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Abstract

Orthogonal frequency division multiplexing (OFDM) has been the most widely
used multicarrier in recent mobile communication system due to its multiple ad-
vantages like high spectral efficiency, high data rate transmission over a multipath
fading channel, simple implementation, and low receiver complexity. Currently,
multiple-input multiple-output (MIMO) is combined with OFDM to boost spectral
efficiency, work in a frequency selective environment, and enhance link reliability.
Besides those crucial advantages, MIMO-OFDM system suffers from a high peak-
to-average power ratio (PAPR) that originates from the superimposition of the
number of sub-carriers with random amplitudes and phases. This high PAPR re-
sults in high power consumption by the power amplifier and high complexity in

the design of analog to digital converter.

In this thesis work, modified clipping based PAPR reduction technique has been
designed for MIMO-OFDM system and it is integrated with turbo channel coding
scheme. In modified clipping method the MIMO-OFDM signal in each transmitter
antenna has been clipped into different threshold values using a settle quantiza-
tion levels, step size value and number of clipped high peak envelope signals as
parameters. A powerful turbo channel coding enables to reduce the clipping and
channel fading distortion with the aids of iterative decoding using space-time block
code (STBC) bit-wise soft detection values as input. This allows to achieve better
bit error rate (BER) performance. The PAPR and BER of the turbo code based
modified clipping STBC MIMO-OFDM have been verified using Matlab software
for the selected numerical values of modified clipping parameters. In addition, the
designed modified clipping performance has been compared to the conventional

clipping performance using PAPR and BER metrics.

The simulation result demonstrated that the modified clipping having compa-
rable PAPR performance to that of the conventional clipping has better BER
performance. Using modified clipping method having 25% of clipped high peak
envelopes, 5 quantization levels, and 0.05 step size with 1/3 rate turbo code the
PAPR performance can improve by 69.09%, 71.05%, and 72.65% for a sequential

iii



Abstract v

sub-carrier length of 128, 256, and 512 over its respective original PAPR perfor-
mances. Under those modified clipping parameters value with different turbo code
iteration the remarkable bit energy to noise power spectral density ratio E,/Ny

gain has been obtained at a given BER value.

Keyword: MIMO-OFDM, Turbo code, Modified clipping, PAPR, BER
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Chapter 1

Introduction

1.1 Background

The early digital communication systems were based on a single carrier modula-
tion (SCM) scheme, in which the entire bandwidth has been designated to one
radio channel. In SCM systems the signal highly susceptible to the influence of
deep fading in a multipath channel. Multicarrier modulations have been then pre-
sented as a good alternative to combat this multipath fading effect in SCM. In
the multicarrier modulation (MCM) technologies the available bandwidth divides
into multiple sub-channels so that it converts the serial high rate data stream to
multiple low rate sub-streams transmitted in parallel over each sub-channel [1],[2].
Recently, different MCM candidate waveforms like orthogonal frequency division
multiplexing, filter bank multicarrier offset quadrature amplitude modulation [3],
generalized frequency division multiplexing [4], universal filtered multicarrier [5],
and filtered orthogonal frequency division multiplexing [6] were being developed

to fulfill 5G network requirements.

Among those candidate physical layer waveforms as of now, OFDM is the most
popular one in many standards and applications. OFDM has been supported
by many FEuropean standards and standardization groups like IEEE 802.11 and
IEEE 802.16 [1], [7-11]. In OFDM parallel transmission of lower data rate streams

1



Chapter 1. Introduction 2

using several orthogonal subcarriers allows to increase the symbol duration, thus
decreasing the prorated amount of dispersion in time resulting from the multipath

delay spread.

In addition to MCM, the demands of wireless communication evolved to multiple-
input multiple-output technology. MIMO technology enables to achieve the sys-
tem link reliability through spatial diversity and the high data rate through spatial
multiplexing. In a diversity system, fading for each link between a pair of trans-
mitting and receiving antennas is considered to be independent and the same
information travels through diverse paths. As a result, the probability of accu-
rate detection of the information increases. In the transmitter, spatial diversity
has been accomplished by utilizing space-time block code. STBC relies on coding
of the data symbols across space and time to extract diversity and also it offers
simple decoding with the use of a maximum likelihood detection algorithm at the
receiver [12-14]. As demonstrated in [13] and [15] practically MIMO in the wire-
less communication system is frequency selective. To solve this frequency selective
nature of MIMO, a promising combination has been exploited between MIMO and
OFDM.

In spite of its advantages, OFDM suffers to high peak-to-average power ratio
originates from the superimposition of subcarriers with random amplitudes and
phases. High PAPR is also an issue in MIMO-OFDM systems [15], [16]. Since
the design of system components like a high power amplifier (HPA) with a large
linear region operating point is impractical and prohibitively high cost, a practical
MIMO-OFDM implementation must consider measures to reduce the high PAPR

efficiently.

This thesis work mainly focuses on the clipping version of the PAPR reduction
technique, since clipping is compatible with the MIMO-OFDM system and also it
has less complexity. To attain better PAPR reduction gain and BER performance
gain many research works were conducted in clipping, clipping and filtering, iter-
ative clipping and filtering as well as in a combination of those with other PAPR

techniques. At all clipping introduces out-band radiation as well as in-band signal
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distortion, which results in signal interference in adjacent channels and BER per-
formance degradation respectively. The out-band radiation problem in clipping
has been solved by filtering but the in-band distortion is still an open problem.
The BER limitation of clipping has been more prominent in the high order di-
versity MIMO-OFDM system, so for the sake of BER performance, the clipping

threshold usually settles too large, thus resulting in less PAPR reduction gain.

To combat this limitation, the application of turbo channel coding has been applied
to the designed modified clipping PAPR reduction technique for the MIMO-OFDM
system. In turbo-based modified clipping MIMO-OFDM system, the selected high
peak envelopes have been clipped in successive manners using the numbers of quan-
tization levels and a preset step size value. For bit-wise soft STBC detection the log
maximum a posteriori probability (Log-MAP) algorithm has been utilized, since
Log-MAP algorithm has sub-optimal performance with the reasonable moderate

complexity [17].

Using STBC bit-wise soft detection values as input turbo decoder works in an
iterative manner to find out the best estimate of the received sequence, so it
results in better BER performance for the proposed modified clipping MIMO-
OFDM system. In this thesis work, the system performance has been evaluated
using complementary cumulative distribution function (CCDF) and BER metrics
with different numbers of quantization levels, step size values, sub-carriers, number
of clipped high peak envelopes, and turbo iterations. In addition, the designed
modified clipping performance has been compared to the conventional clipping

method under PAPR and BER metrics.

1.2 Statement of the Problem

The instantaneous peak power is a crucial parameter since it determines the power
level that the power amplifier in the transmitter must be capable of supplying.
This instantaneous peak power of a wireless communication system depends on

the encoded information symbols. Since the MIMO-OFDM system has randomly
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varying symbols a highly fluctuating instantaneous peak power has occurred. The
high instantaneous peak power results in high PAPR. Having high PAPR leads
HPA operating beyond the normal linear level, thus introducing distortion of the
input signal and system performance degradation. To overcome the non-linear
operating point of HPA large back-off, large dynamic range digital-to-analog con-
verter (DAC), and linear converters are required. However, back-off is determined
by the PAPR value. As a result, high PAPR requires a large back-off. This leads

power deficiency in the amplifier.

A large back-off also requires a high-precision DAC which is high cost and high
power consumed. The requirement of the large dynamic range of the power am-
plifiers and heavily linear converters to accommodate large PAPR values result
in an additional cost to the system. In general, due to high costs and inefficient
works of components like linear converts and DAC, the design of linear HPA in
the presence of high PAPR will be impractical. Moreover, high PAPR makes the
HPA enter in its saturation region, this causes in-band distortion that results in
a degradation of the BER performance and out-band distortion that results in

adjacent channel interference.

1.3 Objectives of the Research

1.3.1 General Objective

The general objective of this thesis is to design a simple modified clipping technique
and to combine it with turbo channel coding for PAPR reduction of the MIMO-
OFDM system.

1.3.2 Specific Objectives

The specific objectives of this thesis include:
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e To evaluate the PAPR and BER of the MIMO-OFDM system with and

without turbo coding.

e To evaluate the PAPR of the MIMO-OFDM system with conventional clip-
ping at different clipping ratio levels.

e To evaluate the effects of conventional clipping on the BER performance of

the MIMO-OFDM system.

e To evaluate the effects of modified clipping quantization levels on the PAPR
and BER performances of the MIMO-OFDM system.

e To evaluate the effects of modified clipping step size values on the PAPR
and BER performances of the MIMO-OFDM system.

e To evaluate the effects of modified clipping high peak clipped signal envelopes
on the PAPR and BER performances of the MIMO-OFDM system.

e To combine modified clipping with turbo code for enhancement of MIMO-
OFDM system BER performance.

e To analysis the computational complexity of the proposed system work.

1.4 Methodology

In this thesis work, a modified clipping-based PAPR reduction technique with a
powerful turbo channel coding has been proposed for the MIMO-OFDM system.
The first task of this study is to review distinctive literature about channel coding
especially turbo coding, MIMO-OFDM system, PAPR effects, and PAPR reduc-
tion techniques in the MIMO-OFDM system to build up a solid understanding
for the thesis work. The subsequent task is to select the less complex PAPR re-
duction technique i.e. clipping and to demonstrate its effect on the PAPR and
BER performance at different clipping threshold levels. After that, with the aim
of reduction of clipping limitation a new modified clipping PAPR reduction tech-

nique has been designed. In modified clipping the selected peak envelopes have
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clipped in successive manner using the settle step size value and numbers of quan-
tization levels. This allows better BER performance as compared to conventional
clipping. Although, modified clipping results in better BER performance, like
conventional clipping the trade-off exists in between BER performance and PAPR
reduction gain. To compromise BER and PAPR performance trade-off in a better
way turbo code has been applied. The integration of turbo code to the designed
modified clipping technique enables to the reliable bit-wise soft information estima-
tion. As a result, the turbo code based modified clipping better BER and PAPR
performance trade-off over the conventional clipping MIMO-OFDM system and
the uncoded MIMO-OFDM system. Meanwhile, the designed modified clipping
MIMO-OFDM system computational complexity with a reference of conventional

clipping has been analyzed.

1.5 Significance of Research

This thesis has numerous significance for the MIMO-OFDM system by reducing
its high PAPR. The reduction of high PAPR using modified clipping technique has
allowed achieving better HPA efficiency, better link coverage, and extended mobile
battery life. In addition, the use of modified clipping technique for high diversity
MIMO-OFDM system results in better BER performance over conventional clip-
ping technique. Furthermore, a combination of modified clipping with powerful
turbo code in the MIMO-OFDM system results in a significant BER performance
gain over the MIMO-OFDM system alone. As a result, a better compromise in
the trade-off between PAPR reduction gain and BER performance has been in-
vestigated for the MIMO-OFDM system using a combination of modified clipping

and turbo code.
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1.6 Scope of Research

A number of tasks have been accomplished in this thesis work. In the first task, the
MIMO-OFDM system performance in terms of PAPR and BER metrics has been
evaluated. To reduce the crucial high PAPR problem of MIMO-OFDM clipping
technique has been considered. Meanwhile, clipping with a small clipping ratio
reduces high PAPR in a significant manner it suffers BER degradation. To mitigate
BER degradation a designed modified clipping technique with the integration of
turbo code has been proposed. For a designed modified clipping MIMO-OFDM
system the effect of quantization levels, value of step size, and numbers of clipped
high peak envelopes on PAPR and BER performances has been evaluated. While
evaluating the proposed BER performance the assumption of perfect channel state
information at the receiver has been taken. In addition, the effects of filtering have

not been considered on system metrics performance.

1.7 Contributions of Research

The main contribution of this thesis work is to address the high PAPR challenge
in the MIMO-OFDM system. The key limitation in this system is the existence
of an effective PAPR reduction method. In the most existing method, the trade-
off exists in between the BER performance and the PAPR reduction gain. To
compromise this trade-off in a better manner a simple modified clipping has been
designed and it is integrated with turbo channel coding. The main contributions

in this thesis study have been summarized as follows:
e Design of modified clipping with comparable PAPR and slightly better BER
performances to that of conventional clipping.

e Comparison of the designed system performance with the existing conven-

tional clipping method through simulation results.
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e To show the effect of the numbers of quantization levels, step size value, and

the numbers of clipped high peak envelopes on performance metrics.
e To combine modified clipped and turbo coding in the MIMO-OFDM system.

e To analysis the computational complexity of the proposed system.

1.8 Thesis Outline

The rest of this thesis has been organized as follows: chapter two presents the most
recently proposed PAPR techniques for the MIMO-OFDM system which have been
suggested by different researchers. Chapter three provides the basic overview of the
several topics and concepts that have been covered over the course of this thesis.
It presents an introduction about Channel coding especially turbo coding, OFDM,
STBC MIMO-OFDM, PAPR effects, and PAPR reduction techniques. Chapter
four presents the designed modified clipping and turbo code based proposed system
design and methodology. To provide bit-wise soft input values for turbo decoder
the STBC detection using Log-MAP analysis is also present. In addition, the
proposed system’s computational complexity has been analyzed in this chapter.
In Chapter 5, the simulation results of the proposed system using PAPR and
BER performance metrics have been discussed in detail. Finally, in chapter 6 the

conclusions and the recommendations of the thesis work have been presented.



Chapter 2

Literature Review

As illustrated in the introduction, high PAPR is the main problem in OFDM as
well as in the MIMO-OFDM system and if this is not solved it may result in the loss
of system advantages. To mitigate such problems a number of methods have been
done. According to [15] PAPR reduction techniques can be classified into four
broad classes: signal distortion techniques, multiple signaling and probabilistic

schemes techniques, coding techniques, and hybrid techniques.

Signal distortion (SD) techniques reduce high peaks in the OFDM signal by distort-
ing the signal before being amplified by HPA. The commonly used SD techniques
in the OFDM system includes companding [15], [18-20], clipping [21-23], peak
cancellation [24], and peak windowing [25]. Some of those methods are adopted

for the MIMO-OFDM system.

A PAPR reduction method that combines SD p-law companding with polar Codes
has been presented in [18]. Here nonlinear u-law companding is used to compress
high dynamic range signals at the transmitter and to recover those compress signals
at the receiver by applying its inverse. To combat undesirable effects of compres-
sion and noise in the transmission channel polar code was applied. The result in
PAPR and BER metrics has been shown at varies u-law compression values and
sub-carrier lengths with u-law de-companding and without p-law de-companding

operation at the receiver. The simulation result demonstrated that the high PAPR

9
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has reduced proportionally with the increase of p values at a cost of BER perfor-
mance. The best PAPR value (i.e. &~ 3dB) was obtained at u = 255 for quadrature
phase-shift keying modulation(QPSK). Also, the BER of the MIMO-OFDM sys-
tem using polar code without p-law de-companding outperforms the system with
p-law de-companding. In addition to this, the author concludes that the proposed
system results in a better PAPR performance as compared with partial transmit
sequence and selective mapping PAPR reduction techniques. Although PAPR
reduces in a good manner, BER performance with p-law de-companding has de-
teriorated as compared to the original MIMO-OFDM system. Further apart from
this the impacts of p-law companding on the BER performance of the system

having more than two receiver antennas has not been investigated.

Xiaodong Zhu has proposed another SD-based PAPR reduction technique using
clipping for the MIMO-OFDM system [21]. Unlike conventional clipping operation
has been applied after space-time block coding in this work clipping has applied
before space-time block coding. The purpose of the new scheme is to reduce the
BER loss with the same PAPR reduction ability to that of conventional clipping.
The designed system BER and PAPR performances were proved using simulation
results and theoretical analysis. Although, this method has slightly better BER
still the loss is more and still under question especially at a low clipping ratio (i.e.

at good PAPR reduction gain).

In [22] and [23] the adaptive clipping based PAPR reduction technique were inves-
tigated for MIMO-OFDM and OFDM systems respectively. In presented work, the
high peak envelopes were clipped successively. The simulation results reveal that
the proposed clipping technique results in better performances over convention
clipping technique in power spectral density, PAPR reduction and BER aspects.
Using nine reduction factors (i.e 10 clipped high peak envelopes) around 4dB
PAPR reduction gain achieved for 2 x 1 OFDM system. Although, adaptive clip-
ping results in better BER and PAPR reduction gain performance its effect for
high diversity order STBC OFDM system were not shown. In addition the effect

of the numbers of selected high peak envelopes were not evaluated and at large
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numbers of selected peak envelopes i.e. better PAPR reduction gain the BER

performance severely deteriorates.

The second class of PAPR reduction technique i.e. multiple signaling and proba-
bilistic (MSP) scheme decreases the high PAPR occurance by using scramble codes
and modifying different parameters of the OFDM signals. In this technique, mul-
tiple candidate signals containing the same information have been generated and
the one with the lowest PAPR has been selected for transmission. Multiple signal-
ing and probabilistic technique includes tone reservation [26], tone injection [27],
precoding transform techniques [28], selective mapping (SLM) [13], [29-31], partial
transmit sequence (PTS) [32],[33], active constellation extension [34], interleaving

[35] etc.

The PAPR reduction technique using a class of MSP technique i.e. SLM with low
complex time-domain cyclic was examined for the MIMO-OFDM system [29]. In
the system, signal candidates have been generated by summing the original OFDM
signal with its cyclically shifted version, and then the signal candidate with the
lowest PAPR has been transmitted. Further to complexity reduction, the loss
of data rate is eliminated by removing the transmission of overhead (i.e. side
information) to the receiver. As examined in the paper the estimation of cyclic
shift in the receiver has been required to investigate the transmitted data. This
results in system BER performance losses as it depends on the correct estimation

of cyclic shift. Also, the PAPR reduction gain is not satisfactory i.e. 2 dB only.

Another MSP method that combines random and interleaved segmentation PTS
schemes has been proposed by M. Wang for the MIMO-OFDM system [33]. The
author’s main intention was the reduction of conventional random segmentation
PTS complexity and it reduces by 41.1% for 128 sub-carriers using 4 subblocks.
Also, the goal has been achieved the hybrid PTS scheme results in some penalty
on PAPR reduction gain as compared to the random segmentation which has the
best PAPR reduction performance over other versions of PTS. Therefore, sufficient
PAPR reduction gain has not been obtained using this hybrid subblock segmen-

tation PTS scheme. In addition, the requirement of side information (SI) at the
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receiver side introduces losses in the data rate and bandwidth efficiency of the

system.

The coding PAPR reduction techniques (including linear block codes, convolu-
tional codes, and concatenated codes) have been concerned with choosing the
codewords that minimize the high PAPR. The coding technique is mainly used for
two purposes. The first one is for BER improvement and the other one is for both
PAPR reduction and BER improvement. But in the second purpose, it suffers
a complexity rise with sub-carrier length as to find out the best codewords with

minimum PAPR.

In [36], a linear coding type called low density parity check (LDPC) has been
proposed for PAPR reduction of the MIMO-OFDM system. The result compared
with the available time existed PTS, SLM, turbo code, and convolutional code
and the author concludes that LDPC results in a better PAPR reduction gain.
However, searching for the best codeword with minimum PAPR for transmission
introduces complexity and latency especially for large data transmission. This
latency may not be tolerable in real-time data transmission. In addition to latency
and complexity, it also requires accurate side information to know which codeword

has been selected and thus may introduce BER penalties like PTS and SLM.

In the hybrid techniques, two or more methods are combined to achieve desirable
PAPR reduction. The hybrid methods have been considered as a better choice
for PAPR reduction since it possesses the advantages of both techniques used in
hybridization with increases in complexity. For example, PTS has proposed with
interleaving and pulse shaping method [37], with SLM [38], with turbo codes and
Golay codes [39] etc.

A hybrid PAPR reduction technique that combines three methods namely convo-
lutional code, successive suboptimal cross-antenna rotation and inversion (CARI),
iterative modified p-law companding and filtering has been done in [15] for the
MIMO-OFDM system. In this method, remarkable PAPR reduction was achieved
with comparable BER performance to that of the MIMO-OFDM system alone. In
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this hybrid technique, the complexity and PAPR performance depend on parti-
tioned subblocks. The CARI method requires additional SI that leads to a reduced
data rate. In addition, SI has impact on the BER performance if it is not correctly

recovered at the receiver.

Generally, an effective PAPR reduction technique that fulfills the PAPR and BER
requirements at once has not been investigated. In most existing work the system
with PAPR reduction technique has some BER performance loss over a system
without PAPR reduction technique i.e trade-off exists in between PAPR reduction
gain and BER performance. As a result, in this thesis work the simple modified
clipping technique with more effective forward error control technique (i.e. turbo
coding) has been proposed to achieve remarkable PAPR reduction with outstand-
ing BER performance. The designed modified clipping technique of this thesis
study is the extension of the work investigated in [22]. The designed modified
clipping technique, unlike of [22] the MIMO-OFDM selected high peak envelopes
have been clipped using the numbers of quantization levels with a settle step size
value. This enables the designed modified clipping at a comparable PAPR reduc-
tion gain with conventional clipping and adaptive clipping technique proposed in
[22] to has BER advantage for high diversity order STBC MIMO-OFDM system.
In addition, turbo code plays a major role in the BER enhancement of the clipped
and fading signal with some penalties of spectral efficiency and overall system

complexity.



Chapter 3

MIMO-OFDM Overview

3.1 Introduction

In this chapter, an overview of the MIMO-OFDM system has presented. Figure
3.1 shows the schematic diagram of the channel code-based MIMO-OFDM system.
The system basically consists of a channel encoder, digital modulator, space-time
block code, OFDM modulator, and each of its inverse operations at the receiver
side. At the transmitter side shown in figure 3.1(a), the generated data bit se-
quences have been encoded by channel code or maybe left uncoded i.e. uncoded
MIMO-OFDM and then every set of m coded bits or uncoded bits are mapped
to one of the M=2" size complex symbols. The digital modulator can be BPSK,
QPSK, or QAM. Then after the complex symbols from the digital modulator pass
to the STBC encoder.

The STBC encoder performs some operation in such a way that the linear combi-
nations of the incoming symbols and their conjugates are able to transmit by /V,
transmitter antennas at a certain time. For the STBC encoding symbols along
with each transmitter antenna,i (i = 1, 2, ... ,N;) OFDM modulation has ap-
plied and finally, the modulated signals have been transmitted by N; transmitter

antennas. On the receiver side, each of the corresponding reverse processes has

14
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been carried out as shown in figure 3.1(b). In the next subsections, the details of

1 ’
. OFDM

Modulator

each block diagram has been examined.

Source of

information -

Channel Digital Space Time
Nt
L OFDM j

code Modulator Block code

Modulator
(a) MIMO-OFDM transmitter
| 1
OFDM |
De-modulator
Information
- .
Space Time Soft Channel Sinlk
* ) Block _.Dem iy 1 Decoder
- decoder “Happiig
Nr
OFDM

De-modulator |

(b) MIMO-OFDM receiver

FiGure 3.1: Block diagram of MIMO-OFDM transceiver.

3.2 Channel Coding

In digital communication system, the major concern is to minimize the error prob-
ability at the receiver end with efficient use of the available resources. To achieve
this low error probability channel code has been incorporated. By adding some
redundancy bits to the transmitted data, the original data at the receiver hope-
fully can recover. Many early channel coding applications were developed for deep
space and satellite communication systems [40], [41]. In addition to deep space
and satellite communication systems recently coding technologies predominates in
numerous scientific, military, and commercial applications [42-44]. Today different
channel codes are available with different performance and areas of applications.
Generally, depending on the ways of the redundancy to the information data se-

quences channel coding can be classified as block code and convolutional code.
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In block coding, memoryless operations in the encoder and decoder are carried
out for independent data blocks. Whereas in convolutional coding the continuous
data stream encoding and decoding operations depend not only on the current data
but also on the previous data. Depending on the message sequences in codeword
(codeword implies bit sequences after redundancies added) both block code and

convolutional codes can be further classified as [22]:

e Non systematic code (NSC)

e Systematic code (SC)

Figure 3.2(a) shows that in a non-systematic convolutional code with two memory
D1 and D2 redundancies are implicitly embedded in the codewords so direct ex-
traction of the original message from the decoded codeword is not possible at the
receiver. For systematic convolutional code redundancies are explicitly appended
to the message sequences i.e. the input sequences can reproduce without altering
in the output codeword as shown in figure 3.2(b) by outputl. In this case, the
original data and the parity data are separated so the receiver can directly extract

the original data from the decoded codeword.

Qutput 1 Output 1

XOR
Loput D1 D2 — ot é D1 \T/ D2
kr/ Output 2 \I-/ Output 2
(a) Non-systematic (b) Systematic

FicUurE 3.2: Non-systematic and systematic convolutional code structures.

Before discussing the details of turbo coding (TC) and some highlights of convolu-

tional code (CC) let’s discuss some basic terms that have been needed frequently.

e Memory order (L): it is the maximum number of shift register stages in
the path to output bit. For example in figure 3.2 we have L=2, that is D1
and D2.
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e Constraint length (K): it is the length of the convolutional encoder i.e.
the maximum number of input bits that output can depend on. Constraint

length K is given by K = L + 1.

e Code rate (R): it is a ratio of the number of k bits fed into the channel

encoder to the number of n bits output from the channel encoder i.e. R = %

e Coding gain: it indicates the improvement in the ratio of energy per bit
of information to noise power spectral density Ej,/N, with respect to a given

BER reference value.

3.2.1 Convolutional Code

Knowing the convolutional encoder and decoder principle is the main strategy to
understand the working principle turbo code. After being introduced in 1955 by
Elias, CC has gained vast popularity in satellite communications, GSM, UMTS,
IS-95, and CDMA2000 standards for mobile communications [45]. This popularity
is mainly due to its good performance and flexibility to achieve different coding

rates as it compares with block coding.

3.2.1.1 Convolutional Encoder

In CC a continuous sequence of information bits is mapped into a continuous
encoder output sequence of bits. As the CC contains memory, the n-tuple output
generated by the encoder is a function of both the u-tuple current input bits and
L previous tuple bits. Mostly CC specified using the number of input bits k to the
encoder at a time t, the number of output bits n from the encoder for a given k
and constraint length K as (K, k, n). Now let consider (3, 1, 2) a non-systematic
CC given in figure 3.2(a) with a binary data stream w (1) u (2)u (3) ... fed into
shift register with L = 2. The coded output data streams output 1 and output 2

are given by:
output 1 (n) =u(t)du(t—1)du(t—2) (3.1)
output2 (n) = u (t) ® u (t — 2)
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Where u (t) is the current input bit of the encoder and & denotes modulo 2 ad-
dition. The two coded outputs are may be puncturing according to a certain
pattern if necessary and then they are multiplexed to get a single-coded output
data stream. Commonly the encoder has been described using generator polyno-
mial that represents the generation of each output bit from the input bits. By
considering the left most spot in the binary number representation as to the cur-
rent input the rightmost spot is the oldest input that still remains in the shift

register for Figure 3.2(a) the generator polynomial given by:
G = g1, g2] = [111, 101] (3.2)

Using binary representation given in (3.2) an octal representation of 7 and 5 have
gotten for g; and g, respectively. Similarly the generator polynomial for systematic

CC given in figure 3.2(b) can be written as:

G = {1, %} (3.3)

Where 1 denote the systematic output and g, go denotes the feed-back to the

input of the recursive SC encoder and the feed-forward output respectively.

3.2.1.2 Convolutional Decoder

Convolutional decoding is the process of searching for the path that an encoder
has traversed. CC can be decoded using either maximum-likelihood (ML) or the
Viterbi algorithm. Viterbi decoding algorithm involves finding the path having
the largest metric through the trellis by comparing the metrics of all branch paths
entering each state with the corresponding received vector. Viterbi decoding can

be:

e Hard Viterbi decoding

e Soft Viterbi decoding
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In hard-decision decoding, from each received signal the decoder decides whether
the transmitted signal is zero or one. Unlike hard-decision decoding in soft decision
the received noisy signals are not assigned to zero’s and one’s combination, rather
side information is generated by the receiver bit circuitry and this gives additional
confidence about the received information to the decoder. Moreover, soft decoding
uses more bit metrics, and this results in a better coding gain over the hard decision

Viterbi decoding algorithm.

3.2.2 Turbo Code

Turbo code is one class of concatenated convolutional code and it gains more
attention in the field of research after it was introduced. This is due to its Shannon
capacity approaches performance [17], [40], [46]. Concatenation in TC can be
serial, parallel, or a combination of both parallel and serial. In serial concatenation,
each information bit encoded by each component encoders in a sequential manner
thus resulting in much more delay, especially for large data sequences. As the
result, parallel concatenation is preferable. The choice of the interleaver is crucial
in the code design to make the outputs of the two encoders uncorrelated from each
other, thus yielding more reliability while decoding. Turbo decoder uses soft input

values and results in soft-output values for the decoded data sequences.

3.2.2.1 Turbo Encoder

The Parallel concatenated convolutional (PCC) turbo encoder consists of two iden-
tical recursive systematic convolutional (RSC) encoders separated by the inter-
leaver and concatenated in a parallel fashion shown in Figure 3.3. Each RSC
component encoder (for example the one shown in Figure 3.2(b)) having a rate
R = 1/2 produces a systematic output that is equivalent to the original informa-
tion bit sequences and a stream of parity bit sequences. As indicated in Figure
3.3, the input bit sequences directly get into the first RSC encoder, whereas the

second RSC encoder takes the scrambled version of the input bit sequences using
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interleaver. The performance of turbo code mainly depends on the effectiveness

of interleaver design.

Input | RsC
"| Encoder 1
¥ Puncturing Output
and —_—
M Multiplexing
o Tuterlea RSC
" sreaver Encoder 2

FicUre 3.3: Block diagram of PCC turbo encoder.

In [40] random interleaver outperforms both the block and reverse block inter-
leavers as the result of its better free distance codewords (i.e. large hamming
distance). Therefore, in this study, random interleaver has been used. The sys-
tematic outputs from the two RSC encoders are identical to each other (although
ordered differently). Therefore, by discarding the systematic sequences from the

second component encoder the overall code rate becomes R = 1/3.

Also, a wide range of coding rates can be realized by puncturing the two par-
ity sequences (since puncturing of systematic bits degrades coding performance
so its puncturing is not recommended) using certain puncture patterns before
being transmitted along with the original information sequence [47]. Then, the
punctured parity bit sequences and systematic bit sequences are multiplexed to-
gether for transmission. Although more puncturing of the parity bit sequences can
achieve a code rate approach to one, this deteriorates the error-correcting ability of
code. Therefore, always a trade-off exists between coding rate and error-correcting
performance. Finally, an M-ary modulator maps a block of m binary digits from

the multiplexed bit sequences into one of M the possible complex symbols, where

M =2™,
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3.2.2.2 Turbo Decoder

A special type of algorithm that accepts soft values as input and gives soft values
output has been used for turbo decoding. These soft inputs and outputs provide
not only an indication of whether a particular bit was a 0 or a 1, but also the
probability that the bit has been correctly decoded. As shown in Figure 3.4 turbo
decoder consists of two component decoders. The first component decoder decodes
the noisy received sequences from the first component encoder, and second com-

ponent decoder decodes the noisy received sequences from the second component

encoder.
De-
Interleaver |
Systematic MAP A —,_: AP .
SO& channe] arity 1 | Decoder1 »| Interleaver M Decoder 2
mputs —_—T >

Parity 2 |

De-
¥ Interleaver Interleaver

l Decoded
Hﬂfd data

Decision

FIGURE 3.4: Block diagram of turbo decoder.

Each decoder takes three inputs: the systematically encoded channel output bits,
the parity bits transmitted from the associated component encoder, and the in-
formation about the likely values of the bits concerned (i.e. a-priori information).
Using these input values the decoder provides the decoded output bit sequence
and also the associated probabilities for each bit that has been correctly decoded.
This is known as soft outputs. Soft output values are represented in terms of log
likelihood ratios (LLRs). The sign of LLR indicates whether the decoded bit is
being 0 or 1 and its magnitude tells about the probability of correct decision of
the corresponding bit. The turbo decoder operates through exchanges of extrinsic
information in between componenet decoders . TC decoding algorithm can work

using any of the following as a component decoder [17]:

e Soft Output Viterbi Algorithm (SOVA)
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e Maximum A posteriori Probability (MAP)

Since the SOVA decoding algorithm is not commonly used for TC due to its
inferior performance. As a result, in the next subsection, only the detail of the

MAP algorithm and its modified version has been presented.

3.2.2.3 MAP Decoding Algorithm

MAP uses some bits before and after the current bit in the trellis diagram to
estimate the most likely transmitted data bit. LLR of the input data bit v at time

t defined as a-priori probability pr (u) of the bit taking its two possible values i.e.

-1
lnpr(u )

L(w) = pr(u=0)

(3.4)

LLR simplifies the passing of information from one component decoder to the
other in the iterative transmitted bit estimation. From Figure 3.5 y is the M-
ary modulated data symbol sequences from codeword sequences x and r be the

corresponding noisy version of y in the receiver which is given by:
r=hy+n (3.5)

Where h is the channel fading coefficient and 7 is the AWGN with variance o2.

Input bit
sequences u x BPSK/QPSKE/ ¥
JRC—— — :
Turbo Encoder QAM Modulation _l
NNoise o p o vieigh channel
Estimated bit
sequences u' ' Soft
44— Twrbo decoder - «—7

De-mapping

FiGURE 3.5: Simplified block diagram of communication system with TC.
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Now under the condition that a sequence r has been received, the 1*" bit-wise soft

input of the turbo decoder using m-tuple bit symbol y at time ¢ express as:

r r
L(z,/r)=1In 2y P (01/T) (3.6)
’ Do P (W/T)
Where 1 = 1, 2, .. .m denote the [ position bit sequence corresponding to the

symbol v and y;—1, y—o denotes the symbol subset of y with the {** bit being 1
and 0 respectively. Using conditional Bayes probability:

pr(A)

pr(4/B) = pr (B/4) 2o

L (x},/r) can be express using (3.7).

/ —1In Zyz§1 pr (T/yl) 0 Z?ﬂ:l pr (yl)
L (z},/r) =1 (Zybo e /y;)) +1 (—ZM pr (y;)) (3.7)

4

vV
a—priori information

Assuming the event of selecting y; € {0, 1} in transmission symbol is equiprobable.
This follows a-priori information about y; which is obtained from other indepen-
dent sources like channel decoder be constant. Assume a perfect channel state
information h is available at the receiver, then the conditional pdf pr (r/y;) in [48]

given by:

(/) = g exp (=50 I = ) (3.5)

Using pr (r/y;) the LLR given in (3.7) can rewrite as:

™o

L (a}/r) =In (Z exp (— g Ir = hyznZ))
t -

2
Do €D (= 5oz 7 =A%)

3.2.2.4 Log-MAP and Max-Log-MAP Decoding Algorithms

The MAP algorithm in (3.9) contains many exponential terms in both numerator
and denominator which makes the algorithm much more complex. Renewed in-

terest in the modification of MAP decoding algorithm targeted in reduction of its
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complexity without affecting its performance. The log-MAP and Max-Log-MAP
algorithm substitute the MAP algorithm with the aid of the jacobian logarithm
as defined in [49] by (3.10).

max,, {x;} Max — Log — MAP

In (Z exp (:cl)> = (3.10)

max;, {7} Log — MAP

Where max defines maximum operation. According to [17] the max* (.) operation

between x; and x5 given by:

max (21, x3) = max {x1, 22} +In (1 +exp (= |21 — 22]))
Correc;ign term

The difference between Log-MAP and Max-Log-MAP algorithms lies in the way
both treat the jacobian logarithm. The Log-MAP uses correction term in addition
to the max (.) operation, whereas Max-Log-MAP uses the exact max (.) operation
only. By utilizing Max-Log-MAP or log-MAP based soft values with interleaver
type similar to the encoder interleaver turbo decoder estimates the original bit
sequences iteratively. After the final iteration has been completed turbo decoder
makes a hard decision to determine whether the transmitted bit is zero or one i.e.

u'=1

L (zy,/7) ~ 0 (3.11)

u'=0

If the last iteration of the second component decoder LLR value L (:vgt /7) greater

than zero it is favorable to decide bit being 1 else it decides to the bit being 0.

3.2.2.5 Turbo Trellis Code Termination

Conventional convolutional code uses a stream of zeros as tail bits to terminate the
code depending on the state of the encoder after all data bits have been encoded.
For turbo code due to the presence of interleaver between the two-component

encoder, the final state among them will be different. Also, the trellis termination
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bits differ in each component encoder and cannot attain zero states by appending
steam of zeros like convolutional code. Therefore, turbo code terminates using a

sequence of feedback bits to the encoder input as shown in Figure 3.6.

Systematic

Interleaver

FIGURE 3.6: Trellis termination mechanism of turbo code.

At the ends of input data bit sequences are encoded the switch moves to position A
to terminate the code trellis by generating tail bits automatically. The generating

tail bits depend on the state and the encoded sequence.

In the iterative turbo decoding process, the BER of the decoded bits falls on
average as the iteration increase. However, as additional iteration is carried out
the improvement in BER performance has not that much significant. Therefore, for
complexity reasons usually, only a certain number of iterations are carried out. In
this thesis work, an iteration order with the convergence of BER performance gain
has been used. Also, turbo code performance can further improve by increasing
the constraint length with generator polynomials that have a large minimum free
distance. However, a large constraint length introduces complexity and latency.
As a result, in this study turbo code structure depicted in Figure 3.6 having a
constraint length K = 4 with optimal performance of feedback g1 = 17, and

feed forward g, = 15(o) generator polynomials [40] has been used.
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3.3 Space Time Block Code

Space time block coding is a powerful transmitter diversity technique that relies on
the coding of the transmitted symbols across space and time to extract diversity.
In STBC design of matrix G rows of the code matrix are orthogonal to each other,
thus allows for simple recovery of the transmitted symbols without interfering with
each other. The STBC encoder takes modulated symbols z and encodes them in a
matrix form with rows of T time slots and columns of V; transmit antennas given

by (3.12) [40].

X171 XLQ Xl,Nt

Xo1 X o X
Gy, = '2,1 .2,2 | 2,N (3.12)

XTJ XT72 ce XT,Nt

The matrix Gy, contains modulated symbols z and its conjugated version. In this
thesis, Alamouti STBC having a transmitter antenna N, = 2 and time slot T' = 2
with the space-time codeword matrix (3.13) has been used.

Gy = A A (3.13)

—Xy Xy

Where * denotes complex conjugate operation. In the first time slot X; trans-
mitted from the first antenna and X5 transmitted from the second antenna. In
second time slot —Xj and X7 are transmitted from the first and second antenna
respectively. In STBC the rate R is defined by the number of different symbols

in each transmitter antenna divided by its time slot 7.
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3.4 OFDM and MIMO-OFDM System

3.4.1 OFDM System

In the OFDM modulation scheme, the available bandwidth divides into several
narrow-band sub-carriers that are nearly flat fading. OFDM modulation is spectral
efficient over conventional MCM. In conventional frequency division multiplexing
(FDM) modulation, each sub-carrier transmits at different frequencies with enough
spacing in between them. Due to the non-orthogonal nature of carrier frequencies
in FDM, a large bandgap is required to avoid inter-channel interference, which re-
duces the overall spectral efficiency [50]. OFDM solves this bandwidth inefficiency

using the orthogonal principle.

In orthogonality, the center of one sub-carrier is positioned into the null of the
other neighboring sub-carrier as shown in figure 3.10b. Figure 3.7 illustrates the

bandwidth saved by OFDM over the conventional multicarrier technique.
(a)

Bandwidth saving >

Frequency

“3---

>
(b) Frequency

FIGURE 3.7: Spectral efficiency in conventional MCM (a) and orthogonal MCM
(b) techniques [10].

The basic block diagram of the OFDM transceiver system has shown in Figure 3.8.
In the transmitter, the N length parallel complex modulation symbol streams X =

(X (0), X (1),...,X (N —1)]" undergo baseband OFDM modulation. Where [.]"
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denotes the transpose operation. This OFDM modulation has implemented using

Inverse Fast Fourier Transform (IFFT) to obtain its time domain symbol.

OFDM
Data . Modulator .
Source . > = 14 Digital-to-
,| Serial-to- | . Modulat . IFFT . Cvcli - Parallel- s Anal .| Power
| Parallel odwater | ) yele . to-Serial " a8 | Amplifier
> Prefix > converter
. -
L 4
; ~ _
OFDM 1\_’0159 Channel
Demodulator
Data - | <
. < Remove (& . Analog- I
Sink Paral.lf-.\l— | De- FFT Cyclic Serial-to- » fo-Digital
to-Serial modulater Parallel
< Prefix |g converter

F1cURE 3.8: Block diagram of OFDM transceiver system.

Guard interval or cyclic prefix (CP), which is the copy of the last symbols of the
transmitted data, shown in Figure 3.9, with a length larger than the delay spread
of the channel added to the OFDM symbols. CP appended to each data symbol to
prevent inter-symbol interference. The data are now sent to the receiver through
the channel after it is amplified by the power amplifier. At the receiver, basically,

the inverse of the transmitter process occurs.

e — T~

|

|
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|
I OFDM Symbol 1 OFDM Symbol 2 i OFDM Symbol 3
|t pd—> 4 Mt
¢ Tep Téata ' Tep Taata '+ Tep Taata '

l P P .
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FicUrE 3.9: CP insertion mechanism in OFDM system.

The continuous-time baseband OFDM signal is defined as the sum of all N sub-

carriers with sub-carrier spacing f = ﬁ in [10] given by:

=

-1
e =S X (k) VRt 0<t< NT, (3.14)
0

B
Il
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Where X (k) denotes the OFDM frequency domain signal at k' sub-carrier index
and T, is the OFDM symbol time interval given by the sum of data time duration

Tyate and CP time duration Tep i.e.
Ts = Tdata + TCP (315>

By sampling x (t) at Nyquist rate t = nTy withn = 0, 1, 2, ... , N —1 the discrete
time OFDM signal x [n] can be express as [15]:

=2

-1
X (k) e wm (3.16)

0

x[n] =

=il
I

3.4.2 MIMO-OFDM System

The application of STBC to MIMO systems using OFDM modulation allows
increasing system reliability through spatial diversity. Consider STBC MIMO-

OFDM system having N; transmitter antenna and N, receiver antenna shown in

Figure 3.10.
OFDM
............. Modulation . __ ...
. X . : ]7

' } =é =H Add » '
. Serial -to- IFFT Cyclic Parall.el— ,
Parallel to-Serial | '
» Prefix > '
Data u f
Source BPSKM- | ¥ | sTBC * '
QAM/M-PSK Encoder ° :
Modulator * '
Xt '
Serial -t > B aa B paralel. ||
= e IFFT | : | Cydic | : arates -

. Parallel . to-Serial
» »  Prefix > '

F1GURE 3.10: Block diagram of STBC MIMO-OFDM transmitter.

In the MIMO-OFDM system, the conventional OFDM modulation is employed at
each transmitter antenna. Let’s consider the N IFFT points from the i** transmit-
ter antenna after serial-to-parallel conversion represent by the frequency domain

signal {X; [k]}r_, . The corresponding discrete-time baseband OFDM signal ; [n]
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after applying IFFT is given as:

N—-1

1 ok

) :—_§ X;[K]e*™ 8" n=0,1, .., N—1i=1,2 ..,N, (3.17)
Nk:O

Where k,n denotes the frequency index and the discrete time index respectively.

Assume the STBC MIMO-OFDM system consists of N; x N,. independent channel

coefficients h is given by:

hix hia his e hi n,
h h h o h
b | 21 N22 Nos ?,Nr (3.18)
i hn,a hn,2 hngs oo hwenw,

Where h; ; is a complex number that represents the channel gain between i trans-
mitter antenna and j* receiver antenna. For J number of paths the independent

channel gain can be expressed using (3.19).
hi,j — [hi,j[0]7 h@j[l], hi’j[Q], e ’hi’j[J - 1]]T (319)

The discrete channel response of sub-carriers between ¥ transmitter antenna and

4t receiver antenna given by:

Hi;[k] = hij[q e %k (3.20)

Assume that there is perfect time synchronization and the cyclic prefix length
greater than the path delay length J so that there is no inter-symbol interference
between OFDM symbols. Now the received MIMO-OFDM data R, [k] shown in
Figure 3.11 at the j' receiver antenna after OFDM demodulation applied can

express in matrix form as [13]:

K] = Z Hiy [K] X; (k] + W [k] (3.21)



Chapter 3. MIMO-OFDM QOverview 31

Where W; [k] represents the FFT of white Gaussian noise in the j receive an-
tenna with variance 0. Now let consider STBC MIMO-OFDM system having a

transmitter antenna N, = 2, the receiver antenna N, and a time slot T" = 2.

OFDM
Demodulation
‘ ! : Serial -to-| . " Remo.ve . .| Parallel- | *
+ 7| Parallel | - Cyclic |: FFT : to-Serial
: B| Prefix 4 ! Ry
' - : N Data
: . : STBC | BPSKM- Sink
: . f Decoder "l QAM/M-PSK
. : > De dulator
o " : - : ' R.
N |serial to-| . Remct‘ €l . Parallel- | ' Ne
T : Cyclic |: FFT : .
Parallel o ! _| to-Serial | .
' 1< Prefix 1« f

F1cURE 3.11: Block diagram of STBC MIMO-OFDM receiver.

To have sub-carrier length N at a given time slot each of the transmitter antennas
fed with data having a length of 2N. The STBC encoder output data symbols in

equation (3.13) after serial to parallel conversion at time slot 1 and 2 given as:

X11 = [iUO To Ty . ZUQN—z]T = Xj
X12 = [33'1 I3 Ty .. ..TQNfl]T = Xg
T (3.22)
Xog=[—af—al—ai...—xjy,] =-X;
Xoo = [whas ). wjy o] = Xi

Where X, ; denotes the symbol stream in the transmitter antenna ¢ at time slot ¢.
Assume that the channel fading coefficient is constant over a time slot 7' = 2. Now
using transmitting antennas /V; = 2 and receiving antennas N,. equation (3.21) give

Ry = Hoy K X0 (K] 4 Hay (6 X (6] W &

(3.23)
Roj[k] = 20 —Hyj (k] X3 [K] + Hay [K] X7 [K] + Way [K]

Where R [k] and R, [k] denotes the received signal by receiving antenna j in
sub-carrier index k at time slot 1 and 2 respectively. Having the knowledge of the

channel at the receiver (in this thesis work perfect channel state information has
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assumed) the STBC decoder recovers data symbols X and X} using (3.24).

X{ k] = 3250, (Hij (K] Ry [K] + Ha K] B3 [k])

N (3.24)
Xy (k] =300 (Hs [k Ruj (K] — Hyj [K] Rs; [K])

Both X7 and X} are then passed to the maximum likelihood detector to determine
the most likely transmitted symbol X" based on the Euclidean distances between

the STBC recovered signal and all possible transmitted symbol [40] i.e.

X2k — 1] = min { X7 [k = X2+ (307, 52, 1 Hig (K1F = 1) 1607 |

X" 2] = min { 15 (K] = Xa|* + ()%, 0, 15y (W] = 1) 1}
(3.25)
Where k=1, 2, ... |N

3.5 PAPR in MIMO-OFDM System

As illustrated in the introduction section high PAPR is one limitation of OFDM
as well as MIMO-OFDM system. This happens due to the existence of high peak

envelope compared to the average envelope of the signal as shown in Figure 3.12.
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FiGure 3.12: High peak envelope in OFDM signal generated by the addition
of multiple sub-carriers.
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PAPR is defined as the ratio of maximum instantaneous power to average power,
within symbol duration. Mathematically PAPR of OFDM signal given by equation
(3.26) [15], [18-20].

Jmax {l (1)}
E |l (0)]7]
Where F [.] denotes the expectation operation. In most cases, the PAPR of the
discrete OFDM signal is less than the PAPR of the continuous OFDM signal.

PAPR = (3.26)

Therefore, it is advisable to perform oversampling of the discrete OFDM signal to
approximate the continuous-time PAPR [29][52]. After L-times interpolated z [n]

in (3.16) rewrite as:

. jﬂin
S XK, 0<n< NL—1 (3.27)

) X[k, 0<k<N/2and NL—N/2 <k < NL
Where X [k] =

0 elsewhere

The PAPR using this L oversampling discrete OFDM signal express by equation
(3.28)[15].

2
ocmax Al n]]")

e (3.28)
E ||z [2]]"]
In dB equation (3.28) express as:
oy, Ul (7
PAPR(dB) = 10log, | == (3.29)

E [z [n]||"]

Usually, L > 4 is used to accurately describe the PAPR of the continuous-time
signal [52]. For MIMO-OFDM systems, the PAPR is defined as the maximum of

all PAPR values evaluated among each transmitter antenna [29] i.e.

PAPRMIMO—OFDM = max {PAPRZ} (330)

1<i< Ny

Where PAPR; is PAPR of OFDM signal from 7" transmitter antenna which has

been evaluated using equation (3.28).
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3.5.1 CCDF of PAPR

The CCDF of PAPR represents the probability that the peak to average power
ratio exceeds a given threshold PAPRj i.e.

CCDF (PAPR) = pr (PAPR > PAPR,) (3.31)

CCDF is an important performance measure for evaluating the gain of PAPR
reduction techniques. For independent and identically distributed data symbols
the amplitude of OFDM complex signal samples {|z [n]|}. ) follows a Rayleigh
distribution [51]. Using this assumption according to [38] equation (3.31) can
approximate using (3.32).

CCDF (PAPR) = pr (PAPR > PAPRy) ~ 1 — (1 — e PAPEOY (3 39)

The CCDF of N, transmitter antenna MIMO-OFDM analog transmitted signal
x; (t), which is actually amplified and transmitted, using its L-oversample discrete

signal has been approximated by (3.33) [37].

CCDF (PAPRM[M0,0FDM) =pr (PAPRM[M0,0FDM > PAPRO>

~1— (1 _ e—PAPRO)NLNt (333)

3.5.2 Effects of High PAPR in MIMO-OFDM System

Figure 3.13 illustrates the MIMO-OFDM system with the presence of HPA. Having
the frequency domain signal X; [k] in the i"" transmitter antenna the corresponding
discrete-time baseband OFDM signal xz; [n] after OFDM modulation has been
computed using equation (3.17). Now let’s consider the HPA transfer function
in the linear and saturation regions shown in Figure 3.14. A highly fluctuating
envelope signal with large a dynamic range in MIMO-OFDM system leads HPA to
operate in the saturation region. This leads the amplified signal S; [n] subjected to

non-linear distortion. To rideof the non-linear signal distortion, the HPA should
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operate in its linear region at all power levels. This can be achieved using the input
back-off (IBO). IBO of HPA in transmitter antenna i that delivers the desired

linearity is defined as the ratio of its saturation power to the mean power of the
input signal [3] i.e.

P’i sa
IBO; (dB) = 10log,, ! ] (3.34)

(B |z [n])’]

Where P, 4, and FE |x; [n]|2 denotes the saturation power level of HPA and the

average power of the HPA input signal z; [n] in antenna i respectively.

Xkl OFDM x1[a] S1[n]
Modulation »

Koalklbe=™ OFDM xe[n] Snt[n]
Modulation

Ficure 3.13: MIMO-OFDM transmission along with HPA.
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FIGURE 3.14: Transfer function of HPA.

High PAPR requires a large IBO which can be achieved by decreasing the mean
power of the input signal thus resulting in poor power efficiency. For example, if

we consider a class A amplifier, according to [52] its power efficiency is given by:

0.5 0.5
= = > .
n=pipp X 100% = 725 x 100% , 1BO > 1 (3.35)
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The efficiency is inversely proportional to IBO and its maximum efficiency, (50%)
occurs at IBO = 1 (0dB). Having poor power efficiency results in high energy
consumption (low battery life) and short-range wireless communication. There-
fore, to improve the amplifier efficiency without introducing non-linear distortion

in the MIMO-OFDM system PAPR reduction techniques are required.

3.5.3 PAPR Reduction Techniques

The best alternative for reducing the high PAPR in the MIMO-OFDM system is
to try to decrease the wide variations of the transmitted signal envelopes before
the HPA. For this purpose, there are many proposed PAPR reduction techniques.
Generally, PAPR reduction techniques can classify into four broad types as shown
in Figure 3.15 [15]. Table 3.1 presents the advantages and disadvantages summary

for each of the four general PAPR reduction techniques.

PAPR Reduction Techniques
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h 4 Multiple Si n]]_ng h 4 h 4
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F1cURE 3.15: Categories of PAPR reduction techniques.
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TABLE 3.1: Advantages and disadvantages of PAPR reduction techniques.

PAPR
reduction Advantages Disadvantages
techniques
D The most straightforward technique. Introduces in-band and out-band
Has yield relatively a better PAPR gain. | distortion.
Spectral deficiency like in PTS, SLM.
Complexity increases as subcarrier length
SMP It does not introduce in-band and increases (for example in SLM, PTS).
out-band distortion. Some of the techniques like pre-coding
transformations have a comparatively
small PAPR reduction ability.
It does not introduce in-band Spectral deficiency due to additional
Coding and out-band distortion. ‘ overhead..
Enhance BER performance in Complexity to find out the best
addition to PAPR reduction. codeword with minimum PAPR value.
Relatively high complex.
Hybrid It has better PAPR reduction ability. It introduces the drawbacks of each of
the components of a hybrid technique.

Since the main intention of this thesis work relates to clipping-based PAPR reduc-

tion technique in section 3.5.3.1 the detail of clipping has been presented.

3.5.3.1 Clipping based PAPR Reduction in MIMO-OFDM System

Clipping is the simplest SD technique that reduces high PAPR in the MIMO-
OFDM system by limiting the peak envelope of the OFDM modulated signal to
the predefined threshold. The clipped signal Z; [n] with threshold A;. has given
by [23]:

x;[n], |z; [n]| < A

% [n] = 4 (3.36)
Atrej(z)(xi[n]), |I‘Z [n“ Z AtT

Where z; [n] is L-oversampled modulated OFDM signal in antenna i and ¢ (x; [n])
denotes its phase.
The value of A, is usually given as a function of clipping ratio v and the i

transmitter antenna average signal power P; = E ||z; [n]||* i.e.

Ay =P, (3.37)
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By assuming each transmitter antenna has uniform average power i.e. P; = P and

in terms of dB A, given as:

Ay = 1007200 p (3.38)

Although clipping can effectively reduce PAPR at a low threshold level, it intro-
duces the following drawbacks [21-23]:

e In-band signal distortion thus results in BER performance degradation.

e Out-of-band radiation thus impose signal interference in the adjacent chan-

nels.

The out-of-band radiation in cclipping has already reduced by filtering but this
introduces peak re-growth, so the peak envelopes after clipping and filtering could
exceed the clipping threshold. To reduce overall peak re-growth, repeated clipping
and filtering has used to obtain a desirable PAPR with increased computational
complexity. In [53] a technique for the OFDM system has been proposed to reduce

the computational complexity cost of repeated clipping and filtering.

Although filtering mitigates the out-of-band radiation it does not have any contri-
bution for the reduction of in-band distortion. As the result, in-band distortion in
clipping PAPR reduction technique has still an existing problem. Especially when
the diversity order of MIMO-OFDM system has increased the BER deteriorates
severely. Therefore, in chapter 4 a modified clipping technique with the applica-
tion of powerful channel code (i.e turbo code) has been proposed to mitigate the

BER performance degradation of the clipping-based MIMO-OFDM system.



Chapter 4

Proposed System Model

In this chapter, the overall proposed system model has been presented. In the
first subsection, the design of modified clipping technique for high PAPR reduc-
tion of MIMO-OFDM system has presented. To compromise BER and PAPR
performance trade-off in a better way turbo code has been applied. Since turbo
decoder uses bit-wise soft information as input a Log-MAP based STBC detection
has been presented in the second subsection of the chapter. In the final subsec-
tion, the proposed system computational complexity has been analyzed. Figure
4.1 shows shows the proposed turbo code based modified clipping MIMO-OFDM

system.
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FIGURE 4.1: Proposed modified clipping MIMO-OFDM system with TC.
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4.1 Modified Clipping Based PAPR Reduction

The main concern of modified clipping in the MIMO-OFDM system is to achieve
a comparable PAPR reduction gain and better BER performance as compared
to the conventional clipping MIMO-OFDM system. In modified clipping, the
selected high peak envelopes have been clipped in successive manners rather than
hard clipping like that of conventional clipping. Let’s consider the L-oversampled

OFDM signal in transmitter antenna i given by [51]:

1 . jon
i [n] = N > Xilk]e (4.1)

Where X; is the L oversampled frequency domain OFDM signal in the i* antenna.
In the design of the modified clipping technique, the first step is to find out O
numbers of successive high peak envelopes from x; [n]. This has been determined
by sorting the instantaneous envelopes in ascending order and selecting O portions

of the high peak envelopes i.e.

Biy [n] = max {|z; [n]|}

Fiz [n] = max {|z; [n][}, [z [n]| ¢ {Pia[n]}

Pig[n] = max{|z; [n]|}, [z; [n]| & {Pia[n], Pi2[n]} (42)
Bio[n] = max{|z; [n][}, [z [n]| ¢ {Piy[n], Bz ], .. Pio-a[n]}

Where P, [.] is the successive high peak envelopes in the i antenna such that
P,y[n] > P,o[n] > .... > P,o[n]. The next step in modified clipping design is
grouping of the O number of successive peak envelopes into S number of quanti-
zation levels Q;1[n], Qi2[n], Qis[n], ... , Qis[n| in such a way that the dif-
ference between maximum to minimum peak envelope in each quantization level

preserve to be constant i.e.

A =max{Qin [n]} — min{Q;m [n]} ,m = 1,2, 3, ...,8 (4.3)
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Where A denotes uniform step size used to set the selected high peak envelopes
into one of the S numbers of quantization levels. Normally for the S number
of quantization levels, there are S — 1 number of step sizes. Since for m’ =

2, 3, ..., S min (Qiw [n]) = max (Qim—1 [n]) (4.3) can rewrite as:

A=max (Q;m [n]) — max (Q;m—1[n]),m = 2,3, ...,S (4.4)

Another important parameter in modified clipping is the reduction level RL; ., [n]
of each peak envelope for each quantization level. The RL;,, has evaluated using

(4.5).

) _ min{Qi,m’ [n]}
RL; y [n] = Or [ (4.5)
Finally, the modified clipping MIMO-OFDM signal can express as:
[ i), 2 )] < min {Qu [}
zi[n] RLiy [n],  min{Qi1[n]} < |zi[n]| < max{Qi [n]}
Ti[n] =4 z;[n] RL;» n], max {Q;1 [n]} < |z; [n]| < max {Q;2[n]} (4.6)
| sl RLos ), i o]] > max {Qs ]}

Using the modified clipping signal Z; [n] the PAPR reduction has been evaluated

as. 2
oemax {7 [n]]"}

PAPR; (dB) = 10log —
S AT

(4.7)

The overall PAPR of the MIMO-OFDM system with V; transmitter antenna has
evaluated by
PAPRMIMO—OFDM = max {PAPRl (dB)} (48)

1<i<Ny
The number of quantization levels, step size value, and number of selected high
peak envelopes are the factors of PAPR reduction in the modified clipping MIMO-
OFDM system. In this thesis, the effects of one parameter have been evaluated
by setting the other two parameters with fixed values. The A value decreases the

selected peak envelope with a given quantization level has more chance to deeply

clipped, thus reduces PAPR of MIMO-OFDM system. On the other hand, as the
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numbers of quantization levels increase the signals with high peak envelope are less
probable to deeply clip, and this results in relatively low PAPR reduction gain.
Obviously, the PAPR reduction gain has directly proportional to the number of
selected high peak envelopes.

4.2 Log-MAP STBC Detection and BER

Since the turbo decoder needs bit-wise soft information, a Log-MAP based bit-wise
STBC detection has been adopted in this thesis work. The a posteriori probability
pr (X,/R;) of the transmitted symbol X, (v =1, 2, ..., V) allows for MAP based
symbol-by-symbol STBC detection. For simplicity, by dropping the sub-carrier
index k the pr (X,/R;) has given in (4.9) [40].

pr(Xo/Rj) = pr(R;/X,) pr(X,) (4.9)

Where {R; }j\il is the received signal in receiver antenna j which is given by (3.23),
V' denotes the number of symbols transmitted in a given transmitted antenna at
time slot 7" and pr (X,) is a-priori information of the transmitted symbol X,. The
conditional pdf pr (R;/X,) in [48] express as:

2

pr (Rj/Xv) = ; 952 Z Z

R, ZXt
TNT 2J i ddq g
(\/27r02) j=1 t=1

(4.10)

Where X, ; represents the transmitted symbols or its conjugated version in time
slot ¢ and i transmitter antenna as given in (3.12). H,; is the channel state
information in 4" transmitter antenna and j* receiver antenna (in this thesis
perfect channel state information has been assumed). Having code rate R, average
power P,, and m number of bits per transmitted symbol the noise variance o2 in
(4.10) given by (4.11).

Py

o? = T (By/N) (4.11)
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Now for IV; = 2 and the associated time slot T' = 2, pr (R;/X,) express as:

N, 2 2 2
1 1 ~
PR/ X, Xo) = ————rexp | =55 > ) By — ) Xl
(\/27T02) g j=1 t=1 i=1
(4.12)

Using entries X, ; of G5 from equation (3.13) pr (R;/X;, Xs) further expand as:

IRy — X1Hyj — XoHyj|* +

pr(R; /Xy, Xz) = Coexp | =50 S0 . N
[Roy + X5H1; — XiHall

T 202 Luj=1

(4.13)

Where C = W X1, Xo, X7, —X; denotes the N length column-wise
STBC encoder output matrices defined by (3.22). Now using (4.13) the a posteriori

probability pr (X,/R;) in (4.9) becomes:

pr(Xy/R;) = pr (X1, Xo/Rj) = pr(R;/ X1, Xo) pr (X1, Xz)
IRy — X1Hyj — XoHo | +
IRy + X3Hi; — XiHa |

_ 1 e
202 j:l

= C.exp pr (X1, Xo)

(4.14)
Using the orthogonality property of the space-time block code matrix Gy the

expression in (4.14) can be decoupled for each symbol X; and X, as follows:

pr(Xi/R;j) = C.exp <_# IRy — X Hy P + || Ry — XwaHg])

pr(X1)
(4.15)
pr(Xa/Ry) = Cooxp (=3 S0 [I1Ruy = XoHoy I + | oy + X5H1l1'])
pr(Xs)
(4.16)

By eliminating codeword X; and X5 independent terms and completing the square

(4.15) and (4.16) rewritten as (4.17) and (4.18) respectively.

2
b H{Zle (R Hiy + Rinzj)} - X1H

pr(Xi/R;) =C.exp | — 5
208 |+ (<14 20 S 1)) )P

br (Xl)

(4.17)
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2

1 H{ZL (R Hs; — Rz,jHLj)} - X,
2
20 |+ (1 S S ) 1)

pr(Xa/Rj) =C.exp | — pr(Xs)

(4.18)
Normally the transmitted symbol X; and X5 compose from the M-ary complex
constellation symbols X. Assume there is no a-priori information i.e. all symbols
to be equally likely and by assigning pr (X;/R;) and pr (X2/R;) to an odd and

even sub-carrier index respectively equation (4.17) and (4.18) express by:

pr(X/R;) = C.oxp (—QL (IR = x|+ 1 HXH2D (4.19)

Where
R'[2k — 1) = 320, (R [K] Hy ; [k] + Rj; [k] Ha [K])

R'[2k] = Y207 (R (K] H; [K] — R5; [k] Hiy [K))
H'[2k = 1) = H'[2K] = (—1+ 300 0, 1 Hiy (K1)

Using (4.19) the bit-wise MAP soft information can estimate as shown below.

Lw=0)=>pr(X/R;), VX =(u; ... 0 ...up), =0

(4.20)
Lw=1)=>pr(X/R;), VX =(u1 ... ... U4p,), =1

Where u = [uy,uy . . . ] is the m-tuple bit sequence corresponding to the symbol

X. Using the above bit-wise MAP soft information the LLR of the I'" bit L (u;)

L () = In (ZVXZ:H pr (XZ/RJ')> (421)

caln express as:

2 wx=o0 P (Xi/ R;)
Although MAP based detection has optimal performance it has high computa-
tional complexity [17]. Therefore, a sub-optimal Log-MAP based STBC detection
has been used in this thesis work. Using Log-MAP detection equation (4.21)

express as:

L (w) = max (pr (X/B;)) — max (pr (X/R;)) (4.22)
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Where Log-MAP between x; and x defined by (4.23) [17],[40].

max* (1, ) = In (exp (x1) + exp (x2))

— max {1, 22} + In (14 exp (— oy — 2a]) (4.23)

-
Correction term

Where max (.) is a maximum operator. The correction term in Log-MAP need
not be computed for every received sequence instead it can be stored in a look-up
table [40], [55]. Using the Log-MAP soft bit-wise information as input an itera-
tive estimation in between each component turbo decoder has been performed to
recover the transmitted data sequences. Consider ), as the estimated information

bit at time k, and in the s’ starting state and s ending state of the trellis section.

According to [40] the LLR of the estimated information bit u}, at time & in each

turbo decoder using Log-MAP algorithm express as:

L(up) = max® (A1 (s)+T% (s s)+By(s))
(¢',8)=up=1 (424)
— max® (A1 (s) +T% (5, s) +Br(s))

(s',8)=uR=0

Where Ay (s), Bx_1(s'), and T’ (', s) denote the forward recursion, backward
recursion, and branch metrics. The full derivation of L (u}) has illustrated in
the appendix. For rate % the forward recursion, backward recursion, and branch

metrics are given by (4.25), (4.26), and (4.27).

Ag (s) = In Xy exp (Ap— (") + Tk (', 5)))

(4.25)
- mve?(* (Ap_1 () + Tk (5,9))
Bj—1(s") = In (3 oy, exp Bk () + T (8, 5))) (4.26)
- méxsx* (Bi (s) + 'k (¢, 5))
(s, s) = Z m;kxzk (s',8) + Lag.uy (s, s) (4.27)

z=1
Where x4, (s',5) and uy (s, 5) denotes the 2" bits of the codeword and the in-

formation bit respectively associated with the state branch (s',s). Lay is the



Chapter 4. Proposed System Model 46

priori value from the component turbo decoder and z’  is the 2" noisy bit-wise
soft information for the codeword x,; which is has been already obtained from
(4.22). After the final iteration is being completed, the proposed TC-based modi-
fied clipping MIMO-OFDM communication links quality has evaluated using BER

performance metrics.

The BER of the proposed system at a time is given by the absolute value of the
difference between the original transmitted bit sequence and the TC hard decision
received bit sequence. For the overall received bit sequences, the BER calculate
by:

Total number of errors

BER

- 4.28
Total number of transmitted bits ( )

The designed modified clipping parameters relate with BER performance in the
opposite manner to the PAPR reduction gain. The number of selected peak en-
velopes has a direct impact on the transmitted signal distortion. On the other
hand, the transmitted signal distortion inversely relates to the number of quanti-
zation levels and the step size value. Meanwhile, the BER performance and the

signal distortion are inversely related to each other.

Further apart from the parameters of modified clipping the proposed system BER
performance depends on turbo decoder algorithm type, the constraint length, the
generator polynomial connection, the number of turbo decoder iterations, turbo
interleaver type, and MIMO diversity order. For complexity reason Log-MAP
decoder having constraint length (/') four and random interleaver type with sub-
optimal performance feedback g; = 17(,¢) and feedforward g = 15¢,¢;) generator

polynomial connection [40] has been used in this thesis work.

4.3 System Complexity Analysis

In this subsection, the complexity of the proposed system has been illustrated. The
computational complexity analysis has been done for the transmitter and receiver

parts separately. To simplify the computational complexity analysis the receiver of
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the proposed system again divides into three parts: OFDM demodulation in each
receiver antenna, Log-MAP based STBC detection and Log-MAP based turbo
decoding. The proposed system’s computational complexity has been compared
with the respective computational complexities of the conventional clipping, a
hybrid partial transmit sequence proposed in [33], and a low complexity selective

mapping technique demonstrated in [31].

In both the transmitter and the receiver of the proposed system, the computational
complexity has been estimated in terms of real multiplication/division (MUL) and
real addition/subtraction (ADD). In addition to MUL and ADD the Log-MAP-
based STBC detection and turbo decoding complexity have been calculated in
terms of max (.) operations and look-up tables. For real MUL and real ADD
analysis, let’s consider the multiplication and addition between two complex terms
a and b i.e.

(ap + jas) (bp + jbs) = (anbr — asbs) + j (anbs + agby)
This needs 4 real MULs and 2 real ADDs.

(ag + jags) + (bg + jbs) = (ag + bg) + 7 (ag + bg)
This needs 2 real ADDs.
With N point FFT/IFFT the computation of OFDM in each transmitter antenna

has required C2% 1y, real multiplication and A, real addition [54].
Clpy = N (logy —3) +4 (4.29)

Alepa = 3N (logy —1) +4 (4.30)

Therefore, using L oversampling the L N-points FFT operation in each transmit-
ter antenna requires LN (logéVL —3) + 4 real MULs and 3LN (loggN —1) + 4 real
ADDs. The determination of |z [n]| needs additional 2L N real MULs and LN
real ADDs in each transmitter antenna. For a given clipping ratio value, the cal-
culation of its corresponding threshold value in conventional clipping using (3.37)
needs 2 real MULs (i.e. 1 real multiplication and 1 division) and LN real ADDs
per transmitter antenna. On the other hand, the designed modified clipping is

independent of the clipping threshold level and for O clipped envelopes with S
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quantization levels the designed modified clipping evaluation in (4.6) requires 20

real MULs and S — 2 real ADDs per a transmitter antenna.

The proposed hybrid PTS based PAPR reduction technique in [33] with V' is sub-
block sequences requires % (logzg + Vioga N + 2V) complex multiplications and
% (lOQQ% + Vloga N ) complex additions along each transmitter antenna. There-
fore, the computation of the proposed hybrid PTS work in [33] for each transmit-
ter antenna using L oversample takes N L (l0g2 + Viogs LN + 2V) real MULs
and NL (ilogg% + %VloggLN + V) real ADDs. Further apart from this, the pro-
posed modified clipping complexity compare to the low complexity extended SLM-
based PAPR reduction work conducted in [31]. For the proposed work its com-
putation with V' sub-blocks, C' contiguous extended sub-blocks, and E basic data
unit sub-blocks in each transmitter antenna needs N Llogg +2LN (2C + EV)
complex multiplications and 2N Llog, 5 LN 1 LNV (4C — 2) complex additions. As
a result, in [31] the total required real multiplications and real additions per
transmitter antenna becomes 4 (NLlogg +2LN (2C + EV)) and 6N Llog, ég +
ALNV (2C + 2¢ 4+ E — 1), respectively.

The overall transmitter side computational complexity of the designed modified
clipping, conventional clipping, hybrid PTS in [33], and SLM in [31] for MIMO-

OFDM system with V; transmitter antennas have been summarized in Table 4.1.

TABLE 4.1: The computational complexity of proposed modified clipping, con-
ventional clipping, PTS [33], and SLM [31] for the MIMO-OFDM transmitter
side.

PAPR reduction method | Real multiplication / division Real addition/ subtraction

Proposed modified , .
roposed oG N (LN (log)™ —3) +2LN +20 +4) | N, (3LN (logs™ —1) + LN + S +2)

clipping

Conventional clipping | N, (LN (logs™ —3) + 2LN + 6) Ny (3LN (logy™ —1) + 2LN +4)

Hybrid PTS [33] NLN; (loga5¥ + Viogs LN +2V) NLN, (3logs %Y + 3Viog, LN +V)

SLM without SI [31] 4Ny (NLlog: 55 +2LN (2C + EV)) | Ny (6N Llog: 5% + ALNV (2C + 2¢ + E — 1))

To start the receiver complexity estimation of the proposed system let’s consider
the first subsystem i.e. OFDM demodulation complexity analysis. Using (4.29)
and (4.30) with L oversampling and N, receiver antennas the OFDM demodulation
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requires N, (LN (logéVL —3) + 4) real MULs and N, (3LN (logéN —1) + 4) real
ADDs.

In Log-MAP STBC detection complexity analysis, each term in (4.22) has been
considered. The computation of R in (4.19) for each received signal needs 4N;. N,
real MULs and 2N;.N, real ADDs (from complex multiplication). Also, N;.N, —
1 complex additions of R’ result in 2 (NNV;.N, — 1) real ADDs for each received
signal. Additionally, 2 real MULs and 5 real ADDs needs for the computation of
IR — X||* = [R(R — X))> + [ (R — X)]” in each received signal. Where R (.)
and & (.) are the real and imaginary parts of a complex-valued quantity. H’ in

(4.19) can rewrite as:

N»,» Nt N7' Nt
o (TS ) < 1 ST 4 )
j=1 i=1 j=1 i=1
As a result, H' takes 2N;.N, real MULs and 2N;.N, real ADDs at a time. Similarly,
| X|* needs 2 real MULs and 1 real ADDs per symbol. Also, one real ADD and
two real MULs needs for —%, (|R' — X||* + H' | X||*) computation . Finally, in

maz* operation of (4.22) one real ADD has been needed.

Note that in the [*" bit-wise estimation the computation requirement of real MULSs
and real ADDs in ||R' — X |, | X|%, H' || X|? and —5% (IR — X|* + H'[|X|*)
increase by a factor of 2. Where [ = 1,2,...,m and m is the number of bits in
the M-ary complex symbol. After OFDM demodulation and L down-sampled in
STBC detection a total N.N; signals have been received. Therefore, the computa-
tion of —515 [||R' — X+ H ||X||2] with m bits and N.NN, received signals needs

C’foTﬁﬁ/[AP real MULs and AEZQIB_%AP real ADDs.
CralSrap = N.N; (6m.2™ + 6N, N,) (4.31)
AFTBC 1 p = N.N; (m (1 +7.2™) + 6N, N, — 2) (4.32)

Rather than the direct computation of correction term in the Log-MAP algorithm

for this thesis work look-up table has been suggested [40], [55]. One max* operation
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works on two input terms. Also, one maz* needs one maz (.) and one look-up table

for a single bit-wise estimation. As a result, for m bits and N.N; received signals

(4.22) requires Max}} PG, ,p max operations and Lt7? PG, 4 p look-up tables.

Maz PG ap = 2mN.Ny (2771 = 1) (4.33)
Ltpt P ap = 2mN.N, (277 = 1) (4.34)

In uncoded MIMO-OFDM system, the symbol maximum likelihood based STBC
detection has been held using (3.25). As a result, in ML, STBC detection the real
ADDs and MULs requirements are not proportional to m rather they proportional
to the 2" M-ary modulation order. Also, the multiplication with —# has not
been required. Therefore, the ML based symbol STBC detection needs C9%5¢
real MULs and A3TPC real ADDs.

CyHPC = N.N, (5.2™ + 6N, N,) (4.35)
AEPY = N.N, (7.2™ + 6N, N, — 2) (4.36)

Unlike Log-MAP based STBC detection the ML based STBC detection did not
require look-up tables for correction terms. Therefore, ML based STBC detection

has needed Max31P¢ max operation.
Mazx31 B¢ = N.N, (2™) (4.37)

The remaining part in the complexity analysis of the proposed system is the Log-
MAP based turbo decoding complexity. The analysis of Log-MAP-based turbo
decoding complexity has been done using Ay (s), T'x (¢, s), and By_; (s’) metrics.
Basically, interleaver size, constraint length (K'), numbers of constitute decoders,
and the number of decoder iterations are factors that influence the complexity of

Log-MAP-based turbo decoding.

For % rate and 2571 total states the computation of the codeword correlation

between 2/, , and . (s, s) for branch metric in (4.27) has required 2¥n MULs
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and 25 (n — 1) ADDs per a systematic bit [55]. The computation of information
bit u, in the branch (s',s) with a-priori value requires 25 MULs. Additionally,
2K ADDs need to be added Lay.uy (s, s) with codeword correlation. Therefore,
the computation of I'y (s',s) per a systematic bit needs 2% (n + 1) real MULSs
and 2% (n) real ADDs [55]. The computation of the forward recursion given in
(4.25) needs 2% real ADDs, 25~1 number of maz operations, and 25~ look-up
tables per a systematic bit [55]. The evaluation of By_; (') in (4.26) requires the

computational complexity same as that in Ay (s).

The bit-wise LLR estimation in (4.24) needs additional 25?41 ADDs, 2 (2471 — 1)
numbers of max operations, and 2 (2K -1 1) look-up tables. Note that except
the codeword correlation between x”, , and x4 (s',s) in Ty (s', ) each of Log-MAP
based turbo decoding computation complexity linearly growth with the number
of turbo code iterations and the number of component decoders. Generally, with
mN.N; number of Log-MAP-based STBC soft detection output bits, we have
% systematic bits for turbo decoder input. Therefore, for two-component de-
coders with a maximum iteration of I, the code rate R = %, and % systematic
bits the LLR computational requires C7S, 5 4p real MULs, A7S )/ 4p real ADDs,

Mazx7$ s ap maz operations, and Lt7S, y4p look-up tables.

CTS iap = mlV. Ny (n.2% + .25 (4.38)
ATS viap = miV. N (25 (n — 1+ 101) + 21) (4.39)
MazT$ _yap = MNNep ey (4.40)
LE1S, ap = mlV. Ny (1.25+) (4.41)

The sum-up receiver complexities of the turbo code and uncoded MIMO-OFDM
system with L oversampling, N; transmitter antennas, /N, receiver antennas, m
bits per M-ary QAM symbol, and K constraint length summarizes in Table 4.2.
As shown in Table 4.2 compared to the ML algorithm the use of the Log-MAP
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algorithm for STBC bit-wise detection and turbo decoding results in additional
complexity constraints in all operational aspects of the MIMO-OFDM system.

TABLE 4.2: Uncoded and Turbo code MIMO-OFDM system receiver compu-
tational complexity analysis.

Operations Turbo coded MIMO-OFDM Uncoded MIMO-OFDM
N, (LN (logy™ —3) +4) +

Real multiplication/ division | N.N, (6m.2™ + 6N, N, ) +

M (2K 4 [.2KFT)

N, (3LN (logy™ —1) +4) +

Real addition/ subtraction N.N; (m (1 +7.2™) 4+ 6NN, —2) +
mlN (2K (n — 1+ 101) + 21)

Max 2mN.N, (2m1 — 1) + Lmlefe (9K+1) 1 NN, (2)
Look-up tables 2mN Ny (27 — 1) 4 ImMle (9RH) ) —

N, (LN (logy™ —3) +4) +
N.N; (5.2™ + 6N, NV,.)

N, (3LN (logy™ —1) +4) +
N.N, (7.2™ + 6N, N, — 2)

The overall transceiver complexities for the conventional clipping, hybrid PTS
[33], and SLM [31] have been obtained by summing up the respective transmitter
complexities given in Table 4.1 and the uncoded MIMO-OFDM complexity given
in Table 4.2 along with the corresponding operations. Similarly, the TC modified
clipping based MIMO-OFDM system’s overall complexity has been estimated by
adding its transmitter complexity given in Table 4.1 and its receiver complexity

given in Table 4.2 along with the corresponding operations.
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Result and Discussion

In this section, the performance of the proposed system has been evaluated using
PAPR and BER performance metrics. In turbo code, the BER performance gain
has direct proportional with the input data length (also to subcarrier length)
[40]. Therefore, for BER performance evaluation a sub-carrier length of N=128
which has the least performance as compared to N=256 and N=512. Therefore,
the sub-carrier length of N=128 has been considered for the BER performance
evaluation. The effects of the number of quantization levels, step size values, and
the number of clipped peak envelopes on the modified clipping MIMO-OFDM
system performances have been evaluated. Also, the BER performance of the
modified clipping MIMO-OFDM system with different turbo code iterations has

been shown.

Further apart from this, the overall complexity of the proposed system with respect
to various existing works has been evaluated. Finally, to give some highlights
and understandings the proposed system performances have been compared with
some of the common and recent works. Table 5.1 presents the list of the common
parameters utilized in the performance metrics evaluation of the TC modified

clipping MIMO-OFDM system.

53
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TABLE 5.1: Parameters use in simulation

No | Parameters Symbols | Values /Types
1 Number of sub-carriers N 128, 256, 512
2 Generator polynomial G g1 = 170et ,go = 15,4
3 | Constraint length K 4

4 Trellis termination bits - 12

5 | Turbo code rate R 1/3

6 | Turbo interleaver/deinterleaver | - Random

7 | Modulation scheme - 8-QAM

8 Transmitter antennas Ny 1,2

9 Receiver antennas N, 1,2,3,4,8

10 | Length of cyclic prefix N, =45 |32, 64, 128

11 | Oversampling factor L 4

12 | STBC detection algorithm - Log-MAP

13 | Turbo decoding algorithm - Log-MAP

14 | Number of iterations - 1,2,3,4,5

5.1 Performance of Uncoded and TC MIMO-
OFDM System

The simulation result in Figure 5.1 illustrates the PAPR for uncoded and turbo
code STBC MIMO-OFDM systems with different numbers of sub-carriers. The
PAPR performance of MIMO-OFDM system depends on sub-carrier length. As
the sub-carrier N increases the PAPR becomes large. For example at a reference
CCDF value of 5 x 10~* the PAPR increase by 0.4dB and 0.7dB for N = 256 and
N = 512 respectively as compared to the PAPR of N = 128. The figure also shows
the CCDF curve for uncoded and coded MIMO-OFDM systems exactly overlap
to each other among respective sub-carrier especially for N = 128. While for large
sub-carrier (N = 512) the turbo interleaver plays a role to make the component
encoder outputs uncorrelated. This low correlation between transmitted symbols,

thus result in a small PAPR reduction gain as compared to the uncoded system.
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MIMO-OFDM PAPR for N subcarriers without and with turbo code
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Ficure 5.1: CCDF of STBC MIMO-OFDM with and without turbo code for
different sub-carrier length (N = 128, 256,512)

Figure 5.2 shows the BER performances of uncoded N; x N, OFDM system for
N = 128. As expected, the BER performance of the OFDM system has been
enhanced using STBC diversity. Therefore, the combination of MIMO with OFDM
result in reliable wireless communication.
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FIGURE 5.2: BER performance of Ny x N, OFDM system.
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Figure 5.3 presents the BER performances of 1% and 2"¢ iteration TC N, x N,
OFDM system for N = 128. The simulation result proves that the integration
of turbo code to N; x N, OFDM system results in additional BER gain over its
respective uncoded N; x N, OFDM system depicted in Figure 5.2. For example,
at 1 x 107 BER reference value the Ej,/N, gains of TC MIMO-OFDM system

with respect to the uncoded MIMO-OFDM system present in Table 5.2.

Bit error rate (BER)

Turbo based MIMO-OFDM BER performance using 1st and 2nd iteration.
T T T T T

2x8 2nd itrn

—6— 1x1 2nd itrn —&—2x3 2nd itrn = + =1x1 1stitrn = + =2x3 1st itrn
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. 2x8 1stitrn | |
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FIGURE 5.3: BER performance of Ny x N, OFDM system with 15

5
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iteration turbo coding for N = 128.

20

and 2n4

TABLE 5.2: Uncoded, 1 iteration TC, and 2"? iteration TC N; x N, OFDM
system Ej/Ny at a reference BER of 1 x 1074,

274 jteration
1% ond 1%t iteration | 2"¢ iteration
N¢x | Uncoded gain in dB
iteration | iteration | gain in dB gain in dB
N; Ey/No over 1%
Ey/No Ey/No over uncoded | over uncoded | .
1teration
Ix 1 |- 15.38 12.46 - - 2.92
2x1|18.67 9.303 6.711 9.367 11.959 2.592
2x2|98 3.08 1.076 6.72 8.724 2.004
2 x 3| 6.468 0.22 -1.717 6.248 8.185 1.937
2 x4 |4.392 -1.815 -3.274 6.207 7.666 1.459
2 x 8| 0.269 -5.824 -7.2 6.093 7.469 1.376
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5.2 Performance of MIMO-OFDM System Us-

ing Conventional Clipping

The PAPR performance in the MIMO-OFDM system using conventional clipping
has shown in Figure 5.4. The simulation result presents for the clipping ratio of
v =1(9, 8 7) dB. The results in the figure reveal the PAPR of the system has a
direct relationship to that of v value.

o Effects of different clipping threshold levels on PAPR of turbo MIMO-OFDM
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F1Gure 5.4: CCDF of turbo based MIMO-OFDM using conventional clipping
with clipping ratios v = (9, 8, 7) dB for sub-carrier length N = (128, 256, 512).

From the simulation result the original 11dB PAPR value (CCDF =5 x 107%)
for sub-carrier N = 128 has been improved by 2.8dB, 3.8dB and 4.8dB using a
sequential clipping ratio v values of 9dB, 8dB and 7dB. When the sub-carrier
increases the improvements of PAPR for a given clipping ratio 7 increases as com-
pared to the improvements for sub-carrier N = 128 along with the corresponding

v value.
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Figure 5.5 shows the BER of uncoded N; x N, OFDM using a conventional clipping
having a v value of 7dB. As expected, clipping more probably deteriorates the
BER of high order diversity the MIMO-OFDM system. This happens due to the
direct proportionality of clipping distortion with the diversity order of MIMO-
OFDM system. Also as the v value decreases more to get better reduction gain

in PAPR the BER performance deteriorates in severe especially for higher-order

diversity.
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10 T T T T T 3
—e— 1x1 orgind —&— 2x3 orginal — ® = 1x1 conventional — ® — 2x3 conventional |
—6— 2x1 orginal —6—2x4 orginal = ® =2x1 conventional = ® =2x4 conventional | |
2x2 orgina 2x8 orgina 2x2 conventional 2x8 conventional |
g _— -
10* Y- 3
102
[
w
Q
2
B g3k
S
o}
=
104
10° E
10
-10 -5 0 5 10 15 20

Eb/NO (dB)

FIGURE 5.5: BER performance of uncoded N; x N, OFDM system using con-
ventional clipping with v = 7dB.

5.3 Performance of MIMO-OFDM Using Differ-

ent Quantization Levels

The number of quantization levels effects on PAPR performance of modified clip-
ping TC MIMO-OFDM system has shown in Figure 5.6 and also summarized in
Table 5.3. The number of quantization levels has inversely related to the PAPR
performance. When the number of quantization levels increases the number of

selected peak envelopes for clipping has less probability to cutoff deeply. This
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deteriorates PAPR reduction gain. While as the number of quantization levels
decrease the selected peak envelopes for clipping have a high probability to cutoff
deeply and this result in a better PAPR reduction gain.

MIMO-OFDM PAPR performance using modified clipping with different Quantization level
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FIGURE 5.6: TC MIMO-OFDM CCDF using modified clipping having 9, 5, 3
quantization levels and 0.05 step size with 5% of high peak envelope clipped for
sub-carrier N=128.

TABLE 5.3: Effects of the number of quantization levels in modified clipped
MIMO-OFDM PAPR performance.

Modified clipping parameters PAPR value in dB Gains of modified clipping

Number of @ CCDF of 5 x 1074 over the original
Step size | Clipped peak
quantization for sub-carrier N=128 MIMO-OFDM system
value envelopes
levels

3 0.05 5% 6.1 4.9

5 0.05 5% 6.2 4.8

9 0.05 5% 6.6 44
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Figure 5.7 presents the impacts of quantization levels on the BER performance
of modified clipping N; x N, OFDM system. The number of quantization levels
directly proportional to the BER performance. Also, the result reveals the use of
quantization level in modified clipped has more important for high order diversity
MIMO-OFDM system while the BER in a non-diversity OFDM system is almost

constant irrespective of quantization level numbers.

MIMO-OFDM BER performance using modified clipping with 3 and 9 quantization levels
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FIGURE 5.7: BER performance of uncoded N; x N, OFDM system using mod-
ified clipping having 3, 9 quantization levels, 5% clipped peak envelopes, and
0.05 step size value.

As presented in Figure 5.7 modified clipping having 5 quantization levels, 0.05 step
size value, and 5% high peak clipped envelopes has a PAPR performance which is
moreover approaching the conventional clipping with a clipping ratio of 7dB, see
Figure 5.4. Figure 5.8 shows their comparative BER performance. As shown from
the figure modified clipping results in a slightly better BER gain. This gain comes

due to the usage of quantization levels. Since quantization levels allow a better



Chapter 5. Result and Discussion 61

probability to de-mapping some of clipped N; x N, OFDM symbols (especially
for high diversity order) to the corresponding true constellation symbols. As the
result, modified clipping having comparable PAPR performance with convectional

clipping has slightly preferable BER performance, especially for high diversity

order.
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FiGURE 5.8: BER performance of uncoded N; x N, OFDM system using con-
ventional clipping with v = 7dB and modified clipping with 5% clipped peak
envelopes, 5 quantization levels, and 0.05 step size.

5.4 Performance of MIMO-OFDM Using Differ-
ent Step Size Value

The modified clipping MIMO-OFDM system performances are affected by step size
value in a similar way to that of the number of quantization levels. This means a
high step size value enhances BER with deteriorated PAPR reduction gain. While
if the step size value is too small a better PAPR reduction gain has been achieved at
the cost of BER performance. Figure 5.9 and Table 5.4 presents the effects of step
size values on the modified clipping MIMO-OFDM system PAPR performance.
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The figure and table illustrate the inverse relationship of PAPR reduction gain
with step size value.

0 MIMO-OFDM PAPR performance using modified clipping with different step size
107 F ; ;
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FiGure 5.9: TC MIMO-OFDM CCDF using modified clipping having 0.2, 0.1,
0.01 step size values, 5 quantization levels, and 5% of high peak envelope clipped
in each sub-carrier.

TABLE 5.4: Effects of step size values in modified clipping MIMO-OFDM PAPR
performance.

PAPR values in dB @
CCDF of 5 x 1074
for sub-carrier

N= {128, 256, 512}

Gain of modified
clipping over orginal
MIMO-OFDM in dB

Modified clipping parameters

Number Step | Clipped

of quantiz- | size peak 128 | 256 | 512 128 | 256 | 512
ation levels | value | envelopes

5 0.01 | 5% 6 56 | 5.5 5 5.8 | 6.2
) 0.1 5% 6.5 | 6.2 | 6.1 4.5 |52 |56
5 0.2 5% 72 169 | 6.8 3.8 145 |49

Figure 5.10 presents the BER performance of the uncoded modified clipping N; x
N, OFDM system with 0.01 and 0.2 step size values. As expected the BER with
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a high step size value i.e. 0.2 results in a better BER performance as compared to

the small step size value i.e. 0.01.

o NtxNr OFDM BER performance using modified clipping with 0.2 and 0.01 step sizes
T T T T T

—— 1x1 with 0.2 step size == 2x3 with 0.2 step size = + = 1x1 with 0.01 step size = + = 2x3 with 0.01 step size ;
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FicUrReE 5.10: BER performance of uncoded N; x N, OFDM system using
modified clipping having 5% high peak clipping with 0.01, 0.2 step sizes, and 5
quantization levels.

5.5 Performance of MIMO-OFDM Using Differ-
ent Clipped Envelopes

As compared to the step size values and the number of quantization levels the
number of clipped peak envelopes has an opposite role on the performances of
modified clipping MIMO-OFDM system i.e large number of clipped peak envelopes
results in better PAPR reduction gain with high BER loss. Figure 5.11 illustrates
the effects of the number of clipped peak envelopes on TC MIMO-OFDM PAPR
performance. From the CCDF figure, using 10% clipped high peak envelope the
PAPR of the original MIMO-OFDM system has been improved by 53.64%, 57.02%,
and 58.97% for sequential order of 128, 256, and 512 sub-carriers. As the numbers
of clipped peak envelopes increases to 20% and 25% the PAPR of the original
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MIMO-OFDM system has been reduced by 65.45%, 66.67%, and 69.23% and by
69.09%, 71.05%, and 72.65% for each respective sub-carriers of 128, 256, and 512.

0 Turbo based MIMO-OFDM PAPR using modified clipping with 10%), 20% & 25% high peak envelope clipped
10°r T T L | T

107 F

10? 2 N=512 with 10% clipping
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[ |====N=128 with 10% clipping
| | == N=512 with 20% clipping
N=256 with 20% clipping
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N=512 with 25% clipping
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FiGure 5.11: CCDF of TC MIMO-OFDM using modified clipping having 5
quantization levels and 0.05 step size value with 10%, 20%, and 25% high peak
clipping in each sub-carriers.

1 MIMO-OFDM BER performance using modified clipping with 25% & 10% high peak envelope clipped (N=128)
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FiGure 5.12: BER performance of uncoded Ny x N, OFDM system using
modified clipping having 10% and 25% high peak clipping with 5 quantization
levels and 0.05 step size value.
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Figure 5.12 shows the effects of the numbers of clipped high peak envelopes on the
BER performance of N; x N, OFDM system. From the figure, N; x N, OFDM
system BER performance becomes worse (more prominent for high diversity order)
when a large number of signal peaks have been clipped especially at 25% of the
peak envelopes have clipped. At this stage, the loss of BER is more as compare
to the PAPR reduction gain. As the result, the use of modified clipping with 25%

clipped high peak envelopes become insignificant.

5.6 Modified Clipping MIMO-OFDM System Per-
formance with Turbo Code

Figure 5.13 presents the BER performance of 1 iteration turbo code N; x N,
OFDM system with 5% and 25% of clipped peak envelopes. For both clipped
peak envelopes the simulation has depicted using 5 quantization levels and 0.05

step size value.

Turbo based MIMO-OFDM BER performance using 1st iteration with 5% & 25% clipping
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FIGURE 5.13: BER performance of 1% iteration turbo code N; x N, OFDM
system using modified clipping having 5% and 25% of high peak clipping with
5 quantization levels and 0.05 step size value.
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The concatenation of turbo code to the MIMO-OFDM system allows a significant
advantage for modified clipping N, x N, OFDM system having severe BER loss (e.g
25% of peak clipping shown in Figure 5.12). The improvement happens due to the
effective recovery of transmitted data from clipping and channel distorted received
data through the Log-MAP turbo decoding process. This results in better BER
gain over the uncoded system with and without modified clipping. As compared to
the TC N; x N, OFDM system the modified clipping TC N; x N, OFDM system
results in some BER performance penalty, which is proportional to amounts of
clipped peak envelopes. Table 5.5 shows the performances of the proposed system
using the first TC iteration with respect to the first iteration TC MIMO-OFDM
and uncoded MIMO-OFDM system at 1 x 10~* BER reference value.

TABLE 5.5: 15 iteration TC modified clipping Ny x N, OFDM system Ej,/Ny
with respect to uncoded and 1% iteration TC N; x N, OFDM system at a BER
reference value of 1 x 1074,

TC modified Gain in dB Loss in dB over
clipping Fy/Ny | over N; x N, 1t TC N, x N,

Ny x N,
! @1 x 107* BER | OFDM system | OFDM system
25% | 5% 25% | 5% 25% | 5%
1x1 17.16 | 15.83 - - 1.78 | 0.45

2x1 11.15 | 9.812 7.52 | 8.858 1.847 | 0.509
2 %2 4.952 | 3.67 4.848 | 6.13 1.872 | 0.59

2x3 2.354 | 0.841 4.114 | 5.627 2.135 | 0.622
2 x4 0.353 | -1.176 | 4.039 | 5.568 2.168 | 0.639
2x8 -3.556 | -5.167 | 3.825 | 5.436 2.268 | 0.657

The E,/Ny gain at a given BER for TC modified clipping Ny x N, OFDM system
can be enhanced indeed more than the one depicted in Figure 5.13 by utilizing
turbo log-MAP decoding with the second iteration. Figure 5.14 proves this. For
example, at BER reference value of 1x 10™* using 5% clipped envelopes the Ej,/ N,
gains of 3.18dB, 2.752dB, 2.275dB, 2.175dB, 1.718dB, and 1.689dB have gotten
over its corresponding first iteration in the respective transmitter and receiver
antenna combination of 1 x 1,2 x 1,2 x 2,2 x 3,2 x4, and 2 x 8 OFDM system.
For the 25% clipped envelopes the Ej/N; gains of 2.92dB, 2.294dB, 2.131dB,
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2.065dB, 1.693dB and 1.624dB have gotten over its corresponding first iteration
in the respective transmitter and receiver antenna combination of 1 x 1, 2 x 1,

2x2,2x3,2x4,and 2 x 8.
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FIGURE 5.14: BER performance of 2"¢ iteration turbo code N; x N, OFDM
system using modified clipping having 5% and 25% clipped envelopes with 5
quantization levels and 0.05 step size value.

Figure 5.15 shows the effects of turbo code iterations on the BER performances of
the modified clipping MIMO-OFDM system. The simulation has done for turbo
code based 2 x 8 modified clipping MIMO-OFDM system using 5%, 25% clipped
envelopes, 5 quantization levels, and 0.05 step size value. As the figure illustrates
with the continuous increments of TC iteration the BER performances of each
respective TC modified clipping MIMO-OFDM system have been improved on av-
erage. However, the BER performance gains for each additional iteration carried
out have declined and after some iteration order, the performance gain becomes

converged and insignificance (just after five iterations in Figure 5.15). Therefore,
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to average out the complexity of turbo decoders with the convergence BER per-

formance gain, in this thesis work, a maximum of five iterations are carried out.

Effects of turbo iterations on the BER performance of modified clipping 2x8 MIMO-OFDM system.
: : . ;
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F1GURE 5.15: Effects of TC iterations on the BER performance of turbo code
MIMO-OFDM system using modified clipping having 5% and 25% clipped en-
velopes with 5 quantization levels and 0.05 step size value.

5.7 Proposed System Complexity

Figure 5.16 shows the complexity comparison of the TC modified clipping based

proposed system and the various existing PAPR reduction works like hybrid PTS

[33], SLM [31], and conventional clipping in terms of the required number of real

multiplications. As presented in subsection 4.3 the overall proposed system com-

plexity uniquely depends on the order of the clipped envelopes, quantization levels,

constraint lengths, and TC iteration. While both the proposed work of this thesis

and the existing works of hybrid PTS [33], SLM [31], and conventional clipping

complexities commonly depend on the length of sub-carrier, the order of M-ary

modulation, and also on both the transmitter and receiver antenna orders.
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In Figure 5.16 the required real multiplications in the proposed system model and
all the existing works have been evaluated using N; = 2, N, = 8, and 8-QAM
modulation for the various sub-carrier length. The sub-block length of V' = 8 has
been considered for hybrid PTS in [33] while for SLM in [31] the four sub-block
lengths with contiguous extended sub-blocks of C' = 4, and a unity basic data unit
sub-block have been used as suggested by the respective cited works. For the case
of the proposed system complexity simulation, the worst scenario has been consid-
ered (i.e. with 5 TC iteration and 25% clipped envelopes) using 5 quantization
levels.

g X 10° Complexity of TC based modified clipping Vsvarious PAPR reduction schemesfor MIMO-OFDM system.
T T

—o— Poposed system

7 |=—e—Conventiona clipping
Hybrid PTS[33]

—e— SLM without Sl [31]

Number of real multiplications

0 1 1 1
128 256 . 512
Subcarrier length (N)

FIGURE 5.16: Comparison of the T'C modified clipping based proposed MIMO-
OFDM system overall complexity with the uncoded various PAPR reduction
scheme based MIMO-OFDM system complexities.

As the above figure illustrates, the proposed system needs fewer real multiplica-
tion complexity constraints as compared to the presented works of hybrid PTS
in [33] and SLM in [31]. On the other hand, the proposed system of this thesis
work requires more real multiplication complexity constraints as compared to the
conventional clipping MIMO-OFDM system. This complexity constraint of the
TC modified clipping proposed system mainly comes due to the use of Log-MAP
based bit-wise STBC detection and Log-MAP based turbo decoder.
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5.8 Proposed System Performance with the Ex-
isting Works

The comparison of the proposed system performance with existing PAPR reduc-
tion techniques has been difficult since the proposed system parameters differ from
the parameters used in those methods. However, for the evaluation scenario, the
proposed systems compare to the most common and the recent existing MIMO-
OFDM PAPR reduction methods as shown in Table 5.6. The proposed system
having 5 quantization levels, 0.05 step size value, and 25% clipped peak envelopes
shown in Figure 5.11 has been used for PAPR comparison. For BER comparison

TC modified clipping MIMO-OFDM system with iteration 1 < I <5 has taken.

Like most PAPR reduction methods in the designed modified clipping, the trade-
off exists between PAPR reduction gain and BER performance. This trade-off
is significantly compromised by integrating the designed modified clipping with
a powerful channel coding. As a result, the clipping distortion has been mini-
mized and a better BER performance with outstanding PAPR reduction gain has
achieved. Therefore, as compared to the reported work in [22, 29, 31, 33] the pro-
posed system has remarkable PAPR reduction gain with exaggerated better BER

performance.

In [18] the PAPR performance mainly depends on p value and the best result
of 3dB at u = 255 was obtained. However, this result at © = 255 has not been
recommended by the author as it introduces high BER loss. Therefore, u = 100 has
been chosen to compromise the PAPR and BER performances. Using this value of
w1 3.5dB PAPR has been achieved and this has more than 0.1dB loss as compared
to the PAPR reduction gain of the proposed system. In [15] the PAPR reduction
gain subjects to convolutional code, CARI as well as to iteratively modified p
companding and filtering. Using filtered signal with 3 iterations the author has
gotten the best PAPR reduction gain of 7dB for sub-carrier 128. This result has
a loss of 0.6dB as compared to the result of this thesis work. On the other hand,
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the proposed system has an outstanding BER performance over the reported work

given in [15] while the special case of [18] has a comparable BER performance.

TABLE 5.6: Proposed system PAPR reduction gain performance comparison

with existing PAPR reduction woks.

PAPR reduction Parameters CCDF PAPR in dB
method Modulation N N; x N, | value @ CCDF value
Proposed turbo code 128,256,
SQAM 2x8 5x107% | 3.2 < PAPR, < 34
modified clipping 512
SLM without SI [31] QPSK, 16QAM | 512 N, =2 1073 8 < PAPRy < 9
Time domain cyclic 9 < PAPRy < 10
QPSK 128 N, =24 1073
SLM with CC [29] Depends on N
64,128, 3 < PAPR, < 7
Companding with .
QPSK 256, 512 | 2 x 2 10~ Depends on p
polar code [18]
, 1024 value
CC, CARI iterative co- 4 < PAPRy <9
QPSK 128 2% 2 1074
mpanding & filtering [15] Depends on g
Adaptive clipping [22] QPSK, 4QAM | 128 2x1 6 x 1072 | PAPRy ~ 5
Hybrid PTS [33] QPSK 128 N=2 |10 6 < PAPR, < 11

Generally, as compared to the above PAPR reduction work presented in Table 5.6

the proposed system work attain a significant BER performance gain with remark-

able PAPR reduction gain and reasonable moderate computational complexity.
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Conclusion and Recommendation

6.1 Conclusion

MIMO-OFDM system has been adopted in many wireless standards and applica-
tions. The MIMO-OFDM system allows to using the sum-up advantages of the
MIMO and OFDM systems. Despite its benefits, the MIMO-OFDM system has
the disadvantage of having a high PAPR. High PAPR degrades the performance
of non-linear devices such as the HPA, resulting in BER loss and spectral splat-
ter. To address this issue numerous techniques have been explored by different
researchers. Signal distortion is just one of those techniques that gets attention
due to its considerable PAPR reduction ability, low complexity, and spectral effi-
ciency (since no side information is required). Clipping is one of the most simple
SD techniques, and it achieves remarkable PAPR reduction gains at low threshold
levels. Clipping, on the other hand, causes severe BER performance loss at low

threshold levels (better PAPR reduction gain).

To address the limitation of conventional clipping the integration of the designed
modified clipping with turbo code was explored in this thesis work. The simulation
results have been done under different parameters of the designed modified clipping

technique. From the proposed demonstration result, we generalized the following:

72
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e The use of conventional clipping with small values of clipping ratio to get
remarkable PAPR gain leads the severe BER performance degradation, es-

pecially in the high-order diversity MIMO-OFDM systems.

e The use of turbo code in the MIMO-OFDM system allows some PAPR gain
for large subcarrier (N=512) over the original PAPR.

e In this thesis, the proposed modified clipping PAPR reduction gain has a
direct relationship with the numbers of clipped high peak envelopes and an
inverse relationship with the number of quantization levels and step size
values. While the BER performance has been related with these modified

clipping parameters in the reverse manner of PAPR reduction gain.

e For high diversity order STBC MIMO-OFDM systems, the designed mod-
ified clipping has better BER performance than conventional clipping at a

comparable PAPR reduction gain.

e Modified clipping with 5 quantization levels, 0.05 step size value and 25%
of clipped high peak envelopes the PAPR reduction gain of 69.09%, 71.05%,
and 72.65% have achieved for a sequential sub-carrier 128, 256, and 512.
However, under these parameters value modified clipping become useless

since the loss in BER is greater as compared to PAPR gain.

e The integration of modified clipping having extreme parameter values (for
example with 25% of clipped high peak envelopes) to the turbo code results

in an outstanding BER performance with remarkable PAPR reduction gain.

e The proposed system work attain a significant compromise of the BER per-
formance and the PAPR reduction gain trade-off over the existing PAPR

reduction works with a reasonable moderate computational complexity.

6.2 Recommendation

Compared to the existing conventional clipping alone, the proposed modified clip-

ping method with turbo coding has remarkable PAPR and BER performances.
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In this thesis work, turbo code has been used for the purpose of BER perfor-
mance enhancement. However, like other channel coding techniques turbo code
can also use for PAPR reduction with additional complexity constraints. There-
fore, MIMO-OFDM PAPR reduction using turbo code would be recommended
in future work. Further part to this, in the proposed thesis work, a random in-
terleaver with a relatively low memory size (i.e. 4) has been used. In order to
improve the PAPR further, the estimation of turbo code generator polynomials
having minimum correlation is necessary. Therefore, generator polynomials with
a minimum correlation for a given memory size should consider in future work.
Also, in this work, a perfect channel state information has been assumed but this
is not practical. Therefore, in future work, the channel estimation either alone or
in conjunction with the turbo decoder algorithm would be recommended. Addi-
tionally, for future TC modified clipping can integrate with other PAPR reduction
techniques to get additional PAPR reduction gain.
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Appendix A

Turbo decoding

The MAP algorithm has been used as a turbo decoder component in order to
perform bit-wise soft input soft output estimation. Consider the uy as the decoded
bit at time k and y, is the received symbol sequence at time k, now reliability
measure (LLR) for a single bit at time k& under the condition y;, has been received

is given by:

(P (ur = 1/yx)
L) =1 (pr (e =0/yk>) (A1)

Using Baye’s rule of pr (A, B) = pr (A) .pr (B/A) the above equation rewritten as:

L(u) = In (PT (ue =1,y) /pr (yk)> I (PT (ue = 1»yk)> (A.2)

pr(ug = 0,yx) /pr (yr) pr(ue = 0,yk)

The probability that u; becomes 1 or 0 can be expressed in terms of the starting
and ending states in the trellis diagram. This depends on the value of the input bit,
two-state transitions are available for each of the encoder states. One transition
corresponds to the input bit up = 1 and the other transition corresponds to the
input bit ux, = 0. Therefore, pr (uy = 0) and pr (ux, = 1) defined by probability for
all combinations of starting and ending states that will yield uxy = 0 and u; = 1

respectively. Using pr (uy = 0) and pr (uy = 1) equation (A.2) can rewritten as:

) _,pr(s,s,
Z(s,s):uk—lp ( yk)) (A?))

Z(s/,s);sukzo pr (8/7 S, ?/k)

L(ug) =1In (

82
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The probability to observe a certain pair of states (s, s) depends on the past and
the future bits. Therefore, using the received sequence of the past y., the current
Yk, and the future bits y~, and by applying Baye’s rule pr (s', s, yx) can express as
follows:
pr(s'ss,yk) = pr (s’ 8, Yk, Yo, Ysi)
= pr (Y=r/5's 8, Y<, Yx) -1 (', 8, Y<is Yi)

= pr (Y>&/s) -pr (s’ 8, Y<i: Yr) (A.4)
= pr(Ysk/s) pr (s, ye/s' y<i) .or (', y<n)

Z- T($>yk/5/)-?7“ (s', y<n)

. i

=pr (?/>k/5

B (s) wr(s',s) ag—1(s")

/

Where ay_1 (8') is the forward metric, ¢ (s, s) is transition metric and (g (s) is

the backward metric. Using these metrics (A.3) express as:

(A.5)

L (u) =In (Z(S"s):”%:l a1 (5') r (8, 8) Pr (8))

2 (55 upm0 k=1 (8) o1 (87, 8) By (s)

Transition metric ¢y (s, s) calculation
vk (8, s) represents the probability that next state is s and the received symbol is
yr given the previous state is §'. ¢y (s, s) has been calculated using (A.6).

i (s 8) = pr (ye, s/5) (A.6)

= pr(yx/s,s') .pr(s,s') = pr (yr/zy) pr(ug)
Where z;, is the transmitted codeword associated with the state transition from
Sp_1 = § to s = s. For the MIMO-OFDM system the transition metric in

equation (A.6) already estimated using (4.22).

Forward metric a;_; (¢') calculation
ag—1 (') indicates the joint probability at time k& — 1, the state is &', and the

received sequence is y.x. a1 (8') calculates using (A.7) in a forward recursion
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manner.
g1 (5,) =pr (3/, y<k)

= ay, (s) = pr(s,y<k)

(Sayk7y<k) = Zs/pr (S/asayk7y<k) (A?)

(37 yk/8/7 y<k’) -pr (5/7 y<k’)

pr
Zs’ pr
o (s,ue/) o7 (', ycr)

vV vV
wr(s's8) ag_1(s")

According to [40] the initial condition for ay_; (s') has given by:

1 for s=s

ap (s) = (A8)
0  fors#sy
Where sq is the trellis initial state.
Backward metric [ (s) calculation
Bk (s) represents is the conditional probability that given the current state is s,
the future sequence will be y~;. This metric has been calculated using backward

recursion as follow:

Br (s) = pr(y>k/s)

= Be-1(8') = pr (ysr-1/5")
=220 (8, ysk—1/8) = 2207 (S, Yk Y/ ') (A.9)
=220 (Ysk/5: Yk, ') pr (5, Yk /s)
=2 pr (ysi/s)-pr (s, Yi/s)

g g

Br(s) i (s’,s)

According to [40] for terminated trellis, the initial condition of 5y (s) has given by:

1 for s=s
Bn (s) = (A.10)
0 fors#s

Where N is the last stage of the trellis.

The log-MAP algorithm has only slightly more complex than the Max-Log-MAP
algorithm, but it gives exactly the same performance as the MAP algorithm

[40]. To analyze Log-MAP-based turbo decoding let’s define Ay (s), By (s), and
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I (s',s). For rate 1 the branch metric is given by equation (A.11).

[y (s, s) = z”: & ok (8, 8) + Lag.ug (', ) (A.11)
z=1

Where ., 1, (s, s) and uy, (8, s) denote the 2 bit of the codeword and the informa-
tion bit respectively associated with the state branch (s', s). Lay is the priori value
from the component TC decoder and z ; is the 2t noisy bit-wise soft information
for the codeword z, ;, which is has been already obtained from the max* operation
of (4.21).

Ay (s) = In (ay (s))

=In (X, on (s 8) .ar1 (5))

(A.12)
=In (>, exp(Fy(s,s) + A1 (5)))
= m??X* Tk (8", s) + Ap—1 ()
Bi1(s) = In(Br-1(s))
=1In (3=, on (', 5) .Br (s)) (A.13)

=In (D>, exp (I'x (s,5) + Bk (s)))
= masxx* (I (s',5) + By (s))

Finally, using Ay (s), Bx_1 ('), and T’y (¢, s) metrics the Log-MAP of L (uy) has
given by:

L(uy) = max* (Ap_1(s")+ % (s s) + By (s))
(s',8)=up=1 <A14)
— max* (Ap_1(8) + Tk (8, s) +Bi (9))

(s',8)=uR=0
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Algorithm 1 Log-MAP based STBC detection

Input : R',H',m, X, o?
Initialization : J = length (R'), L = zeros (m, J)

for k< 1......... J do
for [« 1......... m do
So = —55 (IR [k] — Xieo (111> + H' | X120 [1]]°)
S1 = =gz (1R [K] = Xoon [UI* + H' | Xima [1]]1%)
for p«+2....... 2™ do
G, max {0, =52z (IR [K] = Ximo P[> + H' I\Xz:sg pII*) } + ,
In (1+exp (= [So = (=502 (IR [F] = Xiso [PII° + H' [ Xm0 [P11) ) ]))

max {1, 5t (IR (] = X [P)I2 + H' [ Xio [p]]) } +

Sy <+ p /
! In (1+exp (— ]S — (=52 (IR K] — Xiea [Pl + H | Xi=1 P11P)])
end for
Output : L (m, k) = S1 — S
end for

end for
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