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Abstract

The progression in age and its growing demands, there has been rapid development in the

field of communication system. The combined multiple input multiple output (MIMO)

and orthogonal frequency division multiplexing (OFDM) called (MIMO-OFDM) systems.

It has been receiving a great attention, for achieving high speed, high quality of service

(QOS) and robustness to frequency selective fading channels by changing it in to parallel

flat fading channels. It also increases range and reliability of wireless communications

system.

Beside those advantages high peak to average power ratio (PAPR) is a major drawback

of multicarrier transmission system. It leads power amplifier at transmitter enters into

saturation region instead of being in linear region. It also increase the complexity in

the analog to digital (ADC) and digital to analog conversion(DAC). Partial Transmit

Sequence (PTS) algorithm is used to provide low PAPR and mitigates the out of band

radiation in MIMO-OFDM system. However, the use of conventional PTS (C-PTS)

technique requires excessive searching in order to find optimal phase sequence out of all

permissible combinations, leading to sharp increment in computational complexity.

The integrated modified PTS scheme based on single inverse fast Fourier transform

(IFFT) in contrast to the C-PTS require reduced IFFT blocks and iterations. These

characteristics considerably decrease processing time and less computation following in

decreased complexity. This thesis used a local searching algorithm to optimize the set of

phase factors that decrease the searching complexity. The performance of MIMO-OFDM

system based on integrated modified PTS scheme using Quadrature Phase Shift Keying

Modulation (QPSK) has been evaluated with different factor.

There is a significant improvement in PAPR reduction for the integrated modified PTS

that can be quantified as 5.5 dB. when 64 sub carriers, 4 sub-blocks, 4 phase, 4 oversam-

pling factor and 0.6 roll-off factor for 102 complimentary cumulative distribution function

(CCDF) value variables have been used and it can further increase as number sub blocks

increase. In comparison with the C-PTS the integrated modified PTS give better trade

off PAPR reduction and computational complexity reduced by 6%. The bit error rate

(BER) is evaluated and analyzed with the theoretical value

key words: MIMO, OFDM,PAPR, PTS .
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Chapter 1

Introduction

Wireless communication is the need of the present and future generation. Day by day

we observe that the bandwidth demand is increasing by limits. However, in the real

world scenario, there is a limitation on bandwidth spectrum. Therefore, high spectrum

efficiency and the ability to overcome the channel fading in the multi-path channel envi-

ronment is important for the wireless communication system to transmit high speed data

with increased reliability.

Though the task of providing high QOS in wireless environments poses several challenges

but it is imperative to meet the ever growing demand for high-speed, spectrally efficient

and reliable communication wireless channels. The high data rate requirements of future

wireless communication can be achieved by increasing spectral efficiency since the avail-

able radio frequency (RF) spectrum bandwidth (BW) is limited in practical systems. The

use of multiple antennas at both the transmitter and receiver, which is usually referred

to as MIMO communication, offers improved capacity, optimized spectral bandwidth, a

high data rate transmission and significant potential for improved reliability compared to

single antenna systems without additional transmission time or BW [1–3]. As discussed

in the above wireless system need a technique that provides best spectral coverage, more

reliable transmission and higher data rate.

In wireless communication systems, OFDM is an efficient modulation technique intended

for wireless transmission of data such as audios and videos over radio waves. During

transmission they might overlap with each other without any interference to achieve high

bandwidth efficiency and receiver can easily demodulate them. By using multiplexing

and modulation techniques to achieve higher data rates over wireless channels, OFDM

decreases BER performance and ISI, the use of multiple antennas at both transmitter

and receiver ends of the wireless network provides better performance. QPSK is used in

this thesis in the BER evaluation because of its improved spectral efficiency requirements

and needs only half the bandwidth needed for a BPSK scheme therefore QPSK is effective

in terms of bandwidth. In order to obtain greater data rates over wireless networks, the

1
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use of multiple antennas at both transmitter and receiver ends of the wireless network

providing enhanced efficiency. OFDM technology is the best to overcome the difficulty

of multipath propagation.

The demand of high speed wireless communication has led to the development of combi-

nation of MIMO and OFDM called MIMO-OFDM system. This system is an attractive

solution towards achieving high speed, high spectral efficiency, high QOS, and has become

the most promising broadband wireless system [1, 2],[4]. This solution could prevent the

need of additional bandwidth which is unpractical and expensive.

MIMO system can be implemented in few different ways either to obtain diversity gain

or capacity gain. MIMO technique does not need any additional transmission power and

bandwidth. Therefore, using MIMO-OFDM system over fading channels is promising

approach to increase spectral efficiency of wireless communication system [5, 6].

The growing demand for high speed and high quality of data made MIMO-OFDM, a

reliable technology which combines both space time block coding (STBC) and OFDM.

MIMO-OFDM with a (STBC) is deployed for transmit diversity and secure means of data

propagation even when the user is not stationary [7],[8]. In this system the drawback is

high PAPR [1–3]. This is because power amplifier at transmitter enters into saturation

region instead of being in linear region. Which, causes distortion to the transmitted signal

further results in increased BER at the receiver. And also for battery powered devices,

transmitting waveform with low dynamic range is very essential.

1.1 Advantages and Disadvantages of OFDM

The Main Advantage of OFDM

• It can overcome a lot of transmission losses like narrowband interference, high

frequency attenuation, multipath fading etc and have high spectral efficiency.

• OFDM is an efficient way to deal with multipath for, a given delay spread, the

implementation complexity is significantly lower than that of a single-carrier system

with an equalizer.

• In relatively slow time-varying channels, it is possible to enhance capacity signifi-
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cantly by adapting the data rate per single carrier (SC) according to the signal-to-

noise ratio (SNR) of that particular SC.

• OFDM is robust against narrowband interference because such interference affects

only a small percentage of the SCs.

• OFDM makes single-frequency networks possible, which is especially attractive for

broadcasting applications.

The Main Disadvantage of OFDM

• OFDM is more sensitive to frequency offset and phase noise.

• OFDM has a relatively large PAPR, which tends to reduce the power efficiency of

the radio frequency (RF) amplifier.

In order to use the OFDM technique in practice, these drawbacks need to be restrained or

compensated. This study is concerned with implementing techniques for reducing PAPR

and addressing the relevant implementation issues.

Reducing PAPR is considered to be very important in order to preserve the advantages of

MIMO-OFDM in practical systems [9–11]. To decrease the PAPR a number of techniques

have been proposed these are PTS, selective mapping (SLM), Clipping and filtering, cod-

ing, tone reservation (TR) and tone injection (TI)[12–16]. All of these methods have a

different cost to decrease PAPR. PAPR reduction techniques that are proposed for Single

Input Single Output OFDM (SISO-OFDM) system can be applied at each transmitting

antenna distinctly in MIMO-OFDM system [3]. Though some methods of PAPR reduc-

tion have been summarized, and is important to give a comprehensive review of PAPR

reductions in terms of transmission power, data rate loss, implementation complexity and

BER performance, etc.

Based on the literature survey, for high throughput OFDM-MIMO System in wireless

local area network (WLAN) environment, BER value should be as low as possible and

data rate should be as high as possible. The most challenging issues are handling in-

terference from different sources to achieving maximum communications reliability and

increase system performance. As a result, some modifications are needed to PAPR re-

duction techniques to enhance system performance. The modified form of PTS technique

Page 3
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preferred for PAPR reduction but, the computational complexity of Modified PTS tech-

nique increase exponentially when subblock increase. It was suggested to challenge the

problem of elevated computational complexity [5].

In this work to over come this problem modified PTS technique adopts a neighborhood

search algorithm to determine the optimum set of phase rotation factor by assuming a

threshold PAPR. Pulse shaping is an effective PAPR reduction method and depends on

the correct choice of time-limited waveforms for each subcarrier [18]. In this thesis work

implementing integrated modified Partial Transmit Sequence techniques to reduce the

PAPR for various subblocks, subcarrier and over sampling factor. The system perfor-

mance is evaluated using BER, CCDF and PAPR.

1.2 Motivation

In modern communication systems multicarrier OFDM is desirable because of several ad-

vantages associated with it, such as tolerance to inter-symbol interference, good spectral

efficiency, the best performance of frequency selective fading in a multipath environment,

robustness to channel impairments etc. There is a need to address powerful techniques

at the transmitter and receiver simultaneously to mitigate the harmful effects of nonlin-

earity. At the transmitter, there is a need to use the efficient modulation technique such

as multicarrier OFDM system with effective PAPR reduction techniques and utilization

of effective power amplifier linearization techniques.

High PAPR has become a critical problem that needs to be solved in an OFDM system.

The envelope of the OFDM is not constant. Occasionally, a large signal peak can oc-

cur when many subcarriers are added in phase. OFDM signals with high PAPR when

transmitted through a nonlinear device, such as a high power amplifier (HPA), can suffer

intermodulation distortion and out-of-band emission (spectral regrowth). The first effect

degrades the BER performance of the system while the latter effect causes interference

to other users and thus decreases the cellular capacity of the system. Developing an

algorithm to reduce PAPR has become a popular field since the last two decay. Many

institutions and universities make this problem the focus of their research.

However, the evaluation criteria for a PAPR reduction algorithm are not limited to PAPR

reduction performance. There are many factors that must be considered. Many of the
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authors did not consider the PAPR reduction and complexity reduction that is one of

the main criteria for PAPR reduction at the same time. The major problem of PAPR

reduction along with complexity reduction motivated the author to carry out the research

work. In this work, focus is made on PAPR reduction as well as complexity reduction.

Some PAPR reduction techniques can effectively reduce PAPR but they are too complex

to be realized, this confines the use of them in practice. A technique can be simple and

easy to implement however, its PAPR reduction performance may not be as good as

that of other techniques. Hence, both PAPR reduction performance and computational

complexity need to be considered and a trade-off between them need to be made.

1.3 Statement of The Problem

High PAPR is the major drawback of MIMO-OFDM, which results in lower power effi-

ciency that impede in implementing of this system. Most wireless systems for achieving

the maximum output power efficiency employ the HPA in the transmitter to obtain suf-

ficient transmission power. The HPA operates at or near the saturation region which

introduces inter-modulation between the different sub carriers and additional interfer-

ence into the systems due to high PAPR of OFDM signals. This additional interference

leads to an increase in BER of the MIMO-OFDM system. In order to lessen the signal

distortion and keep a low BER, it requires a linear work in its linear amplifier region

with a large dynamic range. However, this linear amplifier has poor efficiency and is so

expensive. Power efficiency is very necessary in wireless communication as it provides ad-

equate area coverage, saves power consumption and allows small size terminals etc. It is

therefore important to aim at a power efficient operation of the non-linear HPA with low

back-off values and try to provide possible solutions to the interference problem brought

about. Hence, a better solution is try to prevent the occurrence of such interference by

reducing the PAPR of the transmitted signal with some manipulations of the OFDM sig-

nal itself. For battery powered devices transmitting wave forms with low dynamic range

is very essential in order to save power.

The drawback of a large dynamic range imposes pressure on the design of the IFFT/FFT

pair. The HPA must be designed to handle irregularly occurring large peaks. when the

HPA enters the saturation region, it creates inband distortion, increased BER, out of
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band distortion, etc. These leads to ACI, in band distortion and out of band radiation.

To overcome these problems the HPA should be designed to operate in large linear region.

However, this is impractical as the components will be operating inefficiently and the cost

becomes prohibitively high. This is especially apparent in the HPA where much of the

cost and 50% of the size of a transmitter lies [19],[20].

1.4 Objectives of The Research

1.4.1 General Objective

The general objective of this thesis is to enhance the performance of MIMO-OFDM with

combined modified PAPR reduction technique with consideration to balance between the

performance and complexity.

1.4.2 Specific Objectives

• To evaluate the PAPR reduction performance of single IFFT based integrated mod-

ified PTS.

• To analyze the single IFFT based integrated modified PTS method and show the

PAPR reduction performance and computational complexity.

• To analyze the performance of a STBC MIMO-OFDM system with single IFFT

based integrated modified PTS algorithm.

• To evaluate BER of STBC MIMO-OFDM with single IFFT based integrated mod-

ified PTS in the wireless communication system.

1.5 Methodology

Firstly different publications are reviewed concerning MIMO-OFDM system performance

and research done in the area. The serial input data that optimized by STBC first passes

the serial to the transmitter’s parallel converter. The parallel signal is then mapped to

generate data blocks using QPSK modulation. It is further divided into subblocks by
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using pseudo-random and interleaving PTS partition (PR-IL-PTS) method . The V sub-

blocks are divided into two equal parts in the PR-IL-PTS method, where the subblocks of

the first part takes the PR-PTS scheme, and the second part applies the IL-PTS scheme.

The subblocks have equal size of N which contains N/V non-zero values in each sub-blocks

sequences to create a set of candidates that optimized by local searching algorithm fi-

nally, the candidate with the lowest PAPR is chosen for transmission. PAPR reduction

performance using Single IFFT based combined modified PTS scheme is analyzed using

different performance metrics by employing matlab simulation.

1.6 Scope the Study

The scopes of this thesis includes techniques which are based on scrambling i.e.combined

PTS and C-PTS.

The scope and limitations of this work includes the following.

• In PTS technique, the data block is partitioned into non-overlapping sub-blocks and

each sub-block is rotated with a statistically independent rotation factor. The rota-

tion factor, which generates the time domain data with the lowest PAPR amplitude,

is also transmitted to the receiver as side information.

• The PAPR of the original MIMO-OFDM signal is used as a reference for each

comparison.

• The CCDF is employed for comparison the PAPR values with different parameters

such as number of sub block, number of sucarrier and over sampling factor.

• For each process, 1000 samples of the OFDM signal are compared.

1.7 Significance of the research

This thesis provides benefits to wireless system in the form of more reliable data with

higher speeds as well as a reduced burden of complexity. The ability of OFDM system to

change the frequency selective channel to flat fading channel is represented that simpli-

fying the equalization at the receiver. This system is designed to achieve high data rate

without raising the channel bandwidth and simultaneously improving the capacity range
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as well as reliability in the wireless communication system. The main research direction

is how to decrease the computational complexity of the PTS scheme while keeping a

comparatively effective PAPR reduction performance. The reduction in the number of

IFFT blocks is from V to unity that further reduce complexity. The PAPR reduction

can significantly save the power, in which the net power saving is directly proportional to

the desired average output power. Multi carrier systems such as MIMO-OFDM are now

commonly implemented for better transmission of multi carrier waves due to low power

consumption than single carrier waves.

1.8 Organization of The Thesis

The organization of this thesis is as follows:

In chapter 2, some basics on MIMO, OFDM and MIMO-OFDM systems are provided

and a brief overview of essential techniques is provided in OFDM systems. Chapter 3

introduces the high PAPR problem in MIMO-OFDM systems, which includes PAPR’s

generation, definition, and distribution of probability. Some common PAPR reduction

techniques, including clipping and filtering, interleaving, pulse shaping, SLM, and PTS,

are then presented. These methods of PAPR reduction are discussed according to the

applicable criteria. Using a set of phase factor optimization, integrated modified PTS

schemes with effective PAPR reduction performance and low computational complexity

are presented and introduced in chapter 4 of the thesis. In Chapter 5, the results of the

simulation are presented and the discussion in the form of graphical representations is

compared to that of MIMO-OFDM transmission without any PAPR reduction technique.

The conclusion of this thesis and recommendations for the future work are given are given

in Chapter 6.
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Chapter 2

Technical Background of MIMO-OFDM

Systems

This section presents an introduction to (OFDM),the concept of MIMO systems and

introduces the theoretical foundations for the research work. This is by introducing the

modulation of multicarrier and compare and contrast it with the modulation of a single

carrier. Then, describe the modulation and the demodulation process of OFDM systems.

2.1 MIMO Systems

MIMO signaling is a revolutionary development that was founded in Bell Laboratories

by Jack Winters in 1984 [2]. A MIMO enables multiple antennas at the transmitter

and receiver to support a variety of signal paths to transfer more data in less time. It

significantly increases the bandwidth efficiency of the systems. MIMO communications

techniques does not require any extra transmission power and bandwidth. It typically

assume a frequency-flat fading radio channel environment, that is the coherence band-

width of the channel is larger than the bandwidth of the signal.

However, MIMO communications will be mainly used in wideband systems that expe-

rience frequency-selective fading, and, thus introduce inter symbole interference (ISI)

[21, 22]. Several different antenna configurations are used in defining space-time systems.

Depending on the number of antennas at transmitter/receivers and coding/decoding

schemes used, MIMO techniques are classified into several modes such as SISO, SIMO,

MISO and MIMO.

2.1.1 Basic Structure of MIMO System

As it can been seen from Figure 2.1 there exist several communication transmission

models.

1. SISO system: It uses only one antenna at both the transmitter and receiver side. It
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is less complicated than MIMO because of the single transmitter and receiver antenna,

but it reduces data speed. SISO systems are susceptible to multi-path effect issues.

2. Single input and multiple output system (SIMO): It uses a single transmitting

antenna and multiple receiving antennas [23].

3. Multiple input and single output system (MISO): A MISO system employs

multiple transmitting antennas and one receiving antenna, it is also termed as transmit

diversity. Transmit diversity techniques are used to reduce the effect of multipath fading

and interference [24].

4. MIMO system: MIMO system employs multiple antennas both for transmission and

reception. Multiple transmitting and receiving antennas will achieve antenna diversity

without reducing the spectral efficiency. By increasing the number of transmit and receive

antennas it is possible to linearly increase the throughput of the channel with every pair

of antennas added to the system.

In MIMO system, a number of antennas are placed at the transmitting and receiving ends,

their distances are separated far enough distance between different base station antennas

and mobile station antennas can be separated by half carrier wavelength. The idea is

to realize spatial multiplexing and data pipes by developing space dimensions which are

created by multi-transmitting and receiving antennas. The block diagram in the Figure

2.1 illustrates the antenna configuration is space-time systems.

Figure 2.1: Different antenna configurations in space-time systems.
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2.1.2 MIMO System Model

In wireless communication system, the main challenge is to combat multipath fading.

That occurs due to the arrival of the transmitted signal through different paths. Which

arrives at the receiver through different angles, with different time delays and frequency

shifts. Because of this, the signal power at the receiver fluctuate giving rise to fading apart

from fading, constraints such as low power and limited bandwidth make the communi-

cation system designer’s mission of increasing data rate and reliability more challenging.

MIMO technology is one of the most significant solutions for this capacity issue [15].

For a MIMO system with Nt transmit and Nrreceive antennas, as shown in Figure 2.2,

a narrowband time-invariant wireless channel can be represented by Nr × Nt determin-

istic matrix H ∈ CNt×Nr . Consider a transmitted symbol vector X ∈ CNt×1, which is

Figure 2.2: Block diagram of MIMO system

composed of Nt independent input symbols can be x1, x2, x3, ...., xNt. Then, the received

signal Y ∈ CNt×1, rewritten in a matrix form as follows:

Y =

√
EX
Nt

HX + n (2.1)

where X, Y transmit and receive signal and n =(n1, n2, n3, ...., xNr)
T ∈ CNr×1 is a noise

vector, which is assumed to be zero-mean circular symmetric complex Gaussian (ZM-

CSCG). Note that the noise vector n is referred to as circular symmetric when ejθ has

the same distribution as n for any θ. The autocorrelation of transmitted signal vector is

defined as

RXX = E{XXH}. (2.2)
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Note that Tr(RXX) = Nt when the transmission power for each transmit antenna is

assumed to be 1.

2.1.3 MIMO System Capacity

The capacity of the MIMO system is defined as the maximum possible transmission

rate such that the probability of error is arbitrarily small. We assume that the channel

knowledge is unknown at the transmitter and known only at the receiver. The capacity

of MIMO channel is defined as

C = max
f(x)

I(X : Y ) (2.3)

Where f(x) is the probability distribution of the vector x and I(X : Y ) is the mutual

information between vectors X and Y. Thus can write

I(X : Y ) = H(Y )−H(Y/X) (2.4)

Where, H(Y) is the differential entropy of the vector Y, while H(Y |X) is the conditional

differential entropy of the vector Y, given the knowledge of the vector X. By using the

statistical independence of the two random vectors n and X in equation (1.1), we can

show the following relationship: (Y |X) = H(n). Therefore,using this relationship, we can

express equation(2.4) can be re written as

I(X : Y ) = H(Y )−H(n) (2.5)

From equation (2.5), given that H(n) is a constant, we can see that the mutual information

is maximized when H(Y) is maximized. Using equation (1.1), the auto-correlation matrix

of Y is given as

RY Y = EY Y H = E{

(√
EX
Nt

HX + n

)(√
EX
Nt

XHHH + nH

)
}

E{
(
EX
Nt

HXXHHH + nnH
)
}

EX
Nt

E{
(
HXXHHH + nnH

)
} (2.6)

EX
Nt

HE{
(
{XXH}HH + E{nnH}

)
}

EX
Nt

HRXX}HH + INrN0
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where EX is the energy of the transmitted signals, and N0 is the power spectral density

of the additive noise nNri ,i=1. It has been proven that the differential entropy H(Y) is

maximized when Y is Zero Mean Circularly Symmetric Complex Gaussian (ZMCSCG),

that implies X must also be a ZMCSCG vector. Then, the mutual information of Y and

n is respectively given as [17]

H(Y ) = log2{det(πRY Y )}

H(n) = log2{det(πeN0INr)} (2.7)

Therefore, I(X:Y) in equation (2.6) can be reduced to

I(X : Y ) = log2det(INr +
EX
N0Nt

HRXXH
H)bps/Hz (2.8)

And from equation (2.5), the capacity of deterministic MIMO channel is given by

C = max
Tr(RXX=Nt)

log2det(INr +
EX
N0Nt

HRXXH
H)bps/Hz (2.9)

The capacity C in equation (2.9) is called the error-free spectral efficiency and can be

sustained reliability over the MIMO link.

2.2 The Development of OFDM and It’s Application

The idea of OFDM techniques was first suggested by R. W. Chang in mid of 60s i.e 1965

[23] and it was patented in 1970 [25], which was used in high-frequency military com-

munication systems. OFDM is a broadly used modulation and multiplexing technology,

that become the basis of many telecommunications fields that working in the standard

of today’s 4G wireless network. It is a multicarrier transmission method where a single

high rate data-stream is divided into multiple low rate data-streams and is modulated

using subcarriers which are orthogonal to each other so that they can be distinguished in

the frequency domain at the receiver [26].

OFDM play an important role for high-speed data transmission due to its advantages

in dealing with the multipath propagation problem, protection to frequency selective

fading and, transmit high speed data with higher spectral efficiency in many current ap-

plications. Such, as digital video broadcasting (DVB) and wireless local area networks

(WLANs) [27].
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There are two issues regarding the OFDM transmission ISI and Inter Carrier Interference

(ICI). As the symbols travel one by one to the other end of the channel, the channel will

introduce delay spread in time domain which results into OFDM symbol getting spread

out and hence it will interfere with consecutive OFDM symbols which is referred as ISI.

The ISI can be eliminated by addition of guard interval between neighboring OFDM

symbols. However each OFDM symbol still suffers from ICI when only guard interval

is added. ICI is the result of delays in the multipath propagation environment and the

frequency offset at the receiver. In order to eliminate ICI, some part at the end of the

useful symbol period, which is called cyclic prefix (CP), is appended at the start.

Synchronization is a key issue in the design of a robust OFDM receiver. Time and fre-

quency synchronization are paramount, respectively, to identify the start of the OFDM

symbol and to align the modulators and the demodulators local oscillator frequencies.

If any of these synchronization tasks is not performed with sufficient accuracy, then the

orthogonality of the sub-carriers is (partly) lost. That is, ISI and ICI are introduced.

The orthogonal nature of OFDM sub-carriers that overlapped with each other, also lead to

large amount of bandwidth being saved and improved spectral efficiency without ICI com-

pared to other multiplexing techniques such as frequency-division multiplexing (FDM)

and time-division multiplexing (TDM). Figure 2.3 shows the difference between the con-

ventional non overlapping multicarrier technique(FDM) and the overlapping MCM tech-

nique(OFDM). By using the overlapping MCM technique, we save almost 50% of band-

width [28]. To realize this technique, however, we need to reduce cross talk between

sub-carriers, which means that we want orthogonality between the different modulated

carriers.

Wideband channels are sensitive to frequency selective fading which require complex

equalizers in the receiver to recover the original signal. OFDM overcomes this problem

by dividing the wideband channel into a series of narrowband channels which each experi-

ence flat fading. Therefore only 1 tap equalizers are required in the receiver,that reducing

complexity greatly.
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Figure 2.3: Concept of the OFDM signal: (a) conventional multicarrier technique, and

(b) orthogonal MCM technique [28]

Fading Channels

Rayleigh fading model is a statistical model for the effect of a propagation environment

on a radio signal. In order words, it a rational model when there are many objects in

the environment that scatter the transmitted signal to arrival at the receiver antenna.

Basically, when large number of paths, applying central limit theorem, each path can

be modeled as circularly symmetric complex gaussian random variable with time as the

variable. It uses the rayleigh distribution to complement it methods laving zero mean

and phase evenly distributed between 0 and 2π radians. The majority of work to date

on this area has assumed flat sub channels composing the MIMO channel.

Rayleigh Flat Fading

Flat fading channels can be approximated by rayleigh distribution if there is no line of

sight. The received signal can be simplified as

r(t) = s(t) ∗ h(t) + n(t)

where, h(t) is the random channel matrix having rayleigh distribution and n(t) is the

additive white gaussian noise. The transmitted signal bandwidth in flat fading channels

is much lower than the coherent bandwidth of the channel. Flat fading happens when the
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signal’s symbol period is more than the channel’s root mean square (rms) delay spread

[29].

Rayleigh Frequency Selective Fading

Frequency-selective fading can be viewed in the frequency domain, although in the time

domain, it is called multipath delay spread. The simplest measure of multipath is the

overall time span of path delays from the first pulse to arrive at the receiver to the last

pulse to arrive at the receiver. In the case of frequency selective channel, the transmitted

bandwidth is larger than the coherence bandwidth of the channel. Because of the short

symbol duration compared to the multi-path delay spread, multi-delayed copies of the

transmit signal are significantly overlapped with the subsequent symbol, resulting in ISI.

When viewed in the frequency domain, a channel is referred to as frequency-selective if

f0 < 1/Ts = BW , where the symbol rate, 1/Ts is nominally taken to be equal to the

signal BW. Flat fading degradation occurs whenever f0 > BW . Here, all of the signal’s

spectral components will be affected by the channel in a similar manner (e.g., fading or

no fading). For wideband signal, the signal bandwidth, BWs, may be significantly higher

than the coherence bandwidth. Consequently, two frequency components separated by

a frequency of the coherence bandwidth or beyond may behave significantly different.

Hence, wideband channels are typically frequency-selective fading channel [29]. It is

necessary to see single carrier transmission that use a wideband channel and multicarrier

use narrowband sub-channels with it’s effect. Single carrier systems can increase their

data rate by shortening the symbol time, there by increasing the occupied bandwidth.

2.2.1 Single Carrier and Multicarrier ( Modulation)

In order to support a higher data rate, the single-carrier transmission system requires

wider bandwidth. For symbol rate the minimum required bandwidth is the Nyquist

bandwidth. However, as the symbol rate increases, the signal bandwidth becomes larger.

When the signal bandwidth becomes larger than the coherence bandwidth of the wireless

channel, the link suffers from multi-path fading, which introduces ISI. To deal with the

ISI in single carrier system an expensive adaptive equalizer needs to be employed. As a

result, a high data rate over a single carrier system may not be a practical solution due

to the complexity of the equalizer in the receiver [19]. The basic principle of multicarrier
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modulation (MCM) is transmitting data by splitting a high-rate data stream into several

number of lower-rate streams components. And, sending each of these components over

separate carrier signals [30]. The individual carriers have narrow bandwidth but, the

composite signal can have broad bandwidth MCM is being used increasing as a modula-

tion format for high data rate transmissions.

MCM signal can be processed in a receiver without the enhancement of noise or inter-

ference and the long symbol time used in MCM produces a much greater immunity to

impulsive noise and multipath distortion [31]. In a single carrier system, single fade or

interferer can cause the entire link to fail, but in a multicarrier system, only a small

percentage of the subcarriers may get affected. Due to the problem of single carrier mod-

ulation as stated previously, multiple carrier systems are used to support high data rate.

All MCM methods are built on the idea of channel partitioning, that, divide a wideband,

spectrally designed transmission channel into a set of parallel narrowband sub channels.

The channel partitioning can be recognized for both the continuous and discrete (time

case). In this work emphasis is given on the discrete time case since it is a more applied

technique [13]. OFDM avoids the use of high speed equalization techniques and it is the

most common format.

2.2.2 The Basic Principle of OFDM

OFDM is multiplexing techniques where a number of independent message signal are at

the same time transmitted over a single channel. It is a practical application of both

amplitude and phase modulation scheme. OFDM divides the frequency-selective channel

into a set of parallel frequency-flat fading channels and applies a guard interval in the

OFDM symbol, called CP. The IFFT at the transmitter and a fast fourier transform

(FFT) at the receiver, used to make it simple and attractive for practical use. In 1980s,

CP is inserted into OFDM signals to assure the orthogonality among subcarriers, which

dramatically decreased the ISI caused by a multi-path channel [9]. The basic OFDM

transceiver system is shown in Figure 2.4.

Mostly the input data to be transmitted is converted from serial to parallel form first.

Each parallel block contains as many samples as the total number of subcarriers. Then

the IFFT of the block is computed to change time domain to frequency domain before

adding the CP. After CP addition the result is converted to serial form and delivered
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Figure 2.4: OFDM Block Diagram

to the channel for transmission. On the receiver side the operations employed on the

transmitter are performed in reverse order. That is after serial to parallel conversion, the

CP is removed, to change frequency to time domain FFT is computed to get the symbol

estimates which are then converted to serial form.

In an OFDM system with N subcarriers, suppose that the complex symbolXn is the signal

point from the QPSK or quadrature amplitude modulation (QAM) signal constellation

that is modulated on the nth subcarrier. The transmitted OFDM signal can be expressed

as follows [32]:

X(t) =
N−1∑
n=0

Xne
j2πfnt, 0 ≤ t ≤ T (2.10)

where fn = n
T

and T = NTs is the OFDM symbol interval and Ts is the data symbol

period and fn is the sub-carrier frequency spacing. In practice, the subcarriers may

have different phases and amplitudes because of different complex symbols; however, the

subcarriers are mutually orthogonal over the symbol interval T if the subcarrier spacing

is a multiple of 1
T
, as

1

T

∫ T

0

e(j2πfnt)e(−j2πfmt)dt =

0 for n 6= m

1 for n = m

(2.11)

where |fn − fm| = n
T
, 0...N-1

In order to recover the original data symbols, at the receiving terminal, the received signal

is fed to a bank of N correlators whose outputs are sampled at the end of each symbol

interval t = T. Since the subcarriers are orthogonal, the correlator outputs can be simply

obtained as follows:
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X̃k =
1

T

∫ T

0

X(t)e(−j2πfkt)dt

=
1

T

∫ T

0

N−1∑
n=0

Xne
j2πfnte(−j2πfkt)dt

=
N−1∑
n=0

Xn[
1

T

∫ T

0

Xne
j2πfnte(−j2πfkt)dt]

= Xk

(2.12)

For k = 0,..., N - 1.

Note that the subcarriers of an OFDM signal can be mutually orthogonal over the symbol

interval T, if the frequency separation of the adjacent subcarriers is 1/T [14].

2.2.3 Orthogonality in OFDM

The orthogonality of the subcarriers has the spectrum of each carrier is a null at the

center frequency of each of the other carriers as shown in Figure 2.5 the system Due to

number of cycles over a symbol period that results in no interference between the carriers.

The N equally spaced subcarriers will be orthogonal if the frequency separation between

Figure 2.5: OFDM Subcarriers

subcarriers is ∆f = 1
NTs

, where Ts symbol duration, and N-point IFFT is performed.

2.2.4 IFFT/FFT in OFDM System

The FFT and its inverse transform IFFT processors are a key component in OFDM

based wireless broadband communication systems. Hence, it is important to develop a

low-power and high-performance FFT/IFFT processor to meet the requirement of low
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cost and real time in such communication systems. The achievement of OFDM is based

on its digital implementation which can be easily implemented using the FFT algorithm,

that developed by Cooley and Tukey in 1965 which is the efficient computational means

for the discrete fourier transform (DFT) [10]. Both FFT and IFFT are helpful for reduc-

ing the size of physical components in OFDM transceivers. The FFT algorithm is also

appropriate for ensuring that in the OFDM transceiver the orthogonality is maintained

and any interference is avoided. The OFDM signal in the transmitted OFDM signal can

be produced by the inverse discrete Fourier transform (IDFT) [33]. Sampling the signal

x(t) with sample rate L=N yields the following Samples

X(k) = X(
kT

N
) =

N−1∑
n=0

Xne(
j 2π
N
nk), k = 0...N − 1, (2.13)

The above equation is essentially the IDFT of the original symbols Xn. Hence, at the

receiving terminal, in order to recover the original symbols Xn, the receiver performs the

DFT on the received samples X(k), as

Xn =
N−1∑
k=0

X(k)e(−j
2π
N
nk), n = 0...N − 1, (2.14)

In practice, IDFT/DFT can be replaced by IFFT/FFT because of DFT requires long

and complicated computations to run it. The IFFT can decrease the computational com-

plexity. According to the differential item functioning (DIF) decomposition algorithm

that is mentioned a K-point IDFT needs K2 complex multiplications while the radix-2

IFFT needs only (K2) log2K complex multiplications, that make radix-2 IFFT efficient

method due to decreased computational complexity.

In OFDM available bandwidth is fully used additionally, OFDM is easy to be combined

with other techniques, such as MIMO, space time coding (STC), adaptive resource alloca-

tion, adaptive coding, which can further improve the reliability of communication systems

[5]. In this way, the interference, including ISI and ICI, can be further eliminated and

the system performance can be improved.

CHANNEL ESTIMATION OF OFDM

A channel estimation plays a crucial role in a coherent communication model. This

is especially true for MIMO system because MIMO can be produced through the use
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of multiple antennas system. Two primary issues need to be solved in order to design

channel estimators. The first issue is designing pilots because in most cases the wireless

channel is a fading channel, pilots need to be transmitted periodically to track changes in

channels. The second issue is how to design channel estimators with high accuracy and

low complexity.

EQUALIZATION

In order to correct the effect of fading for the receiver equalization measuring the chan-

nel response and using this information to correct the received signal is performed in

the receiver. Several techniques have been suggested, the more common pilot tones are

used at the receiver by certain subcarriers with a known amplitude and phase [34, 35].

The method of equalization depends on the modulation scheme and the characteristics

of the channel. Typically, equalization algorithms are used as tapped delay lines. Sig-

nals experiencing selective frequency fading like single carrier systems require complex

equalization (i.e. more taps) where the complexity is directly proportional to the signal

bandwidth. But, the OFDM Signals which experience frequency flat fading only require

a 1 tap equalizer. This reduction in equalization complexity is a driving force for the use

of OFDM.

2.3 MIMO-OFDM Systems

Increasing spectral efficiency can achieve the elevated data rate requirements of future

wireless communication as the available RF spectrum bandwidth (BW) is limited in prac-

tical applications. The use of multiple antennas at both the transmitter and receiver,

which is usually referred to as MIMO communication, offers improved capacity and sig-

nificant potential for improved reliability compared to single antenna systems without

additional transmission time or BW [36–38]. A MIMO system of Nt transmit and Nr

receive antennas for a total of NtNr links can be applied to performance improvements

compared to single antenna systems [36]. The performance improvements achieved by

the use of MIMO-OFDM communication include array gain, diversity gain, interference

reduction and spatial multiplexing (SM) gain [36].

A major wireless channel challenge is the co-relation between channels. A systematic ma-
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trix method used for the MIMO-OFDM scheme to fix this issue. This technique is used to

generate orthogonal behavior between the channels so that there is no correlation between

the channels [7]. MIMO-OFDM communications system typically assume a frequency-flat

fading radio channel environment, i.e., the bandwidth of the signal lower than coherence

bandwidth of the channel. However, MIMO communications will be mainly used in wide-

band systems that experience frequency-selective fading, and, thus,introduce ISI. This

may cause significant performance degradation to the MIMO communications schemes

if suitable techniques such as equalization are not applied for mitigating ISI. Another

possibility is to apply a multicarrier transmission scheme such as OFDM to transform

frequency-selective MIMO channel into parallel flat MIMO channel which is used in this

document [14], [21, 22],[39–41]. Multicarrier modulation is currently used in many mod-

ern wireless systems. During the period 1997 to 2005 many OFDM based systems were

introduced, such as terrestrial digital video broadcasting, wireless LAN IEEE 802.11a,

broadband wireless MAN IEEE 802.16a/d, and OFDM-based mobile cellular networks

[43].

However, MIMO-OFDM has been identified as a promising approach for high spectral

be long enough to accommodate the delay spread of the channel. Thus, OFDM does

not require any additional equalization techniques for mitigation of ISI. OFDM can be

implemented with efficiency wideband systems and has been included in many upcoming

wireless standards.

2.4 Literature review

A MIMO-OFDM simulation model based on STBC that built and analyzed transmission

performance under different channels. The simulation results indicate that the STBC-

based MIMO-OFDM system outperforms other BER with out MIMO-OFDM systems

[44].

presented a mechanism to demonstrate the similarity of OFDM to COFDM. The pro-

posed model used the BER parameter to analyze MIMO’s performance over the AWGN

channel. Result simulation shows that the BER values of the MIMO-OFDM network

need to be improved [45].

The interleaving technique fulfills the worst PAPR reduction performance, but it has
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the lowest computational complexity compared to the other partitioning schemes. The

computational complexity of the interleaved PTS scheme is lower than that of the psedo

random PTS, adjacent PTS schemes in the frequency domain, since the interleaved PTS

scheme requires a smaller number of IFFT stages to transform its subcarriers [46].

The performances of the Combination of SM and STBC forms hybrid MIMO models

with different modulations such as QPSK and QAM with multiple antennas are mea-

sured with respect to BER [47]. STBC for two transmitting antennas and two receiving

antennas for analyzing MIMO-OFDM performance using simulation software. Perfor-

mance for MIMO-OFDM is improved one due to use of STBC. Result for QAM scheme

shows better result. BER performance is better for PSK in comparison with QAM for

less data rate but for high data rate QAM is best but with increase in SNR [44]. All the

above discussed papers improve the performance of the system with the cost of increasing

complexity therefore the cost of system complexity must be considered to be lower for

PAPR reduction technique.

Inference from the existing work both in-band and out-of-band interference to signals are

caused by the nonlinear effects. Therefore, a backup approximately equal to the PAPR

is required by the power amplifiers for distortion-less transmission. This subsequently

decreases the efficiency for amplifiers. PAPR minimization has been focused in different

schemes and algorithms by employing several techniques.

Some of the methods have a moderate PAPR reduction capability but are less complex,

while some have a very good PAPR reduction capability at a very high complexity cost.

The Partial Transmit Sequence method is consistent with the second type of methods

with high computational complexity and good PAPR reduction performance. In the PTS,

the exhaustive search complexity of optimal phase factors exponentially increases with

increasing the number of sub-blocks and phase rotation factors. To mitigate the search

complexity, several different suboptimal PTS methods have been investigated in the pre-

vious studies that present a novel approach based on particle swarm optimization (PSO)

to overcome the computational complexity of the PAPR reduction problem in the PTS

technique but, with loss of of PAPR performance [49, 50]. In [51] Sub-optimal solutions

for modified PTS circular shifting in MIMO-OFDM are needed to reduce the computa-

tional complexity and/or SI. Two sub-optimal solutions are proposed, with slight loss of
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PAPR reduction performance.

For the inherent defect of conventional PTS algorithm, complex computing, a very effec-

tive iterative method is introduced to determine sub-optimal weighting factor for each

sub-block instead of conducting an ergodic searching so as to reduce the calculation

complexity significantly. This sub-optimal algorithm gives a better approach to the real

conditions in engineering practice by providing a compromise between the PAPR reduc-

tion performance and computational complexity but with lose of PAPR. The sub-optimal

PTS technique can be implemented in the working platform of MATLAB and the results

analyzed to demonstrate the performance of the proposed PAPR reduction in MIMO-

OFDM using modified PTS scheme. In sub optimized PTS algorithms, the complexity of

PAPR reduction will be greatly reduced along with the utilization of PTS scheme efforts.

In [48] the PAPR performance of modified PTS can be improved by using the inter-

leaved sub block partition scheme. However increase of the number of sub-block offered

better performance but increased the complexity. The integrated interleaved sub-block

partitioning method, modified PTS and pulse shaping method are simple to implement

and reduce the transmitter complexity but, this paper has gap on complexity analysis

and evaluation of BER. Combined interleaving technique uses the multiple transmit an-

tennas for achieving better PAPR performance. Hence, the introduced scheme becomes

more efficient for high data-rate MIMO-OFDM system. The main objective of this re-

search is to offer low complexity schemes to reduce the PAPR in MIMO-OFDM based

systems of practical use by solving the drawbacks that currently exist in the literature

works. Investigation of an efficient PAPR reduction schemes for MIMO-OFDM system

is considered as one of the problem areas explored hence, it is intended to use an inte-

grated interleaved sub-block partitioning modified PTS method for PAPR reduction in

MIMO-OFDM system. The integrated modified PTS scheme is based on phase-factor

optimization Moreover, in the PTS scheme, the corresponding phase factor of each signal

can be obtained by using exhaustive searching. for the introduced integrated modified

PTS scheme exhaustive search for the optimum phase factors has been performed based

on a local searching algorithm to optimize the set of phase factors that decrease the

searching complexity. This work used a local searching algorithm to optimize the set of

phase factors that decrease the searching complexity.
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Chapter 3

Peak to Average Power Ratio (PAPR)

The instantaneous output signal of an OFDM system often has large fluctuations com-

pared to traditional single-carrier systems due to the sum of many narrowband signals in

the time domain. This system requires devices, such as power amplifiers, ADC and DAC,

must have large linear dynamic ranges. If this is not satisfied, a series of undesirable in-

terference is encountered when the peak signal goes into the non-linear region of devices

at the transmitter, such as high out of band radiation and inter modulation distortion.

PAPR reduction techniques are the very important for OFDM systems [45].

3.1 Criteria of PAPR Reduction in MIMO-OFDM Sys-

tems

Every method used to reduce the PAPR has some drawbacks and merits. There are many

factors that should be considered before a specific PAPR reduction technique is chosen.

There is always a trade-off between PAPR reduction and some other factors like band-

width, computational complexity, average power etc. The criteria of the PAPR reduction

is to find the approach that it can reduce PAPR largely and at the same time it can keep

the good performance in terms of the following factors as possible.

1. High potential to limit the PAPR: It is a key factor to be consider in the selection

of technique to reduce the PAPR with few harmful side effects like in-band distortion and

out of band radiation.

2. Low average power: even though it can reduce PAPR through the average power

of the original signals increase, it requires a larger linear operation region in HPA and

which led in the deterioration of BER performance.

3. Low implementation complexity: Commonly, complexity techniques viewing bet-

ter ability of PAPR reduction. Both time and hardware requisites for the PAPR reduction

must be minimal.
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4. No bandwidth expansion: The bandwidth is an infrequent resource in systems.

The bandwidth expansion has directly resulted in the data code rate loss due to side

information (like the complementary bits in complement block coding (CBC) and phase

factors in PTS. Additionally, when the side information is received in error unless some

methods of protection such as channel coding employed. For that reason, when chan-

nel coding is utilized, the loss in data rate is increased further due to side information.

Therefore, the loss in bandwidth due to side information must be avoided or at least be

preserved minimal.

5. No BER performance degradation: The goal of the PAPR reduction is to achieve

the best system performance, including BER than that of the original OFDM system.

Therefore, all the methods, which have an increase in BER at the receiver, must be paid

more attention in practice. Furthermore, if the side information is received in error at

the receiver, which may also result in entire incorrect data frame and thus the BER per-

formance is reduced.

6. Without the additional power required: The design of a wireless system should

always take into account the efficiency of power. If an operation of the PAPR reduction

technique which require more additional power, it deteriorates the BER performance

when the transmitted signals are normalized back to the original power signal.

7. No spectral spillage: Any PAPR reduction techniques cannot eliminate OFDM at-

tractive technical features like immunity to the multipath fading. Therefore, the spectral

spillage must be avoided in the PAPR reduction.

8. Good Spectral Efficiency: If a technique destroys the inter channel interference

(ICI) or immunity to multipath fading or some other advantage related to spectrum would

be considered as a good PAPR reduction technique.

9. Other factors: It also should be focused greater concentration on the effect of the

nonlinear devices utilized in signal processing loop in the transmitter like DACs, mixers

and HPAs since the PAPR reduction basically avoid nonlinear distortion as a consequence

of these memories-less devices introducing into the communication channels. At the same

time, the cost of these nonlinear devices is also the important factor to design the PAPR

reduction scheme.
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3.2 The PAPR Problem

In general, even linear amplifier or DAC and ADC introduce a nonlinear distortion on

their outputs due to their saturation characteristics caused by the input being much larger

than its normal value. Figure 3.1 below illustrates the characteristic of a HPA, which is

a typical relationship between the amplitude of output signal and the amplitude of input

signal (AM/AM) response for HPA. A high peak signal generates out-of-band energy and

in-band distortion. These degradations may affect system performance. To avoid such

nonlinear effects, a waveform with high peak power must be transmitted in the linear

region of the HPA by decreasing the average power of the input signal [11]. This is called

(input) back off (IBO) and results in a proportional output back off (OBO). The input

Figure 3.1: Input-output characteristic of a HPA [19]

back off can be written as

IBO = 10log10
Pinsat
Pin

(3.1)

Where Pinsat is the saturation power, above which is the nonlinear region, and Pin is the

average input power. The amount of back off is usually greater than or equal to the

PAPR of the signal.
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3.2.1 Nonlinear Characteristics of HPA and ADC

The HPA’s nonlinear feature is very subject to the variability in signal amplitudes. To

overcome the low power efficiency of the HPA needs not only big back-off and wide

dynamic range DAC but also extremely effective HPA, which is very essential in wireless

communication because it gives appropriate area coverage, saves power consumption and

enables small terminals etc. and linear converters. These requirements lead in expensive

hardware and complicated systems. Therefore, it has become essential to employ efficient

PAPR reduction methods to reduce the complexity of complex hardware design [52, 53].

Most radio systems employ the HPA in the transmitter to obtain sufficient transmission

power and maximum output power efficiency. Moreover, the nonlinear characteristic of

the HPA is very sensitive to the variation in signal amplitudes. However, the variation

of OFDM signal amplitudes is very wide with high PAPR.

Large PAPR also demands the DAC with enough dynamic range to accommodate the

large peaks of the OFDM signals. Although, a high precision DAC supports high PAPR

with a reasonable amount of quantization noise, but it might be very expensive for a

given sampling rate of the system. Whereas, a low-precision DAC would be cheaper,

but its quantization noise will be significant, and as a result it reduces the SNR when

the dynamic range of DAC is increased to support high PAPR. Furthermore, OFDM

signals show gaussian distribution for large number of subcarriers, which means the peak

signal quite rarely occur and uniform quantization by the ADCs is not desirable. If

clipped, it will introduce in band distortion and out-of-band radiation (adjacent channel

interference) into the communication systems. Therefore, the best solution is to reduce

the PAPR before OFDM signals are transmitted into nonlinear HPA and DAC.

3.2.2 Power Saving

Because of the larger dynamic range, a linear HPA at the transmitter will have low power

efficiency. The PAPR reduction can significantly save the power, in which the net power

saving is directly proportional to the desired average output power [54]. The power am-

plifier efficiency described as the proportion of RF output to DC input power is provided

by, η = Pout/Pin, where Pin is the amount of power consumed by the amplifier, while

Page 28



Performance Enhancement of MIMO-OFDM by PAPR Reduction Technique JIT

Pout is the average output power. For example Class A power amplifier has a maximum

efficacy of 50% and an efficacy of 50% is η=0.5/OBO [12]. PAPR input signal efficiency

can be described in the equation η(%) = 0.5/PAPRx.

After PAPR reduction, the power consumed by the DC input amplifier is less. The de-

crease in power consumption is the difference between DC input power without reduction

of PAPR and DC input power with reduction of PAPR. Accordingly, the amplifier’s ef-

fectiveness will improve as DC input power decreases owing to PAPR reduction. The

DC input power is reduced by a factor (PPAPR/P ) where PPAPR and P are the PAPR of

MIMO-OFDM signal with and without PAPR decrease, respectively. The The increase in

power amplifier efficacy owing to modified PTS method combined with interleaving and

pulse shaping is realized as an increase in reliable SNR [55]. The efficient SNR affecting

the OFDM system’s BER is proportional to (Pout/PAPR/N0).

3.3 Quantifing the PAPR

To design and develop an effective PAPR reduction technique, it is very important to

accurately identify the distribution of PAPR in MIMO-OFDM systems. The distribution

of PAPR plays an important role in the design of the whole MIMO-OFDM system. The

distribution of PAPR can be used in determining the proper output back-off of the HPA

to minimize the total degradation. It can be used directly to calculate the BER and to

estimate the achievable information rates [10].

Suppose that the input data streams in the transmitted OFDM signal is statistically

independent and identically distributed (i.i.d.), i.e. the real and imaginary part are un-

correlated and orthogonal. As mentioned previously, the MIMO-OFDM system transmit

data over n parallel-frequency channels, the resulting waveform is the superposition of

n narrowband signals. These n narrow bands are the result of n Point IFFT operations

involving the sum of n complex numbers. According to the central limit theorem, the

output can be accurately modelled as complex gaussian random variables with zero mean

and variance δ2 = εx
2
. The amplitude of the output signal can be expressed as

X(n) =
√

(<{X[n]})2 + (={X[n]})2 (3.2)
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Which is rayleigh distributed with parameter δ2. The output power can be expressed as

X[n] = (<{X[n]})2 + (={X[n]})2 (3.3)

Which is exponentially distributed with mean 2δ2. The PAPR of the transmitted OFDM

signal can be defined as

PAPR =
max|X[n]|2

E[|X[n]|2]
, 0 ≤ n ≤ N − 1 (3.4)

The PAPR of [x(n)] at (dB)

= log10
max|X[n]|2

E[|X[n]|2]
(3.5)

Where E[] denotes the expectation operator represents, the transmitted OFDM signals

which are obtained by taking IFFT operation on modulated input symbols. The PAPR

of pass band OFDM signal is approximately twice that of base band PAPR [56].

For a continuous time baseband OFDM signal, the PAPR of any signal is defined as the

proportion of the maximum instantaneous power of the signal and its average power. If

X (t) is a transmitted baseband OFDM signal, then PAPR is defined as:

PAPR[(X(t))]0≤t≤Ts = max
[|X[t]2]

ρav
(3.6)

Where, ρav is the average power of X (t) and can be computed in frequency domain

because IFFT is a unitary transformation Ts is useful duration of an OFDM symbol [56].

The above power characteristics can also be described in terms of their magnitudes (not

power) by defining the crest factor (CF), which is defined as the ratio between maximum

amplitude of OFDM signal X(t ) and root-mean-square (RMS) of the waveform. The CF

is defined as:

CF =
max|X[t]|2

E[|X[t]|2]
=
√
PAPR (3.7)

In most cases, the peak value of signal X(t) is equals to a maximum value of its envelope

|X(t)| However, it can be seen from Figure 3.2 that the appearance of peak amplitude

is very rare, thus it does not make sense to use max |X(t)| to represent the peak value

in real application. Therefore, the PAPR performance of OFDM signals is commonly

measured by certain characterization constants which relate to probability [57].
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Figure 3.2: High PAPR when sub-carriers are modulated by same symbols [57]

3.4 Probability Distribution Function of PAPR

The statistical description of the PAPR is the most commonly used due to the occurrence

of the maximum PAPR. Cumulative distribution function (CDF) shows how much time

signal remain below any given level where as a CDF curve shows how much time the

signal remains at or above a given power level. The percentage of time the signal spends

at or above each power level defines the probability for that particular power level. A

CDF curve is a plot of relative power levels. The PAPR of passband OFDM signal is

approximately twice that of baseband PAPR. The CCDF can be expressed as

CCDF = 1− CDF (3.8)

The output signal has an exponential distribution, thus the CDF of the amplitude of a

signal sample is given by

CDF = 1− e−Z (3.9)

And, The CCDF denotes the probability that the PAPR of the OFDM signal exceeding

the threshold value, or without any PAPR reduction technique notable, for conventional

(single antenna) OFDM, the CCDF of the OFDM signals is expressed as [5], [6], [57].

CCDF = P (PAPR > Z) = 1− (1− e−Z)N (3.10)

where the Z is the threshold value.

Since the MIMO-OFDM systems are based on OFDM, they also suffer from the high

PAPR issue. According to the central limit theorem, the time domain signal samples

are mutually independent and uncorrelated and it is not accurate for a small number of
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sub carriers. To catch some peaks of the signal that do not appear in the PAPR calcula-

tion, oversampling is employed in the discrete baseband signal by inserting (L-1)* N zeros

to the OFDM signal. Therefore, the CCDF of the continuous OFDM signal is given as [57]

CCDF = P (PAPR > Z) = 1− (1− e−Z)LN (3.11)

where L is the oversampling factor and N number of subcarrier.

In MIMO-OFDM systems, the probability that the PAPR of a randomly generated

OFDM symbol over all Nt transmit antennas exceed Z is given by

CCDF = P(PAPR>Z) = 1− (1− e−Z)NtLN (3.12)

Since the MIMO-OFDM systems are based on OFDM, they also suffer from the high

PAPR issue. This work, use the CCDF as a metric to assess the performance of the

technique used for PAPR reduction.

3.5 PAPR Definition in MIMO-OFDM

In MIMO-OFDM system the analysis of the PAPR performance is similar to the OFDM

system with single antenna. The PAPR of the entire system is defined as the maximum

of the PAPRs among all the transmit antennas [58].

PAPRMIMO−OFDM = max1≤i≤NtPAPRNt (3.13)

where PAPRi denotes the PAPR at the ith transmit antenna and Nt is the number of

the transmitter antenna in the system.

3.6 Factors That Influence PAPR Performance

The parameters that effect on PAPR performance and effluent directly to reduce the

PAPR can be divided into three:

• Modulation schemes.

• Number of sub-carriers.

• Sampling rate factor.
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The three parameters above are closely related to PAPR performance and it is important

to study the effect of those parameters with the original OFDM signals.

3.6.1 Number of Sub Carriers (N)

The working principle of OFDM system depends on dividing the frequency into sub-

carriers, each user can occupy one channel. Therefore, increasing sub-carriers lead to

increasing the information that is transmitted, thus the numbers of users are also in-

creasing. The numbers of sub-carriers play an important role for PAPR performance

due to the varying information carriers. Different numbers of sub-carriers result in dif-

ferent PAPR performances. The simulation result will show the influencing number of

subcarriers on PAPR performance.

3.6.2 Modulation Scheme

The input sequences in OFDM system should modulate by one type of the modulation

scheme before converting from frequency domain to time domain through using IFFT

to generate OFDM samples. There are several types of modulation schemes used for

modulating the transmitted signal. Common types of modulation schemes such as binary

phase shift keying (BPSK), QPSK, 4-QAM, 16-QAM and 64-QAM among several types of

modulation schemes are used to evaluate the PAPR performance. High data bandwidth

efficiency (in terms of b/s/Hz) this can be achieved by utilizing higher order modulations

based, for instance, on QAM. When using a higher-order modulation such as QAM

type, the PAPR of the summed OFDM signal is increased by the PAPR of the QAM

constellation utilized. Nevertheless, the probability of these higher peaks happening

is accordingly less. The performance of these PAPR reduction methods remains almost

unchanged for various modulation scheme (QPSK, BPSK and 16 QAM) on OFDM signal

[42]. As seen from the simulation in Figure 3.3 the performance of OFDM based system

in QPSK and 16-QAM remain unchanged.

3.6.3 Oversampling Rate Factor (L)

In the real implementation, continuous-time OFDM signal cannot be described precisely

due to the insufficient N points sampling. Some of the signal peaks may be missed and
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Figure 3.3: Types of modulation schemes on PAPR performance

PAPR reduction performance is unduly accurate. In order to get more precise value of

PAPR, the oversampling scheme is commonly employed by inserting L*N points to IFFT

of the original data with the (L−1)∗N zero-padding before the OFDM modulation that

ensures to catch the peaks of the signal and PAPR performance be more accurate. [59]

has shown that the effective PAPR results can be obtained at L=4. The OFDM signal

x(n) can be written as :

X(
n

L
) =

1√
LN

N−1∑
k=0

Xke
j2πnk
NL , 0 ≤ n ≤ LN − 1. (3.14)

Where L represents an oversampling factor, so that, using suitable oversampling factor L

is an influence to PAPR performance.

3.7 PAPR Reduction Techniques

The main aim of PAPR reduction technique is to reduce the fluctuations in the envelope

of the signal which are to be transmitted by the power amplifier. Numerous techniques

have been proposed and optimized in the literature to reduce the PAPR of OFDM sig-
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nals. These techniques are usually classified into three main categories: signal distortion

techniques, probabilistic techniques and coding techniques.

This section, will briefly review the principles of these PAPR reduction techniques. At

the same time, it mainly focus on the important optimization among these techniques

and point out the advantages and disadvantages of them.

At present, there are many PAPR reduction techniques of OFDM. The first is distortion

technique, such as clipping, companding and so on. These techniques are simple and,

able to reduce PAPR in great level, but result in signal distortion, which leads to worse

BER performance. The major difference between clipping, and companding is that com-

panding transforms enlarge the small signals while compressing the large signals in order

to remove interference from noise, whereas clipping method does not change the small

signals.

The second is coding technique is an efficient method to reduce the PAPR for a small

number of subcarriers, but it is inefficient transmission rate significantly for a large num-

ber of subcarriers. It causes no distortion and creates no out-of-band radiation, but it

suffers from bandwidth efficiency as the code rate is reduced. It also suffers from com-

plexity to find the best codes and to store large lookup tables for encoding and decoding,

especially for a large number of subcarriers [60].

The third kind is probabilistic (scrambling) technique or the redundancy technique which

is including SLM and the PTS [61, 62]. Due to the high PAPR appears randomly, these

techniques focus on lower probability of high peaks of OFDM signals. The principle of

these techniques is that different scrambling sequences are weighted to original OFDM

signals to optimize phase sequences. Then, one combination between OFDM signal and

phase sequence that has minimum PAPR is selected to be transmitted. The probability of

high peaks occurrence will be reduced through this way and then PAPR is reduced. This

paper is mainly focus on PTS technique to reduce PAPR which give better performance

as compare to SLM. The overall comparison of different PAPR reduction techniques are

illustrate in the given table 3.1 below[67, 68].
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Table 3.1: Shows the comparison of different PAPR reduction techniques.

PAPR reduction technique complexity power increase distortion data rate loss

Amplitude clipping & filtering Low No Yes No

SLM High No No yes

Interleaving Low No No Yes

Coding High No No Yes

PTS Very high No No Yes

The integrated modified PTS Low No No Yes

3.7.1 Clipping and Filtering

Clipping and filtering is a powerful PAPR reduction technique. In this technique, the

OFDM signal is deliberately clipped before amplification at a specific threshold value.

However, clipping creates band distortion and out of band noise due to which the rate of

bit error and spectral efficiency are reduced [13]. The clipping and filtering block diagram

is shown below in Figure 3.4.

Figure 3.4: Clipping and Filtering block diagram

The processing steps in Figure 3.4. are as follows, initially the peak is detected and is

clipped. Again it is transferred to frequency domain and Out-of-band signal is set to zero.

Finally using IFFT it is converted to time domain signal, and is transmitted as output.
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3.7.2 Selective Mapping Method(SLM)

The entire data stream is divided into different blocks of N symbols, in specific SLM

method. Each block is multiplied by different phase factors to generate modified blocks

before the modified block is given. Each modified block is given to the IFFT block giving

OFDM as output [63]. Figure 3.5 shows the block diagram of SLM.

Figure 3.5: Block diagram of SLM technique

In SLM one OFDM signal is selected from several signals containing the same information

data . SLM is very flexible scheme and it effectively reduce the PAPR . To improve its per-

formance modified block must be increased. It includes several IFFT stages and complex

optimization procedure which increase the complexity and computational burden.

3.7.3 Partial Transmit Sequence (PTS)

PTS is one of the powerful PAPR reduction technique used to reduce PAPR in MIMO-

OFDM system which is implemented in this paper. The aim of this technique is sub-

dividing the original OFDM symbol data into sub-data which is transmitted through

multiple non-overlapping sub-blocks and rotated with a statistically independent rota-

tion factor. Which are differed by the phase rotation factor until choosing the optimum

value which has low PAPR for transmission is selected. There are three sub block parti-

tion schemes as showen in Figure 3.6 that are pseudo-random, adjacent and interleaved.

Pseudo random sub block partition scheme gives the good result compared to other two

methods. But in terms of hardware complexity the pseudo random is very complex

compared to others whereas the interleaved partition has the worst PAPR reduction per-

formance and is very less hardware complexity compared to others scheme[63],[64].
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Figure 3.6: Subblock partitioning technique

Similar to SLM, the major drawback of PTS is also the computational complexity

(search complexity for optimal phase factor and, multiple IFFT blocks) and low data

rate (required side information). In the original PTS technique the IFFT blocks itself

has a complexity of N*log2N where, N is the number of sub-carriers. Several techniques

have been proposed in the literature to reduce the search complexity and overhead (by

reducing/avoiding the usage of side information). The complexity of PTS is less than

SLM [63],[64].

The block diagram for PTS technique implementation is shown in Figure 3.7 below.

The data sequence X in frequency domain is sub-divided into V sub-sequence which were
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transmitted in disjoint sub-blocks without overlapping. That having equal size of N which

contains
N

V
non-zero values in each sub-blocks sequences to create a set of candidates

finally, the candidate with the lowest PAPR is chosen for transmission [64]. With the

assumption that the sub-blocks have equal size without having any gap between them.

The input data block in X is divided in to V disjoint sub-blocks, which are represented

Figure 3.7: Block diagram of PTS technique for PAPR Reduction

by the vectors Xv,v=0,1...,V-1 the input data block X can be written in terms of Xv as

X =
V∑
v=0

Xvfor, v = 0, 1, ..., V − 1 (3.15)

Where Xv = Xv
0 ,= Xv

1 ..., X
v
N−1 with Xv

k = Xk or 0 After that, the sub-blocks Xv are

transformed into V, time-domain PTS by taking the IFFT of length N. These partial

transit sequences can be written as: Xv = Xv
0 , X

v
1 ..., X

v
N−1 with Xv

k ) = Xk for, v =

0,1,...,V-1. These partial sequences Xv are then independently rotated by phase factors

written as

Xv = Xv
0 , X

v
1 ..., X

v
N−1 = IFFT [Xv]for, v = 0, 1, , V − 1 (3.16)

The partial sequence Xv are then independently rotated by phase factor bv = ejθv. for, v

=1,2, ...V the rotated the partial sequence then optimally combined to obtain the OFDM

signal with lowest PAPR. The time domain signal after combine is given

X̃ =
V−1∑
v=0

bvX
v (3.17)

The object of PTS is finding the lowest PAPR of all the phase factor combination, and

get the best phase factors so that

{b1, b2...bV } = arg min{ max{|X̃|2}}
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There are two main issues of any PTS scheme: to reduce the computational complexity

for searching the optimal phase factors and to reduce the overhead by minimizing the

side information. Without loss of generality, b1 can be set to "1". Suppose that there

are W phase angles to be allowed,thus Wv can has the possibility of W different values.

Therefore there are W V−1 alternative representations for an OFDM symbol. We should

compute W V−1 times of PAPR, and the computational complexity increases exponen-

tially with the number of the sub-blocks.

The search complexity increases exponentially with the number of sub-blocks V to reduce

the search complexity and overhead (by reducing/avoiding the usage of side information)

[65]. These methods achieve significant reduction in search complexity with marginal

PAPR performance degradation. The useful comparison between PTS and SLM tech-

niques has shown that the PTS outperforms SLM in terms of PAPR reduction at the

cost of increase side [66].

3.7.4 Interleaving

The interleaving technique is extremely similar to SLM technique. In this method, a

set of interleavers, devices that permute or reorder symbols in a specific way, instead of

phase sequences X = [X0, X1, , XN−1]
T is used to reduce the PAPR. So original data block

becomes many different permuted blocks by the use of these interleavers. Then the IDFT

operation is performed on each one of these different permutations separately to generate

multiple OFDM signals. The one with the smallest PAPR is chosen for transmission. To

recover the original data block correctly, the receiver only need to know which interleaver

is used at the transmitter, thus, the number of required side information bits is 2 log k,

where k represents the number of interleavers. So the amount of PAPR reduction and

the degree of complexity in this method depend on k and the design of the interleavers.
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Chapter 4

The Introduced System Model

4.1 System Model

In OFDM systems, the transmitted signal is the sum of orthogonal sub-carriers that are

modulated by complex data symbols. For MIMO-OFDM system with N sub-carriers, the

complex baseband signal can be written as

XNt(t) =
1√
N

N−1∑
n=0

Xne
j2πfN t, 0 ≤ t ≤ nT (4.1)

Where Nt transmit antenna that uses N subcarriers. In OFDM modulation, a block

of n data symbols (one OFDM symbol), Xn where n = 0, 1...n-1 is the complex data

symbol at nth sub-carrier will be transmitted in parallel. Then each symbol modulates

a different subcarrier from a set fN where N = 0, 1... N-1. The N subcarriers are

orthogonal, i.e. fN = N∆f where ∆f = 1
nT

, T is the duration of the OFDM symbol.

The above power characteristics can also be described in terms of their magnitudes (not

power) by defining the crest factor as given in equation 3.7. In equation 4.1 the real

and imaginary components evaluate the expectation and variance of them and then after

applying central limit theorem for large N, the probability distribution of Xn will follow

the gaussian distribution with probability density function (PDF) is given by [43]

Pr{X(t)} = 1√
2πσ

e− [X(t)]2

2σ2 , where, standard deviation σ, σ2 is the variability of X(t).

4.1.1 MIMO Space Time Block Code

The technique of space-time coding is fundamentally a two-dimensional method of pro-

cessing space and time. While multiple antennas are used for transmission and reception

to enhance the capacity and data rate of wireless communication systems in the space-

domain. In the time domain, at different time slots, different signals can be transmitted

simultaneously using the same antenna. There is a correlation between time and space

between signals that are transmitted by different antennas so that the receiver antennas

can perform reception of diversity. Space-time coding is therefore designed primarily for
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higher coding gain without the use of more bandwidth that efficiently enhances wireless

system capacity [3]. The block diagram of MIMO space time block code is given in Figure

4.1 MIMO-STBC structure concatenated with OFDM is modeled in this document, then

Figure 4.1: Structure of STBC MIMO-OFDM [3]

the capability of the OFDM scheme to alter the frequency selective channel to flat fading

channel is portrayed [21, 22].

A manuscript work presented by Alamouti suggested a technique for maintaining orthog-

onal behavior, known as STBC [7]. This thesis evaluates the performance of a multitude

of OFDM modulation systems with QPSK in fading channels.

Two antennas are used in this system for transmitting and one antenna for receiving

which have the diversity gain of twice the SISO scheme. In Alamouti STBC, two differ-

ent symbols are simultaneously transmitted from the two antennas during any symbol

period. In this method, two symbols X1 and X2 are transmitted. During the first time

period, the first symbol in the sequence, X1 is transmitted from antenna 1 while the sec-

ond symbol, X2 is simultaneously transmitted from antenna 2. During the next symbol

time the signal −X∗2 is transmitted from the antenna 1 and the signal X∗1 is transmitted

from antenna 2 [7]. In the Alamouti encoder, two consecutive symbols X1 and X2 are
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encoded with the following space-time code word matrix:

X =

 X1 −X∗2
X2 X∗1

 (4.2)

Transmission of the Alamouti encoded signal is done from the two transmitter antennas

over two symbol periods.

The same process is repeated to transmit next two symbols, and so on. Four symbols X1,

X2, X3 and X4 will take four consecutive time slots in Figure 4.2 below. Two symbols

are encoded as a block.

Figure 4.2: Two Transmitter-one Receiver Scheme

Steps of transmission for Almouti STBC

• In the first time slot, send X1 and X2 from the first and second antenna.

• In second time slot send −X∗2 and X∗1 from the first and second antenna.

• In the third time slot send X3 and X4 from the first and second antenna.

• In fourth time slot send −X∗4 and X∗3 from the first and second antenna.

The received signals Y1 and Y2 are composed of signals from antenna 1 and 2, in addition

with additive noise.

Y1 = h1X1 + h2X2 + n1

Y2 = −h1X∗2 + h2X
∗
1 + n2 (4.3)

Where n1 and n2 represents additive noise at time t and t + Ts, respectively and h1 ,

h2 represent channel gain. We assume memory less and flat channel, it is also assumed

that the receiver has complete channel state information (CSI), therefore the receiver can
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determine and calculate h1 and h2. By taking the complex conjugation of the second

received signal, we have the following matrix vector equation: y1

y∗2

 =

 h1 h2

h∗2 −h∗1

 X1

X2

 n1

n∗2

 = H

 X1

X∗2

 n1

n∗2

 (4.4)

and the value of H (channel matrix) is given by,

H =

 h1 h2

h∗2 −h∗1

 (4.5)

The design of channel matrix H is very important and it is made orthogonal, which can

be verified by the relation

HHH = I

Where HH, (.)H is hermitian matrix and hermitian transpose respectively and I is the

identity matrix. In Alamouti scheme two symbols are transmitted in two time intervals,

thus rate is equal to one. In Alamouti scheme two symbols are transmitted in two time

intervals, thus rate is equal to one. Thus the channel matrix is so composed that it can

be interpreted as two antennas (space diversity) by two time intervals (time diversity),

preserving the orthogonality of H matrix and this is known as space time block code.

4.1.2 Modified PTS Technique Integrated With Interleaving and

Pulse Shaping

Consider the OFDM system shown in Figure 4.3 with N orthogonal subcarriers. Each

symbol in the data block will modulate one of N subcarriers. The symbols in the block is

Figure 4.3: The block diagram of combined modified PTS

given by, X[k] = [Xn(0), Xn(1)Xn(N − 1)]T , 0 ≤ k ≤ N − 1. Each element of the vector
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Xn[k] is an independently modulated data symbol. The OFDM signal is the superimpo-

sition of modulated subcarriers using IFFT operation.

In PTS technique, computational complexity increase exponentially as the number of

subblocks increases. In this thesis a neighborhood search algorithm based local search-

ing is defined in modified PTS technique as a function of the current PAPR and the

threshold PAPR value (PAPRo) is used to find the optimum set of phase factors. A

new phase factor set is learned in the default region and PAPR is calculated. If the new

PAPR is less than the threshold value (PAPRo) will be substituted with the new value.

For finite number of searches, the process of finding the optimum set of phase factors to

yield less PAPR is repeated. If the PAPR is not below the threshold value, the present

values of PAPR and the set of phase factor are taken as the optimal solution. PAPR

reduction performance is enhanced at decreased computational complexity with modified

PTS method. This method is combined with interleaving and pulse shaping for bet-

ter decrease of PAPR. Technique of interleaving attempts to break the high correlation

between the data symbols of the block that provide reduction of PAPR performance.

The long correlation patterns present in the N symbols of a data block is reduced by

using (K-1) interleavers, where K is the interleaving factor [48]. The interleaving method

will reorder the N data symbols in the Xn input data block. Pulse shaping is a flexible

method for decrease PAPR and is based on the correct choice of time-limited waveforms

of the different subcarriers [18]. Pulse shaping also introduces controlled inter-channel

interference. In frequency selective fading channels, optimum detectors with successful

results can be designed without any loss in bandwidth performance. The pulse shaping of

the separate subcarriers with the same form will only improve the peak amplitude of the

transmitted signal without altering the correlation characteristics between the separate

samples of the same block. The new set of pulse shapes shows that each subcarrier pulse

has a distinct shape all obtained from the same pulse through cyclic shifts. This will

decrease the PAPR of the transmitted MIMO-OFDM signal as the peak of the distinct

pulse shapes never occurs at the same moment. Raised cosine pulse is a commonly used

pulse shape used in wireless communication and is regarded to analyze the MIMO-OFDM

system’s PAPR performance.
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4.1.3 Pulse Shaping

In modern wireless communication, pulse shaping plays a vital role in spectral shaping

to decrease spectral bandwidth. For low cost, reliable, power and spectrally efficient

mobile radio communication systems, pulse shaping is a spectral processing technique by

which fractional out of band power is lowered. It is evident that in addition to reducing

ISI, the pulse shaping filter also reduces adjacent channel interference. The transmitted

signal must be limited to a certain bandwidth in many applications for data transmission.

Therefore, the infinite bandwidth associated with a rectangular pulse is not acceptable.

The raised cosine filter gets its name from the shape of its frequency response, rather

than its impulse (or time domain) response [18]. A commonly used pulse shaping filter

satisfying the Nyquist criterion while having a faster decay is called the raised cosine

filters having the following equation,

g(t) =

(
sin(πt/T )
πt/T

)(
cos(παt/T )
1−(2αt/T )2

)
, t = − ∝ to ∝

where α is the excess bandwidth parameter and takes values from 0 to 1.

With α =0, the raised cosine filter reduces to the classical Nyquist filter with zero excess

bandwidth outside.

With α =1 it is called 100 % excess bandwidth and does not occupy frequencies outside .

The frequency response of the raised cosine filter is given by,

G(f) =


T, for |f | ≤ 1−α

2T

Tcos2
[
πT
2α

(|f | − 1−α
2T

)

]
, for 1−α

2T
< |f | ≤ 1+α

2T

0, for 1+α
2T

< |f |

The frequency response of the raised cosine filter in the time domain and frequency

domain representations for different values of α is given in Figure 4.4 the simulation

result shown that frequency domain outperform the time domain.

The transmitted signal in MIMO-OFDM system is the sum of orthogonal subcarriers that

are modulated by complex data symbols. Figure 4.5 illustrates a simplified block diagram

of the STBC MIMO-OFDM scheme with Nt=2 transmitting antennas. Partitioning of

data is performed in two branches each branches, provided that the same subcarrier

grouping and these partitions are further transmitted into the corresponding IFFT blocks

the process of selecting different set of phase value is repeated and during each repetition,
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Figure 4.4: Time and frequency domain waveform of raised cosine pulse shaping filters

respectively

PAPR of the block is computed and the set of phase rotation values which gives minimum

PAPR is selected and are simultaneously sent from antennas TX1 and TX2 respectively

[48].

The code word to be transmitted is divided into several subblocks, V, of N/V length.

Mathematically, expressed by

s =
V∑
v=1

X
(v)
k , v = 1, 2, ...V (4.6)

The one rule is obeyed by segmentation methods is that the length of segmented sub-

sequence is N, each sub-carrier appear in one subsequence, and the location of sub-

sequence without subcarrier sets zero. Random segmentation realization is complex.

First, it is essential to generate a vector with a length of N. The vector contains N

different random integers. This vector is used to get the value from the signal sequence

and to divided the signal into V sub-sequences. Because interleave segmentation is easily

realized and computational complexity is low and the better PAPR reduction performance

of random segmentation the hybrid pseudo-random and interleaving PTS partition (PR-
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Figure 4.5: Block diagram of combined PTS with STBC MIMO-OFDM system

IL-PTS) method is introduced in the document to improve the performance of PAPR. For

the PTS technique, the sub-block partition is directly related to the correlation property.

After evaluating the auto-correlation function of these three different sub-block partition

technique, we know that for pseudo random sub-block partition, can derive as [69]

|Rij(τ)| = 1

N
|
V∑
v=1

bvi b
v∗

j |.|
∑
k∈φv

exp(j
2πkτ

N
)| (4.7)

Where φv = {P random independent subcarriers}, 1 ≤ v ≤ V and define P= N/ V

presents the number of subcarriers in each subblock.

If τ 6= 0, when V is small, since the allocation of sub-carriers is random in any sub-

block,the value of equation. (4.7) is approximates to 0. This can rewrite as

|Rij(τ)| ≈

0 for τ 6= 0

1
V
.|
∑V

v=1 b
v
ijb

v∗
ij | for τ = 0

(4.8)

From the formula, we notice that the strongest correlation value exists only at τ=0, while

at other time shift points, the auto-correlation values are very small. The pseudo random

sub-block partition system therefore has a unique merit on this point. For Interleaved

Subblock Partition correlation function define as |Rij(τ) [69]

Rij(τ) =
1

N

V∑
v=1

bvi b
v∗

j

∑
k∈φv

exp(j
2πkτ

N
) (4.9)
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Where φv = {(v − 1), V + (v − 1), ., (P − 1)V + (v − 1)}, 1 < v < V

There only 2V points are nonzero. Because it is symmetrical around m = O, so analyzing

0 < m < V part is enough. Especially

|Rij(0)| = 1

V
.|

V∑
v=1

bvι b
v∗

ι |

max
0≤τ<N

Rij(τ) =
1

V
max

0≤m<V
|
V∑
v=1

bvι b
v∗

ι exp(j
2πmv

V
)| (4.10)

The aim is to optimally combine the V clusters in the frequency domain that is given by

s̃ =
V∑

m=0

bmSm (4.11)

where, bm, m=l, 2,. .., V are weighting factors and are assumed to be perfect rotations.

In other words, the time domain is given by

s =
V∑

m=0

bmSm (4.12)

where, sm consist of a set of subblocks with equal size and bm is the phase rotation

factor, which are required to inform the receiver as the side information. The set of

weighting factor for V subblocks are optimised in the time domain so as to achieve

the better PAPR performance. PTS generates a signal with a low PAPR through the

addition of appropriately phase rotated signal parts. All subcarriers positions in X
(v)
k

which are occupied in another subblock are set to zero. Each of the blocks, v, has an

IFFT performed on it,

x(v)n = IFFTX
(v)
k (4.13)

The output of each block except for first block which is kept constant, is phase rotated

by the rotation factor given by

ejθ(v) ∈ [0, 2π] (4.14)

Here, the phase value considered in each block is given by ℘(v) =
2πi

W
, i=1,2,...W-1 where,

W is the number of predetermined discrete phase.

The blocks are then added together to produce alternate transmit signals containing the

same information as given by

x̃n =
V∑
v=1

x(v)n ejθ(v) (4.15)
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The objective is to and the optimum phase factor that can achieve minimum PAPR value

of the OFDM signal. Therefore, the optimum phase factor can be obtained as

{φ2, φ3....φv} = arg min
1≤w≤W

(
max

0≤n≤NL−1
|
V∑
v=1

xvne
jθ(v)|

)
(4.16)

The set of weighting rotation parameters is selected to minimize the PAPR. The compu-

tational complexity of the PTS technique relies on the amount of required phase rotation

factors. The phase rotation factors can be chosen from an infinite number of phase

φvε(0, 2π). But discovering the best weighting factors is definitely a complicated issue.

These phase factors combination correctly maintains the orthogonality between the dif-

ferent modulated carriers to improve the capacity of PAPR reduction performance for

the PTS technique. However, the performance improvement of the PTS PAPR reduction

scheme is accomplished at the cost of issues with high complexity and challenging param-

eter setting. Modified PTS therefore use the potential of MIMO transmission to reduce

PAPR. In MIMO communication, data rate or order of diversity can be enhanced by ex-

ploiting the spatial dimension [70]. In the same spirit, PAPR decrease can be enhanced

by collectively handling the parallel transmission signals.

4.1.4 Interleaved MIMO-OFDM

Highly correlated OFDM signal data frames have high PAPRs, which could be decreased

if long correlation patterns are broken down. In this mechanism, a set of fixed permuta-

tions (interleaving) is used to break these patterns of correlation [70, 71]. K-1 interleavers

are used at the transmitter in this approach. These interleavers generate permuted input

data frames of K-1. For transmission, the minimum PAPR frame of all K frames is cho-

sen. The identity of the corresponding interleaver is also sent as side information to the

receiver. If all K, PAPR computations are performed simultaneously and the smallest

PAPR sequence is selected in one step, the transmitter processing delay is significantly

reduced. Therefore, it can also be used with high-speed data transmission. Interleaved

MIMO-OFDM can also be used to track the spectrum. Since subcarriers of one sub-

block are similarly spaced, their frequency locations can be determined by capturing one

subcarrier with knowledge of system parameter. Users can monitor radio activity on

one subblock by detecting only one or two subblock subcarriers instead of all subcarriers

across the entire frequency band. Interleaving can be used to combat the effects of noise
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bursts and fading in error correction systems. The peaks in the related OFDM signal can

be compressed by interleaving a data frame.

The N subcarriers are partitioned into V groups with each group having Θ adjacent sub-

carriers for Interleaved MIMO-OFDM. Then the kth subcarrier of each group is assigned

to the kth user.

xk(n) =
V−1∑
m=0

Xk
me

j(
2π

N
)(mΘ + k)n (4.17)

in which k=0,1,. . . Θ -1 is the index of users. let m = N(q + n) where 0 ≤ q ≤ Θ − 1

and 0 ≤ n ≤ N − 1 as showen in "appendix B" x̃m is given by

x̃m =
1

Θ
xn (4.18)

Here an N-sample interleaved OFDM block is generated by repeating ι for Θ times [71].

The resulting time symbols x̃m are just a repeat of the initial input symbols xn in the

time domain [72]. Hence, an interleaved MIMO-OFDM system with N subcarriers can

be scaled from an OFDM system.

4.1.5 Computational Complexity Analysis

The introduced method was intended with the goal of reducing the computational com-

plexity that is a significant drawback of the original PTS method. If the number of

subcarriers is N = 2n and the oversampling factor is L = 2d, the number of complex mul-

tiplication nmul and the complex addition nadd of the conventional PTS scheme is given

by 2n+d−1(n+d)V and 2n+d(n+d)V respectivly where V is the number of subblocks [73].

To emphasize the fact that the introduced method has a significantly decreased computa-

tional complexity compared to the original PTS, it is essential to evaluate both methods

to see operations that significantly contribute to the complexity of computation. The

major operations in both the techniques that contribute to computational complexity are

as listed below:

• Phase rotation of arrays of size [N × 1]

• PAPR calculation of partially formed OFDM symbol of size [N × 1]

• Comparison of PAPR values to obtain the minimum

• N-point IFFT
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• Vector addition of arrays of size [N × 1]

Simple mathematical calculations have been done for both C-PTS and integrated modi-

fied PTS techniques to find out the number of times these operations have to be performed

below .Where, W and V are weighting factor and subblock respectively [74].

Table 4.1: Comparison of computational complexity C-PTS with In-

tegrated modified PTS for V=4, W=4, N=64

Process C-PTS Integrated modified PTS

N-point IFFT VW V−1= 256 V = 4

N-point vector VW V−1 =256 W(V-1) = 12

addition

Phase factor V (W V−1 − 1) =252 W(V-1)=12

multiplication

PAPR calculation W V−1 =64 W(V-1) = 12

PAPR value W V−1 − 1 =63 W(V-1) =12

comparison
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Table 4.2: Comparison of computational complexity C-PTS with Inte-

grated modified PTS for V=8, W=4, N=64

Process C-PTS Integrated modified PTS

N-point IFFT VW V−1= 131072 V = 8

N-point vector VW V−1 = 131072 W(V-1) = 28

addition

Phase factor V (W V−1 − 1) =131064 W(V-1)=28

multiplication

PAPR calculation W V−1 =16384 W(V-1) = 28

PAPR value W V−1 − 1 =16383 W(V-1) =28

comparison

For a given value in table 4.1 and 4.2 the complexity of the introduced integrated

modified PTS is reduce computational complexity of the original PTS by 6% and 3% for

V=4 and V=8 respectively.

Computational Complexity Reduction Ratio (CCRR)

An important computational complexity related parameter is the computational com-

plexity reduction ratio defined as

CCRR = (1− comp of integrated modified PTS
comp of conventional PTS

)× 100%. (4.19)

It reduces the percentage of complexity by using the introduced PTS scheme as compared

to the C-PTS scheme. It is possible to estimate the performance of a system using CCRR

from Table 4.1 CCRR is 94.16%. Higher CCRR percentage specifies good performance

of the integrated modified PTS scheme relative to conventional system performance. As

stated in table 4.1, the search complexity is decreased from W V−1 to W(V-1), which

means that exponential searches are changed to linear searches.

4.1.6 Bit Error Rate

BER is used to measure the difference among original transmitted signal and received

signal at the receiving end.
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BER(t)=abs(X(t) - Y(t)) Where, X(t) is the originally generated signal at transmitter

and Y(t) is the received signal at the receiver end at time (t). In brief, the BER is the

vector of unit time bit error and the Bit Error Ratio (BER) is

BER =
number of error

total number of bite transmitted
(4.20)

A situation where the transmission speed and average is good at a particular time but

the SNR is high then BER becomes very low. The SNR in decibel (dB) is commonly

referred to as the SNR.

SNR = 10log
signal power
noise power

(4.21)

It is an indicator used to assess a communication link’s quality. It implies that when the

SNR is greater, a communication connection is in good condition.

BER Performance Analysis of 2× 1 Alamouti Scheme

To derive MIMO Alamouti’s overall 2×1 system. For Almouti with two transmit antenna

and n receive antenna, the channel matrix norm is:

ζ = |hij|2 = Σ2
j=iΣ

i
i=1(|hij|2) (4.22)

Where h1j and h2j (j=1) are the first transmit antenna’s impulse response with the

receivers and the second antenna’s impulse response with the receivers respectively [75].

Then, to obtain the average bit or symbol error rate we must average the conditional

probability over the channel state. The average bit or symbol error rate is

PC2×n = Q(
√
|hin|2ρs) (4.23)

where the Q function is the gaussian defined for random variable and ρs is the bit energy

is given by (|hn1|2)2Es. For a rayleigh fading channel, the square norms of complex

gaussian random variables with variance 1/2 in each dimension are each of the terms in

this summation. Therefore, each of these terms is chi-square distributed with parameter

1 (i.e., exponential) two degrees of freedom. The sum of N independent and identically

distributed exponential random variables, if all the channel gains are assumed to be

central chi-square distributed with 4N degrees of freedom [75]. Therefore, the probability

density function of β is given by: P (β) =
β2n−1

(2n− 1)!
e−β

Because the conditional probability is a random variable, to obtain the average bit or

symbol error rate, we need to average it over the channel statistics.
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Result and Discussion

The transmission power and channel bandwidth define the two primary resources of a

communication scheme. The bandwidth of the channel is dependent on the bit rate

(signaling rate ). The carrier signal is the most prominent parameter of digital commu-

nication. However, after it has been modulated, the carrier signal is transmitted over a

channel along with the baseband signal. It means that the signaling rate is decreased

when two or more bits are combined as a symbol, thus decreasing the frequency of the

carrier. Bit grouping in symbols also decreases the bandwidth of the transmission chan-

nels.

Table 5.1: Simulation Parameters

Parameter Symbol Value/type

Channel type - Flat - fading

pulse shaping Pm(t) Raised cosine filter

Subblock partitioning scheme - Interleaving

Number of sub carriers N 64, 128, 256, 512, 1024

Over sampling factor L 2, 4, 8, 16

Number of sub blocks V 2, 4, 8, 16

Ro11 off factor α 0.6

Number of antennas Nt, Nr 2, 1

Modulation scheme QPSK QPSK

Phase weighting factor b 1, -1, j, -j
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Figure 5.1: comparirition of proposed PTS MIMO-OFDM and MIMO-OFDM

The above simulation in Fig 5.1 shows the CCDFs of PAPR performance of the com-

bined modified PTS method in STBC MIMO-OFDM system with subblocks V=4 for

a random data of block size 1000 with N=64 subcarriers, oversampling factor L=4 and

roll-off factor α=0.6. The X-axis represents the PAPR thresholds and the Y-axis acts as

the CCDF probability (PAPR probability above the PAPR threshold). It can be seen

from the simulation that series improvement that is 5.5 dB when PR-IL-PTS is applied

than applying IL-PTS that is 5.2 as shown in the simulation for STBC MIMO-OFDM

system with combined modified PTS compared to original STBC MIMO-OFDM when

CCDF= 10−2 .
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Figure 5.2: comparirition of proposed PR-IL PTS MIMO-OFDM,IL PTS MIMO-OFDM

and MIMO-OFDM

The above simulation in Fig 5.2 shows the CCDFs of PAPR performance of the com-

bined modified PTS method in STBC MIMO-OFDM system with subblocks V=8 for

N=64 subcarriers, oversampling factor L=4 and roll-off factor α=0.6. It can be seen

from the simulation that series improvement that is 5.4 dB (IL-PTS) and 5.8 dB (PR-IL-

PTS) therefore PR-IL-PTS further improve system performance with low complexity for

original STBC MIMO-OFDM and STBC MIMO-OFDM system with combined modified

PTS when CCDF= 10−2 .
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sub.png

Figure 5.3: MIMO-OFDM system for different number of subcarriers

The simulation result in Figure 5.3 demonstrates that distribution of PAPR with

different subcarrier numbers for N=64, 128, 256, 512 and 1024 the values of PAPR. The

modulation technique is QPSK, with 1000 samples being taken as the sampling factor

(L=4). We observe that the performance of the integrated modified PTS method in the

MIMO-OFDM system for various number of subcarriers that the PAPR values rise as

a subcarrier increase for a specified CCDF value. This implies that growing numbers

of sub-carriers increase the PAPR value due to an increase in sub-carriers leading to an

increase in data on those carriers, thus increasing the PAPR value and computational

complexity reduction ratio. The number of sub-carriers is therefore a very significant

parameter affecting the value of PAPR.
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Figure 5.4: MIMO-OFDM system for different oversampling factor

Figure 5.4 illustrates the complementary cumulative distribution function of the PAPR

in the MIMO-OFDM signal for the case of N=64 subcarriers, V=4 subblocks and for dif-

ferent oversampling factor (L) increased from 2 to 4, 8, and 16. If L is raised, enhanced

performance can be obtained. This occurs at an increasing level of complexity. Increasing

L beyond 4 seems to bring negligible improvement in performance but, an increasing level

of complexity.
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Figure 5.5: MIMO-OFDM system for different number of subblocks

Figure 5.5 shows the CCDFs of PAPR performance for the integrated modified PTS

method in MIMO-OFDM system with different number of subblocks (V) = 2, 4, 8, and 16

the PAPR is reduced to 9.4dB and 5.2dB respectively for 2 and 16 subblock value given

in this simulation when CCDF=10−2 for a random data of block size 1000 with N=64

subcarriers, oversampling factor L=4 and roll off factor α = 0. 6. It can be seen that as

the subblock size is increased the PAPR value is decrease at a given CCDF value. which

resulting in PAPR performance improvement as the number of sub blocks increases.
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Figure 5.6: performance of BER

BER is a parameter which gives an excellent indication of the performance of a data

link. Knowledge of the BER also enables other features of the link such as the power and

bandwidth. For QPSK, the value of BER in theoretical and simulation is not alike. As

shown in Figure 5.5 the value of simulation BER is larger than that of theoretical value

but, it approach to theoretical value.
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

MIMO-OFDM systems is used to improve the performance of wireless communication

system especially for internet and multimedia services. In this paper STBC concatenated

with MIMO-OFDM system for diversity and secure means of data propagation even the

user is not stationary.

PAPR is one of the major drawbacks of the MIMO-OFDM system in practical application

because it operates in the nonlinear region so that the system encounters many restric-

tions in the practical application. The signal scrambling methods are used in optimizing

the statistical characteristics of PAPR in MIMO-OFDM system. In MIMO-OFDM trans-

mission some methods avoid the use of any extra IFFTs but instead is based on a proper

selection of the different subcarriers and sub-blocks. It is important to give a comprehen-

sive review to the parameters that influence on reducing PAPR value which is discussed

in this paper. In this work, focus is made on PAPR reduction as well as complexity

reduction. Some PAPR reduction techniques can effectively reduce PAPR but they are

too complex to be realized, this confines the use of them in practice.

The comparison of different PAPR reduction techniques are given. Comparison was also

made between the complexity of the C-PTS and the introduced method and the calcula-

tion showed that complexity is decreased . This thesis formulate a technique that would

use the principle of PTS and reduce PAPR effectively and yet can be efficiently deployed

in real time systems. The method was simulated and the results were obtained using the

introduced MIMO-OFDM system and MIMO-OFDM system without any PAPR reduc-

tion technique in the form of CCDF graphs.

By interleaved subblock partitioning method combined with modified PTS and pulse

shaping method is simple to implement and reduces the transmitter complexity can be

optimized. It is possible to conclude that the factor stated in the document influenced
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the PAPR performance as shown in simulation but,increasing L beyond 4 brings negligi-

ble improvement in performance but, it increase level of complexity. For more number

of transmit antennas C-PTS and modified PTS suffer from PAPR problem in MIMO-

OFDM system but, the integrated modified PTS technique utilizes the multiple transmit

antennas, to achieve better PAPR performance. As the number of subcarriers increases

the computational complexity reduction ratio increases. Therefore, the integrated mod-

ified PTS scheme becomes more efficient for high data rate MIMO-OFDM system. We

conclude from the simulation that series improvement for original MIMO-OFDM and

MIMO-OFDM system with combined modified PTS that is 5.5 dB improvement when

CCDF= 10−2 .

In this paper, the approach to finding the optimum phase factor in the introduced PTS

has been changed to accommodate only single IFFT block in the scheme that is effective

in reducing the original PTS method’s computational complexity by 6% and also pro-

duced better PAPR reduction performance. The best tradeoff between PAPR reduction

capability and transmission power, data rate loss, implementation complexity, and BER

performance should be provided to an effective PAPR reduction technique. The BER

performance of MIMO-OFDM system with integrated modified PTS has been compared

with that of the theoretical value. Finally the integrated modified PTS is a better ap-

proach to the real conditions in engineering practice by providing a compromise between

the PAPR reduction performance and computational complexity.
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6.2 Recommendation

• This paper was done MIMO based on OFDM it is recommended for the future

work may use filtered-OFDM (OFDM release) and waveform candidate such as

universal filter multicarrier (UFMC) and generalized frequency division multiplex-

ing (GFDM).

• This paper was done using space-time coded MIMO-OFDM system the future work

may include spatial multiplexing using space-time coded MIMO-OFDM system.

• As this paper was done using reduced complexity PAPR reduction technique for

MIMO-OFDM system, multi user massive MIMO-OFDM system is recommended

for this scheme.
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Appendix A

Appendix A

The chi-square distribution results when independent variables of κ are squared and

summed up with standard normal distributions. The formula for the chi-square distribu-

tion’s probability density function is

f(x) = e
−x
2 x

κ
2 −1

2
κ
2 Γ(κ2 ) ,for x ≥ 0

where κ is the shape parameter and Γ is the gamma function. The formula for the gamma

function is

Γ(a) =
∫ ∝
0
ta−1e−tdt

The chi-square distribution is considered as a "standardized distribution" (i.e., no loca-

tion or scale parameters) in a testing context.

Appendix B

let m = N(q + n) where 0 ≤ q ≤ Θ− 1 and 0 ≤ n ≤ N − 1 then

x̃m = ˜xNq+n =
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where ι denotes a normalized discrete time instance, q is the sub-channel index of the kth

user and N is the total number of sub carriers.
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