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Summary

Currently the resear
h about the digital terrestrial television is still progressing. The

resear
h is intended to realize the tranmission of high resolution digital television.

ISDB-T is the standards that was developed by Japan in 1998. The standard has been

implemented not only by Japan, but also by some South Ameri
a 
ountries. On the

other hand, DVB-T is the �rst generation of digital terrestrial television that were pro-

posed by several European 
ountries. This standard has been used by most 
ountries in

the world.

The DVB-T2 system is a se
ond generation of a digital terrestrial television stan-

dard based on the orthogonal frequen
y division multiplexing (OFDM) system. In this

system, a multi input-single output (MISO) with Alamouti s
heme has been in
luded in

order to in
rease a diversity gain that is essential for re
eption performan
e in low speed

environment. However, in the future the mobil re
eption of digital terrestrial television

in high speed environment, su
h as high speed train (TGV, Maglev, et
 with 
ommer
ial

speed = 300 km/h) will be
ome an important aspe
t in the 
ompetition with other digi-

tal broad
asting system, su
h as digital satellite. There is a need to provide information

and on board entertainment servi
es to high speed train passengers. In this 
ase, the

in
lusion of MIMO s
heme be
ome ne
essary to in
rease the re
eption performan
e of

high speed digital terrestrial television.

In a MISO/MIMO system based on the Alamouti s
heme, it has been a
knowledged

that a 
hannel estimation would hold the important role in maintaining the diversity gain

that is provided by Alamouti s
heme and maximal ratio 
ombining s
heme. If different

signals are transmitted simultaneously from two transmitters, it will be re
eived as a

superposition of signals by the re
eiver. This will be
ome one of the main 
hallenge of


hannel estimation in MISO/MIMO system. In this thesis, the 
hannel estimation for

2 � 1 MISO and 2 � 2 MIMO s
heme in high speed mobile environment is proposed.

In order to 
ope with the parallelogram-shaped grid pilot pattern of the DVB-T2 sys-

tem, we have employed the 2D �lter with a non-re
tangular spe
trum. It was a
tually

proposed for an image pro
essing appli
ation. A single stage implementation of the the

2D �lter 
ontinues to have a high 
omplexity 
ost. Thus, we have divided the 2D �lter

into two stage of �ltering in the time and frequen
y dire
tion separately, resulting in

lower 
omplexity in hardware implementation. In order to optimize the performan
e

of interpolation �lter in a 2 � 2 MIMO system, we have proposed the 3-points diago-

nal averaging method. This method 
an shorten the distan
es between s
attered pilots

resulting in the improvement of 
hannel estimation performan
e.

In this thesis, we have also done a resear
h about syn
hronization for OFDM based

Digital Terrestrial Television broad
asting. There are three problem of syn
hroniza-

tion that we investigate here, i.e. symbol timing offset (STO), 
arrier frequen
y offset

(CFO), and sampling frequen
y offset (SFO). An STO o

urs be
ause the re
eiver does

not know exa
tly the arrival time of OFDM symbol, therefore there is an offset in de-

termination of an OFDM symbol starting point. On the other hand, CFO and SFO are


aused by a 
arrier frequen
y and a sampling frequen
y mismat
h between the trans-
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mitter and re
eiver lo
al os
illators, respe
tively. All of this syn
hronization problem


ould introdu
e an intersymbol interferen
e (ISI) and an inter
arrier interferen
e (ICI)

to the signal re
eived by a digital terrestrial television broad
asting re
eiver. The de-

modulation of signal that 
ontains ICI and ISI will dramati
ally in
rease bit error rate.

In this thesis, we have proposed a joint-syn
hronizationmethod for ISDB-T system in

Multipath Fading Channel. This joint-syn
hronization method 
onsists of three stages.

In the �rst-stage, we have employed joint time and frequen
y syn
hronization using a

simpli�ed maximum likelihood method. In the se
ond-stage, we have proposed a DFT

window shift to avoid ISI. Both of this stage are implemented in time domain. In the

third stage,we have proposed a frequen
y domain SFO estimation method that exploits

s
attered pilots to estimate an SFO. Sin
e the value of SFO is usually very small (part

per million (ppm) s
ale), the SFO estimation is very sus
eptible to a noise. Therefore,

in this thesis, we have proposed an estimation method that 
an minimize the in�uen
e

of noise in estimating the SFO.

Finally, we 
an summarize that the main 
ontribution of this resear
h is an imple-

mentation of low 
omplexity and robust 
hannel estimation method for very high speed

mobile DVB-T2 system. The simulation results show that the proposed 
hannel estima-

tion method 
an optimize the diversity gain that is provided by multi-antenna te
hniques

to improve the performan
e of the mobile DVB-T2 system. Another 
ontribution is a

robust syn
hronization method for OFDM based Digital Terrestrial Television Broad-


asting in multipath fading 
hannel. Simulation results show that the proposed syn
hro-

nization method 
an produ
e high performan
e in multipath fading 
hannel, while has

lower 
omplexity



Chapter 1

Introdu
tion

1.1 Ba
kground

Currently the resear
h about the digital terrestrial television is still progressing. The

resear
h is intended to realize the tranmission of high resolution digital television. There

are many standards that are developed by many 
ountries to implement the transmission

of digital terrestrial television. ISDB-T is the standards that was developed by Japan

in 1998. The standard has been implemented not only by Japan, but also by some

South Ameri
a 
ountries. On the other hand, DVB-T is the �rst generation of digital

terrestrial television that were proposed by several European 
ountries. This standard

has been used by most 
ountries in the world.

The DVB-T2 system [1℄ is the se
ond generation of a digital terrestrial television

standard based on the orthogonal frequen
y division multiplexing (OFDM) system. It

was developed in order to in
rease the 
apa
ity and quality of digital terrestrial broad-


asting from a previous DVB-T system [2℄. One of the modi�
ation that the DVB-T2

system had developed on top of DVB-T is the in
lusion of multi transmitter antenna

te
hniques, referred to as a 2�1 MISO based on Alamouti s
heme [3℄, whi
h 
an pro-

vide a diversity gain that is essential for the re
eption performan
e of a digital terrestrial

television.

In a 2�1 MISO system based on the Alamouti s
heme, it has been a
knowleged that


hannel estimation would hold the important role in maintaining the diversity gain that

is provided by Alamouti s
heme [3℄. If different signals are transmitted simultaneously

from two transmitters, it will be re
eived as a superposition of signals by the re
eiver.

This will be
ome one of the main 
hallenge of 
hannel estimation in a 2�1 MISO sys-

tem.

However, as illustrated by Fig. 1.1 in the future the mobile re
eption of digital terres-

trial television in high speed environment, su
h as high speed train (TGV, Maglev, et


with 
ommer
ial speed � 300 km/h) will be
ome an important aspe
t in the 
ompetition

with other digital broad
asting system, su
h as digital satellite. A parti
ularly important


ommer
ial appli
ation is to provide information and onboard entertainment servi
es to

passengers. In this 
ase, the in
lusion of MIMO s
heme be
ome ne
essary to in
rease

1
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Figure 1.1: MIMO system for mobile re
eption DVB-T2 in high speed environment

the re
eption performan
e of high speed digital terrestrial television.

In a �xed re
eption, the 
hannel estimation of OFDM systems would only need to

deal with the frequen
y sele
tivity 
aused by multipath fading. On the other hand,

in mobile re
eption, the systems also need to deal with the time varying 
hannel due

to a Doppler shift. This time varian
e fa
tor will lead to an inter
arrier interferen
e

(ICI), resulting in error �oor as the doppler frequen
y in
reases. This will affe
t the

performan
e of the pilot aided 
hannel estimation (PACE), sin
e the re
eived pilot will

be 
orrupted by ICI. It will also be
ome another 
hallenge of 
hannel estimation in

mobile DVB-T2 system. In this thesis, a 
hannel estimation for a MIMO system in

high speed mobile environment is proposed. Until now, many resear
h works have been


ondu
ted regarding PACE for the multi antenna OFDM system. [4�6℄ proposed 1D


hannel estimation for the multi antenna OFDM systems, whi
h is limited only to the

frequen
y dire
tion, as opposed to the 2D 
hannel estimation method proposed by [7℄

that 
an tra
k the variation of time varying 
hannel even at high doppler frequen
ies.

Referen
e [7℄ however, employed the Wiener �lter whi
h has a very high 
omplexity


ost.

In order to 
ope with the parallelogram-shaped grid pilot pattern of the DVB-T2 sys-

tem, we have employed the 2D �lter with a non-re
tangular spe
trum. It was a
tually

proposed by [8℄ for an image pro
essing appli
ation and has been su

essfully imple-

mented in the Single Input Single Output (SISO) system 
hannel estimation [9℄- [10℄.

A single stage implementation of the the 2D �lter 
ontinues to have a high 
omplexity


ost. Thus, we have divided the 2D �lter into two stage of �ltering in the time and fre-

quen
y dire
tion separately, resulting in lower 
omplexity in hardware implementation.

We have also proposed the 3-points diagonal averaging method to optimize the per-

forman
e of an interpolation �lter in a MIMO system. This method 
an shorten the dis-

tan
es between s
attered pilots resulting in the improvement of 
hannel estimation per-

forman
e. The 
ombination between the proposed 3-points diagonal averaging method



1.2. RESEARCH OBJECTIVES 3

and the two stage implementations of a 2D non-re
tangular �lter is proven to be robust

in very high speed mobile environment and has a 
apability to optimize a diversity gain

provided by the Alamouti S
heme.

In OFDM re
eiver, syn
hronization is also one of the main problem. There are three

problem of sy
n
hronization that we investigate here, i.e. symbol timing offset (STO),


arrier frequen
y offset (CFO), and sampling frequen
y offset (SFO). An STO o

urs

be
ause the re
eiver does not know exa
tly the arrival time of OFDM symbol, therefore

there is an offset in determination of an OFDM symbol starting point. On the other hand,

CFO and SFO are 
aused by a 
arrier frequen
y and a sampling frequen
y mismat
h

between the transmitter and re
eiver lo
al os
illators, respe
tively. All of this syn
hro-

nization problem 
ould introdu
e an intersymbol interferen
e (ISI) and an inter
arrier

interferen
e (ICI) to the signal re
eived by a digital terrestrial television broad
asting

re
eiver. The demodulation of signal that 
ontains ICI and ISI will dramati
ally in
rease

bit error rate.

In this thesis, we have proposed three-stages joint-syn
hronization for ISDB-T sys-

tem in Multipath Fading Channel. In the �rst-stage, we have employed joint time

and frequen
y syn
hronization using a simpli�ed maximum likelihood method. In the

se
ond-stage, we have proposed a DFT window shift to avoid ISI. Both of this stage are

implemented in time domain. In the third stage,we have proposed a frequen
y domain

SFO estimation method that exploits s
attered pilots to estimate an SFO. Sin
e the value

of SFO is usually very small (part per million (ppm) s
ale), the SFO estimation is very

sus
eptible to a noise. Therefore, in this thesis, we have proposed an estimation method

that 
an minimize the in�uen
e of noise in estimating the SFO.

1.2 Resear
h Obje
tives

The obje
tives of this resear
h is an implementation of low 
omplexity and robust 
han-

nel estimation method for very high speed mobile DVB-T2 System. In this resear
h,

we have investigated how the proposed 
hannel estimation method 
an optimize the

diversity gain that is provided by multi antenna te
hnique in transmitter and re
eiver.

We have also investigated how the proposed ar
hite
ture 
an redu
e the 
omplexity of

implementation 
ompared to the 
onventional ar
hite
ture. Another obje
tive of this

resear
h is an implementation of low 
omplexity and robust syn
hronization method

for OFDM based system in multipath fading 
hannel.

1.3 Thesis Hierar
hy

This thesis 
onsists of �ve 
hapters where the �rst 
hapter is devoted to the introdu
tion

of the thesis work. The following 
hapters are organized as follows.

Chapter 2 Digital Terrestrial TV Overview

This 
hapter provides the overview of Digital Terrestrial TV Standard that 
ur-
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rently used all over the world. Then we dis
uss spe
i�
aly about european stan-

dard, DVB-T that is upgraded to DVB-T2. We explain brie�y what is the moti-

vation of DVB-T2 development and the bene�t of this system over DVB-T. The

OFDM baseband model and the MIMO system of DVB-T2 are also dis
ussed in

this 
hapter

Chapter 3 Pilot Aided Channel Estimation for DVB-T2 System

This 
hapter dis
usses about a 
hannel estimation using s
attered pilot for DVB-

T2 System. We start with the overview of pilot pattern in SISO and MISO mode.

Then, The Channel estimation in SISO and MIMO mode using s
attered pilot is

dis
ussed in detail, in
luding the proposed 3-point averaging method for MIMO

DVB-T2 system. This 
hapter also provides the explanation about the proposed

2D non-re
tangular �lter and how to implement it with less 
omplexity for 
han-

nel estimation system

Chapter 4 Syn
hronization Method for DTTB System

This 
hapter dis
uss about symbol-timing, 
arrier-frequen
y, sampling-frequen
y

syn
hronization in multipath fading 
hannel. Firstly, we dis
uss about the effe
t

of syn
hronization error for OFDM system. Then, we dis
uss about the 
onven-

tional and proposed syn
hronization method.

Chapter 5 Simulation Results and Analysis

This 
hapter provides simulation results and analysis of the proposed method


ompared to the 
onventional method

Chapter 6 Con
lusion and Future Work

This 
hapter provides a short summary of the whole report and the obtained re-

sults. Some re
ommendations are also given 
on
erning the further development

of this resear
h topi
.



Chapter 2

A Digital Terrestrial TV Overview

Digital terrestrial television (DTTV or DTT) is the te
hnologi
al evolution of broad
ast

television and an advan
ement of analog television. DTTV broad
asts land-based (ter-

restrial) signals. The purposes of digital terrestrial television, similar to digital versus

analog in other platforms su
h as 
able, satellite, and tele
ommuni
ations, are to redu
e

use of spe
trum and to provide more 
apa
ity than analog, provide better-quality pi
-

ture, and to lower operating 
osts for broad
ast and transmission after the initial upgrade


osts. A terrestrial implementation of digital television (DTV) te
hnology uses aerial

broad
asts to a 
onventional television antenna (or aerial) instead of a satellite dish or


able television 
onne
tions.

2.1 The Existing Digital Terrestrial TV Standard in The

World

Competing variants of broad
ast television systems are being used around the world.

Some of the existing digital terrestrial tv standard are listed as follow:

� DVB-T

DVB-T [2℄ is an abbreviation for Digital Video Broad
asting-Terrestrial whi
h

is DVB European-based 
onsortium standard for broad
asting te
hnology in dig-

ital terrestrial television. It was �rst published in 1997 and �rst broad
asted in

UK in 1998. This system transmits 
ompressed digital audio and digital video

in an MPEG transport stream, using orthogonal frequen
y-division multiplex-

ing(OFDM) modulation. In 2009, the DVB Group laun
hed the se
ond gener-

ation of digital terrestrial television [1℄. This system was developed in order to

transmit the high-de�nition television 
ontents. This system offers an in
reased

ef�
ien
y of 30-50% in its use of spe
trum 
ompared to DVB-T [2℄. DVB-T and

DVB-T2 has the biggest number of 
onsumer 
ountry in the world as shown by

Fig. 2.1. This system will be dis
ussed more detail in se
. 2.2

� ISDB-T

5
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Figure 2.1: The map of digital terrestrial television standard [11℄

ISDB-T [12℄ is an abbreviation for Integrated Servi
es Digital Broad
asting-

Terrestrial whi
h is a Japanese standard for digital television and digital radio

broad
asting. Similar to DVB-T, ISDB-T employ an OFDM as their modulation

te
hnique. This system was �rst laun
hed in Japan in De
ember 2003 and in

Brazil in De
ember 2007 [13℄.The number of the 
ountry whi
h has adopted its

standard is gradually in
reasing with the re
ognition of its te
hnologi
al advan-

tage. ISDB-T has been adopted by almost all 
ountry in South Ameri
a in 2009,

su
h as Argentina, Peru, Chille, and Venezuela. One of the most te
hni
al advan-

tage of ISDB-T is the OFDM segmented transmission that enables �xed, mobile,

and portable transmission all in one 
hannel. As a 
omparison, DVB-T and ATSC

require another 
hannel for portable re
eption servi
e, on the other hand, ISDB-

T enables �xed/mobile/portable servi
e in same 
hannel by one transmitter. It

leads not only saving the frequen
y resour
e but also saving transmitter 
ost The

transmitted signals are divided into 13 segments with a bandwidth of 5.57 MHz

bandwidth. It enables us to broad
ast for various different purposes be
ause we


an 
hange the parameter in ea
h segment. Using 12 of the 13 segments enables

High De�nition Television (HDTV) servi
es and using 4 segments enables Stan-

dard De�nition Television(SDTV) servi
es. Moreover, one of the 13 segments

is spe
ially designed for onesegment re
eption, enabling ISDB-T transmission to

mobile terminals by using only this segment.

� ATSC

Advan
ed Television Systems Committee (ATSC) standards [14℄ are a set of stan-

dards developed by the Advan
ed Television Systems Committee for digital tele-

vision transmission over terrestrial, 
able, and satellite networks. The ATSC stan-
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dards were developed in the early 1990s by the Grand Allian
e, a 
onsortium of

ele
troni
s and tele
ommuni
ations 
ompanies that assembled to develop a spe
-

i�
ation for what is now known as HDTV. ATSC formats also in
lude standard-

de�nition formats, although initially only HDTV servi
es were laun
hed in the

digital format. This system is widely used in north ameri
a, parts of Central

Ameri
a, and South Korea. ATSC as implemented in the US uses 8VSB mod-

ulation, whi
h requires less power to transmit, as opposed to the also proposed

COFDM modulatiion (whi
h is less prone to multipath distortion and therefore

better re
eived in mobile installations.

� DTMB

DTMB (Digital Terrestrial Multimedia Broad
ast) is the TV standard for mo-

bile and �xed terminals used in the People's Republi
 of China, Hong Kong and

Ma
au. The DTMB was 
reated in 2004 and �nally be
ame an of�
ial DTT stan-

dard in 2006. The DTMB standard uses many advan
ed te
hnologies to improve

their performan
e, for example, a pseudo-random noise 
ode (PN) as a guard

interval that allows faster syn
hronization system and a more a

urate 
hannel

estimation, Low-Density Parity-Che
k (LDPC) en
oding to prote
t against mis-

takes, modulation Time Domain Syn
hronization - Orthogonal Frequen
y Divi-

sion Multiplexing (TDS-OFDM) whi
h allows the 
ombination of broad
asting

in SD, HD and multimedia servi
es, et
. This system gives �exibility to the ser-

vi
es offered to support the 
ombination of single-frequen
y networks (SFN) and

multi-frequen
y networks (MFN). The different modes and parameters 
an be


hosen depending on the type of servi
e and network's environment.

2.2 The ISDB-T system

2.2.1 The Overview of ISDB-T System

The Integrated Servi
es Digital Broad
asting-Terrestrial (ISDB-T) system is designed

to provide reliable high-quality video, sound, and data broad
asting not only for �xed

re
eivers but also for mobile re
eivers. The system is also designed to provide �exibil-

ity, expandability, and 
ommonality/interoperability for multimedia broad
asting. The

system is rugged be
ause it uses orthogonal frequen
y division multiplexing (OFDM)

modulation, two-dimensional (frequen
y-domain and time-domain) interleaving, and


on
atenated error-
orre
ting 
odes. Its modulation s
heme is 
alled Band Segmented

Transmission-OFDM (BST-OFDM), and it 
onsists of 13 OFDM segments. The sys-

tem has a wide variety of transmission parameters for 
hoosing the 
arrier modulation

s
heme, 
oding rate of the inner error-
orre
ting 
ode, length of time interleaving,
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Table 2.1: Basi
 Transmission Parameters for ISDB-T [12℄

Transmission Parameter Mode 1 Mode 2 Mode 3

No. of OFDM segments 13

Bandwidth 5.5575 MHz 5.573MHz 5.572 MHz

Carrier interval 3.968kHz 1.984 kHz 0.992 kHz

No. of 
arriers 1405 2809 5617

Carrier modulation QPSK, 16QAM, 64QAM, DQPSK

Effe
tive symbol length 252 �s 504 �s 1.008 ms

Guard Interval length 1/4, 1/8, 1/16, 1/32 of effe
tive symbol length

No. of symbols per frame 204

Time Interleave Maximum 4 values: 0, 0.1, 0.2, 0.4 se


Frequen
y interleave Intra-segment and inter-segment interleaving

Inner 
ode Convolutional 
oding (1/2, 2/3, 3/4, 5/6, 7/8)

Outer 
ode RS (204, 188)

Information bit rate 3.65 Mbps - 23.23 Mbps

Hierar
hi
al transmission Maximum 3 level ( Layer A, B, C)

2.2.2 Basi
 Transmission Parameters

ISDB-T features three transmission modes having different 
arrier intervals in order to

deal with a variety of 
onditions su
h as the variable guard interval as determined by

the network 
on�guration and the Doppler shift o

urring in mobile re
eption. Table

2.1 lists the basi
 parameters of ea
h mode. One OFDM segment 
orresponds to a

frequen
y spe
trum having a bandwidth of 6/14 MHz (about 430 kHz). In Mode 1, one

segment 
onsists of 108 
arriers, while Modes 2 and 3 feature two times and four times

that number of 
arriers, respe
tively. Television broad
asting employs 13 segments with

a transmission bandwidth of about 5.6 MHz. Terrestrial digital audio broad
asting, on

the other hand, uses one or three segments. A digital signal is transmitted in sets of

symbols. One symbol 
onsists of 2 bits in QPSK and DQPSK, 4 bits in 16QAM, and 6

bits in 64QAM. Here, effe
tive symbol length is the re
ipro
al of 
arrier interval-this is

the 
ondition preventing 
arriers in the band from interfering with ea
h other. The guard

interval is a time-redundant se
tion of information that adds a 
opy of the latter portion

of a symbol to the symbol ’s“ front por
h”with the aim of absorbing interferen
e

from multipath-delayed waves. A

ordingly, in
reasing the guard-interval ratio in the

signal de
reases the information bit rate.

An OFDM frame 
onsists of 204 symbols with guard intervals atta
hed regardless of

the transmission mode. The time interleave length in real time depends on the parame-

ters set at the digital-signal stage and on the guard-interval length, and the values shown

in the table for this parameter are 
onsequently approximate values. Error-
orre
tion



2.3. THE DVB-T SYSTEM 9

s
hemes are 
on
atenated 
odes, namely, Reed-Solomon (204, 188) 
ode for the outer


ode and a 
onvolutional 
ode for the inner 
ode. The information bit rate takes on var-

ious values depending on the sele
ted modulation s
heme, inner-
ode 
oding rate, and

guard-interval ratio. The range shown in the table re�e
ts the minimum and maximum

values for 13 segments.

2.3 The DVB-T System

2.3.1 The Overview of DVB-T System

The DVB-T terrestrial digital video broad
asting standard (ETSI, 1997) is repla
ing the

former analogue systems in many 
ountries around the world. The bene�ts of digital


oding and transmission te
hniques allow perfe
t signal re
overy in all the servi
ed ar-

eas avoiding the effe
ts of the wireless 
hannel and noise. Considering the physi
al level

of the 
ommuni
ations, the digital data sequen
es, whi
h 
ontain MPEG video, audio

and other information streams, are transmitted using 
oded orthogonal frequen
y divi-

sion multiplexing (COFDM) modulation. The information bits are 
oded, interleaved,

mapped to a quadrature amplitude modulation (QAM) 
onstellation and grouped into

blo
ks. All the symbols in a blo
k are transmitted simultaneously at different frequen
y

sub
arriers using an inverse fast Fourier transform (IFFT) operation. The number of

IFFT points, whi
h 
an be either 2048 (2K) or 8192 (8K), determines the transmission

mode and the number of the available sub
arriers in the transmission bandwidth. Some

of these sub
arriers are not used to allow for guard frequen
y bands whereas others

are reserved for pilot symbols, whi
h are ne
essary to a
quire the 
hannel information

required for signal re
overy.

Fig.2.2 shows the main diagram of a DVB-T transmitter. As it 
an be seen, the data

bit stream is s
rambled, pro
essed by an outer Reed-Solomon (RS) 
oder, an interleaver

and an inner 
onvolutional 
oder. The �rst 
oding stage removes possible error �oors

at high signal-to-noise-ratio (SNR) values, whereas the se
ond redu
es the bit error rate

(BER) at the re
eiver by in
luding more redundant information depending on the se-

le
ted 
oding rate (CR), whi
h 
an range from 1/2 to 5/6. The 
oded information bits

are interleaved again in order to allo
ate 
onse
utive bits to different sub
arriers. The

resulting information bits are then arranged by blo
ks, mapped and modulated using

OFDM, whi
h involves an IFFT operation and the addition of a 
y
li
 pre�x to enable a

guard interval (GI) that avoids interferen
e between 
onse
utive blo
ks. The use of 
od-

ing and interleaving pro
esses over OFDM provides an ef�
ient and robust transmission

method in multipath s
enarios enabling time and frequen
y diversity.

2.3.2 The Limitation of DVB-T System

Despite the many bene�ts a
hieved by the deployment of the DVB-T network, its limita-

tions be
ame 
lear from the beginning. First, the number and bit rates of the transmitted
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Figure 2.2: The DVB-T Blo
k Diagram [2℄


hannels are limited in 
omparison with new wireless transmission te
hniques. A new

standard was soon required to broad
ast more 
hannels and high-de�nition television

(HDTV) using the same frequen
y spe
trum. Se
ond, a new information system was

required to allow more intera
tion with the user. Third, the DVB-T standard, whi
h had

been designed for �xed s
enarios, had a very bad performan
e in mobile or portable

environments, so it 
ould not be properly implemented in s
enarios su
h as moving ve-

hi
les. Last but not least, the deployment of the DVB-T network has been and still is

a true nightmare in SFN s
enarios, where interferen
es between repeaters, whi
h trans-

mit the same information on the same frequen
y bands, may destroy the re
eived signal

avoiding its re
eption in areas with good re
eption levels. Considering the new ad-

van
es in signal pro
essing, modulation and 
oding, the DVB 
onsortium has published

a draft standard named DVB-T2 aiming to extend the 
apabilities of the aforementioned

DVB-T standard.

2.4 The DVB-T2 System

2.4.1 The Motivation of the DVB-T2 System

DVB-T is the most popular way to distribute TV in Europe and many other parts in

the world. However, its su

ess has been under pressure after the introdu
tion of the

MPEG5 
ompression standard and the new digital video broad
asting standard for satel-

lite transmission DVB-S2 [15℄, whi
h are driving the �rst adoption of high de�nition

television (HDTV) on satellite and 
able networks. Therefore, in 2006, the terrestrial

TV broad
asting 
ommunity felt the need for an improved system. DVB-T2 [1℄ is a

se
ond-generation terrestrial transmission system for digital terrestrial broad
asting. It

builds one the te
hnologies used as part of the �rst-generation system, DVB-T [2℄, de-

veloped over a de
ade ago. DVB-T2 extends the range of most of the parameters of

DVB-T and signi�
antly redu
es overhead to build a system with a throughput 
lose

to theoreti
al 
hannel 
apa
ity, with the best possible ruggedness of transmission. The

key motivation behind this new standard was the desire in several European 
ountries

to offer HDTV servi
es as ef�
iently and effe
tively as possible. The move to HDTV
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inevitably brings with it a 
hange of sour
e 
oding, ne
essating the introdu
tion of new

domesti
 re
eption equipments (set-top boxes and TV sets), and therefore offers an ideal

opportunity to upgrade the transmission system simultaneously.

2.4.2 The Commer
ial Requirement of DVB-T2

The DVB organisation de�ned a set of 
ommer
ial requirements whi
h a
ted as a frame-

work for the T2 developments. As written by [16℄, These 
ommer
ial requirements

in
luded:

� T2 transmissions must be able use existing domesti
 re
eive antenna installations

and must be able to re-use existing transmitter infrastru
tures. (This requirement

ruled out the 
onsideration of MIMO te
hniques whi
h would involve both new

re
eive and transmit antennas.)

� T2 should primarily target servi
es to �xed and portable re
eivers.

� T2 should provide a minimum of 30% 
apa
ity in
rease over DVB-T working

within the same planning 
onstraints and 
onditions as DVB-T.

� T2 should provide for improved single-frequen
y-network (SFN) performan
e


ompared with DVB-T.

� T2 should have a me
hanism for providing servi
e-spe
i�
 robustness; i.e. it

should be possible to give different levels of robustness to some servi
es 
om-

pared to others. For example, within a single 8 MHz 
hannel, it should be pos-

sible to target some servi
es for roof-top re
eption and target other servi
es for

re
eption on portables.

� T2 should provide for bandwidth and frequen
y �exibility.

� There should be a me
hanism de�ned, if possible, to redu
e the peak-to-average-

power ratio of the transmitted signal in order to redu
e transmission 
osts.

2.4.3 The Key Te
hnologies of DVB-T2

Based on re
ent resear
h results and a set of 
ommer
ial requirements, the DVB 
on-

sortium 
on
luded that there were suitable te
hnologies whi
h 
ould provide in
reased


apa
ity and robustness in the terrestrial environment, mainly for HDTV transmission.

Therefore, a new standard named DVB-T2 has been designed primarily for �xed re
ep-

tors, although it must allow for some mobility, with the same spe
trum 
hara
teristi
s

as DVB-T. Fig. 2.3 shows the main stages of a DVB-T2 transmitter, where dashed lines

represent optional stages.

DVB-T2 system 
ontain major feature improvement 
ompared to DVB-T2. The key

te
hnologies of DVB-T2 [17℄ are listed as follow:
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Figure 2.3: Elementary transmission 
hain of DVB-T2 [1℄

� Error prote
tion 
oding

The �rst remarkable novelty lies on the error 
orre
tion strategy, sin
e DVB-T2

uses the same 
hannel 
odes that were designed for DVB-S2. The 
oding algo-

rithms, based on the 
ombination of LDPC and Bose-Chaudhuri-Ho
quenghem

(BCH) 
odes, offer ex
ellent performan
e resulting in a very robust signal re
ep-

tion. LDPC-based forward error 
orre
tion (FEC) te
hniques 
an offer a signi�-


ant improvement 
ompared with the 
onvolutional error 
orre
ting s
heme used

in DVB-T.

� S
heduling

DVB-T2 enables lower power 
onsumption for re
eivers as re
eivers 
an 
hoose

to only de
ode one parti
ular program instead of an entire multiplex of programs

[18℄. Ea
h program 
an be sent through its own physi
al layer pipe (PLP) with

its own modulation, 
oding and time interleaving [16℄. This enables DVB-T2 to

also deliver a spe
i�
 level of robustness per servi
e. Together with a new frame

stru
ture that allows for faster 
hannel s
anning and a
quisition, DVB-T2 aims to

deliver an enhan
ed user experien
e.

� Modulation te
hniques

DVB-T2 uses 
oded OFDM (COFDM), as used by the DVB-T, digital audio

broad
asting (DAB), terrestrial integrated servi
es digital broad
asting (ISDB-

T), and digital radio mondiale (DRM) broad
ast standards, and by other radio

systems su
h as IEEE 802.11a/n and the Long Term Evolution (LTE) of 3GPP. A

wider range of OFDM parameters is offered than for DVB-T, while 
oding is also


hanged. There are 1 K, 2 K, 4 K, 8 K, 16 K, and 32 K FFT sizes, and ea
h sub
ar-

rier, in ea
h symbol, is modulated using QAM 
onstellations. A range of options

is available for payload data: 4-, 16-, 64-, and 256-QAM. The 
ombination of

256-QAM with the new LDPC error 
orre
tion offers in
reased throughput with

performan
e roughly 
omparable with 64-QAM in DVB-T.

� Rotated 
onstellations

The LDPC 
odes of DVB-T2 offer adequate performan
e in non-sele
tive 
han-

nels using a higher 
ode rate than DVB-T. However, frequen
y sele
tive 
han-

nels need extra redundan
y previously given by a lower-rate 
ode. DVB-T2 in-
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Table 2.2: The Comparison between DVB-T and DVB-T2 Spe
i�
ation [20℄

DVB-T DVB-T2

Forward Error Convolutional Coding LDPC + BCH

Corre
tion (FEC) + Reed Solomon

Code Rate 1/2, 2/3, 3/4, 5/6, 7/8 1/2,3/5,2/3,3/4,4/5,/5/6

Modes QPSK,QAM-16, QAM-64 QPSK,QAM-16, QAM-64,

QAM-256

Guard Interval 1/4, 1/8, 1/16, 1/32 1/4, 19/256, 1/8, 19/128

,1/16, 1/32, 1/128

FFT Size 2k,8k 1k,2k,4k,8k,16k,32k

S
attered Pilots 8% of total 1%,2%,4%, or 8% of total

Continual Pilots 2.6% of total 0.35% of total


ludes the option of another kind of redundan
y, rotated 
onstellations, making

the throughput advantage of high-rate LDPC available even for frequen
y sele
-

tive 
hannels. In regular QAM, different information is mapped onto the I and

Q axes, with no 
orrelation between the axes. Rotating the 
onstellation by a

suitable angle means that every 
onstellation point maps onto a different point on

ea
h of the I and Q axes. So a 16-QAM 
onstellation has 16 different values for

both of I and Q.

� PAPR redu
tion

OFDM has the disadvantage that the transmitted signal in
reasingly resembles

Gaussian noise as the number of sub-
arriers in
reases, with the 
onsequen
e that

the peakto- average-power-ratio is high. This pla
es demands on the transmit-

ter's power ampli�er. DVB-T2 in
ludes two optional features whi
h 
an redu
e

PAPR. A
tive 
onstellation extension (ACE) modi�es some of the transmitted


onstellations by sele
tively moving their outer points to positions having greater

amplitude [19℄. ACE redu
es PAPR without throughput loss, but is not used to-

gether with rotated 
onstellation. Reserved-
arrier PAPR redu
tion sa
ri�
es a

small amount of throughput by reserving some sub-
arriers, whi
h do not 
arry

data [19℄. They are used instead to 
arry arbitrary values, whi
h permit the syn-

thesis of a peak-
an
eling waveform.

The 
omparison between DVB-T and DVB-T2 is spe
i�ed more detail by table 2.2

2.4.4 The Bene�t of DVB-T2 over DVB-T System

As a result of the te
hnologies introdu
ed in DVB - T2, the potential gain in 
apa
ity

that 
ould be a
hieved in the UK is nearly 50% 
ompared to the 
urrent UK mode of

DVB- T (see table 2.3). In addition to the in
reased 
apa
ity, the proposed DVB-T2
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Table 2.3: Potential 
apa
ity in
rease of almost 50% 
ompared with 
urrent highest


apa
ity DVB -T mode used in the UK

Current UKMode DVB-T2

Modulation QAM-64 QAM-256

FFT size 2K 32K

Guard Interval 1/32 1/128

FEC 2/3 CC + RS 3/5 LDPC + BCH

S
attered Pilots 8.3% 1.0%

Continual Pilots 2.0% 0.53%

L1 Overhead 1.0% 0.53%

Carrier mode Standard Extended

Capa
ity 24.1 Mbit/s 36.1 Mbit/s

NOTE 1:In
ludes only Continual Pilot 
ells whi
h are not also S
attered Pilots.

NOTE 2:TPS for DVB-T; L1-signalling, P1 and extra P2 overhead for DVB-T2.

mode is expe
ted to offer greater toleran
e of multipath and impulsive interferen
e than

the 
urrent DVB- T mode. Even greater in
reases in 
apa
ity 
ould be a
hieved in

modes designed for single- frequen
y network (SFN ) operation, be
ause of the large

fra
tional guard intervals used in these modes. Table 2.4 shows the 
omparison between

DVB - T2 and DVB - T for a long guard interval (SFN ) mode, with the same absolute

guard interval in both 
ases. This provides a 67% in
rease in 
apa
ity for DVB-T2 over

DVB- T. A longer guard interval mode is also available (nearly 20% in
rease), whi
h

would give improved SFN 
overage for only a small loss of 
apa
ity (around 3%).

2.5 DVB-T2 Baseband OFDM System

The baseband model of a 2�2 MIMO OFDM system that has been developed for this

resear
h work is shown in Fig. 2.4. The binary data are �rst mapped a

ording to the

modulation that is used by the signal mapper. Then, the mapped data are pro
essed by

the MISO en
oder to generate input for ea
h transmitter antenna. The 
omplete pro
ess

of the MISO en
oder is presented in subse
tion 2.6.1. After that, the referen
e pilots

are inserted into the data. One of the main fun
tion of in
luding the referen
e pilot in

this system is to 
ondu
t the 
hannel estimation, espe
ially the s
attered pilots.

An OFDM baseband symbol is generated by modulating N 
omplex data using the

inverse fast fourier transform (IFFT) on N sub
arriers. In order to prevent inter symbol

interferen
e (ISI), guard interval (GI) whi
h is 
hosen to be larger than delay spread is

inserted at the beginning of ea
h symbol. It makes every OFDM symbol has N + N

g
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Table 2.4: Potential 
apa
ity in
rease of almost 67% for an SFN mode

DVB-T DVB-T2

Modulation QAM-64 QAM-256

FFT size 8K 32K

Guard Interval 1/4 1/16

FEC 2/3 CC + RS 3/5 LDPC + BCH

S
attered Pilots 8.3% 4.2%

Continual Pilots 2.0% 0.39%

L1 Overhead 1.0% 0.65%

Carrier mode Standard Extended

Capa
ity 19.9 Mbit/s 33.2 Mbit/s

NOTE 1:In
ludes only Continual Pilot 
ells whi
h are not also S
attered Pilots.

NOTE 2:TPS for DVB-T; L1-signalling, P1 and extra P2 overhead for DVB-T2.

Figure 2.4: Baseband Alamouti 2�2 MIMO DVB-T2 OFDM System

samples. The transmitted symbol is given by (2.1)

x

i

(t) = x

i;n;l

=

1

N

N=2

X

k=�N=2+1

X

i;k;l

e

j2�nk

N

n = �N

g

; :::;N � 1

(2.1)

where x

i

(t), x

i;n;l

, and X

i;k;l

are the 
ontinuous time-domain, the n-th dis
rete time-

domain, and k-th 
omplex frequen
y-domain transmitted signal of the l-th symbol and

i-th transmit antenna, respe
tively. The 
ontinuous time-domain signal x

i

(t) is obtained

from the dis
rete time-domain signal x

i;n;l

through Digital to Analog Converter (DAC).

It is then transmitted through multipath fading 
hannel as given by (2.2)

h

i j

(t; �) =

D

X

d=1

h

i j;d

(t)Æ(� � �

i j;d

(t)) (2.2)
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where h

i j;d

(t); �

i j;d

(t) are the 
omplex 
hannel 
oef�
ient and delay of the d-th path and

i-th transmit antenna and j-th re
eive antenna, respe
tively. � and D denote the time-

delay variable and the total number of 
hannel paths.

At re
eiver, the time-domain re
eived signal is obtained by 
onvolving the transmit-

ted signal x

i

(t) with 
hannel impulse response h

i j

(t; �) and adding the Additive White

Gaussian Noise (AWGN) w

j

(t). It 
an be expressed as (2.3).

y

j

(t) =

I

X

i=1

D

X

d=1

h

i j;d

(t)x

i

(� � �

i j;d

(t)) + w

j

(t) (2.3)

After removal of GI, the re
eiver transforms the remaining N sample into frequen
y-

domain by using fast fourier transform(FFT). Finally, the k-th frequen
y-domain re-


eived signal 
an be represented as shown by (2.4)

Y

j;k;l

=

I

X

i=1

X

i;k;l

H

i j;k;l

+W

j;k;l

(2.4)

where X

i;k;l

and H

i j;k;l

denote the frequen
y-domain transmitted signal and 
hannel fre-

quen
y response at k-th sub
arrier, l-th symbol of i�th antenna. W

j;k;l

denotes the

AWGN at k-th sub
arrier and l-th symbol. From here, 
hannel estimation and MISO

de
oding are performed to de
ode the re
eived signal.

2.6 Multi-Antenna DVB-T2

2.6.1 Modi�ed Alamouti SFBC Coding

The DVB-T2 system de�ned the transmit diversity based on the Alamouti Coding [3℄,

but it was slightly modi�ed to allow a ba
kward 
ompatibility with the SISO system.

Sin
e this s
heme exploits diversity in spa
e and frequen
y-domain, therefore it has

been termed as spa
e frequen
y blo
k 
oding (SFBC). The modi�ed Alamouti SFBC


oding is shown in Table 2.5.

If S

k;l

represents the pre-
oding transmitted signal of k-th sub
arrier and l-th symbol,

then the re
eived signal for the �rst pair of MIMO 
ell, Y

j;k;l

and Y

j;k+1;l


an be derived

as shown by (2.5)-(2.6)

Y

j;k;l

= X

1;k;l

H

1 j;k;l

+X

2;k;l

H

2 j;k;l

+W

j;k;l

= S

k;l

H

1 j;k;l

�S

�

k+1;l

H

2 j;k;l

+W

j;k;l

(2.5)

Y

j;k+1;l

= X

1;k+1;l

H

1 j;k+1;l

+X

2;k+1;l

H

2 j;k+1;l

+W

j;k+1;l

= S

k+1;l

H

1 j;k+1;l

+ S

�

k;l

H

2 j;k+1;l

+W

j;k+1;l

(2.6)

where H

1 j;k;l

;H

1 j;k;l

and W

j;k;l

are the 
hannel frequen
y response between Tx

1

and Rx

j

,

the 
hannel response between Tx

2

and Rx

j

, and AWGN in k-th sub
arrier and l-th sym-

bol, respe
tively.
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Table 2.5: Modi�ed Alamouti S
heme

k-th sub
arrier (k + 1)-th sub
arrier

Tx

1

S

k;l

S

k+1;l

Tx

2

�S

�

k+1;l

S

�

k;l

QQR STU

QQR STV

WXYZZ[\
]^_`aY_bcWXYZZ[\

]^_`aY_bc dd

e
QQR STV

fghhg
ij

kl mno p qrhhr
ij

kl mno p

klklkl sotu hhghhghhgvwhgh xp klklkl sotu hhrhhrhhrvwhrh xp
QQy STU

z {{| }~� � ���z ��� � {{�z }~� z {{� }~�

Figure 2.5: Maximal Ratio Combining

Equation (2.5)-(2.6) 
an be represented in a matrix as shown by (2.7)

"

Y

k;l

Y

�

k+1;l

#

=

"

H

1

k;l

�H

2

k;l

H

2�

k+1;l

H

1�

k+1;l

#"

S

k;l

S

�

k+1;l

#

+

"

W

k;l

W

�

k+1;l

#

(2.7)

From this matrix representation, the de
oding 
an be 
ondu
ted in simpler way.

2.6.2 Maximal-Ratio Combining

In order to improve the performan
e of mobile DVB-T2 system, we in
lude the re
eiver

diversity te
hnology, i.e. maximal ratio 
ombining [21℄ in our system. The maximal

ratio 
ombiningmethod is illustrated by Fig. 2.5. The transmit signal S

1;k;l

is transmitted

to re
eiver 1 and 2 through 
hannel H

1;k;l

and H

2;k;l

. The signal is also effe
ted by the

thermal noise in both re
eiver, i.e. W

1;k;l

and W

2;k;l

. The re
eived signal in both antenna

are expressed by 2.8-2.9

Y

1;k;l

= S

1;k;l

H

1;k;l

+W

1;k;l

(2.8)

Y

2;k;l

= S

1;k;l

H

2;k;l

+W

2;k;l

(2.9)

After arrived in re
eiver, the re
eiver de
ode the transmit signal by multiplying the re-


eived signal with the 
onjugate of estimated 
hannel

�

H

1;k;l

= �H

1;k;l

and

�

H

2;k;l

= �H

2;k;l

.

The de
oded signal is expressed by
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�

S

1;k;l

= Y

1;k;l

�

H

�

1;k;l

+Y

2;k;l

�

H

�

2;k;l

= (a

2

1

+ a

2

2

)�S

1;k;l

+

�

H

�

1;k;l

W

1;k;l

+

�

H

�

2;k;l

W

2;k;l

(2.10)

In 2.10, we obtain the de
oded transmit signal with diversity gain (a

2

1

+a

2

2

). Normalizing

2.10 with the gain, we obtain 2.11

�

S

1;k;l

= Y

1;k;l

�

H

�

1;k;l

+Y

2;k;l

�

H

�

2;k;l

= S

1;k;l

+

�

H

�

1;k;l

W

1;k;l

+

�

H

�

2;k;l

W

2;k;l

(a

2

1

+ a

2

2

)

(2.11)

Sin
e a

2

1

and a

2

2

are equivalent with jH

1;k;l

j

2

and jH

2;k;l

j

2

, eq. 2.11 
an be also expressed

as 2.12

�

S

1;k;l

= Y

1;k;l

�

H

�

1;k;l

+Y

2;k;l

�

H

�

2;k;l

= S

1;k;l

+

�

H

�

1;k;l

W

1;k;l

+

�

H

�

2;k;l

W

2;k;l

(jH

1;k;l

j

2

+ jH

2;k;l

j

2

)

(2.12)

In this form we su

esfully de
ode the transmit and also weaken the noise by normaliz-

ing them with the diversity gain obtained by the re
eived signal.

2.7 Summary

In this se
tion, we have dis
ussed about the digital terrestrial television standard, espe-


ially, DVB-T2. DVB-T/T2 has the largest number of 
ustomer in the world. DVB-T2

has been developed to in
rease the 
apa
ity of DVB-T that was developed a de
ade ago.

DVB-T2 
an in
rease the system 
apa
ity until 50% 
ompared to the DVB-T. In order

to improve the re
eption performan
e of digital terrestrial TV, DVB-T2 introdu
ed the

transmitter diversity using modi�ed Alamouti. However, in the future the mobile re
ep-

tion of digital terrestrial television in high speed environment, su
h as high speed train

(TGV,Maglev, et
 with 
ommer
ial speed � 300 km/h) will be
ome an important aspe
t

in the 
ompetition with other digital broad
asting system, su
h as digital satellite. There

is a need to provide information and onboard entertainment servi
es to high speed train

passengers. In this 
ase, the in
lusion of MIMO s
heme be
ome ne
essary to in
rease

the re
eption performan
e of high speed digital terrestrial television. In this se
tion,

we have dis
ussed the antenna diversity method for DVB-T2, i.e. modi�ed Alamouti

s
heme (transmitter diversity) and maximal-ratio 
ombining (re
eiver diversity).



Chapter 3

Pilot Aided Channel Estimation for

DVB-T2 System

3.1 DVB-T2 S
attered Pilot Pattern

3.1.1 The Pilot Pattern of SISO mode

The DVB-T system introdu
ed parallelogram-shaped grid s
attered pilot pattern that

is espe
ially used for 
hannel estimation [1℄. If DVB-T proposed the same s
attered

pilot pattern for every FFT size and Guard Interval size s
enario, DVB-T2 has 
hosen

a more �exible approa
h by de�ning eight different s
attered pilot patterns whi
h are

dependent on the size of FFT and GI. This approa
h redu
es the pilot overhead while

assuring the 
hannel estimation quality. The position of s
attered pilot of Tx

1

in l-th

symbol and k-th sub
arrier is given as (3.1)

k mod (D

X

D

Y

) = D

X

(l mod D

Y

)

(3.1)

where D

X

and D

Y

are the distan
es of pilot bearing sub
arriers forming a periodi
 pat-

tern in frequen
y and time dire
tion, respe
tively. The D

X

and D

Y

of the eight s
attered

pilot pattern are de�ned by table 3.1. The 
ombinations of s
attered pilot patterns, FFT

size and guard interval whi
h are allowed to be used are de�ned in table 3.2 for SISO

mode. On the other hand the amplitudes of the s
attered pilot A

sp

depend on the s
at-

tered pilot pattern as shown in table 3.3 the phase of the s
attered pilots of Tx

1

in l-th

symbol and k-th sub
arrier is given as (3.2)

P

1;k;l

= 2A

sp

(0:5 � r

k;l

)
(3.2)

where r

k;l

and A

sp

denote a referen
e sequen
e for generating pilot and amplitude of

s
attered pilot, respe
tively. A

sp

is de�ned in table A

sp

.

19
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Table 3.1: Parameters de�ning the s
attered pilot patterns [1℄

Pilot pattern Separation of pi-

lot in frequen
y

domain D

X

Separation of pi-

lot in timed do-

main D

Y

SP Overhead

PP1 3 4 8.33%

PP2 6 2 8.33%

PP3 6 4 4.17%

PP4 12 2 4.17%

PP5 12 4 2.08%

PP6 24 2 2.08%

PP7 24 4 1.04%

PP8 6 16 1.04%

3.1.2 The Pilot Pattern of MISO mode

The DVB-T2 standard proposed a modi�ed pilot pattern for MISO 
ase. Sin
e the re-


eived signal 
ontains the mixture of 
hannel from Tx

1

and Tx

2

, a DVB-T2 system

introdu
ed a few modi�
ations on the pilot from a Tx

2

in order to estimate the 
hannel

from both transmitter antenna. In one subset (symbol 0, 2, 4,.., 2N), pilots are trans-

mitted in the same phase from both transmitters, allowing the addition of two 
hannel

responses to be estimated. In another subset (symbol 1, 3, 5,.., 2N+1), the pilots from

the se
ond transmitter are inverted from the one in the �rst transmitter, allowing the

substra
tion of 
hannel responses to be estimated. In the 
ase of a 2K FFT and 1/8 of

GI that has been sele
ted for this paper, the pattern of s
attered pilot for a 2�2 MIMO

is that of a PP1 pattern [1℄ as shown by Fig.3.1.

The 
ombinations of s
attered pilot patterns, FFT size and guard interval for MISO

mode whi
h are allowed to be used are de�ned in table 3.4. The inverted phase of

s
attered pilot of Tx

2

is given by (3.3)

P

2;k;l

= (�1)

k=Dx

P

1;k;l

(3.3)

3.2 SISO DVB-T2 Channel Estimation

3.2.1 Overview

The re
eived 
arrier amplitudes output by the re
eiver are not in general the same as the

transmitted sin
e they are affe
ted by the 
hannel through whi
h the signal has passed

on its way from the transmitter. If X

k;l

represent transmitted signal from Tx, then the

re
eived signal is expressed by (3.4)

Y

k;l

=X

k;l

H

k;l

+W

k;l

(3.4)
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Table 3.2: S
attered pilot pattern to be used for ea
h FFT size and guard interval 
om-

bination in SISO mode [1℄

FFT size Guard Interval

1/128 1/32 1/16 19/256 1/8 19/128 1/4

32K PP7 PP4

PP6

PP2

PP8

PP4

PP2

PP8

PP4

PP2

PP8

PP2

PP8

NA

16K PP7 PP7

PP4

PP6

PP2

PP8

PP4

PP5

PP2

PP8

PP4

PP5

PP2

PP3

PP8

PP2

PP3

PP8

PP1

PP8

8K PP7 PP7

PP4

PP8

PP4

PP5

PP8

PP4

PP5

PP2

PP3

PP8

PP2

PP3

PP8

PP1

PP8

4K,2K NA PP7

PP4

PP4

PP5

NA PP2

PP3

NA PP1

1K NA NA PP4

PP5

NA PP2

PP3

NA PP1

Table 3.3: Amplitudes of the s
attered pilots [1℄

S
attered pilot pattern Amplitude (A

sp

) Equivalent boost (dB)

PP1,PP2 4/3 2.5

PP3,PP4 7/4 4.9

PP5,PP6,PP7,PP8 7/3 7.4

where H

k;l

and, W

k;l

are the 
hannel response between Tx and Rx; and the AWGN

(AdditiveWhite Gaussian Noise), respe
tively. An SISO system is illustrated by Fig.3.2

The re
eiver needs the knowledge of 
hannel, H

k;l

, if it wants to interpret the Y

k;l

in the best way. The 
hannel estimate 
an be derived using the known information or

referen
e signal inserted in transmitted symbol. In this system, the known information

or referen
e signal from transmitted symbol is the s
attered pilot that is dis
ussed in

se
tion 3.1. The 
hannel estimate 
an be expressed as follow:

�

H

0

k;l

� Y

k;l

=Xre f

k;l

(3.5)

where Xre f

k;l

is the referen
e signal in k-th sub
arrier and l-th symbol. To obtain the

estimates of the 
hannel response for every data 
ell, the 
onventional approa
h is to

interpolate between value

�

H

0

k;l

that is only available in every s
attered pilot position to

provide values for every 
ell.
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Table 3.4: S
attered pilot pattern to be used for ea
h FFT size and guard interval 
om-

bination in MISO mode [1℄

FFT size Guard Interval

1/128 1/32 1/16 19/256 1/8 19/128 1/4

32K PP8

PP4

PP6

PP8

PP4

PP2

PP8

PP2

PP8

NA NA NA

16K PP8

PP4

PP5

PP8

PP4

PP5

PP3

PP8

PP3

PP8

PP1

PP8

PP1

PP8

NA

8K PP8

PP4

PP5

PP8

PP4

PP5

PP3

PP8

PP3

PP8

PP1

PP8

PP1

PP8

NA

4K,2K NA PP4

PP5

PP3 NA PP1 NA NA

1K NA NA PP3 NA PP1 NA NA

3.2.2 Fundamental Limits

The 
hannel response H

k;l

in general varies with both time (symbol index l) and and

frequen
y (
arrier index k). The temporal variation 
orresponds to external 
auses su
h

as Doppler shift and spread. The variation within frequen
y dire
tion 
orresponds to


hannel sele
tivity due to multipath fading.

In effe
t, the re
eiver samples the H

k;l

by measuring it for the 
ells (k,l)within whi
h

the s
attered pilot has been transmitted. The s
attered pilot 
onstitute a form of 2-D

sampling grid and in 
onsequen
e there are limits, a

ording to Nyquist's 
riterion,

on the rates of variation of the 
hannel response with time and frequen
y that 
an be

measured using s
attered pilot. Se
tion 3.1 de�nes various s
attered pilot patterns of
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Figure 3.1: S
attered Pilot Pattern for T x

1

and Tx

2
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Figure 3.2: an SISO system

DVB-T2 and introdu
es terms D

X

and D

Y

to 
hara
terize them. As we know, Symbol

o

urs at the rate

f

s

= 1=T

S

= 1=(T

U

+ T

G

) (3.6)

where T

S

,T

U

,T

G

are the total symbol period, symbol period without guard interval,

and guard interval period,respe
tively. The Nyquist limit for temporal 
hannel variation

that 
an be measured is

�1

2D

Y

(T

U

+T

G

)

Hz. Given suitable temporal interpolation, then we

have an interpolated estimate of the 
hannel response for every 
ell on the pilot-bearing


arries. Estimates for the remaining 
ells 
an then be found by frequen
y interpolation

between the pilot-bearing 
arriers. Sin
e these are spa
ed by D

X


arriers, or D

X

f

U

=

D

X

=T

U

Hz, it follows that the maximum Nyquist 
hannel extent, or spread between the

�rst and last paths in a 
hannel that 
an be supported, is T

U

=D

X

se
.

Note that this approa
h is variables-separables one leading to a re
tangular Nyquist

area on a diagram of Doppler versus delay. This re
tangular area 
orresponds to a

(dimensionless) timewidth-bandwidth produ
t with the value

1

D

Y

(T

U

+ T

G

)

T

U

D

X

=

1

D

X

D

Y

(1 +GIF)

(3.7)

where GIF = T

G

=T

U

is the guard-interval fra
tion,.

It 
an be shown that the same sampling grid of 
hannel measurements 
an be in-

terpreted to produ
e other shapes of supportable 'are', in general non-re
tangular, but

whose total area remains the same.

3.2.3 Interpolation

After obtaining the 
hannel estimate in s
attered pilot position

�

H

0

k;l

as shown by (3.5),

we estimate the 
hannel in every data 
ell by doing the interpolation. There are two

kinds of interpolation method that we 
an implement for this system:

� 2D (two-dimensional) interpolation

The dire
t 2D interpolation 
an be implemented using the 2D �lter. The weakness

of this interpolation method is the high 
omplexity of the 2D �lter implementa-

tion. The pro
ess of 2D interpolation is des
ribed in Fig. 3.3
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Figure 3.5: a 2�2 MIMO

� 1D temporal interpolation - 1D frequen
y interpolation

This interpolationmethod will produ
e lower 
omplexity of interpolationmethod.

In this method, the length of the temporal interpolator is tightly limited by the

fa
t that the main signal stream awaiting equalisation has to be delayed while

the measurements to be input into the temporal interpolator are gathered. This

delay has a large 
ost in terms of memory needed, but also in terms of the delay

it introdu
es before the programme material 
an be delivered to the viewer. The

temporal interpolator is thus usually mu
h more 
onstrained in its size than the

frequen
y interpolator. This interpolation pro
ess is shown by Fig. 3.4

3.3 MIMO DVB-T2 Channel Estimation

3.3.1 Overview

In this se
tion, we present the PACE for a 2�2 MIMO DVB-T2 system. This method

supports the interpolation �lter that is dis
ussed in 
hapter 3.4.

If X

1;k;l

and X

2;k;l

represent transmitted signal from Tx

1

and Tx

2

, then the re
eived

signal at j-th antenna is expressed by (3.8)

Y

j;k;l

=X

1;k;l

H

1 j;k;l

+X

2;k;l

H

2 j;k;l

+W

j;k;l

(3.8)

where H

1 j;k;l

;H

2 j;k;l

, and, W

j;k;l

are the 
hannel response between Tx

1

and Rx

j

, 
hannel

response between Tx

2

and Rx

j

, and AWGN of Rx

j

, respe
tively.

For a 2�2 MIMO, the re
eived signal in Rx

1

and Rx

2

are expressed by (3.9) and

(3.10)

Y

1;k;l

=X

1;k;l

H

11;k;l

+X

2;k;l

H

21;k;l

+W

1;k;l

(3.9)

Y

2;k;l

=X

2;k;l

H

12;k;l

+X

2;k;l

H

22;k;l

+W

2;k;l

(3.10)

A 2�2 MIMO system is illustrated by Fig.3.5
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Figure 3.6: S
attered Pilot Asso
iation for Tx

1

and Tx

2

There are two 
ases to be 
onsidered to estimate the 
hannel as shown by Fig.3.6. In

the �rst 
ase, the transmitted pilots from the Tx

2

are the invert of the pilot from Tx

1

,

X

1;k;l

= �X

2;k;l

= X

a

k;l

. The re
eived signal for 
ase A is given by (3.11)

Y

a

j;k;l

= X

a

k;l

(H

1 j;k;l

� H

2 j;k;l

)+W

j;k;l

(3.11)

In another 
ase, the transmitted pilots from Tx

2

are 
ompletely similar to the pilots

from Tx

1

in given sub
arriers, X

1;k;l

= X

2;k;l

= X

b

k;l

. The re
eived signal for 
ase B is

given by (3.12)

Y

b

j;k;l

= X

b

k;l

(H

1 j;k;l

+ H

2 j;k;l

)+W

j;k;l

(3.12)

Based on this 
ondition, the 
onventional method [16℄, the 2-point averaging [22℄, and

the proposed 3-point diagonal averaging method is dis
ussed in se
tion 3.3.2-3.3.4.

3.3.2 The Conventional Method

The 
onventional method of PACE for a 2�2 MIMO DVB-T2 system is des
ribed

brie�y in [16℄. The 
omplete pro
esses of the 
onventional method are illustrated in

Fig. 3.7-3.9. This method 
onsists of several steps,i.e:
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Figure 3.7: The illustration of 
onventional PACE for a 2�1 MISO OFDM system [16℄
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Figure 3.8: The illustration of 
onventional PACE for a 2�1 MISO OFDM system [16℄

Step 2
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Figure 3.9: The illustration of 
onventional PACE for a 2�1 MISO OFDM system [16℄

Step 3

� Step 1 Firstly, we separate Y

a

j;k;l

and Y

b

j;k;l

. Estimate the addition and substra
tion

of 
hannel using the LS Method as given by (3.13)-(3.14). The pro
ess of step 1

is illustrated by Fig. 3.7.

�

H

a

j;k;l

= Y

a

j;k;l

=X

a

k;l

� H

1 j;k;l

� H

2 j;k;l

(3.13)

�

H

b

j;k;l

= Y

b

j;k;l

=X

b

k;l

� H

1 j;k;l

+ H

2 j;k;l

(3.14)

� Step 2 Interpolate the estimated addition and substra
tion of 
hannel responses,H

a

j;k;l

and H

b

j;k;l

, in time and frequen
y dire
tion to obtain the estimation at all data sub-


arriers position. We 
an do the interpolate, either with 2D interpolation or 1D

linear interpolation-1D frequen
y interpolation. The pro
ess of step 2 is illus-

trated by Fig. 3.8.

� Step 3 Condu
t the addition and substra
tion operations to obtain the estimation

of 
hannel frequen
y responses from both transmitters.

�

H

1 j;k;l

= 0:5(

�

H

a

j;k;l

+

�

H

b

j;k;l

) (3.15)

�

H

2 j;k;l

= �0:5(

�

H

a

j;k;l

�

�

H

b

j;k;l

) (3.16)
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Figure 3.10: The illustration of the 2-point Averaging PACE for a 2�1 MISO OFDM

system [22℄ step 2

The weakness of the 
onventional method is the larger distan
e among s
attered

pilots in frequen
y dire
tion before interpolation, i.e. D

X

= 6 whi
h means less

density of referen
e pilot that may de
rease the performan
e of interpolation �lter

along frequen
y dire
tion.

3.3.3 A 2-Point Averaging

In order to solve the problem of the 
onventional method [16℄, an averaging pro
ess


an be a solution to shorten the distan
e among s
attered pilots in frequen
y dire
tion.

The 2-point averaging method is the method that proposed by [22℄. This method was

proposed for MIMO 2 � 2, but 
an also be utilized for a 2�1 MISO. The adaptation of

this method for time varying 
hannel is de�ned in several steps, i.e:

� Step 1 Estimate the addition and substra
tion of 
hannel using the LS method as

given by (3.13)-(3.14). The pro
ess of step 1 is illustrated by Fig. 3.7.

� Step 2 Interpolate the estimated addition and substra
tion of 
hannel responses

through time dire
tion to obtain the temporal 
hannel estimation in sub
arrier


olumns that 
ontain s
attered pilot. The pro
ess of step 2 is illustrated by Fig.

3.10.

� Step 3 Condu
t the two points averaging to obtain the temporal estimation of

�

H

1 j;k;l

and

�

H

2 j;k;l

. Based on the s
attered pilot pattern, we divide the addition and
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substra
tion operations in two 
ases, i.e 
ase A and B. In 
ase A, the estimation

of 
hannel frequen
y responses from both transmitters are given by (3.17)-(3.18)

�

H

�

1 j;k;l

=0:5(

�

H

a

j;k;l

+

�

H

b

j;k+3;l

) (3.17)

�

H

�

2 j;k;l

=�0:5(

�

H

a

j;k;l

�

�

H

b

j;k+3;l

) (3.18)

In 
ase B, the estimation of 
hannel frequen
y responses from both transmitters

are given by (3.19)-(3.20)

�

H

+

1 j;k;l

=0:5(

�

H

b

j;k;l

+

�

H

a

j;k+3;l

) (3.19)

�

H

+

2 j;k;l

=0:5(

�

H

b

j;k;l

�

�

H

a

j;k+3;l

) (3.20)

The pro
ess of step 2 is illustrated by Fig. 3.11.

� Step 4 Combine

�

H

�

1 j;k;l

and

�

H

+

1 j;k;l

, then 
ondu
t the interpolation in frequen
y

dire
tion to obtain the estimation of

�

H

1 j;k;l

in all sub
arrier data position. The same

pro
ess is also 
ondu
ted to to obtain

�

H

2 j;k;l

. The pro
ess of step 2 is illustrated

by Fig. 3.12.

The advantage of this method 
ompared to the 
onventional method is the shorter

distan
e in frequen
y dire
tion before interpolation, i.e. D

X

= 3, whi
h means higher

density of referen
e pilot that may in
rease the performan
e of interpolation �lter along

frequen
y dire
tion 
ompared to the 
onventional method. On the other hand, the weak-

ness of this 2-point averaging method is the averaging pro
ess that is 
ondu
ted after

the interpolation in time dire
tion. It means some 
hannel responses are estimated using

the averaging with the temporal 
hannel estimation, not the s
attered pilots themselves.

Therefore, this method is really dependent on the performan
e of time dire
tion inter-

polation. In lower SNR, the performan
e of time dire
tion interpolation may de
rease

due to high noise level whi
h may also de
rease the performan
e of 2-point averaging

generally.

3.3.4 The Proposed 3-Point Averaging

In this paper, we propose the 
hannel estimation method that 
an optimize the perfor-

man
e of the interpolation �lter by shortening the distan
e between referen
e pilots in

frequen
y dire
tion before interpolation. It also in
reases the number of points in
luded

in averaging pro
ess in order to produ
e more a

urate 
hannel estimation for rapidly

time-varying 
hannel. The 
hannel estimation that we propose in this paper 
onsists of

several steps, i.e:
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� Step 1 Estimate the addition and substra
tion of 
hannel using the LS Method as

given by (3.13)-(3.14). The pro
ess of step 1 is illustrated by Fig. 3.7.

� Step 2 Estimate the 
hannel frequen
y responses,

�

H

1 j;k;l

and

�

H

2 j;k;l

by 
ondu
ting

3-points averaging operation operations. Based on the s
attered pilot pattern, we

divide the addition and substra
tion operations in two 
ases, i.e 
ase A and B. In


ase A, the estimation of 
hannel frequen
y responses from both transmitter at

j-th transmitter are given by (3.21)-(3.22)

�

H

�

1 j;k;l

=0:25(

�

H

b

j;k�3;l�1

+ 2

�

H

a

j;k;l

+

�

H

b

j;k+3;l+1

) (3.21)

�

H

�

2 j;k;l

=0:25(

�

H

b

j;k�3;l�1

� 2

�

H

a

j;k;l

+

�

H

b

j;k+3;l+1

) (3.22)

In 
ase B, the estimation of 
hannel frequen
y responses from both transmitter

are given by (3.23)-(3.24)

�

H

+

1 j;k;l

=0:25(

�

H

a

j;k�3;l�1

+ 2

�

H

b

j;k;l

+

�

H

a

j;k+3;l+1

) (3.23)

�

H

+

2 j;k;l

= �0:25(

�

H

a

j;k�3;l�1

� 2

�

H

b

j;k;l

+

�

H

a

j;k+3;l+1

) (3.24)

The derivation of (3.21)-(3.24) is written in the next subse
tion.

� Step 3 Combine

�

H

�

i j;k;l

and

�

H

+

i j;k;l

, then 
ondu
t the interpolation in time and fre-

quen
y dire
tion to obtain the estimation of

�

H

i j;k;l

in all sub
arrier data position.

The pro
ess of step 2 is illustrated by Fig. 3.14.

The advantage of this method 
ompared to the 
onventional method [16℄ is the shorter

distan
e in frequen
y dire
tion before interpolation, i.e. D

X

= 3, whi
h means higher

density of referen
e pilot that may in
rease the performan
e of interpolation �lter along

frequen
y dire
tion 
ompared to the 
onventional method.

This method has also some advantages 
ompared to the 2-points averaging proposed

by [22℄. Firstly, it does the averaging not only with the neighbour referen
e pilot in one

side, but with the neighbours referen
e pilots at the both side. Utilizing more number of

averaging point might in
rease the a

ura
y of the 
hannel estimation, but 
onsidering

the varying 
hannel along time-and-frequen
y domain, too many point of averaging 
an

also redu
e the a

ura
y of estimation. In order to de
ide the most ef�
ient number of

averaging, we hold a 
omputer simulation. Se
ondly, the averaging is not performed

after time dire
tion interpolation, thus the performan
e is not dependent of the time

dire
tion interpolation performan
e as the pointed weakness of 2-points averaging [22℄.

Therefore, it will be more robust in lower SNR.
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Figure 3.13: The illustration of the proposed 3-point diagonal PACE for a 2�1 MISO

OFDM system step2



3.3. MIMO DVB-T2 CHANNEL ESTIMATION 35

×
ØÙÚÛ ÜÜÝÞ

ß
àáâã ääåæ

ç
ØÙÚÛ ÜÜÝÞ

è
àáâã ääåæ

éê
ëìíëìí îî ïïðïïð ñòñ

óô
õö÷õö÷ øø ùùúùùú

ûüû

ýþÿ�

���� �

õö÷� ùù�
�

õö÷� ùùú
�

Figure 3.14: The illustration of the proposed 3-point diagonal PACE for a 2�1 MISO

OFDM system step 3
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The Derivation of 3-Point Averaging

The general form of (3.21) and (3.22) are shown as follow:

�

H

�

1 j;k;l

=

1

C

�1

+ C

0

+ C

1

(C

�1

�

H

b

j;k�3;l�1

+C

0

�

H

a

j;k;l

+C

1

�

H

b

j;k+3;l+1

) (3.25)

�

H

�

2 j;k;l

=

1

C

�1

+ C

0

+ C

1

(C

�1

�

H

b

j;k�3;l�1

�C

0

�

H

a

j;k;l

+C

1

�

H

b

j;k+3;l+1

) (3.26)

Sin
e

�

H

a

j;k;l

is the substra
tion of H

1

j;k;l

and H

2

j;k;l

and

�

H

b

j;k;l

is the addition between

them, then the 
oef�
ients summation of

�

H

a

j;k;l

and

�

H

b

j;k;l

should be equal. For 3-point

averaging 
ase, it 
an be de�ned as

C

0

= C

�1

+ C

1

(3.27)

By applying (3.27), we 
an 
an
el the H

2

j;k;l

to get the estimation of H

1

j;k;l

using (3.21)

and we 
an 
an
el the H

1

j;k;l

to get the estimation of H

2

j;k;l

using (3.22).

On the other hand, in order to get the best result of averaging, the summation of

neighbour points at the right and left side also need to be equal. In 3-point 
ase, it


an be de�ned as C

�1

= C

1

. In order to minimize number of multipliers in hardware

implementation, we 
onsider C

�1

= C

1

= 1 and C

0

= 2. In this manner, we only

introdu
e one bit shift for C

0

�

H

a

j;k;l

instead of three multipli
ations. That is how we

de�ne 
oef�
ients for 3-point averaging, as shown by (3.21)-(3.24) The 
oef�
ient of

4-point and 5-point 
an also be derived in similar manner.

3.4 A 2D Non-re
tangular Filter

In this paper, we propose the utilization of a 2D Filter with non re
tangular spe
trum

as the interpolation �lter for a 2�2 MIMO DVB-T2 
hannel estimation. Multidimen-

sional multirate �lters for non-re
tangular latti
es were proposed by [8℄ for multidimen-

sional multirate signal pro
essing with parallelogram-shaped passbands. In this paper,

we modi�ed the 2D �lter based on the multidimensional multirate �lter 
on
ept [8℄

to obtain the estimation of 
hannel frequen
y responses. Sin
e the DVB-T2 system

utilizes the pilot pattern with parallelogram-shaped grid, the idea of 2D �lter with a

non-re
tangular spe
trum has be
ome important in a
hieving a better performan
e for


hannel estimation.

3.4.1 General Latti
e Expression of a 2D Sampling

In this se
tion, we dis
uss about the general latti
e expression of a 2D sampling that is

used in 2D �lter dis
ussion. Given n = [n

1

; n

2

℄

T

and t = [t

1

; t

2

℄

T

are the re
tangular
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Figure 3.15: Latti
e expression for upsampling in DVB-T2 s
attered pilot pattern


oordinate before and after upsampling, respe
tively. The relation between t and n 
an

be de�ned as (3.28)

t ,

 

t

1

t

2

!

= V

 

n

1

n

2

!

=

 

v

11

v

12

v

21

v

22

!  

n

1

n

2

!

(3.28)

where V is the sampling matrix. Every sample lo
ation t is of the form (3.29)

t = n

1

v

1

+ n

2

v

2

(3.29)

where v

1

= [v

11

; v

21

℄

T

and v

2

= [v

12

; v

22

℄

T

. Fig.3.15 illustrates the example of latti
e

expression for upsampling pro
ess in DVB-T2 s
attered pilot pattern. For this pattern,

the sampling matrix V 
an be expressed as (3.30)

V =

 

3 0

1 4

!

; v

1

=

 

3

1

!

; v

2

=

 

0

4

!

(3.30)

In this 
ase n = [n

1

; n

2

℄

T

is upsampled by matrix V, whi
h means to be multiplied by

V

�1

. Then, we get the upsampled 
oordinate as t = [

1

3

n

1

;�

1

12

n

1

+

1

4

n

2

℄

T

.

3.4.2 A Design of Non-re
tangular Spe
trum 2D Interpolation Fil-

ter

In this se
tion, we explain about the pro
ess of designing a 2D interpolation �lter with

a non-re
tangular spe
trum for 
hannel estimation in DVB-T2 system. We design sepa-

rated interpolation �lter for time-and-frequen
y dire
tion. We design separated �lter by

dividing V (3.30) into V

1

and V

2

as shown by (3.31)

V =

 

v

11

v

12

v

21

v

22

!

= V

2

� V

1

(3.31)
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where V

1

and V

2

are de�ned as shown by (3.32)

V

1

=

 

1 0

0 4

!

;V

2

=

 

3 0

1 1

!

; (3.32)

V

1

and V

2

denotes the sampling matrix for interpolation �lter in time and frequen
y

dire
tion, respe
tively.

Firstly, we generate a 1D �lter in time dire
tion g

1

(n). The pass band region of 1D

LPF is [��= det(V

1

); �= det(V

1

)℄ where the det(V

1

) is a determinant of matrix V

1

that is

given by (3.32). The frequen
y response spe
trum of g

1

(n), i.e. G

1

(z) is shown in Fig.

3.16.

Se
ondly, we generate a 2D �lter in frequen
y dire
tion whi
h 
onsists of several

steps, as shown as follow:

� Step 1 Generate a 1D FIR LPF g

0

2

(n) whi
h its spe
trum doesn't involve alias-

ing when the 2D �lter is later generated. The pass band region of 1D LPF is

[��= det(V

2

); �= det(V

2

)℄.

� Step 2 Generate a 2D separable and re
tangular spe
trum �lter g

00

2

(n) as de�ned

by (3.33).

g

00

2

(n) = g

0

2

(n)

T

g

0

2

(n) (3.33)

� Step 3 Obtain the impulse response of non-separable �lter g

2

(n) by de
imating

g

00

2

(n) matrix with the matrix

�

V

2

and s
aling with det(

�

V

2

)

g

2

(n) = det(

�

V

2

)g

00

2

(

�

V

2

n) (3.34)

Where matrix

�

V

2

is the adjoint of matrix V

2

. From here, we obtain the non-re
tangular

spe
trum 2D �lter. The frequen
y response spe
trum of g

2

(n), i.e. G

2

(z) is shown in

Fig.3.17.

3.4.3 Implementation of a Non-re
tangular 2D Filter

A �ltering pro
ess in multi-dimensional signals 
an be divided into several stages [8℄.

For two dimensional 
ase, there are two kinds of implementation, i.e. a single-stage

implementation and two-stage implementation. In this 
hapter, we dis
uss both type of

implementation and the 
omplexity of ea
h.

Single-stage Implementation of a 2D �lter

A single-stage implementation is performed by using �lter g(n) whi
h is a produ
t of a

2D 
onvolution between g

1

(n) and g

2

(n) as shown by (3.35)

g(n) = g

1

(n) � g

2

(n) (3.35)
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Figure 3.18: G(z)

The frequen
y response spe
trum of single-stage interpolation �lter g(n), i.e. G(z) is

shown by Fig. 3.18. First, the referen
e pilot p(l; k) is upsampled by matrix V (3.30).

a(l; k) = V

�1

p(l; k) = x(

1

3

l;�

1

12

l +

1

4

k) (3.36)

where a(l; k) is the referen
e pilot after upsampling. After upsampling, the referen
e

pilot is interpolated using �lter g(n) = g(n

1

; n

2

)

q(l; k) =

N

11

�1

X

n

1

=0

N

12

�1

X

n

2

=0

g(n

1

; n

2

)a

1

(l � n

1

; k � n

2

) (3.37)

where q(l; k) is the output of single-stage �ltering. N

11

and N

12

are the number of �lter


oef�
ients of 2D �lter g(n) in time and frequen
y dire
tion, respe
tively. The 
omplete

pro
ess of single-stage �ltering is represented in Fig. 3.19.

Two-stage implementation of a Non-Re
tangular 2D Filter

In order to a
hieve a design with less 
omplexity, we utilize the two-stage �ltering, as

shown in Fig. 3.20. The meaning of two-stage implementation is the separation between

a �ltering along time dire
tion and frequen
y dire
tion. In this implementation, the

upsampling matrix V is divided into two stages as shown by (3.31).
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Figure 3.19: A single stage implementation

In the �rst-stage, the referen
e pilot is upsampled using matrix V

1

b

1

(l; k) = V

1

�1

p(l; k) = p(l;

1

4

k) (3.38)

where b

1

(l; k) is the upsampled referen
e pilot. b

1

(l; k) is then �ltered by �lter g

1

(n)

b

2

(l; k) =

N

21

�1

X

n

1

=0

N

22

�1

X

n

2

=0

g

1

(n

1

; n

2

)b

1

(l � n

1

; k � n

2

) (3.39)

where b

2

(l; k) is the output of the �rst-stage �ltering. N

21

and N

22

are the number of

�lter 
oef�
ients of 2D �lter g

1

(n) in time and frequen
y dire
tion, respe
tively. Sin
e,

the �lter that we use in �rst stage �ltering is a 1D �lter, i.e. N

22

= 1. We 
an simplify

(3.39) as follow

b

2

(l; k) =

N

21

�1

X

n=0

g

1

(n)b

1

(l; k � n) (3.40)

Therefore, the �rst-stage �ltering denotes a 1D �ltering in time-dire
tion.

In the se
ond-stage. the referen
e pilot is upsampled using matrix V

2

as shown by

b

3

(l; k) = V

2

�1

b

2

(l; k) = b

2

(

1

3

l;�

1

3

l + k) (3.41)

where b

3

(l; k) is the referen
e pilot after upsampled by V

2

matrix. b

3

(l; k) is then �ltered

by �lter g

2

(n) = g

2

(n

1

; n

2

)

q(l; k) =

N

23

�1

X

n

1

=0

N

24

�1

X

n

2

=0

g

2

(n

1

; n

2

)b

3

(l � n

1

; k � n

2

) (3.42)

where q(l; k) is the output of se
ond-stage �ltering. N

23

and N

24

are the number of �lter


oef�
ients of 2D �lter g

2

(n) in time and frequen
y dire
tion, respe
tively.
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Figure 3.20: Two stage implementation

The Implementation Complexity Analysis

In terms of 
omplexity, we 
ompare the 
omplexity between a single stage 2D non-

re
tangular interpolation �lter with a two stage implementation. For number of taps: 20

taps for 1D FIR LPF time dire
tion interpolation and 16 taps for 1D FIR LPF frequen
y

dire
tion interpolation. These number of �lter taps is suf�
ient for this 
ase. It was

de
ided by our preliminary simulation. In two-stage implementation, the number of

�lter 
oef�
ients is

N

21

� N

22

+ N

23

� N

24

= 20 � 1 + 6 � 16 = 116 (3.43)

In single-stage implementation, sin
e the �lter g(n) (3.35) is a produ
t of a 2D 
onvo-

lution between g

1

(n) and g

2

(n), then the number of �lter 
oef�
ients 
an be 
al
ulated

as follow:

N

11

� N

12

= (N

21

+ N

23

� 1) � (N

22

+ N

24

� 1) = 400 (3.44)

From here, we 
an 
on
lude that the two stage implementation of a 2D non-re
tangular

�lter 
an redu
e the number of multipli
ation around 71% of multipli
ation number that

is needed by the single stage implementation.

3.5 Summary

In this se
tion we have dis
ussed about the 
hannel estimation for DVB-T2 system.

Firstly, we have dis
ussed about the s
attered pilot pattern that we use as a referen
e for


hannel estimation pro
ess. Then, we have dis
ussed about a 
hannel estimation s
heme
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Figure 3.21: Summary of 
hannel estimation method for MIMO DVB-T2

in SISO andMIMO 
ase. For 
hannel estimation inMIMO 
ase, there are three methods

that we have dis
ussed, i.e. a 
onventional method [16℄, a 2-point averaging [22℄, and

the proposed 3-point diagonal averaging method as shown by Fig.3.21. The strength

and weakness of ea
h methods are dis
ussed in table 3.5

In this 
hapter, we have also dis
ussed about 2D non-re
tangular �lter. In order to

perform the robust 
hannel estimation for paralellogram pattern of s
attered pilot of

DVB-T2, we have implemented the 2D non-re
tangular LPF. Based on our study, in

order to implement 2D non-re
tangular LPF with lower 
omplexity, we have utilized

the two-stage implementation.
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Table 3.5: The strength and weakness summary of every method


onventional

method [16℄

(-) Larger distan
e before frequen
y dire
tion interpolation D

x

= 6

2-point averaging (+) Smaller distan
e before frequen
y dire
tion interpolation D

x

= 3

[22℄ (-) The performan
e of averaging depends on the performan
e of time

dire
tion interpolation whi
h is potentially worse in lower SNR

proposed 3-point (+) Smaller distan
e before frequen
y dire
tion interpolation D

x

= 3

diagonal averag-

ing

(+) The performan
e of averaging doesn’t depend on the performan
e

of time dire
tion interpolation .

method (+) Larger number of averaging point allow us to implement interpola-

tion �lter with lower 
omplexity (lower number of taps)

(-) Largest number of averaging point



Chapter 4

Syn
hronization Method for DTTB

System

4.1 Syn
hronization Problem inMultipath FadingChan-

nel

ISDB-T system was designed based on the OFDM. One of the main advantage of

OFDM is the robustness over frequen
y sele
tive fading 
hannel be
ause it divides the

entire frequen
y band into a number of parallel sub
arriers, ea
h of whi
h experien
es

�at 
hannel fading. It is bene�
ial for terrestrial system e.g. ISDB-T whi
h is transmit-

ted through multipath 
hannel and suffered performan
e degradation due to frequen
y

sele
tive fading. OFDM systems also have ef�
ient spe
trum utilization due to the

overlapping spe
tra of sub
arrier signals. It is also bene�
ial for ISDB-T in order to use

available spe
trum ef�
iently. However, this is only true when the orthogonality among

sub
arriers is preserved. If it isn't preserved, system performan
e will be degraded due

to inter symbol interferen
e (ISI) and inter 
arrier interferen
e (ICI). In the following,

syn
hronization errors and their effe
ts on the re
eived frequen
y-domain signals will

be explained brie�y.

4.1.1 Effe
t of Symbol Timing Offset

Before pro
essing DFT, re
eiver needs to determine the start of symbol. This infor-

mation will be utilized by re
eiver to lo
ate the DFT window after removing the guard

interval. The failure in determining the 
orre
t start of DFT window position introdu
es

phase shift and ISI in frequen
y domain re
eived signal [23℄. Assume the maximum

delay spread is shorter than guard interval length, there are three possibilities of DFT

window position falseness, as shown in Fig. 4.1 [23℄. When DFT window is earlier by

�, but it is not 
ontaminated by delayed previous symbol, the transform re
eived signal

is free from ISI. It is 
alled the safe DFT Window. In this 
ase, only additional phase

45
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Figure 4.1: Possibility of DFT window lo
ation

shift is introdu
ed in the transform signal, as shown in (4.1).

Y

l;k

= X

l;k

H

l;k

e

� j2��k=(NT )

+W

l;k

(4.1)

where Y

l;k

, X

l;k

, H

l;k

, and W

l;k

are the re
eived frequen
y-domain signal, transmitted

frequen
y-domain signal, 
hannel response, and AWGN of the l-th OFDM symbol and

k-th sub
arrier, respe
tively. � is the differen
e between the dete
ted symbol start and

the a
tual symbol start and T is the duration of one sample.

On the other hand, there are two possibilities when re
eived signal 
an be interfered

by another symbol . First possibility is when the DFT window leads by large degree

and it is interfered by delayed previous symbol. The se
ond possibility is when the

DFT window lags, so it interferes with the next symbol. Both 
ase introdu
e ISI and

distortion to magnitude and phase of Y

l;k

, as shown by (4.2)

Y

l;k

= X

l;k

H

l;k

N � j�j=T

N

e

� j2��k=(NT )

+ IS I +W

l;k

(4.2)

There are three terms in (4.2). The �rst term is the part of re
eived frequen
y-domain

signals that are free from ISI. The se
ond term is the part of re
eived frequen
y domain

signals whi
h are interferred by ISI and the latter is the 
hannel noise 
omponent. (4.2)

shows that there is slight de
rease in the amplitude of the �rst term besides the phase

shift. It happens be
ause there are j�j=T samples that suffer interferen
e from another

symbol (se
ond term). Therefore, only N � j�j=T samples are from desired symbol and

free from ISI.

4.1.2 Effe
t of Carrier Frequen
y Offset

CFO exists be
ause of the mismat
h of lo
al os
illator between transmitter and re
eiver

end. It may results on ICI and destroy the orthogonality between sub
arriers [23℄. The

modeling of re
eived signal that destroyed by CFO, �f ,is given by (4.3)

y

l;n

= y(t)e

j2�� f t

(4.3)

Equation (4.3) shows that time-domain re
eived signals suffer phase offset, e

j2�� f t

. The

CFO 
an be normalized with respe
t to sub
arrier spa
ing f

s

= 1=(NT ) by de�ning the
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Figure 4.2: The effe
t of sampling frequen
y offset to the time-domain re
eived signal

normalized CFO,", as shown by (4.4)

" =

� f

f

s

(4.4)

Assume that the integer part of CFO has been estimated and 
ompensated then the

remaining CFO is within one sub
arrier spa
ing (i.e, j"j�0.5). After performing DFT

and dis
arding guard interval, the frequen
y-domain re
eived signal then be
omes

Y

l;k

= X

l;k

H

l;k

sin(�")

Nsin(

�"

N

)

e

j�"

(N�1)

N

+ ICI

l;k

+W

l;k

(4.5)

where X

l;k

and H

l;k

are frequen
y-domain transmitted signals and 
hannel response on

on i-th symbol and k-th sub
arrier, respe
tively. The se
ond term in this equation ICI

l;k

is de�ned by

ICI

l;k

= X

l;k

H

l;k

sin(�")

Nsin(

�"

N

)

e

j�"

(N�1)

N

+ ICI

l;k

+W

l;k

(4.6)

whi
h is nonzero if " , 0. Equation (4.5) shows that the frequen
y-domain re
eived

signals suffer amplitude degradation in every k-th sub
arrier, whi
h is introdu
ed by

sin(�")

Nsin(�"=N)

. They also suffer phase shift, whi
h is introdu
ed by e

j�"(N�1)=N

. But, mainly,

the frequen
y-domain re
eived signals is destroyed by ICI as shown by (4.6).

4.1.3 Effe
t of Sampling Frequen
y Offset

Sampling frequen
y offset (SFO) o

urs due to a sampling frequen
y mismat
h between

the transmitter and re
eiver os
ilators. Sampling frequen
y offset 
ould introdu
e an in-

tersymbol interferen
e (ISI) and an inter
arrier interferen
e (ICI) to the signal re
eived

by digital terrestrial television broad
asting (DTTB) re
eiver. The demodulation of sig-

nal that 
ontains the ISI and ICI will dramati
ally in
rease bit error rate.

Under the in�uen
e of SFO (�), the re
eived OFDM baseband signal is sampled at a

sampling period T

0

= (1+�)T . Fig. 4.2 shows the shift in time-domain re
eived signal


aused by an SFO. Given the transmitted signal in l-th OFDM symbol and k-th sub
ar-

rier (X

l;k

) and 
hannel (H

l;k

), the time-domain re
eived signal under in�uen
e of SFO


an be de�ned as (4.7)
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y

l;n

=

1

N

N�1

X

k=0

H

l;k

X

l;k

e

j2�k[t

n

�(N

g

+lN

s

)T ℄

NT

+ w

l;n

=

1

N

N�1

X

k=0

H

l;k

X

l;k

e

j2�k[(N

g

+lN

s

)�+n(1+�)℄

N

+ w

l;n

n = �N

g

; :::;N � 1

(4.7)

where t

n

= (N

g

+ lN

s

)T

0

+ nT

0

and w

l;n

is the additive white gaussian noise (AWGN). N

g

and N refer to the length of guard-interval (GI) and OFDM symbol, respe
tively. N

s

is

the total length of an OFDM symbol with GI (N

s

= N + N

g

).

After the removal of GI, the re
eiver transforms the time-domain signal into frequen
y-

domain signal using fast-fourier transform (FFT). The frequen
y-domain re
eived sig-

nal with the presen
e of an SFO 
an be de�ned as (4.8)

Y

l;k

= FFT(y

l;n

) =

N�1

X

n=0

y

l;n

e

� j2�kn

N

= H

l;k

X

l;k

e

j2�k�(N

g

+lN

s

)

N

e

j�k�(

N�1

N

)

sin(�k�)

Nsin(

�k�

N

)

+ I

l;k

+W

l;k

(4.8)

where W

l;k

and I

l;k

denote AWGN and inter
arrier-interferen
e (ICI) 
aused by an SFO,

respe
tively. The ICI that is 
aused by an SFO is de�ned as (4.9)

I

l;k

=

1

N

N�1

X

m=0;m,k

H

l;m

X

l;m

e

j2�m�(N

g

+lN

s

)

N

e

j�[m(1+�)�k℄(

N�1

N

)

:

sin(�[m(1 + �) � k℄)

sin(�[m(1 + �) � k℄=N)

(4.9)

From (4.8), we 
an observe that an SFO 
auses two effe
ts,i.e. an ICI as shown by (4.9)

and a phase-rotation. In this paper, we dis
uss how to estimate the phase rotation, to

obtain the estimation of SFO.

4.2 Joint Symbol-Timing and Carrier-Frequen
y Syn-


hronization

4.2.1 Maximum Likelihood based Syn
hronization

J.J Van beek syn
hronizationmethod [24℄ is based on log-likelihood fun
tion. It exploits

periodi
 part in OFDM frame stru
ture from re
eived signal, i.e. 
y
li
 pre�x. The

appearan
e of 
y
li
 pre�x yields a 
orrelation between some pairs of samples that are

spa
e N samples apart (N is DFT window size). It makes re
eived signal, be
ause of its

probabilisti
 stru
ture, 
ontains information about time offset � and CFO ". It is 
ru
ial
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observation that offers the opportunity for joint estimation of time and CFO. Equation

(4.10) shows the estimation based on J.J Van Beek Method.

�(�; ") = j
(m)j � ��(m) (4.10)

where


(m) =

m+M�1

X

k=m

y(n)y

�

(n + N) (4.11)

�(m) =

1

2

m+M�1

X

k=m

jy(n)j

2

+ jy(n + N)j

2

(4.12)

� =

S NR

SNR + 1

(4.13)

m;M;N; and y(n) are 
orrelation sample index, 
y
li
 pre�x ratio�number of sub
arrier,

number of sub
arrier, and re
eived signal in time instant n, respe
tively. 
(m) is the

result of 
onse
utive sample 
orrelation between pairs of samples that N samples apart.

�(m) is an energy term. Its 
ontribution depends on the SNR (by the weighting fa
tor �).

The term �(m) will be espe
ially used in higher SNR to normalize the auto
orrelation

of re
eived signal, 
(m)

The joint ML estimation of � and " be
omes

�

�

ML

= argmaxf�(�; ")g (4.14)

"

ML

=

1

2�NT

\(
(

�

�)) (4.15)

The start of symbol is estimated by (4.14). The terms,

�

�

ML

is the time instants when the

maximum value of �(�; ") is dete
ted. The auto
orrelation result, 
(m), 
ompensated

by energy term, �(m), results on the maximum value at the start of every symbol, as

shown by Fig. 4.3 Correlation peaks are the result of 
orrelation between Cy
li
 Pre�x

and its dupli
ate in last part of every symbol. In order to dete
t the start of symbol, we

exploit peak value of the 
orrelation result, as shown in Fig.4.4. When the amplitude

is higher than threshold, a symbol start sear
h is started. It will dete
t the maximum

value for next M sample range (M is number of sample in Cy
li
 Pre�x). After �nding

maximum peak in position, X, we 
an estimate the symbol start as the next M sample

from dete
ted peak position, X.

The CFO is estimated by using the phase of dete
ted symbol start, as shown in (4.14).

The terms, �"

ML

, is phase of 
 in time instants

�

�

ML

. However, CFO estimation using this

algorithm has a limit. The limit is �1=2 sub
arrier spa
ing. As " ! 0:5, the 
oarse

fra
tional CFO estimate, may jump to �0:5 due to noise and the dis
ontinuity of the

ar
tangent [25℄. When this happens, the estimate is no longer unbiased and, in pra
ti
e,

it be
omes useless. Complete pro
ess for the estimation using ML fun
tion is shown in

Fig.4.5
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Figure 4.3: Maximum Likelihood auto
orrelation results �(m)

Figure 4.4: Method of �nding position of a peak and a start of symbol
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Table 4.1: Complexity Comparison

ML Simpli�ed ML

Multipli
ation 3M + 1 M

Addition 3M M

4.2.2 Simpli�ed Maximum Likelihood based Syn
hronization

The Maximum Likelihood fun
tion has been simpli�ed by D. Landstrom [26℄. Simpli-

�ed ML is shown by (4.16)

�(�; ") = jref
gj + jimf
gj (4.16)

The simpli�
ation is done by removing the energy part from J.J. Van Beek ML method

[24℄. In order to 
ompare the 
omplexity, we 
ompare the number of multipli
ation and

addition for every m 
orrelation samples in both algorithm. The 
omplexity 
omparison

is shown in table 4.1 From table 4.1, we 
an 
on
lude that the number of multipli
ation

and addition in ML are about three times of the number of multipli
ation and addition

in Simpli�ed ML. It means, we 
an design more simple hardware with Simpli�ed ML

algorithm in it. Complete pro
ess of Joint Time and Frequen
y Syn
hronization using

the less 
omplexity algorithm is shown in Fig.4.6.

4.2.3 DFT Window Shift

In order to improve the performan
e of Symbol Timing in Multipath fading 
hannel,

we introdu
e DFT Window Shift. Based on the symbol timing estimation results by

MaximumLikelihood based methods, there are still exist small timing error, as shown in

Fig 4.7. Mean Time Estimation Error means the average shift of symbol start estimation

from the a
tual symbol start. From Fig. 4.7, we 
an 
on
lude that the DFT window

position lags 
ompared to a
tual DFT window position. We 
an 
on
lude that by using

Maximum Likelihood based symbol timing estimation method, the re
eived signals still

suffer performan
e degradation 
aused by ISI. In order to avoid ISI, we propose the DFT

window shifted to lo
ate the DFT window position in the safe position as dis
ussed in

se
tion II. Sin
e, the value of mean timing estimation error always positive, we propose

the ba
kward shift DFT window position, as shown in Fig.4.8.

4.3 Sampling Frequen
y Offset Estimation

4.3.1 Conventional Sampling Frequen
y Offset Estimation

The 
onventional SFO estimation for the DTTB is proposed by [27℄. They exploit

the s
attered pilot to estimate SFO. The s
attered pilot is a training symbol that has

a parallelogram shape pattern. It is lo
ated in the same sub
arrier every four OFDM
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)(ny

Figure 4.5: Maximum Likelihood Fun
tional Blo
k Diagram

)(ny

Figure 4.6: Simpli�ed Maximum Likelihood Fun
tional Blo
k Diagram
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Figure 4.8: Proposed DFT Window Shift

symbols, as de�ned by DTTB standard [2℄, [12℄. Every OFDM symbol 
onsists of P

number of s
attered pilots.

Firstly, the 
onventional method 
al
ulates the phase rotation between re
eived s
at-

tered pilots in OFDM symbol (l) and (l + 4) by applying a 
onjugate multipli
ation.

From (4.8), if we ignore the ICI and AWGN, then the 
onjugate multipli
ation between

them 
an be de�ned by (4.17)

Z

l;k

p

= Y

�

l;k

p

Y

l+4;k

p

� jH

l;k

p

j

2

jX

l;k

p

j

2

e

j8�k

p

�N

s

N

k

p

= k

1

; k

2

; :::; k

P

(4.17)

where k

p

is a s
attered pilot sub
arrier. From (4.17), the phase differen
e �

l;k

p


an be

de�ned as (4.18)

�

l;k

p

= tan

�1

 

Im(Z

l;k

p

)

Re(Z

l;k

p

)

!

=

8�k

p

�N

s

N

(4.18)
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From linear equation (4.18), we 
an 
al
ulate � as a slope of �

l;k

p

=k

p

. Paper [27℄

implemented a least-square estimator to 
al
ulate �. The 
onventional method is shown

as follow:

Step 1Cal
ulate the

�

�

l;m

, whi
h is the �rst temporary estimation of SFO. It is 
al
ulated

as a slope of �

l;k

p

against k

p

using least square algorithm.

�

�

l;m

=

�

�(Y

�

l+4m;k

p

Y

l+4(m+1);k

p

)

=

N

8�N

s
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P
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p=1
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�
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p

� (

P

P

p=1

k
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l = 0; 1; 2; ::; L;m = 0; 1; 2; ::;M

(4.19)

Step 2 Cal
ulate the ��

l

, whi
h is the se
ond temporary estimation of SFO. It is 
al
u-

lated as slope of

�

�

l;m

against m.

��

l

=

M

P

M

m=1

m

�

�

l;m

� (

P

M

m=1

m)(

P

M

m=1

�

�

l;m

)

M

P

M

m=1

m

2

� (

P

M

m=1

m)

2

l = 0; 1; 2; ::; L

(4.20)

Step 3 Cal
ulate the �� by �nding the average of ��

1

, ��

2

... ��

L

The drawba
k of this method is the implementation of least-square estimator that pro-

du
es high 
omplexity be
ause it 
ontains many multipli
ations and additions. Another

drawba
k is the ar
tangent pro
esses that are operated in every s
attered pilots, resulting

in P = 469 ar
tangent 
al
ulation pro
esses in every OFDM symbol.

4.3.2 Proposed Sampling Frequen
y Offset Estimation

SFO, multipath fading 
hannel, and AWGN introdu
e a phase rotation to the re
eived

signal. A phase rotation due to multipath fading is largely eliminated by doing 
onjugate

multipli
ation between Y

�

l;k

p

and Y

l+4;k

p

as presented by (4.17). It leaves a small phase

rotation 
aused by SFO, residue of multipath fading, and AWGN on re
eived signal. In

SFO estimation, we 
onsider the phase rotation that is 
aused by other than SFO as a

noise. Sin
e the value of SFO is usually very small (part per millon (ppm) s
ale), the

SFO estimation is very sus
eptible to a noise. Therefore, the a

ura
y of estimation

really depends on the 
apability of estimator to eliminate the in�uen
e of noise.

In the 
onventional method, we 
al
ulate a phase rotation of every s
attered pilot k

p

,

before doing least square operation to estimate the SFO. Therefore, the phase rotation

is a
tually 
al
ulated from the noisy s
attered pilots. In proposed method, we modi�ed

the step 1 of proposed method. In this method, we perform 
onjugate multipli
ation

between adja
ent pilots to 
al
ulate the phase rotation 
aused by SFO.
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where �k

p

= k

p+�

�k

p

. To eliminate the in�uen
e of a noise, in the proposed method, we

perform averaging of the real part and imaginary part of the 
onjugate multipli
ation, as

presented by (4.22)

�

�

l;m
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N

8�N

s
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B
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�
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(4.22)

By implementing (4.22), we 
an eliminate the in�uen
e of noise in real and imaginary

parts of Z

l;k

p

before estimating the phase rotation using an ar
tangent. In the proposed

method, we also redu
e the ar
tangent pro
ess to only 1 ar
tangent pro
ess. It is mu
h

fewer 
ompared to P ar
tangent pro
esses in 
onventional method. In ISDB-T mode

3 [12℄, they de�ne P = 469.

We 
an also furtherly eliminate the in�uen
e of noise by in
reasing the value of �.

If we set � to be higher value, the estimated phase rotation 
aused by SFO be
omes

higher, therefore it is less subje
t to the noise. However, the higher � also means fewer

observation samples, then it also may de
rease the a

ura
y of estimator. In next 
hap-

ter, we de
ide the optimum value of � by simulating the root mean square of an SFO

estimation error. We 
an also in
rease the estimation a

ura
y by doing step 2 and step

3 of the 
onventional method.

4.4 Summary

In this thesis, we have proposed the time and frequen
y syn
hronization method for

ISDB-T system for HDTV 
ontents transmission in Multipath Fading Channel. ML

syn
hronization method [24℄, the simpli�ed version [26℄, and the algorithm 
omplexity

between this two algorithm have been reviewed. ML is mu
h 
omplex than the sim-

pli�ed ML, but it gives better performan
e itself, based on our simulation result. The

effe
t of of a DFT window position error has also been reviewed. Based, on this knowl-

edge, we have proposed DFT window shift to in
rease the performan
e of ML based

syn
hronization in Multipath fading 
hannel.

In this thesis, we have also proposed an SFO estimation method for DTTV system

in multipath fading 
hannel. Considering the low value of SFO, we have proposed the

estimation method that 
an minimize the in�uen
e of noise in SFO estimation. The

proposed method also redu
es the number of ar
tangent pro
ess for 1 OFDM symbol

signi�
antly.



Chapter 5

Simulation and Analysis

5.1 Channel Estimation Simulation

5.1.1 Simulation Parameter

In order to 
on�rm the performan
e of the proposed 
hannel estimation method, we


ondu
ted 
omputer simulation to simulate mean square error (MSE) and bit error rate

(BER) performan
e. We 
ompared the performan
e of the three method that we dis-


ussed in 
hap. 3, i.e. the proposed 3-point diagonal averaging method, 
onventional

method [16℄, and 2-point averaging method [22℄. For a 
hannel model, we used the Typ-

i
al Urban 6 path 
hannel (TU6) that was de�ned by COST 207 [28℄. The power delay

pro�le of this 
hannel model is des
ribed in table 5.1. This 
hannel model reprodu
es

the terrestrial propagation in an urban area. The 
omplete parameters of simulation are

shown in table 5.2.

We 
ondu
ted the simulation within very high speed mobile environment v = 240

[km/h℄ and v = 360 [km/h℄ in order to prove the robustness of the proposed system in

high speed train environment(
ommer
ial speed � 300 [km/h℄). On other hand, in order

to 
he
k the performan
e of �xed DVB-T2 system, we also 
ondu
ted simulation in

�xed 
ondition (v = 0 [km/h℄). The maximum doppler frequen
y is derived based on

(5.1).

F

d

=

F







v (5.1)

where F

d

, F




, 
, and v are maximum doppler frequen
y [Hz℄, 
arrier frequen
y [Hz℄,

speed of light (3 � 10

8

) [m/s℄, and mobile velo
ity [km/h℄, respe
tively. In this simula-

tion, the 
arrier frequen
y used is 470 [MHz℄ - the lowest UHF 
arrier used in DVB-T2.

Table 5.1: Typi
al Urban Power and Delay Pro�le (TU6) [28℄

Tap number 1 2 3 4 5 6

Delay (�s) 0.0 0.2 0.5 1.6 2.3 5.0

Power (dB) -3 0 -2 -6 -8 -10

56
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Table 5.2: Simulation Parameter

Modulation QAM-64

Bandwidth 8 MHz (T

s

= 7=64�s)

FFT size 2K

GI length 1/ 8

Channel model COST207 TU6 [28℄

Channel en
oding/de
oding No

Maximum doppler frequen
y 0Hz (0 [km/h℄),104 Hz(240 [km/h℄), 156Hz(360 [km/h℄)

Carrier frequen
y 470 MHz

Pilot pattern PP1(MISO)

Applying a doppler frequen
y F

d

= 104 [Hz℄ 
orresponds to a v = 240 [km/h℄. In the

same manner, doppler frequen
y F

d

= 156 [Hz℄ 
orresponds to a v = 360 [km/h℄

As the interpolation �lter, we utilized a 2D non-re
tangular spe
trum �lter whi
h

the performan
e was 
on�rmed to be better than the 
onventional 2�1D FIR LPF in

previous work result [9℄.

5.1.2 MSE and BER Simulator Blo
k Diagram

As shown by table 5.2, we employ the OFDM based DVB-T2 system without 
hannel

en
oding/de
oding. The 
omplete des
ription of the MSE BER simulator is shown by

Fig. 5.1. The system 
onsists of two transmit antenna with J re
eive antenna. The

binary data are �rst mapped a

ording to the modulation that is used by the signal

mapper. Then, the mapped data are pro
essed by the MIMO en
oder to generate input

for ea
h transmitter antenna. After that, the referen
e pilots are inserted into the data.

The referen
e pilot will be further utilized to 
ondu
t the 
hannel estimation, espe
ially

the s
attered pilots.

An OFDM baseband symbol is generated by modulating 
omplex data using the in-

verse fast fourier transform (IFFT). In order to prevent inter symbol interferen
e (ISI),

guard interval (GI) whi
h is 
hosen to be larger than delay spread is inserted at the

beginning of ea
h symbol. The symbol is then transmitted through multipath fading


hannel. The re
eiver 
onsists of a 
omplementary pro
ess of transmitter, in order to

re
over the transmitted information.

The mean squared error (MSE) of 
hannel estimation is 
al
ulated by 
omparing the

estimated 
hannel value with the real 
hannel value produ
ed by 
hannel generator, as

shown by Fig. 5.1. The bit error rate (BER) is 
al
ulated by 
omparing the binary data

input of mapper in transmitter with binary data output of demapper in re
eiver.
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Figure 5.1: MSE BER Simulator for DVB-T2 System
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Figure 5.2: MSE vs SNR for SISO 1�1 
ase with f

d

= 0 Hz (0 [km/h℄)

5.1.3 Performan
e Analysis of a 2D Non-re
tangular Filter

SISO 
ase

Fig.5.2-5.10 show the MSE vs SNR performan
e of the 
hannel estimation methods.

The MSE is de�ned as the mean squared differen
e between the 
hannel frequen
y

responses of transmitter 
hannel H

i j;k;l

and the estimated 
hannel frequen
y responses

�

H

i j;k;l

. It is given by (5.4)

�

H

i j;k;l

= [jH

i j;k;l

�

�

H

i j;k;l

j

2

℄ (5.2)

where H

i j;k;l

is the 
hannel value from i-th transmitter to j-th re
eiver in k-th sub
arrier

and l-th OFDM symbol.

In this simulation we have 
ompared the performan
e of 2D non-re
tangular �lter

with 2D re
tangular �lter. From the simulation results, for the implementation of num-

ber of taps = 20,16 means 20 taps for �ltering in time-dire
tion and 16 taps for �ltering

in frequen
y-dire
tion. Based on the simulation results, we 
an see that for number of

taps = 20,16 the differen
e between 2D non-re
tangular �lter and 2D re
tangular �lter

is not really signi�
ant. The differen
e is getting signi�
ant at number of taps = 16, 16.

From this simulation, for 1�1 SISO 
ase, we 
an 
on
lude that the 2D non-re
tangular

�lter 
an perform mu
h better 
ompared to the 2D re
tangular �lter espe
ially in lower

number of taps.
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2D rect.         ntap = 16,16
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Figure 5.3: MSE vs SNR for SISO 1�1 
ase with f

d

= 104 Hz (240 [km/h℄)

Figure 5.4: MSE vs SNR for SISO 1�1 
ase with f

d

= 156 Hz (360 [km/h℄)
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Figure 5.5: MSE vs SNR for MISO 2�1 
ase with the Conventional Method [16℄ at f

d

= 0 Hz (0 [km/h℄)

A 2�1 MISO with the Conventional Method [16℄

In this simulation we have 
ompared the performan
e of 2D non-re
tangular �lter with

2D re
tangular �lter at 2�1 MISO system with 
onventional method [16℄. It turns out

for this 
ase, both �lter perform very bad at number of taps = 20,16. It is 
aused by

the larger distan
e between s
attered pilot along frequen
y dire
tion that makes the

low number of taps �lter that we use in this implementation is not enough to get the

optimal performan
e. In this 
ase, we 
an also noti
e that the performan
e of 2D non-

re
tangular is worse than the 2D re
tangular.
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Figure 5.6: MSE vs SNR for MISO 2�1 
ase with the Conventional Method [16℄ at f

d

= 104 Hz (240 [km/h℄)
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Figure 5.7: MSE vs SNR for MISO 2�1 
ase with the Conventional Method [16℄ at f

d

=

156 Hz (360 [km/h℄)



5.1. CHANNEL ESTIMATION SIMULATION 63

10 15 20 25 30 35 40
10

−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

C
h
an

n
el

 E
st

im
at

io
n
 M

S
E

 

 

2D rect.         ntap = 16,16

2D non−rect. ntap = 16,16

2D rect.         ntap = 20,16

2D non−rect. ntap = 20,16

Figure 5.8: MSE vs SNR for MISO 2�1 
ase with the Proposed 3-Point Averaging at

f

d

= 0 Hz (0 [km/h℄)

A 2�1 MISO with the Proposed 3-Point Averaging Method

Sin
e a 2�1 MISO 
ase with the 
onventional method [16℄ doesn't perform very well,

in this simulation we have 
ompared the performan
e of 2D non-re
tangular �lter with

2D re
tangular �lter at 2�1 MISO system with the proposed 3-point diagonal averaging

method. It turns out the 
hara
teristi
 of performan
e of both �lter in this 
ase resembles

the performan
e at 1�1 SISO 
ase. Based on the simulation results, we 
an see that

for number of taps = 20,16 the differen
e between 2D non-re
tangular �lter and 2D

re
tangular �lter is not really signi�
ant. The differen
e is getting signi�
ant at number

of taps = 16, 16. From this simulation, for 2�1 MISO 
ase with the proposed 3-point

diagonal method, we 
an 
on
lude that the 2D non-re
tangular �lter 
an perform mu
h

better 
ompared to the 2D re
tangular �lter espe
ially in lower number of taps.
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Figure 5.9: MSE vs SNR for MISO 2�1 
ase with the Proposed 3-Point Averaging at

f

d

= 104 Hz (240 [km/h℄)
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Figure 5.10: MSE vs SNR for MISO 2�1 
ase with the Proposed 3-Point Averaging

at f

d

= 156 Hz (360 [km/h℄)
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5.1.4 Performan
e Analysis of The Proposed 3-Point Averaging

The MSE Performan
e

We 
ompared the performan
e of the three method that we dis
ussed in 
hap.4, i.e. the

proposed 3-point diagonal averaging method, 
onventional method [16℄, and 
onven-

tional 2-point averaging method [22℄ in a 2�1 MISO system. We also 
ompared the

performan
e of more than 3-point averaging (4-point and 5-point averaging) to 
on�rm

the most effe
tive points number of averaging. We have simulated some 
ombinations

of 
oef�
ients for 4-point and 5-point 
ase. We pi
k the best results of them to be 
om-

pared with the 3-point averaging result. More detail explanation about 4 and 5 point av-

eraging is given in 
hap. 7. Fig.5.11 shows that the proposed 3-point diagonal averaging

method outperforms the 
onventional and the 2-point averaging. The 3-point diagonal

averaging method also outperforms the 4 and 5-point averaging. It means 3-point is the

most effe
tive averaging points number for this 
ondition. In this 
ase, 2-point is not

suf�
ient to provides enough a

ura
y of estimation. On the other hand, 4-point and 5-

point averaging also provides less a

ura
y of averaging due to the variation of 
hannel

along time and frequen
y domain.

The BER Performan
e

Fig.5.13- Fig.5.15 show the BER vs SNR performan
e of the 
hannel estimation meth-

ods. In this simulation results, the result of a 1�1 SISO, a 2�1 MISO, a 2�2MIMO, and

a 2�4 MIMO are in
luded to verify if the proposed 
hannel estimation 
an optimize a

diversity gain that is provided by Alamouti s
heme in a 2�2MISO system. Based on the

simulation results, The proposed 3-points diagonal averaging method is very effe
tive

in optimizing the diversity gain provided by the Alamouti s
heme.

First, we evaluate the performan
e of the proposed 
hannel estimation method in

optimizing the diversity gain provided by transmitter diversity. In this 
ase, we 
ompare

BER performan
e between a 2�1 MISO system estimated by the proposed method with

an SISO system estimated by the 
onventional SISO 
hannel estimation. For v = 0

[km/h℄, the proposed method 
an give SNR improvement around 2.5 dB for a 2�1

MISO at un
oded BER= 2 � 10

�2


ompared to an SISO with 
onventional 
hannel

estimation. For v = 240 [km/h℄The proposed method 
an give SNR improvement around

3 dB for a 2�1MISO at un
oded BER= 2�10

�2


ompared to an SISO with 
onventional


hannel estimation. At last, for v = 360 [km/h℄The proposed method 
an give SNR

improvement around 7 dB for a 2�1 MISO at un
oded BER= 2 � 10

�2


ompared to an

SISO with 
onventional 
hannel estimation. It means the proposed method 
an optimize

the diversity gain provided by transmitter diversity, i.e. Alamouti s
heme and the gain

is only getting larger in higher doppler frequen
y.

Then, we evaluate the performan
e of the proposed 
hannel estimation method in op-

timizing the diversity gain provided by re
eiver diversity. For v = 0 [km/h℄, the proposed

method 
an give SNR improvement around 3 dB for a 2�4 MIMO at un
oded BER=

2 � 10

�3


ompared to a 2�2 MIMO with the same method. For v = 240 [km/h℄The
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Figure 5.11: MSE vs SNR for f

d

= 156 Hz (360 [km/h℄)
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Figure 5.13: BER vs SNR for f

d

= 0 Hz (0 [km/h℄)
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Figure 5.14: BER vs SNR for f
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= 104 Hz (240 [km/h℄)
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Figure 5.15: BER vs SNR for f

d

= 156 Hz (360 [km/h℄)

proposed method 
an give SNR improvement around 5 dB for a 2�4 MIMO at un
oded

BER= 2 � 10

�3


ompared to a 2�2 MIMO with the proposed method. For v = 360

[km/h℄The proposed method 
an give SNR improvement around 8 dB for a 2�4 MIMO

at un
oded BER= 2 � 10

�3


ompared to a 2�2 MIMO with a proposed method. It

means the proposed method 
an optimize the diversity gain provided by re
eiver diver-

sity s
heme, i.e. MRC and the gain is only getting larger in higher doppler frequen
y.

The proposed method perfoman
e also 
lose to the performan
e of system with ideal


hannel knowledge (perfe
t CSI).

5.1.5 Complexity Analysis of The Proposed 3-Point Averaging

In this se
tion we perform a 
omplexity 
omparison among the three method that we

dis
ussed in se
.3.3, i.e. the proposed 3-point diagonal averaging method, 
onventional

method [16℄, and 2-point averaging method [22℄ in a 2�1 MISO system. We also in-


luded the 
omplexity of 4-point and 5-point averaging as a 
omparison. As an inter-

polation �lter, we utilized a two-stages implementation of a non-re
tangular 2D �lter.

Fig.5.16 shows that the 
onventional method [16℄ with number of taps = 20,32 (20 taps

in time dire
tion and 32 taps in frequen
y dire
tion) 
an a
hieve the same performan
e

with the proposed 3-point diagonal averaging method with number of taps = 20,16. On

the other hand, the 2-point averaging method [22℄ a
hieve the maximum performan
e

at number of taps = 20,32. The 2-point averaging method [22℄ still 
ould not mat
h the
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conventional[16]         ntap = 20,16

2−points ave.[22]        ntap = 20,32

4−points ave.              ntap = 20,16

5−points ave.              ntap = 20,16

3−points ave. proposal ntap = 20,16

conventional[16]         ntap = 20,32

Figure 5.16: Performan
e 
omparison with different number of �lter taps

performan
e of the proposed method eventhough it is implemented with 32 taps in fre-

quen
y dire
tion. It means the 2-point averaging is not robust for rapidly time-varying


hannel.

Therefore we 
ompare the ar
hite
ture of ea
h system with their maximum perfor-

man
e, i.e. 
onventional method [16℄ with number of taps = 20,32; 2-point averaging

method with number of taps = 20,32; proposed method 3-point averaging, 4-point, and

also 5-point averaging with number of taps = 20,16. The result is shown in table 5.3.

Based on data shown by table 5.3, eventhough proposal 3-point diagonal averaging

method 
ontains the the largest number of addition in averaging pro
ess, but it 
an re-

du
e the number of additions and multipli
ations in 2D interpolation pro
ess. Totally,

it 
an redu
es the number of additions and multipli
ations around 50% 
ompared to the

implementation of the 
onventional method [16℄ and 2-point averaging method [22℄.

The 3-point averaging also 
ontains 33% and 50% less number of additions in aver-

aging pro
ess, 
ompared to 4-point and 5-point averaging, respe
tively. Based on this

result, we 
an 
on
lude that our solution, i.e. 3-point averaging is more ef�
ient than in-


reasing number of �lter taps of 
onventional method in terms of 
omplexity. On other

hand, the 3-point averaging is also the most ef�
ient averaging interpolation method



5.2. SYNCHRONIZATION METHOD SIMULATION 70

Table 5.3: Complexity Comparison

Method Averaging 2D Interpolation

Number of addi-

tion per 1 OFDM

symbol

Number of addi-

tion per 1 OFDM

symbol

Number of mul-

tipli
ation per 1

OFDM symbol

Conventional [16℄ 0 51957 53568

2-point ave. [22℄ 569 51957 53568

Proposal 3-point ave. 1138 25381 27040

4-point ave. 1707 25381 27040

5-point ave. 2276 25381 27040

Figure 5.17: ISDB-T Simulator Blo
k Diagram


ompared to the 2-point, 4-point, and 5-point averaging.

5.2 Syn
hronization Method Simulation

5.2.1 Symbol-Timing and Carrier Frequen
y Syn
hronization Sim-

ulation

Simulation Parameter

We have done the simulationwith the Integrated SystemDigital Broad
asting-Terrestrial

(ISDB-T) system , a digital terrestrial television standard developed by Japan. The

blo
k diagram of simulator is shown by Fig. 5.17. In this simulation, We use mode 3

of ISDB-T transmission mode. ISDB-T introdu
es three transmission mode a

ording

to the spa
e between 
arrier frequen
ies width. Mode 3 introdu
es 1 KHz sub
arrier

spa
ing ( 0.99206 KHz) width and number of 
arrier per symbol is 5617 
arrier. The

DFT size is 8192 and we use guard interval ratio = 1=8(1=8 � 8192 = 1024). Com-

plete simulation system parameter is shown in table 5.4 . Similar to 
hannel estimation

simulation, for a 
hannel model, we used the Typi
al Urban 6 path 
hannel (TU6) that

was de�ned by COST 207 [28℄. For the error syn
hronization, We make the model of

syn
hronization error a

ording to (5.3)

r(n) = s(n � �)e

j2�"n

(5.3)
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Table 5.4: Simulation Parameter

Spa
ing between 
arrier frequen
ies 0.99206 KHz

Number of 
arrier per symbol 5617 
arrier

FFT size 8K (8192)

GI length 1/ 8

Modulation QAM-64

Convolutional 
ode 3/4

Effe
tive symbol length 1.008 ms

Table 5.5: Channel and Syn
hronization Error Parameter

Multipath Channel Model TU6 
hannel

Fading Rayleigh blo
k fading

Time offset(�) 1500 samples

Normalized CFO(") 0.3(300 [Hz℄ CFO)

r(n); s(n � �); �, and " are re
eived signal in time instants n, transmitted signal in time

instant n delayed by � sample , time offset [sample℄, and normalized CFO [Hz℄, re-

spe
tively. A

ording to CFO explanation in se
tion II, We know that only less than

0.5 sub
arrier spa
ing = � 500 Hz frequen
y shift that 
an be dete
ted by the algorithm.

Therefore, We 
hoose 300Hz as the CFO value (normalized by sub
arrier spa
ing value,

1 KHz,it be
omesε=0.3). Complete 
hannel model and syn
hronization error param-

eter is shown in table 5.5.

Simulation Results

In this se
tion, We present simulation results for syn
hronization system performan
e

in re
eiving HDTV 
ontents in Multipath Fading environment. Firstly we simulate the

performan
e 
omparison of symbol timing estimation using Maximum Likelihood and

Simpli�ed Maximum Likelihood algorithm as shown in Fig. 4.7 in 
hap. 4. The per-

forman
e of Maximum Likelihood is only slightly better than the simpli�ed Maximum

Likelihood. Se
ondly, We simulate the perfoman
e 
omparison of CFO estimation be-

tween both algorithms by 
omparing RMS (Root Mean Squared) Error of CFO estima-

tion from both algorithm. RMS error of CFO estimation means the root mean squared

differen
e between dete
ted CFO and a
tual CFO. Fig. 5.18 shows that the performan
e

of ML is better than the simpli�ed ML in in estimating CFO, espe
ially in higher SNR.

Therefore, based on the Mean Symbol Timing Estimation error and RMS CFO simula-

tion, we 
an 
on
lude that the performan
e of ML is better than Simpli�ed ML.

Se
ondly, we simulate BER performan
e of proposed method. First, We look for the

appropriate ba
kward shift value for our system. As we know, sin
e we need to put the

DFT window starting from any points inside Guard Interval, so we will move the DFT

window ba
kward from the previous dete
ted position. In order to know how many
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Figure 5.18: Root Mean Square of Normalized CFO Estimation Error)

shift that we need to get the the best BER result, we need to 
onsider about the value

of Cy
li
 Pre�x and maximum delay spread. From system simulation parameter shown

by table 5.4 and 
hannel model delay 
hara
teristi
 shown by table 5.1, we know that

the 
y
li
 pre�x size is 1024 and maximum delay spread is 5�s ( 41 time sample). ISI


an be removed if T

p

= T

g

=2 is set for all transmission mode 
ombinations in ISDB-T,

ex
ept for mode 1 with GI mode 1/32 (GI length = 7.875�s). In this simulation, sin
e

T

g

= 1024, then T

p

= 512. In this simulation, we want to 
ompare the performan
e of


onventional Maximum Likelihood based Syn
hronization and Maximum Likelihood

based Syn
hronization equipped with DFT window shift. As a 
omparison, we also

plot the BER performan
e of system in perfe
t syn
hronization mode, whi
h means the

mode where the time offset and CFO 
an be perfe
tly dete
ted and re
overed

Fig. 5.19 shows that the simpli�ed Maximum Likelihood itself 
ould not produ
e

a good BER performan
e. It happens be
ause the timing estimation shows the posi-

tive value as shown in Fig. 4.7 in 
hap. 4 that makes the re
eived signal 
ontains ISI.

On the other hand, the 
ombination between Simpli�ed Maximum Likelihood and pro-

posed DFT window shift produ
e good BER performan
e, whi
h is almost 
lose to the

performan
e of perfe
t syn
hronization.
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Figure 5.19: BER vs SNR in Rayleigh Channel)

5.2.2 Sampling-Frequen
y Syn
hronization Simulation

Simulation parameter

In order to 
ompare the performan
e of 
onventional method and proposed method,

we 
ondu
ted 
omputer simulations by implementing ISDB-T system mode 3 [12℄.

For a 
hannel model, we utilized the Typi
al Urban 6 path 
hannel (TU6) that was

de�ned by COST 207 [28℄. The power delay pro�le of this 
hannel model is shown in

table 5.1. This 
hannel model reprodu
es the terrestrial propagation in an urban area.

The 
omplete parameters of simulation are shown in table 5.6. In this simulation, we

also in
luded the timing offset and 
arrier frequen
y offset (CFO). The estimation and


ompensation of symbol-timing and 
arrier-frequen
y offset is implemented based on

the auto
orrelation fun
tion of time-domain re
eived signal and the dftshift method. To

implement the ar
tangent pro
ess, we employ 
ordi
 based ar
tangent with 16 iteration.

� de
ision

We 
ondu
t a simulation to 
al
ulate the value of � that 
an maximize the performan
e

of the proposed method. In this simulation, we de
ide the value of � by simulating the

root mean square (RMS) of estimation error, as presented as follow

RMS(��) =

p

E[(� � ��)

2

℄ (5.4)
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Table 5.6: Simulation Parameter

Mode Mode 3

Modulation QAM-64 (12seg)

QPSK(1seg)

Convolutional 
ode 3/4(12seg)

2/3(1seg)

Bandwidth 8 MHz (T

s

= 7=64�s)

FFT size 8K

GI length 1/ 8

Channel model COST207 TU6 [28℄

Carrier frequen
y 470 MHz

SFO 10 ppm

Time offset 5000 sample

Carrier Freq. Offset 300 Hz

where � and �� are the SFO and the estimation of SFO, respe
tively. As shown by

Fig. 5.20, � = 135 shows the smallest RMS of estimation error, while the larger �

make the estimation a

ura
y be
ome worse be
ause of less observation sample. Using

� = 135, the estimation method 
an a
hieve RMS SFO =2�10

�2

ppm in SNR=35 dB.

For performan
e 
omparison, we use the best � for the proposed method.

Performan
e 
omparison

In this subse
tion, we 
ompare the performan
e of 
onventional method [27℄ and pro-

posed method. We 
ondu
ted bit-error rate (BER) simulations to 
ompare the per-

forman
e of 
onventional and proposed method. For 1 OFDM symbol observation

(L=1,M=1), the proposed method 
an produ
e performan
e gain around 7 dB at BER=

3 � 10

�2


ompared to 
onventional method. The performan
e of 
onventional method


an be improved by utilizing more OFDM symbols. Based on our simulation, the 
on-

ventional method 
an a
hieve the similar performan
e with proposed method by em-

ploying 10 OFDM symbols (L=2, M=5).

We also verify the performan
e of proposed method in different value of SFO. Con-

sidering the low value of SFO, we simulated the performan
e of 
onventional method

and proposed method in SFO = 1-30 ppm with SNR = 35 dB. This simulation result

is shown by Fig. 5.22. Fig. 5.22 shows that the estimation using proposed and 
on-

ventional method remain 
onstant in sele
ted range of SFO. In this result, we 
an also


on�rm that the 
onventional method 
an a
hieve the similar performan
e with pro-

posed method by employing 10 OFDM symbols (L=2, M=5).
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Figure 5.20: � value de
ision for proposed method based on root mean square of error
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Figure 5.22: BER vs SFO performan
e

Complexity 
al
ulation

In this se
tion,we 
ompare the implementation 
omplexity among the 
onventional

method and the proposed method. In order to make the fair 
omparison of the im-

plementation 
omplexity of both method, �rstly we need to separate the 
onstant from

(4.19). After simpli�
ation, we 
an implement (4.19) as shown by (5.5)

�

�

l;m

= C

11

�

2

6

6

6

6

6

6

4

P

P

X

p=1

k

p

�

l;k

p

� C

21

(

P

X

p=1

�

l;k

p

)

3

7

7

7

7

7

7

5

(5.5)

where C

11

and C

21

are 
onstants that 
an be stored in the memory. Both 
onstants are

de�ned as follow

C

11

=

N

8�N

s

(P

P

P

p=1

k

2

p

� (

P

P

p=1

k

p

)

2

)

(5.6)

C

21

=

P

X

p=1

k

p

(5.7)
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Table 5.7: Algorithm 
omplexity 
omparison

Method eq. Multiplier Adder

Conventional [27℄ (4.17) 4P�L�M 23488 2P�L�M 146327

(L=2, M=5) (4.18) - 48P�L�M

(5.5) (P + 3)�L�M (2P�1)�L�M

(5.8) M + 3 2M�1

Proposed (4.17) 4(P��)�L�M 2673 2(P��)�L�M 2050

(L=1,M=1, � = 135) (4.22) (4(P��)+1)�L�M (4(P��)+46)�L �M

While (4.20) 
an be simpli�ed as follow

��

l

= C

12

�

2

6

6

6

6

6

4

M

M

X

m=1

m

�

�

l;m

� C

22

(

M

X

m=1

�

�

l;m

)

3

7

7

7

7

7

5

(5.8)

where C

12

and C

22

are de�ned by (5.9) and (5.10), respe
tively.

C

12

= 1

�

0

B

B

B

B

B

�

M

M

X

m=1

m

2

� (

M

X

m=1

m)

2

1

C

C

C

C

C

A

(5.9)

C

22

=

M

X

m=1

m (5.10)

In this manner, we 
an make a fair 
omplexity 
omparison between the 
onventional

and proposed method.

Generally, the 
omplexity 
omparison is des
ribed in table 5.7. In this 
omparison,

we 
onsider the 16 iteration of 
ordi
 for ar
tangent in our implementation. 16 iteration

of 1 
ordi
 pro
ess 
ontains 48 adders. Sin
e the 
onventional method using 10 symbols

a
hieves the similar performan
e with proposed method using 1 OFDM symbols, then

in the 
omparison we 
ompare the 
omplexity between both 
onditions. From table 5.7,

we 
an see that in order to produ
e similar performan
e, the proposed method produ
es

mu
h lower 
omputational 
omplexity. The proposed method 
an redu
e number of

multiplier around 90% and adder around 99% 
ompared to the 
onventional method.

The number of adder redu
es drasti
ally be
ause the proposed method only employ 1

ar
tangent pro
ess per OFDM symbol, 
ompared to 
onventional method that employs

P = 469 ar
tangent pro
esses per OFDM symbols.

5.3 Summary

In this 
hapter, I have shown the simulation results to 
on�rm the peforman
e of the pro-

posed method in 
hannel estimation and syn
hronization. In se
. 5.1, I have shown the

simulation results of my proposed 
hannel estimation. Firstly, we simulated the perfor-

man
e of interpolation �lter that we utilize, i.e. a 2D non-re
tangular �lter. We utilized
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the two-stages implementation of a 2D �lter with nonre
tangular spe
trum. Based on

the simulation results, it is shown that the performan
e of 2D non-re
tangular �lter is

better than 2D re
tangular �lter, espe
ially in lower number of taps.

Se
ondly, we show the performan
e of the proposed 3-point diagonal averaging method.

Based on the MSE simulation results, the proposed methods 
an give SNR improvement

until 12 dB at MSE = 3�10

�3


ompared to the 2-points averaging [22℄ for re
eiver with

v = 360 [km/h℄.

Sin
e the 
onventional method shows the worst performan
e among three methods,

we 
an 
on�rm the importan
e of the averaging method to in
rease the performan
e

of system by shortening the distan
e between referen
e pilot along frequen
y dire
tion

before interpolation in a MIMO 
hannel estimation.

On the other hand, we have also done the BER simulation to prove the performan
e

of the proposed 
hannel estimation method in optimizing the diversity gain provided by

Alamouti s
heme and maximal-ratio 
ombining s
heme. First, we have evaluated the

performan
e of the proposed 
hannel estimation method in optimizing the diversity gain

provided by transmitter diversity. For v = 360 [km/h℄, The proposed method 
an give

SNR improvement around 7 dB for a 2�1 MISO at un
oded BER= 2�10

�2


ompared to

an SISO with 
onventional 
hannel estimation. Based on the simulation results, we 
an


on�rm that the proposed method 
an optimize the diversity gain provided by transmit-

ter diversity, i.e. Alamouti s
heme and the gain is only getting larger in higher doppler

frequen
y.

Then, we have evaluated the performan
e of the proposed 
hannel estimation method

in optimizing the diversity gain provided by re
eiver diversity. For v = 360 [km/h℄The

proposed method 
an give SNR improvement around 8 dB for a 2�4 MIMO at un
oded

BER= 2� 10

�3


ompared to a 2�2 MIMO with a proposed method. Based on the simu-

lation results, we 
an 
on�rm that the proposed method 
an optimize the diversity gain

provided by re
eiver diversity s
heme, i.e. MRC and the gain is only getting larger in

higher doppler frequen
y. In terms of 
omplexity, a 
ombination of a proposed 3-point

diagonal averaging with two-stages non-re
tangular 2D �lter also 
ontains the smallest

number of additions and multipli
ations among available method. Therefore, we 
an


on
lude that the proposed 3-point diagonal averaging is the most ef�
ient averaging

s
heme in this 
ase.

In this thesis, we have also proposed a symbol-timing, 
arrier-frequen
y, and sampling-

frequen
y syn
hronization method for ISDB-T system for HDTV 
ontents transmission

in Multipath Fading Channel. For joint symbol-timing and 
arrier-frequen
y syn
hro-

nization, ML syn
hronization method [24℄, the simpli�ed version [26℄, and the algo-

rithm 
omplexity between this two algorithm have been reviewed. ML is mu
h 
omplex

than the simpli�ed ML, but it gives better performan
e itself, based on our simulation

result. The effe
t of of a DFT window position error has also been reviewed. Based, on

this knowledge, we propose DFT window shift to in
rease the performan
e of ML based

syn
hronization in Multipath fading 
hannel. A

ording to simulation result, proposed

syn
hronizer, 
ombination between DFT window shift method and Simpli�ed ML 
an

get good performan
e and less 
omplexity syn
hronization algorithm.
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For sampling-frequen
y syn
hronization, we have proposed an SFO estimationmethod

for DTTV system in multipath fading 
hannel. Considering the low value of SFO, we

have proposed the estimation method that 
an minimize the in�uen
e of noise in SFO

estimation. The proposed method also redu
es the number of ar
tangent pro
ess for 1

OFDM symbol signi�
antly. Simulation result shows that the proposed method pro-

du
es mu
h better performan
e 
ompared to the 
onventional method when both using

1 OFDM symbol. In terms of 
omplexity, the proposed method 
an redu
e the number

of multiplier around 90% and adder around 99% 
ompared to the 
onventional method

when both produ
e similar performan
e.



Chapter 6

Con
lusion and Future Work

In this thesis, we report the study about the next generation of digital terrestrial tele-

vision system. In 
hap. 2, we have dis
ussed about the digital terrestrial television

standard, espe
ially, DVB-T2. We have also dis
ussed about the importan
e of mobile

re
eption of digital terrestrial television system in high speed environment, su
h as high

speed train (TGV, Maglev, et
 with 
ommer
ial speed � 300 km/h). In this 
ase, the

in
lusion of MIMO s
heme be
ome ne
essary to in
rease the re
eption performan
e of

high speed digital terrestrial television. In 
hap. 2, we have dis
ussed the antenna di-

versity method for DVB-T2, i.e. modi�ed Alamouti s
heme (transmitter diversity) and

maximal-ratio 
ombining (re
eiver diversity).

In 
hap. 3, In we have dis
ussed about the 
hannel estimation for DVB-T2 system.

Firstly, we have dis
ussed about the s
attered pilot pattern that we use as a referen
e for


hannel estimation pro
ess. Then, we have dis
ussed about a 
hannel estimation s
heme

in SISO andMIMO 
ase. For 
hannel estimation inMIMO 
ase, there are three methods

that we have dis
ussed, i.e. a 
onventional method [16℄, a 2-point averaging [22℄, and

the proposed 3-point diagonal averaging method. In this 
hapter, we have also dis
ussed

about 2D non-re
tangular �lter. In order to perform the robust 
hannel estimation for

paralellogram pattern of s
attered pilot of DVB-T2, we have implemented the 2D non-

re
tangular LPF. Based on our study, in order to implement 2D non-re
tangular LPF

with lower 
omplexity, we have proposed the two-stage implementation.

In 
hap. 4, we have proposed the time and frequen
y syn
hronization method for

ISDB-T system for HDTV 
ontents transmission in Multipath Fading Channel. ML

syn
hronization method [24℄, the simpli�ed version [26℄, and the algorithm 
omplexity

between this two algorithm have been reviewed. ML is mu
h 
omplex than the sim-

pli�ed ML, but it gives better performan
e itself, based on our simulation result. The

effe
t of of a DFT window position error has also been reviewed. Based, on this knowl-

edge, we have proposed DFT window shift to in
rease the performan
e of ML based

syn
hronization in Multipath fading 
hannel. Considering the low value of SFO, we

have proposed the estimation method that 
an minimize the in�uen
e of noise in SFO

estimation. The proposed method also redu
es the number of ar
tangent pro
ess for 1

OFDM symbol signi�
antly.

80
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In 
hap 5, we show simulation results for proposed 
hannel estimation and syn
hro-

nization methods. Based on the simulation results for re
eiver with v=360 [km/h℄, the

proposed 3-points averaging produ
e the best performan
e among the available method.

In terms of 
omplexity, a 
ombination of a proposed 3-point diagonal averaging with

two-stages non-re
tangular 2D �lter also 
ontains the smallest number of additions and

multipli
ations among available method. Therefore, we 
an 
on
lude that the proposed

3-point diagonal averaging is the most ef�
ient averaging s
heme in this 
ase.

We have also shown simulation results for a symbol-timing, 
arrier-frequen
y, and

sampling-frequen
y syn
hronization method for ISDB-T system for HDTV 
ontents

transmission inMultipath Fading Channel. For joint symbol-timing and 
arrier-frequen
y

syn
hronization, ML syn
hronization method [24℄, the simpli�ed version [26℄, and the

algorithm 
omplexity between this two algorithm have been reviewed. ML is mu
h


omplex than the simpli�ed ML, but it gives better performan
e itself, based on our

simulation result. A

ording to simulation result, proposed syn
hronizer, 
ombination

between DFT window shift method and Simpli�ed ML 
an get good performan
e and

less 
omplexity syn
hronization algorithm. For sampling-frequen
y syn
hronization,

we have also performed performan
e 
omparison between 
onventional and proposed

SFO estimation method. Simulation result shows that the proposed method produ
es

mu
h better performan
e 
ompared to the 
onventional method when both using 1

OFDM symbol. In terms of 
omplexity, the proposed method 
an redu
e the number

of multiplier around 90% and adder around 99% 
ompared to the 
onventional method

when both produ
e similar performan
e.

For future works, we will 
ondu
t an FPGA implementation of the proposed 
hannel

estimation method.



Chapter 7

Appendix A: The Derivation of 4-point

and 5-point Averaging

As a 
omparison to the proposed 3-point averaging, we introdu
e 4-point and 5-point

averaging. In this se
tion. we explain the derivation of 4-point and 5-point averaging.

The general form to 
al
ulate

�

H

1a

k;l

and

�

H

2a

k;l

with 4-point averaging is shown by (7.1)-

(7.2), respe
tively.
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For 5-point averaging, The general form to 
al
ulate

�

H

1a

k;l

and

�

H

2a

k;l

is shown by (7.3)-

(7.4), respe
tively.
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Similar to 3-point averaging, in order to a
hieve the equal summation of

�

H

a

k;l

and

�

H

b

k;l

,

the 
oef�
ient of averaging of 4-point and 5-point averaging is shown by (7.5)-(7.6),

respe
tively.

C

0

+ C

2

= C

�1

+ C

1

(7.5)
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Figure 7.1: Coef�
ient De
ision of 4-point and 5-point averaging (SNR=30dB)
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Unlike the 3-point averaging, in 
ase of 4-point and 5-point averaging, there are some


ombinations of 
oef�
ients that 
an be implemented. In this paper, we have simulated

some 
ombinations of 
oef�
ients and use the best result of simulation to be 
ompared

with the proposed 3-point averaging as shown by Fig. 7.1. Based on the simulation

result, it shows that C

n

= [C

�1

C

0

C

1

C

2

℄ = [4741℄ and C

n

= [C

�2

C

�1

C

0

C

1

C

2

℄ = [14641℄

are the best 
oef�
ient 
ombination among the simulated 
oef�
ients 
ombinations.
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