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Abstract

Due to high proficiency with high bandwidth efficiency, orthogonal frequency
division multiplexing (OFDM) has been selected for broadband wireless communication
systems. Since OFDM can provide large data rates with sufficient robustness to radio
channel impairments, and due to its robustness against the multipath delay spread, OFDM
has always been a designated technique for broadband wireless communication mobile
systems. Nevertheless, OFDM suffers from Carrier Frequency Offset (CFO). CFO has
been recognized as a major disadvantage of OFDM. CFO can lead to the frequency
mismatch in transmitter and receiver oscillator. Lack of the synchronization of the local
oscillator signal, for down conversion in the receiver with the carrier signal contained in
the received signal, can cause the performance of OFDM to degrade. In other words, the
orthogonality of the OFDM relies on the condition that the transmitter and receiver
operate with exactly the same frequency reference. If this is not the case, the perfect
orthogonality of the subcarrier will be lost, which can result in CFO. In this research, the
source of creating CFO and the major CFO estimation algorithms have been reviewed
and discussed in literature. We then proposed some algorithms and techniques for
estimating and compensating for the effect of CFO. We showed that our proposed
methods have a better performance with low complexity.

Although this research focuses on CFO, high Peak-to-Average Power Ratio

(PAPR) has been named as the other main drawback of the OFDM modulation format.



The chapter 4 is dedicated to PAPR. In this chapter after investigating PAPR, we
proposed a technique that leads to the reduction of PAPR. On the other hand, in wireless
communication path loss is the main power loss that occurs between the transmitter and
the receiver antenna. Therefore, chapter 5 is dedicated to investigate indoor and outdoor
path loss. We then proposed an extended model that can be used to cover the outdoor and
indoor environment for predicting the path loss. Chapter 6 contains the results and

conclusion.
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Chapter 1

Introduction

1.1 Background

The Orthogonal Frequency Division Multiplexing (OFDM) system was suggested
for the first time during the Second World War and gradually was studied for use as a
high speed modem and for digital mobile communication. Approximately 55 years ago,
Doelz et al. [1] published the idea of dividing the transmitting data into the number of
interleaved bit streams and modulate numerous carriers. Then Chang [2], in the middle of
the 1960’s, presented the basic idea of multicarrier modulation. But it was Weinstein and
Ebert [3] that brought it to fruition. They showed how to apply the Discrete Fourier
Transform (DFT) to perform the baseband modulation and demodulation. They showed
how, by using the DFT, we can increase and improve the efficiency of the modulation
and demodulation.

However, due to the high proficiency with high bandwidth and its ability to
provide large data rates and its robustness against the multipath delay spread, OFDM has
been selected for the broadband wireless systems. But in order to efficiently modulate
and demodulate the OFDM signals, and preventing the degradation of the OFDM

wireless systems, a few pre and post tasks must be done. The most important in an



OFDM transceiver are estimating and compensating the Carrier Frequency Offset (CFO),

frequency synchronization, and Peak-to-Average Power Reduction (PAPR).

1.2 Problem statement

Although OFDM has many advantages, OFDM systems are very sensitive to the
CFO. CFO is one of the most important drawbacks of the OFDM wireless
communication system. CFO destroys the orthogonality relationship between the
subcarrier and creates Inter-Carrier Interference (ICI). ICI can create frequency mismatch
between the transmitter and receiver. This frequency mismatch can lead to the severe
performance degradation issue for OFDM wireless systems. Therefore, for a reliable
receiver, the effect of the CFO must be estimated and compensated. In short, no matter
which method to be used, the carrier frequency offset should be estimated and

compensated to keep the orthogonality in OFDM systems.

1.3 Objective

The main focus of this research is on CFO. In this research we have investigated
the reasons of creating CFO and we have analyzed its effects on the performance of the
OFDM systems. We have reviewed and discussed the major CFO estimation algorithms
and techniques in literature and have evaluated their performance and efficiency. Then
we have proposed some algorithms and techniques for estimating and compensating for
the effect of CFO. Our goal is to propose the algorithm and method that can compensate

for the effect of CFO and gain better performance with lower complexity.



1.4 Scope of research work

In this research the main focus is on exploring and using advanced mathematical
tools to overview the available algorithms and techniques and then to propose an
algorithm for reducing the complexity and computational process for CFO estimation in
wireless OFDM systems. As we mentioned since PAPR and path loss are the other issues
that degrade the OFDM performance, in Chapter 4, after briefly investigating them, we
have proposed a method with lower complexity for PAPR and then we have presented an
analytical model for optimizing indoor and outdoor radio propagation prediction for path

loss in wireless OFDM communication systems.

1.5 Methodology
To achieve our objectives we use different mathematical approaches and Matlab
software version R2011-a.

- Mathematical tools are used for investigating the available algorithms, techniques
and methods and obtaining an analytical algorithm or method for improving the
existence methods.

- MATLARB is used for simulation and comparing the proposed algorithm with the

algorithms and techniques that were suggested by the others.

1.6 Contribution and publications
This research is on the study of the effects of carrier frequency offset (CFO) for
wireless orthogonal frequency-division multiplexing (OFDM) systems. Most of the

research and contributions have already published in various peer review journals
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(publications list is in page 168). Following paragraph will concise in respect to each of
the publications.

One of the major drawbacks for OFDM system is Carrier frequency offset (CFO).
A training based technique for estimating and compensation for the bigger range of CFO
has been presented. A method for CFO estimation which is based on cost function and
uses the structure of the subcarrier has been suggested. Then the research continued by
investigating the effect of carrier frequency offset and frequency synchronization on
different parameters on OFDM systems. The research showed the dependency of the
SNR to the frequency offset and a better approach by using the repetitive pattern to
increase the range of estimation has been showed.

In addition to CFO research my initial research was in Peak-to-Average Power
Ratio (PAPR) and path loss which were published in peer review journal as stated below.

A method has been presented which in compare with the conventional OFDM, the
separation of subcarriers (SCs) is forth. Thus, in each OFDM symbol, only the first
1 + N /4 samples will be sent while the rest will be ignored, which leads to decrease the
maximum of PAPR. In this case, the rest of the samples by using the partial symmetry of
Fourier transform can be constructed.

An approach for the path loss propagation model for indoor/outdoor path loss has
proposed which is on the base of calculating a new initial value plus the field

measurements.



1.7 Chapter organization

The dissertation is divided into five chapters. The layouts for these chapters are as
follows:

Chapter 1 includes background, the problem statement, the objective, the scope
of the research work, methodology, and the chapter organization.

Chapter 2 provides a brief history and background of OFDM system in wireless
communication, and its applications; and a study of the principles of OFDM system in
detail, including the concept of OFDM systems, OFDM theory, OFDM modulation and
demodulation techniques, key components of OFDM transmission (OFDM related
issues), advantages and disadvantages of using OFDM for communication systems, and
OFDM transceiver architecture.

Chapter 3 includes: the study of Carrier Frequency Offset (CFO), sources of
frequency offset, effects of frequency synchronization errors in OFDM systems,
challenges in CFO estimation, the effect of CFO on degradation of OFDM systems and
phase shift, the relation between frequency offset and SNR, a blind and semi-blind CFO
estimation for OFDM systems, a training based algorithm, CAZAC sequences for joint
CFO. A review of the pilot based and non-pilot based estimation are studied in detail, and
our proposed our algorithms for estimating CFO are then presented.

Chapter 4 covers the High Peak to Average Power Ratio (PAPR). In this chapter
we briefly study the High Peak to Average Power Ratio (PAPR) and the techniques that
have been used for reduction PAPR such as Selecting Mapping (SLM), Partial
Transmission Sequence (PTS), Clipping and Filtering (CAF) and then we have proposed
an algorithm for reducing the PAPR with lower complexity.
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Chapter 5 has dedicated to the study of the outdoor and indoor path loss for
mobile wireless channel and then we proposed a method that can be used for estimating
indoor and outdoor path loss for wireless OFDM systems.

Chapter 6 includes: summary, conclusions and Future works. This chapter is
followed by the list of our publications, bibliography, and published journal and

conference papers.



Chapter 2

Concept of OFDM

2.1 Introduction

One generation ago, we would have been astonished if we could see today’s
wireless technology growth. The growth of wireless communication has depended upon
many factors such as communication technology, consumers’ and business professionals’
needs, multimedia communication desires, computer technology and finally
price/expenses for providing the wireless communication services. Today, the people
want to be able to have access to the applications and services that they had with a fixed
wire-line connection through the wireless communication at any moment, any place and

any condition (mobile or stationary).

2.2 The history of OFDM

We have recently witnessed a dramatic flow of interest in orthogonal frequency
division multiplexing (OFDM). The evidence is in the numerous publications and the
number of stunning experimental demos that have been accomplished in OFDM area [4].
Although the concept of OFDM is not new and dates back to the decade of 1950’s, then

its usage was not common or popular due to the limitations in practical implementation.



In 1971, Weinstein and Ebert [5] suggested using Discrete Fourier Transform (DFT) to
implement OFDM. This good idea decreased the complexity of implementation. The
passing of time and the introduction of the Fast Fourier Transform (FFT) and then using
it for implementation of OFDM began a new era where OFDM became popular and
common.

OFDM can be used in different schema; it can be used both as a modulation
scheme and as a multiple access scheme. Multi Carrier Code Division Multiple Access
(MC-CDMA) is the combination of the OFDM with Code Division Multiple Access
(CDMA). In the first step of this technique, the signal spreads with a spreading code in
frequency domain and is then sent over the subcarriers. In short, the concept of
Orthogonal Frequency Division Multiplexing (OFDM) has been considered for many
decades and it took a long time for OFDM to evolve to where it is today, and to be
utilized by various standards, such as 802.11 a/g and 802.16 [6][7]. However it is good to
mention that using and expanding the OFDM system is determined by three
requirements:

1. Available bandwidth;
2. Tolerable delay spread;

3. Doppler account.

2.3 OFDM
OFDM is a multiplexing technique that divides the bandwidth into multiple

frequency sub-carriers. The multiple sub-carriers are closely spaced to each other without



causing interference. Due to the high flexibility that Orthogonal Frequency Division
offers and the efficiency of OFDM in using the bandwidth (BW) and its high tolerance
for induced distortion, the OFDM has been considered as the modulation process for
diverse applications in wireless communication systems.

Some of these applications are: Multiple Input Multiple Output (MIMO);
Asynchronous Digital Subscriber Line (ADSL); Digital Audio Broadcasting (DAB);
Digital Video Broadcasting (DVB); Local Area Network (LAN); Mobile Broad Band
Wireless Access (MBWA); and 3™ Generation Partnership Project (3GPP) Long Term

Evolution (LTE) [8].

2.4 Concept of overlapping modulation

The figures 2.1-a, and 2.1-b illustrate the concept of using overlapping
multicarrier modulation techniques compared with non-overlapping multicarrier
techniques. As seen in figure 2.1 [9], applying this technique can save fifty percent of the
bandwidth (BW). But for reducing the cross talk between subcarriers (SCs) and

preventing adjacent carrier interference, the carrier must be mathematically orthogonal.

NN
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Figure 2.1-a  Concept of OFDM signal in conventional multicarrier technique
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Figure 2.1-b  Concept of OFDM signal in orthogonal multicarrier modulation technique

Figure 2.2 is an example of the OFDM spectrum. Figure 2.2 (a) shows the
spectrum of the individual data of the sub-channel. The OFDM signal, multiplexed in the
individual spectra with frequency spacing equal to the transmission speed of each SC, is

shown in Figure 2.2 (b).

Frequency M - Frequency

(a) (b)
Figure 2.2 Spectra of (a) an OFDM sub-channel (b) an OFDM signal

Orthogonality between two signals allows the multiple information signals to be
transmitted and detected without problem and interference. As illustrated in figure 2.3
[10], carrier centers are in orthogonal frequencies and there is an orthogonality

relationship between signals. In figure 2.3 the peak of every single signal coincides with
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the lowest part of the other signals (trough), and there is 1/Ts space between the

subcarriers (SCs).

Fo F

Siyric
Figure 2.3 Illustration of the orthogonality relationship between signals

2.5 The methods of organizing the subcarriers in OFDM

The OFDM organizes the subcarriers (SCs) in the frequency domain by assigning
the information signal onto the different subcarriers. Assigning the subcarriers (SCs) can
be done by two methods. Consider a set of subcarriers that are assigned to an OFDM
frame. The methods are as follows:

Method 1: In this method, first, OFDM reads the bits/symbol and then allocates
one subcarrier to it. In the second step, it reads another group of bits per symbols and
then allocates the subcarrier which is orthogonal to the subcarrier in step one. This
procedure is then repeated.

Method 2: In this method, first OFDM reads the bits/word of the entire OFDM

frame and then constructs a matrix that each element of this matrix represents one word.

11



Figure 2.4 (a) illustrates five subcarriers modulated by assigned symbols to it, and

Figure 2.4 (b) illustrates the entirely bandwidth (BW).
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Figure 2.4
Briefly, in the OFDM modulation, the existing channel divides into numerous

independent subcarriers then all of these subcarriers transmit at a time. However, in order

to avoid inter-carrier interference (ICI), the orthogonality of all the subcarriers should be

kept to each other.
It is necessary to mention that the selection of the orthogonal frequency

differences is based on the data rate or symbol time, and therefore it should be selected

carefully, not randomly or arbitrarily.

2.6 The role of cyclic prefix
A signal going through a time dispersive channel leads to Inter Symbol

Interference (IS1) and Inter Carrier Interference (ICI). These two phenomena destroy the

orthogonality between the subcarriers. Peld and Ruiz [11], by introducing the Cyclic

Extension (CE) which today is called Cyclic Prefix (CP), solved these problems. CP is
12



actually a copy of the last samples from IFFT, which is placed in front of the symbol.
Figure 2.5 shows the use of CP. In Figure 2.5 T¢p is the length of the cyclic prefix and T

is the length of the OFDM symbol and T = T¢p + T .

Copy

CP OFDM symbol

Tcp TS

T
Figure 2.5 Cyclic Prefix (CP)

To escape Inter-Symbol Interference (I1SI) and Inter Carrier Interference (ICI), the
length of the CP must be as long as the noteworthy part of the impulse response. If the
Cyclic Prefix is shorter than the impulse response, the convolution is not going to be
circular. This leads to the creation of ISI. On the other hand, since CP does not carry any
useful data, the transmission rate will be reduced by increasing the number of samples in
CP.

It is important to note that the transmitted energy will be amplified with the length
of the CP. However, the insertion of the Cyclic Prefix causes the loss of Signal to Noise

Ratio (SNR) which is stated as follows:

T
SNRyoss = —10log (1 - 2£) (2.1)
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On the other hand, inserting the CP leads to the decrease of the number of
symbols which are transmitted per second. Therefore, the length of the CP should not be

longer than necessary.

2.7 The effect of subcarriers and Guard Band on system performance

The result of increasing the number of Subcarriers (SCs) and Guard Band (GB)
can be pointed out as follows:

- Increasing the number of SCs can lead to the increase of the power efficiency
but it can make the system be more sensitive to the Doppler spread.

- Increasing the number of SCs and increasing the bandwidth can lead to the
reduction of the Inter Symbol Interference (ISI) but at the cost of reducing the bandwidth

(BW) efficiency and power efficiency.

2.8 Modulation

Modulation can be accomplished by changing the amplitude, frequency and phase
of the sinusoidal carrier. In general there are two different modulation methods: coherent
and non-coherent modulation. The coherent modulation techniques use the reference
phase between the transmitter and receiver which results in a precise demodulation on the
receiver side. The non-coherent modulation is used in low data rate systems like Digital
Audio Broadcasting (DAB). Generally in case of the lack of knowledge of the carrier
phase, the non-coherent is more useful. Since it does not need carrier or phase tracking

and channel estimation, the structure of the receiver will be simpler.
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2.8.1 Coherent Modulation for OFDM systems

The suitable coherent modulation methods for OFDM systems are: Amplitude
Shift Keying (ASK), Phase Shift Keying (PSK), and Quadrature Amplitude Modulation
(QAM). Since each of these methods can be represented as an M-ary modulation

schemas, we have M-ary ASK, M-ary PSK and M-ary QAM.

2.8.2 M-ary Amplitude Shift Keying (MASK/M-ary ASK)
In this modulation the information will be carried in amplitude. So if we assume a
set of {4,,4,, ..., Ay}, the signal s; can be stated as:
si(t) = A;coswt (2.2)
The 2-ASK which is called BPSK is one of the common modulation schemas that
has been generally used. The constellation points are located in \/T/T and —m (E

is signal energy per symbol.)

2.8.3 M-ary Phase Shift Keying (MPSK/M-ary PSK)
In this modulation the phase is shifted for different constellation. In this case there

is M possible signals which have 8; = 2(i — 1)/M where each signal is given as:

s;(t) = ﬁcos (anct + %ﬂ(i — 1)) wherei=1,2,..,M (2.3)

It is necessary to mention that 2-PSK is the same BPSK.
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2.8.4 M-ary Quadrature Amplitude Modulation (MQAM/M-ary QAM)
This modulation is a combination of amplitude and phase modulation. The M

signals can be given as follows:

s;(t) = ’ZTﬂaicos(anCt) + ’%bicos@nfct) where 0<t<T (24)

Where {a;, b;} is the element of an L x L matrix, this matrix can be stated as [12]:

(-L+1,L—-1) (-L+3,L—-1) .. (L-1,L-1)
(-L+1,L—-3) (-L+3,L—3) .. (L—-1,L-3) 25)
(~L+1,-L+1) (=L +3—L—1) (L—1L+1)

For M = 4, itis as 4-PSK, which is called Quadrature PSK (QPSK).

2.9 The advantages and disadvantages of OFDM

OFDM has become one of the most exciting developments in the area of modern
broadband wireless networks. During recent years, the applications of OFDM, principally
in digital communication systems such as Digital Audio Broadcasting (DAB), Digital
Video Broadcasting (DVB) and Digital Mobile Broadcasting (DMB) have highlighted
some of the important and key advantages of OFDM.

These advantages can be summarized as follows:
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e Since narrowband interference hits only a small portion of the Subcarriers (SCs),
it is considered to be robust against narrowband,;

e For dealing with multipath, OFDM is the best and more efficient method,;

e OFDM makes the single frequency network possible;

e Using OFDM leads to the deletion of the need of the high complexity receiver,
making it possible to use the low complexity receiver;

e OFDM has a high resistance against selective fading and interference.
Some of the disadvantages of OFDM are:

e Sensitivity to frequency offset and phase noise;

e Having high Peak to Average Power Ratio (PAPR).

2.10 Challenges in the OFDM wireless systems

The OFDM systems are very sensitive to the frequency offset because it can cause
the Inter Carrier Interference (ICI). This can lead to the frequency mismatched in
transmitter and receiver oscillator. Timing and frequency offsets are the origin of the
interference of sub-channels with each other. Since OFDM wireless systems are very
sensitive to the CFO, it can severely degrade the performance of the OFDM wireless
systems. Therefore it has been recognized as one of the most major drawbacks in OFDM
wireless systems. On the other hand, OFDM consists of multiple sinusoids summed
together which it can create a huge Peak-to-Average Power Ratio (PAPR). High PAPR
has been named as the other drawback of the OFDM modulation format. In RF systems,

the major problem resides in the power amplifiers (PA) at the transmitter end, where the
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amplifier gain will saturate at high input power. High PAPR is not a trivial issue for
OFDM systems because it decreases the efficiency of the power amplifier (PA). Low
efficiency of the power amplifier is a problem, especially in small mobile devices on the
uplink [13].
In short, two important issues for OFDM challenges are:
1. Carrier Frequency Offset (CFO);

2. Peak-to-Average Power Ratio (PAPR).

2.11 Path losses and fading in OFDM systems

The first obvious difference between the wired and wireless channel is the amount
of transmitted power that actually reaches the receiver. Path loss can be caused by many
different effects, such as free space loss, refraction, diffraction, environment, weather
condition, and the distance between transmitter and receiver.

In wireless communication, due to the mobility of the user, the transmission
medium can vary with time. At times, the variation of the transmission medium can be
huge. On the other hand, the signal that the receiver gets from the transmitter can come
via a number of different propagation paths. This phenomenon can cause fading.

The model for predicting the signal strength that a receiver receives is usually
based on the Free Space Propagation (FSP) model. In this model, there is no attenuation
between the signal that the transmitter sends and the signal that the receiver receives, and
there in no obstacle between them. This means the sending and receiving is based on the

Line Of Sight (LOS).
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In a real environment, the Radio Frequency waves (RF) are basically affected by
three different phenomena: reflection, scattering and diffraction. Fading is another
phenomenon that causes the change of the amplitude of the signal over time and
frequency. There are two kinds of Fading: shadow fading and multipath induced fading.
Shadow fading is produced by an obstacle that affects the propagation of the RF wave
and the multipath induced fading. As is obvious from its name, it is created by the
multipath propagation. Fading phenomena, unlike the additive noise, is considered as a
non-additive degradation. The following figures 2.6 (a), 2.6 (b) and 2.6 (c) illustrate the
transmission and receiving of the OFDM signal without considering the effect of noise,

path loss and fading.
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Figure 2.6 (a) OFDM Signal
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transmitted Data

Received Data
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Figure 2.6 (c) Received Data
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The table 2.1 shows the path loss exponent.

Environment Path loss exponent
Free space 2 2

Urban area cellular radio 2.7-3.5

Shadowed urban cellular radio 3-5

In building line-of-sight 1.6-1.8

Obstructed in building 4-6

Obstructed in factories 2-3

Table 2.1 Path Loss Exponent [14]

So many factors can have effect on the total received power. These factors can
assign the allowable transmit power. In this part we will study these factors in details, and
we will show how these factors should be modeled simply based on the path loss and the

distance between the transmitter and receiver.

2.12 Choice of OFDM parameters

The most important parameters that should be considered in any OFDM design
are guard time, symbol duration, the number of the subcarriers, subcarrier spacing, and
type of the modulation. However, what dictates and assigns the selection of the
parameters are the system requirements. Some of the common system requirements are
desired bit rate, available bandwidth (BW), Doppler values and acceptable delay spread.
It is necessary to mention that some of these requirements can conflict with each other.

For example, if we want to have a good delay spread tolerance, we should select a huge
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number of the subcarrier with the slight subcarrier spacing. But for a good tolerance
against the phase noise, the opposite is true. Therefore, there are different parameters for
OFDM systems, and selecting always leads to a tradeoff between them. Basically the
three main ones that should be considered are bit rate, bandwidth (BW), and delay
spread. Since the guard time must be two to four times the Root Mean Squared of the
Delay Spread (RMSDS) among the mentioned parameters, the delay spread is the one
that assigns the guard time. This value is related to the type of coding and modulation. It
is noteworthy that the higher order of the QAM (i.e. 64-QAM) compared with QPSK has
a higher degree of sensitivity to the ICI and ISI. The other prerequisite which has a direct
impact on the selection of the parameters is the desired integer number of samples within
the FFT/IFFT interval and the symbol interval. The accepted OFDM time related and rate

related parameters in IEEE 802.11 are respectively listed in tables 2.2 and 2.3.

Parameters Values
Number of data sub-carriers 48
Number of pilot sub-carriers 4
Total number of sub-carriers 52
Sub-carrier frequency spacing 0.3125 MHz
IFFT/FFT period 3.2us (1/Ag)
Preamble duration 16us
Signal duration BPSK-OFDM symbol 4us (Tt TreT)
Guard Interval (GI) duration 0.8us (Terr/4)
Training symbol Gl duration 1.6pus (Teer/2)
Symbol interval 4us (Tei+Teer)
Short training sequence duration 8us (10Tger/4)
Long training sequence duration 8us (Tei+Trrr)

Table 2.2: The timing related parameters for the OFDM systems [15]
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Modulation | Coding | Coded Coded bits Data Data rate | Datarate | Data rate
rate bits per | per OFDM | bits per (Mb/s) (Mb/s) (Mb/s)
(R) subcarrie symbol OFDM | (20 MHz | (10 MHz | (5 MHz
r (Ngpsc) (Ncgps) symbol channel channel channel
(NDBPS_) spacing) | spacing) | spacing
BPSK 1/2 1 48 24 6 3 1.5
BPSK 3/4 1 48 36 9 4.5 2.25
QPSK 1/2 2 96 48 12 6 3
QPSK 3/4 2 96 72 18 9 45
16-QAM 1/2 4 192 96 24 12 6
16-QAM 3/4 4 192 144 36 18 9
64-QAM 1/2 6 288 192 48 24 12
64-QAM 3/4 6 288 216 54 27 13.5

Table 2.3: The rate dependent parameters for the OFDM systems [15]

As you see in table 2.3 the data rate has different values. These values vary
according to the type of the modulation. For OFDM-AWGN (OFDM-Additive White
Gaussian Noise), the performance of the data rate comparison for the different schemes in

IEEE 802.11 is illustrated in figure 2.7. The theoretical values can be calculated as

follows:
SNR
B0 (2.6)
No R N;
1
BER =Eerfc(w/Eb/N0 (2.7)

Here w is signal bandwidth. (BW), N is symbol length, R is data rate and N, is
guard interval length. The data rate varies according to the type of the modulation and has

a different value for BPSK, QPSK, 16QAM, and 64QAM.
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Figure 2.7  Data rates comparison

2.18 A typical schematic of an OFDM transceiver

Figure 2.8 shows a typical schematic diagram of an OFDM transceiver system.
The IFFT unit modulates a block of input values to a number of subcarriers. On the
receiver side, these subcarriers will be demodulated by the FFT unit which actually is the
reverse operation of what is done in IFFT unit. Since these two operations are practically
identical, the IFFT can be created by conjugating the input and output of an FFT and then

dividing the output by the FFT size.

24



3 ? Mapping Pilot
L . 5 | N / ~
? Coding >| Interleaving > QAM Foserbanit >| SP >| IFFT
put
Data
‘ RF Amp. In _ ‘ 55 Add cyclic | o [
Transmitter B e - extension | Ps 1€
\L RF Amp. In 2 S Synchronization Remove cyclic ;
Receiver | ADC unit Ed extension > SP
Output
Dets Channel Y
; : " De-Mapping anne! .
Decoding [€— De-interleaving |& Q:&? — Correcion &{ P/S (& FFT

Figure 2.8 A typical schematic diagram of an OFDM transceiver system

2.19 Proprietary OFDM Flavors

At the end of this brief discussion about OFDM, it is worth mentioning that there

are four variants of OFDM. These four variants are:

It is necessary to be mentioned that with regard to the simulation requirements
and the comparison of the different algorithms or methods and suggested algorithm

and method, the components of each block might be changed or modified related to

Flash OFDM

Vector OFDM (VOFDM)
Wideband OFDM (WOFDM)

Adaptive OFDM (AOFDM)

the discussed model in the related section.
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Chapter 3

Carrier Frequency Offset (CFO)

3.1 Introduction

The orthogonality of the OFDM relies on the condition that the transmitter and
receiver operate with exactly the same frequency reference. If this is not the case, the
perfect orthogonality of the subcarrier will be lost, which can result to subcarrier leakage.
This phenomenon is also known as the Inter Carrier Interference (ICI) [16]. In other
words, the OFDM systems are sensitive to the frequency synchronization errors in the
form of CFO. CFO can lead to the Inter Carrier Interference (ICI). Therefore, CFO plays
a key role in frequency synchronization. Basically to get a good performance of OFDM,
the CFO should be estimated and compensated.

Lack of the synchronization of the local oscillator signal (L.OSC), for down
conversion in the receiver with the carrier signal contained in the received signal, causes
Carrier Frequency Offset (CFO) which can create the following factors:

Q) Frequency mismatched in the transmitter and the receiver oscillator;

(i) Inter Carrier Interference (ICl);

(iii)  Doppler Effect (DE).

26



3.2 Effects of frequency offset on OFDM signals

When CFO happens, it causes the receiver signal to be shifted in frequency (of).
This is illustrated in the figure 3.1. If the frequency error is an integer multiple I of
subcarrier spacing 0f, then the received frequency domain subcarriers are shifted by

§f x I [17].

54f) Si(f)

>F > F
0 of

Figure 3.1 Illustration of frequency offset (6f)

On the other hand, as we know the subcarriers (SCs) will sample at their peak,
and this can only occur when there is no frequency offset. However, if there is any
frequency offset, the sampling will be done at the offset point which is not the peak point.
This causes a reduction of the amplitude of the anticipated subcarriers, which can result
in the rise of the Inter Carrier Interference (ICI) from the adjacent subcarriers (SCs).
Figure 3.2 [18] shows the impact of carrier frequency offset (CFO). It is necessary to
mention that although it is true that the frequency errors typically arise from a mismatch
between the reference frequencies of the transmitter and the receiver local oscillators, this

difference is avoidable due to the tolerance that electronics elements have.
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Therefore, there is always a difference between the carrier frequencies that is
generated in the receiver with the one that is generated in transmitter; this difference is

called frequency offset (fy¢ser) and is:

foffset fc fc’ (3-1)
where f. is the carrier frequency in the transmitter and f; is the carrier frequency in

receiver.

3.3 Carrier Frequency Offset (CFO)

The OFDM systems are very sensitive to the carrier frequency offset (CFO) and
timing. Therefore, before demodulating the OFDM signals at the receiver side, the
receiver must be synchronized to the time frame and to the carrier frequency which has

been transmitted. In order to help the synchronization, the signals that are transmitted
28



have the references parameters that are used in the receiver for synchronization.

However, in order for the receiver to be synchronized with the transmitter, it needs to

know two important factors:

Q) prior to the FFT process, where it should start sampling the incoming

OFDM symbol from;

(i) how to estimate and correct any carrier frequency offset (CFO).

After estimating the symbol boundaries in the receiver and detecting if the symbol
is present, the next step is to estimate the frequency offset.

The block diagram of the OFDM transceiver system, including the modulation,
digital-to-analog (D/A) converter, channel and noise, the analog-to-digital (A/D)

converter, and the demodulation, is illustrated in figure 3.3 [19].
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Figure 3.3 Block diagram of the OFDM transceiver system
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A received signal without carrier frequency offset can be considered as follows:

r[n] = H[n]X(n) + w[n] where 0<n<N-1 (3.2

Eqg. 3.2 can be considered if and only if the effect of CFO is ignored. In the

presence of the CFO the received signal can be stated as [20]:

; jte(N—-1)
rlnl = HIlX () e W+ (33)
N
= in[m( + ¢)] iT(m-n+g)(N-1)
sinjt(m —n & jr(m— -
Z H[m]X(m) T —n+o)] e N + w[n]
m=0m#n Nsin[ N ]

In Eq. 3.3, € is the normalized frequency offset. Part two in Eq. 3.3 is the result of
the effect of ICI due to the presence of the frequency offset. As can be observed from Eq.

3.3, the CFO causes the amplitude of the signal to be degraded by the following factor:

sin(me) (3.4)

Nsin(35)
According to Eq. 3.3, the shift that the received signal experiences is equal to:

0 = ejTL’é‘(N—l)/N (35)

As we know, the normalized (¢) CFO has two parts: integer part (g;), and
fractional par (). Therefore, it can be stated as:

€= &+ & (3.6)

The integer part leads to the cyclic shift in the received signal, but the fractional

part has the effect of phase distortion and amplitude of the received signal. Figure 3.4
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[19] illustrates a typical block diagram of the OFDM system with the fractional
frequency offset estimation, and integer frequency offset estimation for estimating and

compensating for the effect of CFO in the receiver.

Fractional frequency Integer frequency Preamble
offset Estimation offset Estimation unit
N
Preamble
\
Detection Frequency Offset CP Remove FFT
—_— . . . > i )
unit Correction unit unit unit

Figure 3.4 Structure of an OFDM system with the required units for estimating and
compensating CFO

Figure 3.5 [18], shows the block diagram of the OFDM wireless transceiver

system, and the output of the FFT at the receiver. In figure 3.5, y[K] is as follows [21]:

- >
Serialto |5 cp Parallel Front end
—( Parallel +—| IFFT Insertion To Serial —=>| DAC —=> & RF
(s/P) 2 (P/S) Wireless
Channel
P P
< | cp Serial to Front end
y(t) <€ FFT {<— Removal Parallel |&— ADC [€— & RF
<— < (5/P)

Figure 3.5 Block diagram of the OFDM wireless transceiver system
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[k] = 2 £ s[m]H[m)] “Z;—“ff);) cexp (j (X m—k+45)  (37)

sin(

(3.8)
ylk] = =s[k]H[k] (M exp (%)
\sin (nAf/
1w _sin(n(m—k+Af)) N-1
ty 2, StmiHiml = (F=E+ ) ex (1 (S5=) m =k
m;k L N
+ Af))
For simplicity, set a equal to:
sin(m(m — k + Af)) (N -1
Ak = I . (n(m g Af)) exp (] (T) (m—-k+ Af))‘
sin N
if m=k then
s = a0 = [ 288 e (1 (52) )| @9)
Therefore
ylk] =~ s[k]H[k] <nngXfA/f>)) exp (@) +< 2%5‘2 s[m]H[m]a, (3.10)
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The result in Eq. 3.10 indicates, in the case of the existence of any frequency
offset, the estimation of the output symbol depends on the input values.
On the other hand, if there is no frequency offset, i.e. Af = 0, then the received

signal is:

if AF=0 >  y[k] =<s[k]H[k] (3.11)

Due to the frequency mismatch, the performance of an OFDM system can be
reduced. This loss of performance can be compensated by estimating the frequency offset
on the receiver side. Figure 3.6 [18] shows an OFDM Receiver with frequency

synchronization.

Front end
-Cp Receiver

Detector J & :‘ <
Freq.

FFT
Sync

Residual CFO 2men

&)
Tracking € e

Digital CFO
Estimation < Frequency
Synthesizer

Figure 3.6 OFDM receiver with frequency synchronization

Table 3.1 [18] is a cliff notes for the effect of CFO on a transmitted signal in time

domain and frequency domain.
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Received signal Effect of CFO on received signal

Time domain y[n] eJ2me/My [n]

Frequency domain Y[k] X[k — €]

Table 3.1 Effect of the CFO on transmitted signal

3.4 Sources of frequency offset

A few sources can cause frequency offset, such as frequency drifts in transmitter
and receiver oscillators, Doppler shift, radio propagation, and the tolerance that
electronics elements have in local oscillators in the transmitter and the receiver. When
there is a relative motion between transmitter and receiver, the Doppler can happen [22].
It is worth mentioning that the radio propagation talks about the behavior of radio waves
when they are broadcasted from transmitter to receiver. In terms of propagation, the radio
waves are generally affected by three phenomena which are diffraction, scattering and

reflection.

3.5 Doppler Effect

The Doppler Effect (DE) is defined as follows:
fo = 2L (3.12)

Here f4 is Doppler Frequency, c is the speed of light, and v is the velocity of the

moving receiver. The normalized CFO can be stated as:

_ foffset
g= == (3.13)
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Where Af is the subcarrier spacing, € has two parts, one integer (g;) and one
fractional (g¢). So we have:
€= g+ & (3.14)

where g; = |g]

3.6 The effect of integer and fractional part of CFO

As previously mentioned, the normalized CFO has made of two parts: integer part
(g;), and fractional part (g¢). The integer part causes the received signal to the receiver to
experience a cyclic shift. The effect of the fractional part is as follows. The received

signal in time domain can be considered [23]:

Y[kl = X320 yin]e /2PN = Hy[k]X,[k] + Z,[k] (3.15)

Here, Y;[k], H,[k], X;[k]and Z;[k] represent the received symbol, channel frequency
response, transmitted symbol, and the noise in the frequency domain for the k™

subcarrier.

IDFT{Y,[k]} = y,[n] = = Z¥=d H[K]X,[k]e>mk+n+/N 4 7, [n] (3.16)

TN

Here, Z,[n] = IDFT {Z,[k]}.

To see the effect of the CFO, we discard the phase noise and merely consider the

CFO [24]. Therefore, Eqg. 3.16 can be written as:
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nilnl = ~2NZ3 HIK1X,[k]e2m (/N 1 7, [n] (3.17)

The FFT of Eq. 3.17 yields [23]:

yilk] = FFT{y,(n)} (3.18)

sinnef

Nsin(mey/N) eITer NN H, (k)X [k] + LIk + Z,[k] (3.19)

yilk] =

The first part of Eq. 3.19 shows the effect of the fractional part of the CFO.
Figures 3.7 and 3.8 [25] show its effect. However, as expected, by growing the fractional
part of the CFO, the effect increases on phase distortion and amplitude. This can be seen
in figures 3.7 and 3.8. In these figures the effect of noise and Symbol Time Offset (STO)

are not reflected at all.

1.5 —T—T—
T I T

L L S R R

o5 L 4 _J1____L _.
Lo

£ OfF =+t —dm e =
T I T

OSF—tr—t—"1—=-I——r —1
R

2 i iy e R St
15 | | ] | |

45 1 -05 0 05 1 1.5

Real
Figure 3.7 Effect of CFO when ¢ = 0.4
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Figure 3.8 Effect of CFO when € = 0.06

3.7 Effect of CFO on phase shift
To see the effect of CFO on phase shift, we consider there is no phase noise.
Therefore, the time domain received signal considering Eq. 3.17 can be considered as

follows:

nilnl = ~ZNZ3 HIK]X,[k]e2metem/N 4. 7 [n] (3.20)

Figure 3.9 [25] illustrates the effect of CFO on the phase in the time domain and

Figure 3.10 [25] presents the phase change between them. Here we consider that the
system is not exposed to any noise. The solid line in Figure 3.9 shows when there is no

CFO (i.e. perfect case), and dash lines show when the amount of the CFO in the system is

equal to 1.4.
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Figure 3.10 Effect of CFO (&) on phase difference
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3.8 Effect of CFO on degradation of OFDM systems
The complex transmitted OFDM signal in a period T at the frequency m/T can be

stated as [26]:

j2mmt

S0 = (Shzhape T )e® (3.21)

in which a,, is data symbol and the term 6(t) represents the time varying phase due to
the carrier frequency offset between the transmitter and receiver.
With a reasonable approximation, the degradation in terms of dB is defined as

[26]:

~ _10 2 Es
D= — <(1 —E®)+V, N_0> (3.22)

in which the signal to noise ratio (SNR) is: E;/N,, V, is the variance for others noises,
and E,? is the power of the component.
In case of the presence of frequency offset (Af) between the transmitter and
receiver, the 8(t) in Eq. 3.21 is defined as:
0(t) = 2nAft + 0, (3.23)

Therefore, the degradation (D) for OFDM is defined as [26]:

p= (nNﬂ)zﬁ (3.24)

3Ln 10 R/ Ny

From Eq. (7) it can be observed that the degradation for an OFDM is proportional

with the square root of the frequency offset and it is also proportional with E;/N,. In
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other words, OFDM is very sensitive to frequency offset and frequency offset can cause
severe degradation in OFDM systems.

Figure 3.11 [19] illustrates the SNR degradation as a function of the frequency
offset to the subcarrier spacing. For this illustration, the values for E;/N, will be 18 and
16 db. However, the maximum acceptable frequency offset can only happen when the
frequency offset is less than one percent of the subcarrier space. As a result, for

overcoming the mentioned problem, the frequency synchronization must be used before

the FFT.
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Degradation of SNR (dB)
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Frequency Offset (%)

Figure 3.11 SNR degradation as a function of the frequency offset
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3.9 The effect of CFO, phase noise, and Rayleigh fading

As previously mentioned, two key parameters that should be considered in
designing any OFDM communication system are CFO and phase noise. In this part we
show the effect of CFO, phase noise, and Rayleigh fading on the performance of the
OFDM wireless systems.

The effect of CFO with the phase noise, Rayleigh fading and time jitter on the

performance of the OFDM wireless systems can be stated as follows [27,28]:

SINR(s,02,&,a) >
(3.25)

Yina® (1 = §{sinc®(m)}

2
1+ ya?2(1 —&)[0.5947sinc?(m) + {—ZUKI sinc?(m) Lot —— e - zngr)}] + yina2é
sin? (=—
N

le] <05, || <1
where:
& Normalized CFO
Yin INput SNR (Signal-to-Noise-Ratio)
& Time jitter
o2 Variance of the noise phase
a Rayleigh fading
N Number of subcarriers
In the case of the absence of time jitter and assuming a nonfading environment

(i.e. o=1), Eq. 3.25 will be as follows:
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ysin{sinc?(m)}

SINR(g,02) > T

2
1+ ¥in[0.594(sinm)? + {74 sinc? () TNt —— )]
sin? o)

le|] < 0.5 (3.26)
Figures 3.25 and 3.13 illustrate the effect of SINR VS the CFO, considering the

different values of the SNR.

In figures 3.12 and 3.13 the variance of phase noise is respectively equal to 0.018
and 1.25. As can be seen in figures 3.12 and 3.13, by increasing the value of the variance
of phase noise, the amount of SINR reduces. Figures 3.12 and 3.13 also display that the

value of SINR will also be decreased by growing the SNR.

22F !
20 : e SNR=10 7
18l Tl —4—  SNR=16 |

S .~ [us— SNR=22

SINR (dB)

1

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Normalized CFO

Figure 3.12 Signal-to-Interference-plus-Noise-Ratio (SINR)
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Figure 3.13 Signal-to-Interference-plus-Noise-Ratio (SINR)

3.10 The relation between frequency offset and SNR

by Pollet et al. [29]. The impact of the CFO on the degradation in terms of dB is given by

[30]:

The effect of CFO on Signal-to-Noise Ratio (SNR) in OFDM systems was studied

~ _10 2 Ep
Dfreq = 3110 (T[AfT) N_o

Dfyeq,T,Ep and N, are frequency offset, symbol duration, energy per bit (for

OFDM signal), and one sided noise power spectrum density (PSD).

The effect of frequency offset is similar to the effect of noise and it may cause

degradation of the Signal-to-Noise Ratio (SNR) where SNR is:

SNR = Zb
Ny
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Figure 3.14 [19] illustrates the impact of the sampling offset on the degradation of
SNR. As Figure 3.14 shows, by increasing the number of subcarriers, the degradation of

OFDM increases.
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Figure 3.14 SNR degradation versus sampling offset

3.11 Frequency synchronization

The frequency synchronization for OFDM systems can be classified by two
methods: data aided and non-data aided. While the data aided uses the pilot symbols for
estimation, the non-data aided uses a Cyclic Prefix (CP) correction.

In wireless OFDM systems, synchronization is the most important issue. In order
for the receiver to regenerate the signal that the transmitter sends, it must be synchronized

in frequency, time, and phase with the transmitter. Since the mobile OFDM systems work
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in a dynamic environment, this is not an easy case. However, in the OFDM wireless
systems, two reasons that lead to frequency offset between the receiver and the
transmitter are:

Q) sampling clock mismatch

(i) misalignment

3.12 Sampling clock mismatch

The Analog-to-Digital (A/D) on the receiver side is responsible for determining
the sampling time. A/D does not have always the exact sampling clock. This can cause a
relative drift between the receiver’s sampling in respect to the transmitter. This drift,
called Sampling Clock Drift (SCD) (or sampling clock error), reduces the OFDM system
performance. The SCE produces the rotation of subcarriers which leads to ICI and finally
destroys the orthogonality between the subcarriers. Many researchers have discussed and
evaluated the effect of SCD on OFDM wireless systems [31]. The normalized sampling

error can be stated as follows:

ty = A IE (3.29)

where, Try is the received sampling period and T is the transmit sampling period. The

total effect can be shown as [32]:
Ryp = exp [j2mkesl =] Xy sin c(kts)Hyp + Wi + Neg (L) (3.30)
Here R;) is the received subcarrier, [ and k are OFDM symbol index and

subcarrier index, W, is Additive White Gaussian Noise (AWGN), Ty is total symbol

duration, T, is useful sample duration, and N,s is additional interference because of the
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sampling frequency offset. The degradation of OFDM systems, due to this effect, can be
given by [33]:

n? Eg

Dy ~ 10logy, |1+ e (kts)?] (3.31)

As it can be seen from Eq. 3.31, the degradation performance of OFDM wireless

systems increase by the square power of the frequency offset.

3.13 The effect of STO on OFDM Synchronization

The effect of the STO depends to the estimated starting point of the OFDM
symbol. Three main possibilities can be considered as follows: the estimated starting
point of the OFDM symbols can occur at the exact timing point, before the exact timing
point, and after the exact timing point. In the first situation, the OFDM symbols will be
recovered and there will be no type of the interference. In the second situation, the
orthogonality among the subcarrier will be well-preserved but a phase offset will be
introduced which will be proportional to the STO. In the third situation, the signal will
contain a portion of the current and a portion of the next OFDM symbol. Therefore, the
received signal contains the ISl which is caused by the next symbol, and the
orthogonality between the subcarriers will be destroyed. By taking the FFT of the signal
which is the combination of the current and the next OFDM symbol we have:

Yi(k) = YNZ37 0 (n + 8)eI2R/N 4 YL sxi + (n+ 28 — Ny)e J2mk/N

(3.32)

where 6 and ¢ are the normalized STO and CFO.
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After extending and simplifying Eq. 3.32, the following terms appears in it, which

relates to the presence of the ICI and indicate the lack of orthogonality:

Jj2n(p—k)n
N

Y p=opek X1(D) e/2PS/N YN 10 e (3.33)

When the extreme delay of the multipath channel is longer than the length of the
Cyclic Prefix (CP), the end portion of the OFDM symbol will affect the head portion of
the following symbol. This effect appears as the Inter-Symbol Interference (ISI). The
other factor that has effect on creating the ISI and IClI is the timing of the FFT window
start point, even though the length of the CP will be enough long. Note that when the FFT

window start point is later than the start of the symbol, both I1SI and ICI will be occur.

3.14 The effect of ISI on OFDM systems
The signals that arrive to the receiver come from the different paths. Therefore,
there is a time delay between the signals which can cause inter-symbol interference (ISI).
ISI causes the degradation of performance in the reception of the receiver. Consider the
output of the modulator unit in the transmitter as:
x() = T oo TNZ3 e Bic (¢ — nTy)] (3.34)

Respectively Ty, d,, x, N are: symbol duration, data symbol and block size, and f;

is kth subcarrier frequency where f;, = f, + Ti and k=0,1,..,N—1and
d

j21 f ) t
@k(t) — {e] k t e [O, Td] (335)
0 otherwise
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Eq. 3.34 can be stated as follows:
xn () = XRZ0 dn B (t — nTy) (3.36)
The transmitted signal can be stated as:
s(t) = L[EkZoxn (k)8 (t — (nL + k)Ty)] (3.37)
L is the data symbol length.
The received OFDM signal considering the AWGN and multipath condition can
be presented as follows [34]:
ta(k) = EiZo xa (Dl — D) + iZg xp-1 (Dh(k + L — 1) + vy (k)
(3.38)
If we consider Q=L-N and the length of the multipath channel (L) to be as long

as the guard interval, Eq. 3.38 can be separated and stated in two time intervals as

follows:
(k) = (3.39)
XDk =)+ Y %y (Dh(k+L—D)+v,(k) 0<k0<Q-—1
(k) =419 =0
an(i)h(k—i)+vn(k) 0<k<L-1
i=0

As it can be seen, the first interval has the ISI from the previous symbol and
desired symbol, but the next interval merely has the wanted data symbol. However, the
advantage of the OFDM wireless systems is their robustness against the multipath delay
spread. Decreasing the effect of ISI can be accomplished by using the long symbol

period.
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3.15 Effect of CFO on creating ICI

As previously noted, the lack of orthogonality in the received signal to the OFDM
receiver creates carrier frequency offset. CFO introduces the ICI in the system. However,
Figure 3.15 [19] illustrates the ICI due to the frequency offset. Figure 3.15 was created
for different values of frequency offset. As it can be seen from figure 3.15, increasing the

frequency offsets the ICI increases.

-10 o s‘ [ P e P :

Y S S S 