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Summary:

DVB-T?2 is the next-generation European terrestrial digital broadcasting stan-
dard that was published by the European Telecommunication Standard In-
stitute (ETSI) based on orthogonal frequency division multiplex (OFDM).
The performance of OFDM systems is very sensitive to the frame (symbol)
synchronization where a miss-detection of the symbol timing leads to severe
inter-symbol interference (ISI) and inter-carrier interference (ICI) and cause
performance degradation. In SFN environment, the channel impulse response
spans over hundreds or even thousands of symbols. Moreover, the channel
echoes may have the same power or greater than the direct path power. There-
fore, the synchronization problem is one of the most challenges tasks in such
environment. In additional, the channel frequency response (CFR) estimation
complexity would be increased to support the comprehensive range of these
channels delays.



Table of Contents

Table of Contents

List of Tables

List of Figures

List of Symbols and Abbreviations

Acknowledgements

Abstract

1

3

INTRODUCTION
1.1 Introduction . . . . . . . . . . . . . i e
1.2 ThesisOutline . . . . . . . . . . . e

OFDM SYSTEMS OVERVIEW

2.1 Introduction . . . . . . . . . ...

2.2 Basic OFDM Structure . . . . . . . . . . . .

2.2.1 Transmitter Structure . . . . . . . . . .. ...

2.2.2 Wireless Channel Model . . . . ... .. ... ..........

2221 DelaySpread . . . ... ... ... ... ...

2.2.2.2 Coherence Bandwidth . . ... ... .. ... .....

2223 DopplerSpread . . . . . . ... oo

2224 CoherenceTime . ... .................

2.3 ReceiverStructure . . . . . . . . . ... e e
DVB-T2 SYSTEM OVERVIEW

3.1 Frame Structure . . . . . . . . . .. e

3.1.1 SuperFrame. . . . ... ... ... ... ... ... ...

312 T2Frame . . . . . . . . . . ..

3.1.3 Future Extension Frame . . . . ... ... ... ... ......

32 PISymbol . ... ... .

3.2.1 Introduction . . . . . . . . . .. ... e

3.2.2 Pl Symbol Structure . . . . . ... ... oL

33 P2Symbols . . . ...

34 DataSymbols . . . . .. ...

3.4.1 Scattered Pilots (SP) . . . . . ... ... ... . ... . ...

342 Continual Pilots (CP) . . . . . ... . ... ... ... ......

343 EdgePilots(EP) . ... ... ... .. .. ... .. ... ...

3.4.4 Frame Closing Pilots (FCP) . . . . . . ... ... .. .......

iv

vii

xi



4 WIRELESS CHANNEL MODELS

4.1
4.2
4.3

Rician Channel (F1 Channel) . . . . . . . .. .. ... ... .......
Rayleigh Channel (P1 Channel) . . . . . . ... ... ... .. ......
Two Paths Channel . . . . . ... ... .. ... ... ..........

5 TIMING SYNCHRONIZATION SCHEMES

5.1

52
5.3

54

5.5

Impact of Timing Error on the System Performance . . . . . ... .. ..
5.1.1 Mathematical Representation . . . . . ... ... .........
5.1.2  Cyclic Shiftof the CIR . . . . . ... ... ... ... ......
Coarse Timing Synchronization (Initial Synchronization) . . . . . . . ..
Overview of Fine Timing Synchronization . . . . . . ... ... ... ..
5.3.1 Double Correlation Method . . . . . . .. ... ... ... ....
5.3.2 Fine Synchronization Based on the CIR estimation . . ... ...
5.3.3 Channel Impulse Response Order Adjustment Method . . . . . .
5.3.4 Fine Synchronization Based on SNR Estimation
(Dataiterationmethod) . . . . . . .. .. ... ... ... ...,
5341 CIREstimation . . . . . ... ... ...........
5.3.4.2 Method for Resolving Ambiguity Effectof CIR . . . . .
5.3.4.3 Fine Symbol Timing Estimation . . . . . . .. ... ..
Proposed Fine Symbol Synchronization Method . . . . . . . .. ... ..
5.4.1 Framework for proposed timing synchronization algorithms .
5.4.1.1 Proposed CIR Estimation (Time Domain Least Square
Estimation) . . . . . . . . ... .. .. ... . ...,
5.4.2 Proposed SNR Estimation Based on P1 symbol . . . .. ... ..
5.4.2.1 Performance Results . . . . . ... ... ... . ....
5.4.3 Proposed Correlation Method Based on P1 symbol . . . . .. ..
54.3.1 PerformanceResults . . . .. ... ... ... .....
Conclusion . . . . . . . ..

6 CHANNEL ESTIMATION ALGORITHMS

6.1
6.2

6.3

6.4
6.5

Introduction . . . . . . . ...
Overview of the Channel Estimationin SEN . . . . . . ... .. ... ..
6.2.1 PilotLeastSquare . . . . ... ... ... ... ...
6.2.2 Rotated Least Square Algorithm . . . . . . ... ... ......
6.2.3 Path Separation Algorithm . . . . . ... ... ... ... ...
6.2.4 Select and Shift the Interpolation Filter . . . . . . ... ... ...
6.2.5 Time Domain Least Square algorithm (TDLS) . . . . . ... ...
Proposed CFR Estimation Methods . . . . . ... ... ... .......
6.3.1 1-D Wiener Filter Interpolation . . . . . .. ... ... ......
6.3.2 Modified 1-D Wiener Filter . . . . . ... ... ... ... ....
Performance Results . . . . . ... ... ... . oo
Conclusion . . . . . . .. L

Appendix A DVB-T2 System Paramters
A.1 S and S2 Mapping Lookup Table . . . . . ... ... ... .......
A.2 Constellation Mapping for 256-QAM . . . . . . . ... ... ...

11

30
30
31
32
32
32

47
47
47
47

50
52
53
53
53
55
57
63



References

111

66



3.1
3.2
33
34

4.1

5.1
5.2
53
54
55
5.6
5.7
5.8

6.1
6.2
6.3
6.4

A.l
A2
A3
A4

List of Tables

Number of the P2 symbols according to the configured FFT size . . . . . 11
The amplitude of P2 pilots (Ap2) . . . . . . . . .. ... L. 14
The power boosting of the scattered pilots . . . . . . . ... ... .... 15
The power boosting of the continual pilots . . . . . .. ... ... .... 16
Gains, delays and phase shift of channel paths . . . . . .. ... ... .. 19
Common simulation parameters for the method based on SNR estimation 35
Simulation parameters of testcase 1 . . . . .. ... ... ... ... .. 36
Simulation parameters of testcase 2 . . . . . . . ... ... 37
Simulation parameters of testcase 3 . . . . . . .. .. ... ... ... 38
Common simulation parameters for the method based on correaltion . . . 43
Simulation parameters of testcase 1 . . . . . . .. ... ... 43
Simulation parameters of testcase 2 . . . . . . ... ... 44
Simulation parameters of testcase 3 . . . . . . .. ... ... 45
Common simulation parameters . . . . . . . . ... ... ... ... 58
Simulation parameters of testcase 1 . . . . .. .. ... ... ... ... 58
Simulation parameters of testcase 2 . . . . . . ... ... ... 59
Simulation parameters of testcase 3 . . . . .. .. ... ... ... ... 61
Sl encoder lookuptable . . . . . ... ... .. ... ... ........ 64
S2 encoder lookuptable . . . . . . ... ... ... L. 64
Constellation mapping for real part of 256-QAM . . . . . . .. .. ... 65
Constellation mapping for imaginary part of 256-QAM . . . . . . .. .. 65

v



2.1
2.2
2.3
24
2.5
2.6
2.7

3.1
3.2
33
34
3.5
3.6

4.1
4.2

5.1
5.2
5.3
54
5.5
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14

5.15
5.16
5.17
5.18
5.19

5.20
5.21

List of Figures

a) Conventional multi-carrier system. b) OFDM system. . . . . . .. .. 3
Basic OFDM transceiver. . . . . . . . . ... .. .. ... ........ 4
Mapping two bit into 4-QAM symbols. . . . . . . ... .. 4
Guard interval insertion . . . . . . . ... Lo 5
Power delay profile of multipath fading channel . . . . . . ... ... .. 6
Classification of the fading channel . . . . . . .. ... ... ... .... 7
Channel flatten over subcarriers . . . . . . . ... ... ... ... 9
Frame structure of DVB-T2 system . . . . . .. ... .. ........ 10
Block diagram of P1 symbol generation . . . .. ... ... ....... 12
Scrambler generator for P1 symbol . . . . ... ... o000 13
Pl symbol structure . . . . . . . .. ... ... 13
Block diagram of data OFDM symbols generation . . . . .. ... ... 14
PP2 of the scattered pilots where D, =6and Dy =2. . .. ... ... .. 15
F1 channel realization . . . . . . . . .. ... .. ... ... ... ... 18
P1 channel realization . . . . . . . .. ... ... ... . L. 20
The combined received signal . . . . . . . ... .. ... ......... 22
Effect of the miss-detection of the first channel path . . . . . ... .. .. 24
Pl symbol structure. . . . . . . .. ... 24
Implementation of P1 correlation . . . . . .. ... ... ......... 25
Correlation output of the P1 symbol . . . . .. ... ... .. ...... 25
Modified correlation output of the P1 symbol . . . . .. ... ... ... 26
Auto-correlation and cross-correlation outputs of the P1 symbol . . . . . 26
Correlation output due to two equally channel paths . . . . . . . .. ... 28
Block diagram of the double correlation method . . . . . . . ... .. .. 28
Block diagram of fine synchronization based on the CIR estimation . . . . 29
Division of the CIR estimation window . . . . . . .. ... ... ..... 29
Block diagram of the data iterative method . . . . . . . . ... ... ... 30
Ambiguity TEZIONS . . . . .« . v o e e e e e 31
Block diagram of the proposed of the fine symbol synchronization based

onthe SNRestimation . . .. ... ... ... .. ............ 33
Probability of miss detection of the frame start in case of short delay

spreadchannel . . . . . . . ... ... ... ... .. 36
Probability of miss detection of the frame start in case of large delay

spread channel within GI . . . . . . ... ... ... ... ... ..., 38
Probability of miss detection of the frame start in case of short delay

spreadchannel . . . . . . .. ... ... ... .. 39
Auto-correlation output of P1 symbol . . . . . . . ... ... ... 40
Correlation output in case of correct symbol start . . . . . . .. ... .. 41
Correlation output in case of miss-detection of the first channel path . . . 42
Probability of miss detection of the frame start in case of short delay

spreadchannel . . . . . ... ... ... ... .. 44



5.22 Probability of miss detection of the frame start in case of large delay
spread channel within GI . . . . . . ... ... ... .. .. .......

5.23 Probability of miss detection of the frame start in case of long delay spread
channeloutside GI . . . ... ... ... ... ... ... . ... ...

6.1 CIR of the LS estimates at pilot locations and zeros otherwise . . . . . . .
6.2 CIR after interpolating between LS estimates by linear interpolation

6.3 CIR after interpolating between rotated pilots by linear interpolation . . .
6.4 Path separation channel estimation method . . . . . . ... ... ... ..
6.5 The resultant CIR of 2-path channel after each filter interpolation . . . . .
6.6 Filter selection for the first path and then shifting to the second path

6.7 Overlapping phenomena between two filters . . . . . . . . .. ... ...
6.8 Linear interpolation between LS estimates in the time direction . . . . . .
6.9 Illustration of Wiener filter coefficient generationincase of M =3 . . . .
6.10 MSE of the estimated channel for different M . . . . . . ... ... ...
6.11 BER curves of two paths 0-dB echo channel (r=195us) . . . .. .. ..
6.12 BER curves for very large echochannel . . . . .. ... ... ... ...
6.13 BER curves in case that the channel delay spread is greater than GI . . . .
6.14 BER curves for Rayleigh channel model (P1) . . . . .. ... ... ...
6.15 BER curves for Rician channel model (F1) . . . . . ... .. ... ....

vi



List of Symbols and Abbreviations

h(t,1) Time-variant impulse response of multi-path channel model
a(1) Gain of the i channel path

A(x) Log likely-hood ratio for x

¢ Ny by Ny auto-covariance matrix

o? AWGN power

T Delay of the i channel path

0; Phase of the i channel path

Pk Ny by 1 cross-covariance vector for frequency index k
Apo The amplitude of P2 pilots

B, Coherence Bandwidth of the channel

b; Transmitted bit at the location 1 within the QAM symbol
Cr(k') Wiener filter coefficients for the frequency index k using the pilot at k
D Pilots spacing in frequency direction

D, Pilot spacing in the frequency direction

D, Pilot spacing in the time direction

S Maximum Doppler frequency

His Least square channel estimates at the pilot locations

kpi The indices of the active sub-carriers in the P1 Symbol

L Number of channel paths

Ly The total number of the data OFDM symbols

Leg: Length of the estimated channel impulse response

M Number of region in the proposed channel estimation

Ny Number of interpolation filer coefficients

N, Guard interval length

Np Total number of the P2 preamble symbol per the T2 frame

Nra Total number of the T2 frame per the superframe

vil



PPi Pilot Pattern number i

T Sampling/elementary Time

T, Coherence time of the channel

Tr Duration of the T2 frame

Ts The duration of the data OFDM symbol
Tpy Duration of the P1 preamble symbol
Tpy The duration of the P2 preamble symbol
Tsr Duration of the complete superframe
CFR Channel Frequency Response

CIR Channel Impulse Response

Cp Continual pilots

CSS Complementary Sequences Spread
DBPSK Differential Binary Phase Shift Key
EP Edge pilots

FCP Frame Closing Pilots

FEF Future Extension Frame

FFT Fast Fourier Transform

FIR Finite Impulse response filter

ICI Inter-Carrier Interference

IFFT Inverse Fast Fourier Transform

ISI Inter-Symbol Interference

LS Least Square

MISO Multi Input Single Output

MSE Mean Square Error

PAR Peak to average power ratio

PDP Power Delay Profile

PMD Probability of Miss Detection

QAM Quadrature Amplitude Modulation

viil



SFN
SISO
SNR
SP

TDLS

Single Frequency Network
Single Input Single Output
Signal to Noise Ratio
Scattered Pilots

Time Domain Least Square algorithm

X



Acknowledgements

I would like to thank my supervisors, Dr. Ahmed Shalash and Dr. Ayman Elazabi as
they provided me with advice, knowledge, guidance and support throughout the thesis.

Many thanks go to my parents and my wife for their continuous support and encour-
agement during all working days and nights.



Abstract

DVB-T2 is the next-generation European terrestrial digital broadcasting standard based
on orthogonal frequency division multiplex (OFDM). The performance of OFDM systems
is very sensitive to the frame (symbol) synchronization where a miss-detection of the
symbol timing leads to severe inter-symbol interference (ISI) and inter-carrier interference
(ICI) and causes performance degradation. In a single frequency network (SFN), several
transmitters send the same signal simultaneously and over the same frequency bands
for efficient spectrum utilization. And because the distance between a receiver and each
transmitter can be significantly large, the overall channel impulse response can be very
long; it may be spanning over hundreds or even thousands of symbols. Moreover, the
channel echoes may have the same power or greater than the direct path power. Therefore,
the synchronization problem is one of the most chanllanging tasks in such an environment.
In addition, the complexity of the channel frequency response (CFR) estimation would be
increased to support the large range of these channel delays.

In the first part of the thesis, an overview about conventional OFDM transceivers is
introduced with a description of the main blocks. Then, the DVB-T2 system is illustrated
with a main focus on the preambles design and pilot patterns. At the end of this part, the
power delay profile (PDP) of different environments is presented, these channel models
are used in the simulations throughout the thesis.

In the other part of the thesis, the synchronization problem is investigated, and its
effect on the overall system performance is obtained. Also, the impact of miss detection of
the symbol start is investigated on the estimated channel impulse response (CIR). Then a
literature review for the synchronization problem in the SFN is presented. Two algorithms
are proposed to solve this issue with low complexity in the implementation and also
having remarkable performance gain over previous work. The first algorithm is an iterative
timing synchronization refinement, and is based on analyzing the estimated CIR. The
CIR is estimated and then convolved with a modulated preamble to produce another copy
of the received preamble. The correct symbol start maximizes the estimated signal to
noise ratio (SNR) over the preamble. The second algorithm is also proposed to refine the
initial symbol start based on the cross correlation between the received preamble and the
convolved preamble with estimated CIR. The output of the cross correlation is studied
to indicate a correct symbol start. In the channel estimation section, a literature review
is introduced for CFR estimation in the SFN environment. We propose a new method to
enhance Wiener filter performance. The performance results are shown for the proposed
channel estimation with a comparsion to previous work on channels with long and strong
echoes as well as on the Rayleigh and Rician channels as well.
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