

(3.5)

BER — 2 <1 3 1 ) 3SNR(n)

w/Mmod Mmod -1

The calculation of analytical BER expression in complex due to the Q-function Q(.). thus we use

the following aproximation of the Q-function as proposed

x> 1 x?

Qlx) = %e'z +—-e 3 (3.6)

3.1. Statistical Model for Fading Channel
The transmitted signal x (t) was multiplied by the complex channel hc and then AWG noise with

a one-side power spectral density No is added at the receiver to give r(t).
R(t) = hc * x(t) + n(t) (3.7)

Where, at time t, r (t) and x (t) are the received and transmitted signals respectively and n (t) is
the noise, represented as a sample function from a Gaussian random process with zero mean and
variance. The noise n (t) is assumed to be independent of the signal r (t). The fading channel
was usually modeled with Rayleigh, Rician, Nakagami, Weibull, or/and lognormal distribution
depending on the nature of the radio propagation environment. If Es was the signal energy per
transmitted symbol, then the instantaneous SNR at the receiver which we denote by y is given as

2Es

= h2—
Y No

(3.8)
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Whereh = |hc|. Note that h was the amplitude of the complex channel hc and we will use the

notations throughout the thesis accordingly. Then the expected SNR, denoted by 7y was

7 =E]=E|n? ] = 1 Elh?] (38)
V=5 (39)

Notice thaty was a function of the fading channel random variable h. The PDF of h can be

obtained from the previous section according to the fading channel model chosen. Then, the PDF

of y can be computed from the PDF of based on equation (2.31).

Elh?] | _ 1 [E[h?] E[h?]
th< ” Y)—Z/W fh( » Y> (3.10)

A. Rayleigh Fading Model

E[h?]

d
dyy v

fy (y) =

As mentioned in the earlier sections, when a radio wave is propagated through a communication
channel, there are different factors that affect its propagation between the transmitter and the
receiver. Different statistical models have been presented which help in the modeling of
communication channels. Rayleigh fading is one of the models for estimating the effect of
propagation environment on a radio signal. It states that when a signal passes through a
communication channel its amplitude will fade randomly, according to Rayleigh distribution
[64]. Furthermore, it assumes that there is no line of sight (LOS) communication between the
transmitter and the receiver and that a multipath propagation environment exists as well. If there
is a strong line of sight component of the signal at the receiver, Rician may be more applicable.
The mobile station antenna does not always receive the transmitted signal over LOS. It receives a
number of reflected, diffracted and scattered waves as a result of multipath propagation. As a
result the phases are random and ultimately, the received power also becomes a random variable.
The transmitted signal with a frequency fc may reach the receiver via a number of paths, the j™

path having amplitude Aj, and a phase @;. If we assume that there is no direct path or line-of

sight (LOS) component, the received signal m (t) can be expressed as

m(t) = X Ajcos(f, + @) (3.11)
where N is the number of paths. The phase @;depends on varying path lengths, changing by 2n
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when the path length changes by a wavelength. Therefore, the phases are uniformly distributed
over [0; 2xt]. When there are a large number of scatters in the channel that affect the signal at the
receiver and there is no LOS between the transmitter and the receiver, Rayleigh fading is used to
estimate the channel performance. Eventually the I (in phase) and Q (quadrature, out of phase)

components become Gaussian distributed (by central limit theorem) and their envelope R =

VI? + Q2 is Rayleigh distributed. Probability density function (pdf) of Rayleigh distribution

with respect to random variable r is

Pr(r) = %epx (g) (3.12)

Rayleigh distribution is characterized by the single parameter. Rayleigh fading channels are used
to simulate high frequency communication for example, ionospheric communications.

Unfortunately, it does not simulate this sort of communication with a reliable accuracy

Applicability of the Rayleigh channel fading whenever, a communication channel has to go
through many scatters this means Rayleigh fading can be a useful model for that scenario. In
such situations there is no LOS between the transmitter and the receiver and scatters such as
buildings, trees, dust and many other objects causes attenuation, reflection, refraction and
diffraction in the transmitted signal. In long distance and high frequency communication such as
ionospheric and tropospheric signal propagation the particles in the atmosphere also act as
scatters which can be approximated by Rayleigh fading. Rayleigh fading is a small scale effect.
There are different properties of the environment for example path loss and shadowing which are
superimposed by fading. The speed with which the channel fades is affected by how fast the
receiver and/or transmitter are moving (Doppler Effect). Therefore, using the mean and variance
expressions of Table 3.4,

2

E[h?] = VAR[X] + (E[h])? = (%) o2 + (0 \E) = 207 (3.13)

Then using (2.15) and the PDF expression in Table 3.4, (2.15) reduces into

2

£,(y) = %e y>0 (3.14)

Notice from (3.9) that 7 was an exponential random variable with a scale parameter »
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Therefore

F,(y) = f_yoo f, (w)dw = 1 —exp (%Y) fory>0 (3.15)

1

My(s) = |7 e f,(dy = = (3.16)

It can also be shown that Y was a central chi-square random variable with two degrees of

—
freedom and parameter © = \ﬂ

B. Rician Fading Model

Rician fading model was used to simulate environment that has a dominant line of sight path and
multiple scatters components. Consider two Gaussian random variables X and Y. Here X models
the line of sight component, which has non-zero mean, and Y models the randomly scatter
components, which have zero mean. Both have equal variance o2. Then, at the receiver, all the

multipath scatter signals overlays a stronger line of sight signal will produce the envelope,

R = /1?2 + Q% which is Rician distributed. Rician fading or Rician fading was a stochastic
model for radio propagation anomaly caused by partial cancellation of a radio signal by itself the
signal arrives at the receiver by several different paths (hence exhibiting multipath interference),
and at least one of the paths is changing (lengthening or shortening). Rician fading occurs when
one of the paths, typically a line of sight signal, was much stronger than the others. In Rician
fading, the amplitude gain is characterized by a Rician distribution. A Rician fading channel can
be described by two parameters K and Q. K is the ratio between the power in the direct path and
the power in the other, scattered, paths. Q is the total power from both paths Q = (v? + 2¢?)and

acts as a scaling factor to the distribution [65]. The receiving signal amplitude (not the receiving

signal power) R the Rician distribution with parameter v = —— Q and 6 = ——the resulting
1+K 2(1+K)

Pdf then is

fx) = Z(K;DX exp (—K — (K;l)x) Iy (2 — K(gﬂ) x) (3.17)

Where 1(.) is the order of 0" Bessel function of the first kind. In this model, h was considered
to be Rician random variable. Therefore, from Table 2.3, we get that
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E[h?] = 20% + a2 (3.18)

In Rician fading channel, there is a parameter called Rician K-factor which was defined as

2

a
=— (3.19)
Then E [h?] can also be expressed in terms of K as
a2
E(h?) = 202 + a? = 202 <1 + ﬁ) = 202 (3.20)

Using the PDF expression in Table 2.3 and (2.16), Equation (2.15) is simplified into

fy ) =22 exp (- () y) 1, <J7@V> (3:21)

for 10 (). It can be seen from (2.27) that » was non-central chi-square random variable with

parameters ¢ = /K—V and o = f Y therefore, using CDF and MGF expressions of non-
K+1 2(K+1)

central chi-square variable obtain.

By ) = 1 - Qu (VIR [H22) (3:22)
K+1 Kys

ML(s) = _ > 3.23

v(9) K+1—yseXp<K+1—ys> (323)

C. Nakagami-m Fading Model
Nakagami-m fading model pays lots attention on extend to its capacity to describe a wider class

of fading channel conditions with better matching to empirical data than other models.
Nakagami-m fading occurs when multipath scatters with relatively large delay-time spreading,
with different clusters of reflected waves. The summation of multiple independent and
identically distributed Rayleigh-fading signals has amplitude with Nakagami-m distribution. This
was particularly relevant to model multiple sources interference. Nakagami-m distribution
describes the amplitude of received signal after maximizing the diversity combination ratio.
Also, Nakagami-m model is more flexible due to its adaptability fading channel conditions than
the Rayleigh distribution. Whereas Rayleigh distribution was a special case of Nakagami-m

when m=1. Probability density function of Nakagami-m was [66]
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2mMmr

2m-—1 _m,r.Z
o exp( p ) (3.24)

f@r) =

In Nakagami fading channel model, the amplitude of the channel impulse response is considered

to be Nakagami random variable. Thus, from the notation used in Table 2.4, we get

|hE?| = Q (3.25)

Then substituting the PDF in Table 2.4 into (3.7), the PDF of y becomes

m —-my

f,(y) = Yy le v y>0 (3.26)

r(m)y—™m
We can show from (3.23) that y is gamma-distributed random variable with shape parameter and

scale parameter % Consequently

F,(y) = F(:g) v>0 (3.27)
My() = (1~ g)m (3.28)

The M-ary square QAM signal is two dimensioanl generalazation of the one dimension M-ary
PAM signal. The QAM signal consists of two independently amplitude modulation carriers in

quadrature expression by[67]
s(t) = Ajcos2nf .t — Ajsin2nfet ,0<t<T (3.29)

Where A; and Ajare the amplitude of in-pahse and quadrature component f. is the carrier

frequency and T the symbol period. Depending on the number of possible symbols M, two
distnict QAM constellation can be distingush square comnstellation with the even number of bit

per symbol and rectangular constellation where the number of bits per symbol is odd.

In M-ary square QAM log, M bits of the serial informato=ion stream are mapped on a two-

dimensional signal constellation using Gray coding . in (1) A; and A; are sellected independently

over the set {+d, +3d,..,+(vM — 1)d} where 2d is the Euclidean distance between two

adjusent signal points and given by
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_ 310g2 MEb
4= /2<M—-1> (330)

Where E}, is the bit energy. The arbitrary IxJ rectangular QAM formats consists of two QAM
schemes I-art and J-ary PAM. The relation between the Euclidean distances of the nearest signal

points is now

L jw G

12+ 2 2

Signal is transmitted from the transmitter to the receiver via channel with Nakagami-m fading.

The received signal envelope can be described by Nakagami=m distribution given by (3.31)

x>0, (3.32)

Where m is the Nakagami-m parameter and 2 is the average power 2 = E{r?} with E denoting
mathematical expectation. On the basis of (3.32) one can show that instantaneous SNR has the

gamma distribution given by

m
mmym—leny

W y >0 (3.33)

P,(y) =

Where 2 =y, = E{y}is the average SNR.

D. BER analysis of QAM over the Nakagami-m fading channel

Based on (1), signal on the reception of the channel with the Nakagami-m fading is

Sy(t) = r.Ajcos2nf .t —r. Ajsin2nft,0 <t <T (3.34)

Where r is the envelope of received signal that has the Nakagami distribution given by (3.33)
[68]

E. General BER expression of M-ary square QAM

Using (3.33) the conditional kth bit error probability of M- ary square QAM can be expression
by
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Pb/(k)z
2:(12 )4—1{_

Where xerfc(.)the complementary error is function and y denotes the instantaneous SNR per

i2k—1 i k=1
— k-1 _ L2 1 . 3log, M.y
M | x (2 -t 2|) xerfc(2i + 1) 2D } (3.35)

bit. Since the instantaneous SNR per bit is random variable in order to obtain average kth bit

error probability of M- ary square QAM, it is necessary to average previous expression [69]. So

we have P, (k) = fyﬁo Py, (K)P, (y)dy (3.36)

Now, using (3.35) and (3.36), bit error probability P, (k) (kth bit is in error) can be expressed as

(1-27%)WM-1

P00 == 0Nl (2
i=0
i.2k-1 r 3log, M.y
_ N ) ferfc 2i+1) 2M-1D) D P,(y)dy (3.37)

Where y is the instantenous SNR per bit and P, (y) is given by (3.34). Integrating in (3.27) can

be solved by representing complemantary error function and exponential function in terms of

Meijer’s G function by using (3.35)

le 1

2m(M — 1) "
(2i+1)%.3log, M.yo
* r(m). Q" \m

2

2kt 1
—+

1( ~)vm
Py = - Z {( 1)l Vo (2"‘1—

1-m 1_ m
’ 2 >} (3.38)
0, - m

Using (3.33) the exact expression of average BER of M-ary square QAM is given by

Gl,2 2(M-1)m
x 2,2 \ (2i+1)23log, M.yo

1
- kZ P, (k) (3.39)

Where P, (k) is given by (50) [70]
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F. General BER expression of M-ary rectangular QAM

In the similar way, the average BER of M-ary rectangular QAM can be determined. The average

BER of IxJ rectangular QAM over Nakagami fading channel is

log, J
P, = logz(l 5 (Z Py (l)) (3.40)
Where
k—1 m(12+j2-2) m
1 (1 27k)1-1 = k-1 _ |i2Ft 1 ((2i+1)2310gz(11)y0)
Pl(k)_ Z ( 1)l J (2 l I +2J) r(m)y,™Vn
(12 +]2-2) !
1,2  mU"+] 1-mz-m (3.41)
2.2\ (2i + D)?31og, (INY0 | '
, -m
-1 m(12+j2-2) \™
(1 271 = -1 |J2tt 1 ((2j+1)2310gz(11)y0)
P =4 3 el T (2 - 22 ) B
1
1,2 m(12+%-2) 1-m-—m
2.2 <(2j+1)2310gz(1])y0 0, ? —m> } (3.42)
[71]

G. Weibull Fading Channel
Weibull distribution was a flexible statistical model for describing multipath fading channels for

both indoor and outdoor propagation environments. Experimental data supporting the Weibull
fading model was reported by Shepher and Hashemi considered its use as a model for indoor

fading channels. The probability density function (PDF), of the Weibull distribution are given,
by

k ak
P,(a) = aak‘lexp (E) (3.43)

Where, k > 0 was Weibull fading parameter can take values between 0 and . As k increases the
fading severity decreases, while for the special case of k=2, reduces to the well-known Rayleigh
PDF. Moreover, for the special case of k=1, Eq. (3.43) reduces to the well-known exponential

PDF. Here h was a Weibull random variable. Therefore, from Table 2.5, we get that
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E[h?] = a?r (1 + %) (3.44)

Substituting (3.25) and PDF of h from Table 2.5 in (3.5) gives

B
B v\t (%)
fO) =5 () e v 3.45
where b = ﬁ forT(.). Notice from 3.58 that  was also a Weibull random variable with a
(142
B
shape parameter equal to g and scale parameter equal toby . Therefore, using CDF and MGF in
Table 2.5,
8
Y \2
F,(y)=1—exp l— (b—y) l y>0 (3.46)
_ oo (by)"s” 2n
My(s) = 2528 r (1 +F) (3.47)

3.2.The Measures in Fading Channels

In this chapter, some widely used performance measures in fading channels are presented. The
channel fading from neighboring transmissions is considered. First, we will summarize
expressions for average bit error probability (BEP) with the 32-FSK, PAM, DPSK, 16QAM,
32Q0AM 64QAM and 128-QAM modulation schemes in Rayleigh, Rician and Nakagami-m
fading channels. Then computations and resultant expressions of performance comparison of
channel model in terms of BER vs SNR.

3.2.1.Average BEP channel model under various modulation schemes
Bit error probability was one of the key performance measures in wireless communication and it

was defined as the error probability in transmission of a single bit. Average BEP calculation of a
wireless communication system was dependent on the modulation scheme and channel model
which are used by the system. In what follows, average BEP for Rayleigh, Rician, Nakagami,
and Weibull fading channel models with 32-FSK, PAM, DPSK, 16QAM, 32QAM 64QAM and
128-QAM modulation scheme are calculated. The average BEP computation for the general
quadrature amplitude modulation can be easily managed if the computation for modulation
schemes was understood well With 32-FSK, PAM, DPSK, 16QAM, 32QAM 64QAM and
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128-QAM the BEP in AWGN channel, demoted noted by Pb, was obtained as [72]
B, = Q(y/2v) (3.48)

Where y the variable denotes symbol SNR. Note also that symbol SNR was the same with bit

SNR in case of modulation scheme. The Gaussian Q function was defined as

s}
—t2

Q) = %J‘ ez dt (3.49)

X
In fading channels where » was corrupted by the random fading channel, (3.3) can be taken as
the instantaneous BEP expression and the average BEP, which we denote by Pb, was calculated
by integrating it over SNR distribution:

(o]

%= [ pofydy = [ Q2N fmdy (3.50)

0
0
where f, (y) was the PDF of the SNR. Various PDF expressions have been computed in the
previous chapter for different fading channel models. Before we start analyzing (3.34) for fading
channel models, let us first make the equation suitable for integration by substituting Q(,/Zy)

with an alternative expression [73].

T

1 —x?
= > :
Qx) n_f exp <Zsin29> de for x>0 (3.51)
0

After using this alternating expression and MGF definition equation (3.34) can be reduced into
form

T

2z
P_—lfM(_l)de 3.52

b7 ) 7V \sin20 (3:52)
0

i. Rayleigh Fading Channel

Substituting MGF expression (3.8) of Rayleigh fading channel, (3.36) becomes

I

2

Py 1j L o (3.53)
b=— _— .
t 1+t

sinZ0
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This integration is further modified as follows:

TC TC
2 1 {5 2
Y
——do = - —— 54
f Y 2 nf smze (3:54)
0 0

sin20

Here we can apply the indefinite integral

f dx _ 1 " a+b

By combining (3.51) and (3.52), we obtain [74]

tanx for a>0 (3.55)

P__l 1 Y 3.56
b7 Y+1 (3:56)

ii.  Rician Fading Channel

Let us substitute the Rician fading channel MGF expression (3.12) into (3.42), then we get [75]

T

2
_ 1( (K+1)sin?0 —Ky
b =75 . —exp : —do
2) (K+1)sin?0 +y (K+ 1)sin?0 +y

0

(3.57)

iii. Nakagami Fading Channel

MGF for Nakagami fading channel is given in equation (3.18). When it is combined with (3.18),

we obtain

LS
2
. _1f sin?0 mde 358
b7 ) \sin20 + 1 (3:58)
0

3.3.Average Capacity
Channel capacity defines the maximum data rate that can be sent over the channel with

asymptotically small error probability. It represents an optimistic upper bound for practical
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communication schemes; therefore, it serves as a standard against which to compare the spectral
efficiency of all practical transmission schemes. Based on available information at the
transmitter and receiver about the time-varying channel and type of adaptive transmission policy
used by the transmitter, various definitions are used to calculate capacity of at fading channel
[76]. We follow the definition of capacity in case the transmitter cannot adapt its transmission
strategy relative to the channel fade information which was available at only the receiver. Given
that BW was the bandwidth of the system, Ergodic capacity was obtained by averaging the
capacity of an AWGN channel. Therefore, AWGN channel capacity, denoted by C*"°N, and
average capacity, denoted by C, are formulated, respectively as follows:

CAWGEN = BW.log,(1 + ) (3.59)

(o]

C= f BW. log, (1 + ), (¥)dy (3.60)
0

b
With the help of the logarithmic identity logz = 12—23 equation (3.73) was simplified into form

C—Bwfml (1 +y)f, (y)d 3.61

=) PAFVE My (3.61)
0

Rayleigh Fading Channel

Substituting PDF expression of Rayleigh fading channel given in (3.17) into (3.74), we find that
[77]

— o -y
C=BW [ In(1 +y)exp ( - ) dy (3.62)

Performing change of integration variable to y = 1 4+ y , Equation (3.75) is reduced into

C= lnB(‘zA;V exp G) floo In(y)exp (%y) dy (3.63)

C=["e™In(x)dx = —ﬁEi(—u) (3.64)
BW N /1

C= ne2) exp (5) Ei (5) (3.65)

Where Ei (.) was the exponential integral function,
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EiGo) = — /% dt = [* Zadt (3.66)

© t

Rician Fading Channel

Making use of the PDF of from (3.11), (3.62) was simplified for Rician fading channel into [78]

= 2 (14 ) “‘)e exp (—52). 1, (V ‘“((;”)V) dy (3.67)
BW (1+K)e X Z K(1+K) 31 K+1, —1—-n -n
ln(2) y (n!)? y 10,-1-n —-1-n

Nakagami Fading Channel

Using the PDF expression in (3.23), Equation (3.45) was reduced into form [79]

—my

[y n(1 +y)e ¥ dy (3.68)

ln(Z)Y r(m)

For integer m, the integration in (3.81) is solved. Using the result from there and the identity r

(m) =r (m-1)! For an integer m, (3.81) becomes

_ lié’) e7 i (g)m_k e(-m+k %) (3.69)

Where r(.,.)is the incomplete gamma function which is defined as?

r(a, x) =] e tt* 14t (3.70)

X

Making change of summation parameter such that | = m-k,

Furthermore, an equation has formulated a closed form expression for C when m is arbitrary.

The expression is presented as follows:

S oreol GG L P (372)
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Chapter Four: Result and Discussion
4.1. Rician and Nakagami PDF simulation result

It can be observed that for K = 0 the channel exhibits Rayleigh fading, and when K = oo the
channel does not exhibit any fading at all. The pdf of the envelope B.(r) was shown in Fig
4.1 for various values of K. From the plots it can be observed that for K = 0 the pdf was a
Rayleigh distribution and for K>>1 the Pdf becomes approximately Gaussian with a mean
square value (power)s . In Fig. 4.1 the mean square values of the pdf have been normalized to

one. Similar to the Rayleigh distribution, when the time delays z, (t) are on the order of and

larger, the random phase terms are essentially uniformly distributed over the interval [0,27),

resulting in a uniformly distributed random phase for the scattered components.

Rician Probability Disatrdution Function probability density function of Nakagami

|

4

K=l

POE

andom vanabie x->random variable

Figure 4.1 Rician probability
Distribution function Figure 4.2 Nakagami — m fading
Probability distribution function

An example time series of the Rician fading samples was shown in Fig. 4.1 for K= 4 db. As
expected, the presence of the specular or the LOS component reduces the number of deep fades
when compared to the Rayleigh distribution time series in Fig. 4.3. For the simulations used to
generate Fig. 4.1 we used N =100,000 samples with the mean square value for each case set
equal to one. When m= 1, the Nakagami distribution is the Rayleigh distribution, when m=1/2 it

was a one-sided Gaussian distribution, and when m—oothe distribution becomes an impulse (no
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fading) Two useful relations in our case are those relating the Nakagami-m shape factor m and
the Rician k factor and o (the power of the scattered waves). Note that the above relations
between m and k and not exact but approximations. Since the Rice distribution contains a Bessel
function while the Nakagami distribution does not, the Nakagami distribution often leads to
suitable closed-form analytical expressions that are otherwise unattainable. Since the Rice
distribution contains a Bessel function while the Nakagami distribution does not, the Nakagami
distribution often leads to convenient closed-form analytical expressions those are otherwise
unattainable Note that the parameters discussed here are for a non-static channel. If a channel is
not changing with time, it does not fade and instead remains at some particular level. Separate
instances of the channel in this case will be uncorrelated with one another, owing to the
assumption that each of the scattered components fades independently. Once relative motion is
introduced between any of the transmitter, receiver, and scatters, the fading becomes correlated

and varying in time.
4.2. Simulation result of PDF Rayleigh and four fading channel at once
Since it is based on a well-studied distribution with special properties, the Rayleigh distribution

lends itself to analysis, and the key features that affect the performance of a wireless network

have analytic expressions

Probability density function Rayleigh) __probability density function of Nak,Ric,Rayleigh & AWGN

]
) = .
[—H.muuh| [ nakagami | ‘

00 I
|

08 16 E

Riclan i 1

Gaussan |
Rayleigh | 1

prodability density, pdx

( . s

\
{
|
]
\
\
i
]
\
]
|
)

x->Random varable

Figure 4.3 Probability Distribution Function
of Rayleigh Channel Fading Figure 4.4 Probability Distribution Function of

four Channel Fading
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Note that the parameters discussed here are for a non-static channel. If a channel is not changing

with time, it does not fade and instead remains at some particular level. Separate instances of the
channel in this case will be uncorrelated with one another, owing to the assumption that each of
the scattered components fades independently. Once relative motion is introduced between any
of the transmitter, receiver, and scatters, the fading becomes correlated and varying in time.
When we compare the pdf of Rician, Rayleigh, AWGN and Nakagami-m in the Rician K-factor
K=0 the Rician become Rayleigh and also if K-factor = o the Rician become AWGN that means
no fading. From this result the Rayleigh PDF high from other channels fading.

4.3. Comparison of probability distribution
4.3.1. Rayleigh vs. Nakagami-m fading channel

In dissimilarity to Rayleigh distribution, which has a single parameter to match the fading
channel statistically, and Nakagami-m is a two parameter model involving the parameter m. As a
consequence, this distribution provides more flexibility and accuracy when matching the
observant signal statistically. In a special case m=1, Rayleigh fading are recovered with an
exponentially distributed instantaneous power and form>1 the fluctuations of the signal strength

was reduced when comparing to Rayleigh fading.

4.3.2. Rayleigh vs. Rician fading channel

Rayleigh distribution has a single parameter and Rician distribution was double. Rayleigh model
excludes the effect of a dominant line-of-sight component which is included in Rician model to
make it better describes a microcellular propagation process. When Rician factor K goes to

minus infinity, Rician distribution will degenerate as Rayleigh distribution.

4.3.3. Rician vs. Nakagami-m fading channel

Rician and Nakagami-m model behave approximately the same near their mean value. Rician
and Nakagami-m models have a fundamentally different pdf for deep fades. When modeling a
Rician fading signal by Nakagami-m distributed amplitude, results will be overly optimistic with

orders of amplitude discrepancies

49 | Page



4.4.Performance Comparison channel model

4.4.1. Simulation Parameters [51-52]

Parameters Values

Number of FFT points 512

Channel fading AWGN, Rayleigh, Rician, Nakagami-m

Sub band size 20

Number of sub bands 10

Sub band offset 156

Filter length 43

Side lobe attenuation 40

Bits per subcarrier 2,4,6,8

SNR(dB) 0-40

Modulation schemes 32-FSK, PAM, DPSK,4-QAM, 16-QAM, 32-QAM,
64-QAM and 128-QAM

4.5. AWGN channel fading performance under different modulation schemes

BER Igerfnrmanoe comparision for d/t mod.scheme foe AWGN under UFMC
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Figure 4.5 BER performance comparison for different modulation schemes for AWGN channel

When the performance comparison of channel model in the figure 4.5 it is clearly seen that if we

want to maintain BER vs. SNR the AWGN channel cost least power than other fading channel

where Rician, Nakagami-m, and Rayleigh channel have high demands on power. In addition to
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this if the BER is increase the SNR will be decrease and also if the BER is decrease the SNR will
be increase, as conclude this from shown graph 4.5 AWGN channel fading the better
performance. BER performance for various digital modulation schemes like 32-FSK, PAM,
PSK, DPSK, OQPSK 16-QAM, 32-QAM, 64-QAM and 128-QAM analyzed for AWGN channel
fading FSK better than modulation schemes. Fig.4.5 shows performance analysis of 32-FSK,
PAM, DPSK, 16QAM, 32QAM 64QAM and 128-QAM modulation technique over Additive
White Gaussian Noise channel using UFMC. In graph as the value of SNR is increases, BER is

decreases abruptly in 32-FSK.

Table 4-1 COMPARISON OF BER VS. SNR OVER AWGN

SNR BER of AWGN channel fading
(dB) | 16-QAM | 32-QAM | 64QAM | 128- DPSK PAM | 32-FSK
QAM

2 0.1453 |0.1465 |[0.1409 |0.1498 0.094 0.1209 | 0.0840

4 0.100 0.1352 | 0.1349 | 0.1490 0.0892 0.0942 | 0.0462

6 0.0987 [0.1002 [0.1210 |0.1480 0.0259 0.054 | 0.0082

8 0.0923 |0.1092 |[0.1230 | 0.1430 0.00576 0.0094 | 0.000567
10 |0.0412 |0.0923 |0.9972 |0.1044 0.000456 | 0.0034 | 0.000099
12 |0.0031 [0.0098 |0.0192 |0.0998 0.0000094 | 0.0004 | 0.000000042

4.6. Rayleigh channel fading performance under different modulation
schemes

BER Performance comparision d/t mod.scheme for Rayleigh under UFMC
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Figure 4.6 BER performance comparison for different modulation schemes for Rayleigh channel

fading
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Table 4-2 COMPARISON OF BER VS. SNR OVER RAYLEIGH

SNR BER of Rayleigh channel fading

16-QAM | 32-QAM | 64QAM | 128-QAM | DPSK PAM | 32-FSK

0.1231 0.3465 0.3931 | 0.4234 0.3450 0.3410 | 0.3430

0.0694 0.0941 0.0981 |0.3411 0.0842 0.0842 | 0.0842

2
4 0.0764 0.1923 0.2419 | 0.4561 0.1810 0.1780 | 0.1780
6
8

0.0341 0.0844 0.0764 | 0.0991 0.0791 0.0794 | 0.0794

10 0.00549 | 0.0434 0.0651 | 0.00898 0.0382 0.0409 | 0.0409

12 0.0021 0.00735 | 0.042 0.0076 0.00824 | 0.094 | 0.092

BER performance for various digital modulation schemes like 32-FSK, PAM, DPSK, 16-QAM,
32-QAM, 64-QAM and 128-QAM analyzed for Rayleigh channel fading 16QAM was better
than other modulation schemes. Figure 4.6 performance analyses of 32-FSK, PAM, DPSK, 16-
QAM, 32-QAM, and 64-QAM and 128-QAM modulation schemes over Rayleigh fading
channel. 16-QAM has lower BER than

32-FSK, PAM, DPSK, 32-QAM, 64-QAM and 128-QAM. For example at SNR=4, BER in
16QAM is = 0.0764 where the other modulation schemes are greater than 0.0764is around
0.1923 and above. At SNR=12, 16QAM, BER=0.0021 but other modulation schemes are above
BER>0.042.

4.7. Rician channel fading performance under different modulation schemes
BER performance for various digital modulation schemes like 32-FSK, PAM, DPSK, 16-QAM,

32-QAM, 64-QAM and 128-QAM analyzed for Rician channel fading DPSK was better than
other modulation schemes the difference between Rayleigh and Rician was in the Rayleigh
channel fading PSK was less performance than FSK, but in the Rician channel fading both PSK
and FSK approaches to same performance. Figure 4.7 shows BER vs. SNR performance analysis
of 32-FSK, PAM, DPSK, 16-QAM, 32-QAM, and 64-QAM and 128-QAM modulation scheme
over Rician fading channel. We know that if BER decreases than BER performance will be
increases. In graph as the value of SNR is increases, BER is decreases in all nine modulation
scheme, that mean for better performance signal to noise ratio must be high i.e. noise must be
low for best communication. Here BER performance of, DPSK is better than 32-FSK, PAM,
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DPSK, 16-QAM, 32-QAM, 64-QAM and 128-QAM. When you generate the data at SNR 2 dB
and 4dB it is equal but as you increase the values of SNR the BER also increase when go to SNR

10dB and 12dB the DPSK increase the performance compare to other modulation schemes.

So when you see from the graph DPSK was better.

BEL.R Performance comparision d/t mod scheme fot Rician under UFMC
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Figure 4.7 BER performance comparison for different modulation schemes for Rician
channel fading

Table 4-3 COMPARISON OF BER VS. SNR OVER RICIAN

SNR BER of Rician channel fading
(dB)

16-QAM | 32-QAM | 64QAM | 128-QAM | DPSK PAM 32-FSK
2 0.1201 0.3412 0.3200 0.3451 0.1304 0.1201 | 0. 3210
4 0.0710 0.1321 0.1450 0.2354 0.0710 0.0710 | 0.1921
6 0.0656 0.0964 0.0982 0.2194 0.0650 0.0589 | 0.990
8 0.0450 0.0650 0.0756 0.01 0.0357 0.0492 | 0.0824

10 0.0568 0.0679 0.0872 0.00721 0.0498 0.0792 | 0.0724

12 0.0024 0.0072 0.0192 0.00569 0.001 0.0049 | 0.0098
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Table 4-4 BER OF MQAM FOR DIFFERENT VALUES OF K, M (SNR=0-30dB)

Different values Bit error rate

of K M=4 M=8 M=16
K=0dB 0.00019 0.00094 0.0037
K=6dB 0.0000018 0.000011 0.00028
K=12dB 0.00000075 0.0000027 0.000059

Figure 4.8, 4.9 Figure 4.10, shows the bit error rate of MQAM over Rician fading channel with
5G UFMC modulation techniques versus the mean bit SNR. The bit error rate versus the mean
values of the bit SNR is shown for various values of the Rician parameter, that is K = 0 dB, 6
dB, 12 dB for the modulation order of M = 4, 8, 16. The Rician distribution follows Rayleigh
distribution for K=0. It is clear from the results that for any value of M, as the value of K
increases, the BER reduces. As observed that from the figure 8, for fixed value of K, as the value
of M decreases, the BER reduces thereby improving the performance of the system. The Rician
channel fading depends up on the factor of K. If the value of k-factor increase the Rician fading
goes to AWGN and also if the k- factor decrease the Rician fading will be goes to Rayleigh
fading so the performance of Rician fading depend on the k-factor, so as we see the graph above
if the values of k=co The Rician fading is high performance than Rayleigh fading.

. BER of MQAM modulation scheme under Rician fading channel for M=16
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Figure 4.8 BER of MQAM modulation scheme
under Rician fading channel for M=8 Figure 4.9 BER of MQAM mod. Scheme

Under Rician fading channel for M=16.
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Figure 4.10 BER of MQAM modulation scheme under Rician fading channel for K=6dB.

4.8.

Nakagami-m channel fading performance under different modulation

schemes
BER performance for various digital modulation schemes like 32-FSK, PAM, DPSK, 16-QAM,

32-QAM, 64-QAM and 128-QAM analyzed for Nakagami-m channel fading DPSK was

better than other modulation schemes the difference between Rayleigh and Rician was in the

Rayleigh channel fading PSK was less performance than FSK, but in the Rician channel fading

both PSK and 32-FSK approaches to same performance.

Table 4-5 COMPARISON OF BER VS. SNR OVER NAKAGAMI-m

SNR BER of NAKAGAMI-m channel fading

(dB) [16:QAM [32-QOAM | 640AM | 128-OAM |DPSK | PAM

2 0.05241 | 0.0671 0.0842 0.1289 | 0.0325 | 0.0475

4 0.04351 | 0.0625 0.07541  |0.0792 | 0.00865 |0.0325

6 0.00985 | 0.0238 0.0413 | 0.0675 | 0.00512 | 0.00821
8 0.00624 | 0.00681 | 0.00752 | 0.0532  |0.00392 |0.00521
10 | 0.00435 |0.00496 |0.00645 |0.0438 | 0.000852 | 0.00354
12 |0.000876 |0.00264 | 0.00457 |0.0349 | 0.000568 | 0.000756

Figure 4.10 shows BER vs. SNR performance analysis of 32-FSK, PAM,

DPSK, 16-QAM, 32-

55|Page



QAM, 64-QAM and 128-QAM modulation scheme over Nakagami-m fading channel. We know
that if BER decreases than BER performance will be increases. In graph as the value of SNR is
increases, BER is decreases in all seven modulation scheme, that mean for better performance
signal to noise ratio must be high i.e. noise must be low for best communication. Here BER
performance of, DPSK is better than 32-FSK, PAM, DPSK, 16-QAM, 32-QAM, 64-QAM and
128-QAM.

BER Performance comparision d/t mod.scheme for Nakagami-m uner UFMC
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Figure 4.11 BER performance comparison for different modulation schemes for Nakagami-m
channel fading

In this section it will be consider how BER depends on average SNR per bit in channel with the
Nakagami-m fading during M-ary QAM and other various types of modulation schemes signals
transmission. It will also observe the effect of Nakagami parameter m on BER. As shown in
figure 4.10 the BER dependence on average SNR in the Nakagami fading m=1 for 4-QAM, 16-
QAM, 32-QAM, 64-QAM and 128-QAM. The same dependence but for Nakagami parameter
m=2 as shown figure 4.14 when the average SNR in 30dB the values of 4-QAM, 16-QAM, 32-
QAM, 64-QAM and 128-QAM is 1x10° 4.12x10°, 8.34x10°, 7.8x10™* and 4.76x107
respectively. With higher order of QAM the performance of BER is worst but the large amount
of information was transmitted. As shown in figure 4.11, 4.12 and 4.13 the deeper fading (m=1)
the BER curves of the different QAM order are closer than for case of m=2 and m=5.when the

impact of fading is lower, the distance between the curves is bigger.
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Figure 4.13 Average BER for different modulation
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Figure 4.14 Average BER for different modulation scheme over a m=5 Nakagami-m
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Figure 4.15 Performance comparison of channel model under UFMC
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From this comparison AWGN better performance than Nakagami-m, Rayleigh and Rician
fading. Next to this Nakagami-m was better performance as we compared to Rayleigh and Rician
fading. The performance of Nakagami-m depends on the m value, when we increase the value of
m the BER decrease and also the SNR was increase as well. Same that the performance of Rician
depends on the value of k factors, as we increase the values of k factor the SNR increase directly
and also the BER decrease as well. From this the AWGN fading was better performance than
other channel fading.

4.9. Capacity comparison channel fading under UFMC

In this paper the performance comparison channel models for UFMC system as we see in the
figure 4.15 the graph simulated in the parameter the capacity verses SNR. As we the SNR
increased the capacity of channels also increase directly proportion. Capacity measure is one of
the performance measurement parameter of channel models. It also according to simulation

result AWGN is high capacity the Nakagami-m, Rayleigh Rician.

Capacity of different Channel fading under UFMC
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Figure 4.16 Capacity comparison channel fading under UFMC system
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Chapter Five: Conclusion and Recommendation

5.1. Conclusion
In this paper, the performance comparison of UFMC system over different channels models with

various modulations has been observed. The analysis was based on the study of Bit Error Rate
(BER) and Signal to Noise Ratio (SNR). Also explain the design and implementation of UFMC
system in terms of operation at transmitter end and receiver end. From the simulation results, the
Bit Error Rate (BER) of a wireless communication system was an important figure of merit
which used to quantify the integrity of data transmitted through the communication system. By
implementing the different modulation techniques, the criterion is comparison of the variation of
BER for different SNR. It was observed that the BER was minimum for AWGN and maximum

for Nakagami-m, Rayleigh and Rician channel fading.

UFMC was lower peak to average power ratio (PAPR), low out of band (OOB), low latency
when compared to other types of 5G modulation techniques. When data is transmitted from
transmitter to the receiver through different channels i.e. Nakagami, Rayleigh and Rician
fading channels using UFMC, the performance of UFMC depend on the value of filter length, as
the value of filter length increase the capacity channel will be increase. When you conclude my
thesis by varying the SNR values and filter length to reduce the BER, when you reduce the BER
the performance of channel model will be increase in this from AWGN, Rayleigh, Rician and
Nakagami-m channel models AWGN was the best channel model. The performance of AWGN
channel was the best of all channels as it has the lowest bit error rate (BER) under 32-FSK,
PAM, 16-QAM, 32-QAM, 64-QAM and 128-QAM modulation schemes. The amount of noise
occurs in the BER of this channel is quite slighter than fading channels. The performance of
Rayleigh fading channel is the less performance of all channels as BER of this channel has been
much affected by noise under 32-FSK, PAM, 16-QAM, 32-QAM, 64-QAM and 128-QAM
modulation schemes. The performance of Rician fading channel less performance than that of
AWGN channel and better than that of Rayleigh fading channel. Because Rician fading channel
has higher BER than AWGN channel and lower than Rayleigh fading channel. The performance
of Rician depends on the value of K factor, as the value of K increase the performance of Rician
will be increase and vice versa. When you K values go to 0 the Rician become Rayleigh channel.

And also the values of K go to infinity the Rician channel become approach to AWGN. In the
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same true the Nakagami-m channel performance depend on the value of m shape factor. As the
value of m increase the performance will increase and vice versa. When come to modulation
schemes from 32-FSK, PAM, DPSK, 4-QAM, 16-QAM, 32-QAM, 64-QAM and 128-QAM the
4-QAM are the better modulation schemes under UFMC.

My contribution of in this thesis was by comparing the different channel models with in various
modulation schemes under UFMC system and identify the preferable for best communication
system. By varying the value of K- factor of Rician with in M-ary and m-shape factor of
Nakagami-m with in M-ary compare the performance of channel models.
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5.2. Recommendation
Further this work can be extended to increase the performance of the UFMC system by using the

other channel model types and other parameter measurement such as spectral efficiency, Peak to
Average power ratio (PAPR) and using Massive MIMO. Also there is a chance to implement the
UFMC system by using different Modulation types.
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Appendix

Appendix A
EXKl= [ xk £ dx  pe = E[X¥]= [T x* f, (x)dx
VAR[X] = E[(X — px®)] = [7 (X — ux)? f(x)dx
My(s) = E(e5) = [ e%* f,(x)d
0 (w) = E[e/"*] = f " e ()
Appendix B

(M (5eos (7;];)))

cos[M cosh=1(B)]

Ft,k =

1
k=012.... where 8 = cosh [E h‘1(10“)]

In linear format is given by

y() ) xi(m) * fi(n)
i=1

c Vie — Sik
[(N +L -1 7 L (N +L “1),N] [N,ni] [n1]

i

Where N: FFT size L: filter length, ni: complex QAM symbol
F; - is Toeplitz matrixes compose of filter impulse response
Vi, :1san IDFT matrix according to the respective sub band position

Six - isthe symbol of matrix
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When we analysis noise variance in UFMC. The time domain zero means AWGN w(k) with
variance a,,2 is firstly padded with zeros to perform 2N-point FFT at the receiver. The 2N-point

FFT of w(k) can be thus written as

1 N+L-2
Wy (k) = — z w(l) e J2mk/2N k=01,...... 2N —1
U( ) \/N - ( )
The variance of Wy, (k) is given by

O'UZ(k) = E[Wy(l)Wy " (k)]

Where (.)* denotes conjugates complex operator insert

N+L-2 N+L-2
1 _j2mlk _j2mlk
o) = ( Z w(l) e~ 2v )( z w(l) e~ 2N )]
1=0 =0
N+L-2 N+L-2 N+L-2
j2mik j2n(m-Dk
Z w (e 2N |+~ > wow e 2w ]
m=0m=1 [=0
_ 1v+1$—1 an -0
N+L-1
0y? (k) = ————0n"
The second term is equal zero since w is a white noise, which satisfies
2 i —
ElwOw" (0)] = {77 iy =k
0 otherwise

The derivation holds for all subcarriers. Thus, the noise in every subcarrier k is a zero mean

N+L-1

Gaussian-distributed process with the variance of —— ¢,,2. The derivation of covariance noise

in the UFMC system the covariance between Wy, (1) and Wy (k)), i.e. noise process in subcarrier

| and k, is defined as

C wy(k) = E[(WU(D - E[WU(I)])(WU(k) - E[Wu(l)])* ]
= E[WU(l)WU*(k)]

Since Wy (1) is zeros mean and Gaussian-distributed for all subcarriers.
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N+L-2 N+L-2
(z wmpenan (O e
m=0
N+L-2 N+L-2 N+L-2 2 (mk—1n)
j2n(mk—lIn
efzmk=Dm/2N | 4 — E Z Z w(m)w*(m)e 2N
n=0n+m m=
. (m(k—1) (k—1)
1sm( J(N+L-1) DN +L-2) =0

T (T o

=c(lLk)o? ifl+k

Where c(l.k)is given by

k=1
1 sm("(ZN )) (N+L=D ey
_ = =(N+L-2)
C(lk)—ﬁ 7k —1) .e’T2N O'n
sin (—)
2N

Obviously, the covariance only depends on the differences between | and k, hence Ak =k — L is
introduced. Furthermore, all odd subcarriers are dropped in OFDM. Thus, only the covariance
between even subcarriers is of interest. We introduce " = 21 and k' = 2k, such that (3.9) the

covariance between subcarriers of interest can be formulated as

(k-1
1 Sm(—(ZN )> (N+L-1) -1
ll k) — .e] N (N+L 2)0_
e N 7k — 1) n
(=)
2N

Appendix C

Consider an UFMC system that consists of N subcarriers allocated to K users with the
transmitter and k-th user channel length being L.y ;. Zero padding length at the transmitter (on g
in equation (3.9)) is LZP andN,s, point DFT is performed at the receiver of the k-th user. A
necessary condition for interference-free one-tap channel/filter equalization at the receiver of the

k-th user is:

LZP 2 LCH,k - 1 and

k . LZ,k
Nos = 2" N with nk = |log, N [57]
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and the signal model for the n-th subcarrier of the k-th user in the m-th subband is

2k (n) = —— Hy (n, k) Fp(n)a(n) + v, ()

PmV 2mk
Where
Vos (M) = Zfi’é‘ ﬁe"ﬁ”“l/ Ny, (1) is the noise after DFT and down sampling operations.
H,(n, k) = Zfig’"“l e 2MUNp (1,t) and E,,(n) = le'(’)"‘l e~ /2m/N £ (1) are the channels

and filter response in frequency domain respectively.

From equation (3.6), it is obvious that the subcarriers are decoupled in frequency domain and the
standard one-tap channel equalization algorithms such as ZF or MMSE can be applied. Note that
Lcy and L, could be larger than N. If Lgy, <N and Lg,,, <N, then Hi(n,t) and F,(n)are

the n-th element of N-point DFT transformation of h,(t) and f,,, respectively. In any case, we

have

E|Hy(n, ©)1* = pen i
and

_ Lrm— ,

Ynzo EIEn (M) = N 2207  fm (D17 = Ny [59]

Interference-free equalization for channel in the UFMC system if we aim to achieve an
interference-free system for all place, the condition is specified as Lzp = Lcy max—18nd Nyg =
2MMax N with 7 max > [log2 (L2, max N) | nmax > [log2 (LZ%)] whereL; max = max(Lz,k)
fork=0,1, - -, K-1

Consider an UFMC system and the parameters setting for the k-th user satisfying. The SNR at

the n-th subcarrier of user k in subband m can be written as:

1 E|Hy(n, t)E,(ma(n)|®

m2217k Elvos,k(n)l2

E{SNR(n)} =
P

N Psym2

_ 2 1 2
T e o2 *PcH k -pm2-|Fm(n)|

Note that E|Hy(n, t)E,(n)a(m)|? = pep ®psym? | Fn()|? since E|Hy(n, t)1? = peyi® and
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2

Ela(n)|? = pgym?. Noise variance is given by E|Vos,k(n)|2 =E ZlLi'g\/N;_e‘fZ”"l/’Vvk(l)
os,k
Ly 2
1 2
= E Z vk(l) = Lz,k/Nos,kU
Nos,k 1=0

Substitute N, , = 2"%N and expression of signal and noise power into E{SNR(n)} le to [60].

The SNR at the n-th subcarrier depends on the subband index m and the location of the

subcarrier in the subband (i.e., index n), i.e., it is proportional to p—;z and|E,,(n)|?. The latter in

general is fixed but varies along the subcarriers in a particular subband. It clearly shows that the
filter response depends on filter length and is frequency selective along subcarriers. It is also
noted that the variance is considerably large when the filter length increases. When filter length
Lpm, =1 leads to an OFDM system with sufficient ZP length. Then F,(n) is constant along

the subcarriers and L, = N + Lcy -1 With Ley 1 being the ZP length. We can easily

obtain p,,2 = 1, then signal model in (7) becomes zk(n)z;Hk(n,k)Fm(n)a(n)+

Pm‘/ﬁ
Vys,k(1). consequently, (3.12) represents SNR for interference-free ZP-OFDM system as [61]

Appendix D

In the SNR region average capacity per subcarrier can be approximated as
Crurme = 3~ Eneu,, E(10gz[SNR()D).
Using the expression in (3.14) we have

Cnurmc = E(Zneum(Ing[al/Pm2|Hk(i-t)|2)|Fm(n)|2 =

1
- N_E <log2 l(al/pmz)l\’m HneumlHk(n’ k)lZIFm(n)IZD

m

Since it is assumed that the subband is narrowed enough so that the subcarriers lie in the

coherent bandwidth
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Cnurmc = ﬁE(logz [(al/sz)N’” HnEUmlHk (n, k)|?|E, (n) |2D

Where i € U,,. Using inequality arithmetic and geometric means we have

N N
Tnconl Fn @I < (5= Encvnl Fn ) " = (GoNm) =1

Then C <1E( 1p 2 |H (L OPEL)™
en mUFMC = 3 08> (“ /Pm” 1 He (i, 8)| E)

al .
= E (log, [m |Hi (i, 0)1?]) When p,? 2 1
Therefore C,yrmc = E(log,[a. |H, (i, £)?])

The approximation leads to the relationship C,yrmc = E(log,y[al/py,?|H(i.t)|?)  with

o@=—2= /a2 only when M=1 that is the bandwidth has one subband only.

Lz,kpsym2
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