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ABSTRACT

The main purposes of this dissertation are to prove that, using the
adaptive pulse shaping in CP-OFDM symbol timing synchronization
can compensate the channel impulse response for low dispersion
channels, while keeping the symbol timing offset estimator simple at
the same time. It also studies the feasibility of using artificial neural
networks as a real-time pulse shape generator. Finally, this research
studies the different methods of implementing this artificial neural
network and compares its speeds.

An optimization algorithm was used to generate a set pulse shapes,
corresponding to a set of channel impulse responses, where each pulse
shape could compensate the channel impulse response effect on the
CP-OFDM timing offset estimator. The optimization process is very
computationally expensive to be used in real time, thus the feasibility
of using artificial neural network as a real time pulse shape generator
was studied. A feed forward artificial neural network was trained to
carry on this task. Then three implementations (CPU, DSP and FPGA)
of this neural network were created. Finally, the three implementation
were compared.



Table of Contents

LIST OF FIGURES 1
LIST OF TABLES 4
LIST OF ABBREVIATIONS 5
LIST OF SYMBOLS 7
1. INTRODUCTION 10
2. OFDM 12

2.1 INTRODUCTION ....couiiiiiiiiiiniiiiiiiiiec ittt
2.2 MULTI CARRIER MODULATION.......cuiiiiiiiiiiiiiiiiieiieiceieeete st
23 OFDM THEORY ..ottt ettt ea s
231 Symbol Timing OffSEL........cc.coiiiiiiiiiiieieiie sttt
2.3.2  Carrier Frequency OffSEL ...ttt ettt ettt
2.3.3  Sampling Frequency OffSEL............ccui ettt
24 OFDM SYSTEMS ..ottt sttt sttt st st st st s e s s s s
2.4.1 Filtered Multi-Tone (Filtered OFDM)
24.1.1 Filtered Multi-Tone system (FMT)

2.4.2  Filter-185s OFDM ..........ccccoooiiiiiiiiiiiieie ettt ettt
2421 CP-OFDM ..ottt et b et b et sa et ettt sttt
2422 ZP-OFDM.....oitiiiitiee ettt ettt sttt et b e sttt ae e

2.5 CP-OFDM SYNCHRONIZATION ....cuteutiuietinrertinienieententetensessessesseeseeneensessessessessesseemeensensensensensens

2.5.1 Synchronization with Training (Preamble) ..................cccccoooiiviiiiiniiiiiiiiiieieeee e
2.5.1.1 INULL SYIMDOL.....ieiiiiieiectee ettt ettt e et e sae e b e s seessesseessensesssenseansensesssenseessenen
2512 Identical Training SYMDOLS......c.ooiiiiiieieiei ettt

2.5.2  Blind SYRCRTORIZAION. ..........cceooiiiieeeeee ettt
2.5.2.1 Nondispersive Channel Estimator (NDCE) .........cccoiiiiiiieiiiiiiieieseeeeeesee e

2522 Nondispersive Channel Estimator with Pulse Shaping (NDCE-WPS)
2523 Dispersive Channel estimator (DCE)........cccoiiiiiiiiiiiieiieeeeteeee et
2.6 CONCLUSION ...ttt sttt sa e b st saesnesae e

3.  GLOBAL OPTIMIZATION AND ARTIFICIAL NEURAL NETWORKS 48

3.1 INTRODUCTION ...cuitiiitieeiiee it eitee st eit e st eit e st e st e st esateesabeesateesabeesateesabeesabeesabaesaseesabaesareesas 48
32 GLOBAL OPTIMIZATION .....cuuiieittieeeeteeeeeeeee e eee e e et e e et e e eeateeeeeaeeeeeeaaeeeeeaeeeeeeneeeeeeaneeeensreeeenns 48
3.2.1  Optimization ProDIM. ...............ccccoiiiiiiiiiii ettt 48
32.1.1 ODJECE FUNCHION ...ttt ettt b ettt eb et et e e e eneenen 49
32.1.2 Set of Variables
3.2.1.3 St OF CONSIIAINES. ....couviiietiieeeiiee ettt e ettt e e ettt eete e e et e e e ettt e e eeteeeeeaaeeeeeaseeeesteeeeesseeeeeaseeeeasaeesaareeeas
3.2.2  Optimization CAteGOVIZALION .............c.ccceeeuiecuiriiniieiiieiie ettt ettt
3221 LOCAl/GLODAL ... ettt et e et e et e et e e e et aeeaaes
3222 Function / Derivatives Evaluation
3223 LINEAr/INONIINEAT .........eiiuiiiiiiciii et ettt ettt et e et e eeteeebeesteeebeeetaeeaseeessenseessseeaseessseenseesasaans
3224 Constrained/UnCONSErAINEd. ........c.eeeviiiriiiiiiciie et eete et eeteeere et eeveeeteeeveeseneereestseeeseesaseeseesaseens
3225 One/Multi DImENSIONAL .........cc.eiiiiiiiiiiii ettt ettt e e et e e e ereeetaeeeteesaeeeneeeaneens
3.2.3  Global Optimization Techniques
3.2.3.1 GENELIC AIGOTIERIM ...c..evieieeeieie ettt ettt e e teestesseesbeeseensesseensessaessenssansas

33 ARTIFICTAL INTELLIGENT (AL ...viiitiieiieiiieeiieciteette st eiee st e et e steesveesteeebeesnseeenseesnsaesnseeses
3.3.1  Neural NetWOrks STFUCTUTE ............ccc...oouiiiiieeiieiiee e
3.3.1.1 TYPE OF NEUIOMS ..ottt ettt ettt et ettt et e et e beesa e beesaesseesaensesseensesssensessaensessaensesseensas
33.1.2 Network Structure
33.1.3 Learning Method .......c.ooiiiiiiie ettt ettt ene
3.3.2  Applications of Neural NeIWOFKS ...........c.cccoccuaiiiiiiieeeee ettt
34 CONCLUSION




4. ADAPTIVE PULSE SHAPING

4.1 INTRODUCTION .....ooiiiiiiiiiieiiie e et e ettt e ettt e e e e e eeeeavraeeeaveeeeaes
4.2 ML OFDM TIMING ESTIMATION......ccooovvviieeeeeiiieeeeeeeeeeevrreeeeee e
43 ADAPTIVE PULSE SHAPED CP-OFDM.........ccoooovviiiiiiiieiieeceeee.
44 NUMERICAL SOLUTION ......cceeitiieeiireeeeirieeeserreeessseeessseeeesssseesssnnes
4.4.1  CP-OFDM PArameters...........cccccoeeeeeeeeeeeeeieeeieeeeeeeeeeeeeeeeeeeeeeenns
4.4.2  Simulation Parameters ..............ccccceviveeeieeeeeeeieieaeeeieieieeeeeeeens
4.4.3  Optimization Method ..................cccccoooeiviiiiiioiiiiiiiiieiieee
444 ANN AVCRILECIUFE ...
4.5 PROCEDURES .....ccoiutiieiitiieeeeiee e ettt eeett e et e eae e e et e e eeaaee e eeaaeee s
4.6 IMPLEMENTATION .....uviiiieitiieeeetteeeeeieeeeeeaeeeeeeaaeeeeeaeeeeeeasaeeeeareeeenns
4.7 CONCLUSION ....cuttiieeeiiieseeciteeeeiteeeeeireeeeiaseeeeereeeesssesessseeessseeaanes
5. RESULTS
5.1 INTRODUCTION .....oiiiiiiiiieeiiieeeiieee et e et e e e e esaeeeeearaeeeareeeeaes
5.2 GA RESULTS .etttiiitieeeeieteeecitteeeireeeessreeesssaeessssesaessssessssssaesssssesennes
5.3 ANN RESULTS ..eiieiviieeeiiieeeireeeesivteeesareeessssseessssaessssssesessssseesssseeens
54 IMPLEMENTATION .....cceitiiiieiiieeesiireeeeireeesssreeeesssaeeesssseeessssseesssseeens
S5A0 CPU .o,
542 FPGA......oooooeeeeeeeeeeeeeeeeeee e,
5.5 CONCLUSION .....outtiieeeteee e et e et e e e e e et e e e e e e eeaeeeeeeneeeeeesneeeenns

6. CONCLUSIONS AND FUTURE WORK
7. APPENDIX 1

REFERENCES

PUBLICATIONS




LIST OF FIGURES

FIG. 2-1 MULTI CARRIER MODULATION AND DEMODULATION [S]..ieuvieiiiieriieniiieniienieesieesieesieeseveesneennne 13
FIG. 2-2 SPECTRUM OVERLAPPING IN OFDM. .....ooiiiiiiiiiiiiiieiee et 15
FIG. 2-3 OFDM SPECTRUM VS. FDM SPECTRUM FOR (A) SINGLE CARRIER (B) DOUBLE CARRIERS (C) TRIPLE
CARRIERS [0]. oottt sttt ettt ettt ettt et ettt sb ettt eat e sasesae e bt e b e eaeeanesenesanesaeenne 17
FIG. 2-4 FRACTIONAL FREQUENCY SHIFT [7]. ¢eeutteuttettenttenteeniteie ettt st stte st et et et eitesitesbeesieenbeeeeemeesneeene 21
F1G. 2-5 INTEGER FREQUENCY SHIFT [S].uutiiiiuiiieeiiiiieeiiiieeitieeeeiteeeestteeesnveeeesessesesssseesssssasasssssessssssesesnssens 22

FIG. 2-6 CONSTELLATION AT THE RECEIVER FOR A FREQUENCY OFFSET OF 0.1 SUB-CARRIER SPACING [3]..22
F1G. 2-7 CONSTELLATION AT THE RECEIVER FOR A FREQUENCY OFFSET OF (.3 SUB-CARRIER SPACING [3]..23

FIG. 2-8 FUNCTIONAL DIAGRAM OF FMT [7]. eviioiiiiiieciieeiie ettt ettt ettt e svee st esvee st e envaesnvaesnneeenee 26
FIG. 2-9 FMT SPECTRUM [7]. .tttteeetiieeeiiie e ettt e ettt e estteeesivteeeetteessasaeeesstseaaasssseesasssseesssseasassseesnssseessnsseeenn 27
FIG. 2-10 CP INSERTION. ....0teetteittiesteesireesueessttesseessseensseessseessseessseesssesssseessseesssessssesssseesssssssssesssssnsseenssesnses 28
FIG. 2-11 CIRCULAR CONVOLUTION [4]. 1eeiiittiieeiiiieeiitieeeeiiteeestteeestaeeeseseeessssseesssssasessssesesssssesssssseessssseeens 28
FIG. 2-12 LINEAR CONVOLUTION [4]. 1iittteiiieeitieeieeitieeste ettt esireetaeessaeessseessseessseessessnsseensessnssssssesssseenseesnses 29
FIG. 2-13 CYCLIC PREFTX [4]. cutttteeetiieeiiieeeseitie e ettt e estteeesiteeeeasaeeesssaeeesssseaassssseesssssseessseasassssesssssseessnsseeens 29
FIG. 2-14 BASE-BAND CP-OFDM [4]....utiiiitiiiieeieecit ettt ettt te ettt siveetaeesaeetaeesaaeesaeessnesnsaeensneennes 30
F1G. 2-15 ZP-OFDM CHANNEL CORRELATION [4]. ..iicitiiiiiiiiieeeiiieeeriteeesiteeeeireeeeseireeesseseeesesseeeensseeesnnsneas 33
FIG. 2-16 ZP-OFDM MODULATION AND DEMODULATION [4]. .veeetieiiieiiienieeeieenieesieesveesreesseessseesveennns 35
F1G. 2-17 STRUCTURE OF THE ESTIMATOR DESIGNED FOR THE AWGN CHANNEL [25].....ceeeviiiiieiieeeeeeeen. 40
FIG. 2-18 EXAMPLE FOR ML ESTIMATOR OUTPUT WITHOUT PULSE SHAPING (N=1024, L=128, E=0.25 AND
SNR=15DB) IN AWGN CHANNEL [22]. ...tttectteitieeieeiiieeieesieeesieeenieeeeeesiteensreessseensseessseesssessssessneens 41
F1G. 2-19 SLIDING CORRELATION VS. ENSEMBLE CORRELATION [27]. ..viiiiiiieeeiiieeeiiieeeeiieeeeivee e eveee e 41
FIG. 2-20 STRUCTURE OF THE ESTIMATOR DESIGNED FOR THE AWGN CHANNEL AND PULSE-SHAPING
Y 1223 RO SRUUSTIPURPR 43
FIG. 2-21 STRUCTURE OF THE ESTIMATOR FOR DISPERSIVE CHANNELS AS PER J. DE BEEK ET AL [26].......... 45
FIG. 2-22 STRUCTURE OF THE ESTIMATOR FOR DISPERSIVE CHANNELS AS PER D. LANDSTROM [29]............ 46
FIG. 3-1 EXAMPLE FOR ROULETTE WHEEL CHROMOSOMES DISTRIBUTION. .......0eeiiuieririenieenreeereesreesneennns 55
FIG. 3-2 EXAMPLE FOR RANK CHROMOSOMES DISTRIBUTION BEFORE RANKING. .....cevuvterreerireenreennreenneennne 55
FIG. 3-3 EXAMPLE FOR RANK CHROMOSOMES DISTRIBUTION AFTER RANKING. ...ccuveervierveerriesreesreesveenens 56
FIG. 3-4 CROSSOVER PROCESS........teetteritienteenuttesteensseesseessseessseessseessseessseessseessseessseessseesssesssseessseesssesssseennes 56
FIG. 3-5 EXAMPLE OF AN ANN. L..oiiiiiiiiiiiieeetie st et e ete e s vt eseveesveessbeessseassseessseaasseesssaessseesssesasseesssessnseennes 58
FIG. 3-6 SIMPLE NEURON......ccctttiuttenttenitterteenittesteessseesseessseessseessseessseessseessseessseessseessseesseessseessseessseessseenne 59
FIG. 3-7 NORMAL NEURON .....ceeitiiiiieitieiteestreesteessseessseessseessssessseassseessssessssessseessssessssesssssssssessssessssesssesnses 59
FIG. 3-8 NEURON ACTIVE FUNCTIONS. ....tetutteeutierteenureesreessseessseensseessseessseessseessseessseessseessessseesssessnsesssseenne 60
FIG. 3-9 RADIAL BASIS NEURON AND ITS TRANSFER FUNCTION [43] ..oioiiieiiiiiiieeieecieesie et eeeesveesvee e 61
FIG. 3-10 A TAXONOMY OF FEED-FORWARD AND RECURRENT/FEEDBACK NETWORK ARCHITECTURES [42] 62
FIG. 3-11 APPLICATIONS OF ANNS [42]..iitieetieiiieetiecieeeteeeteesveeeteesebeessseessteessseesssessnseesssesanseesssessnseesnes 66
FIG. 4-1 CP-OFDM SYMBOLS (FRAMES). ...ceeittiiiiieiiiienieeniitente ettt esteesiteesiseessaeessaeensseesssesnsseesssesnssesnssesnses 69
FIG. 4-2 AWGN PULSE SHAPED CP-OFDM TIMING OFFSET ESTIMATOR. ......ccecvieeiiesreesreenreeeaeesreessseennns 73
FIG. 4-3 EXAMPLE FOR ML ESTIMATOR OUTPUT WITH RC PULSE SHAPING (N=64, L=20 AND Lps=10) WITH
IDEAL CASE (A) AND IN AWGN CHANNEL WITH 10DB SNR (B). .ccveeiiieniiniineneneeieieeienieseeeeeene 74
FIG. 4-4 PERFORMANCE OF TIME ESTIMATOR FOR AN AWGN CHANNEL USING RECTANGULAR (SOLID) AND
THE RC PULSE SHAPE (DASHDOTTED) [28]. 1outtiiiieiiieiiiesieestte et esiteesveesteeseveeseveesnaeessseesnseesssaesnneens 75
FIG. 4-5 PERFORMANCE OF FREQUENCY ESTIMATOR FOR AN AWGN CHANNEL USING RECTANGULAR (SOLID)
AND THE RC PULSE SHAPE (DASHDOTTED) [28]....ueiitiiiitiieiieeiieeiteeieeeteeeieeeieeeiaeeteeetaeesaeeeneenenas 76
FIG. 4-6 PERFORMANCE OF TIME ESTIMATOR FOR THE EXPONENTIAL DECAYING CHANNEL USING
RECTANGULAR (SOLID) AND THE RC SHAPE (DASHDOTTED) [28]..cccuteeeiieiiienieeiieenieeniieesine e e 76
FIG. 4-7 PERFORMANCE OF FREQUENCY ESTIMATOR FOR THE EXPONENTIAL DECAYING CHANNEL USING
RECTANGULAR (SOLID) AND THE RC SHAPE (DASHDOTTED) [28]. .ecuvieeieeiiieeieeeieeeieesite e 77

1



FIG. 4-8 PERFORMANCE OF THE TIMING ESTIMATOR FOR THE AWGN CHANNEL (G) AND THE DISPERSIVE

CHANNEL (D) USING RECTANGULAR AND RC PULSE SHAPING [44]. ...oeovieiiiecieecieeeie e 78
FIG. 4-9 PERFORMANCE OF THE FREQUENCY OFFSET ESTIMATOR FOR THE AWGN CHANNEL (G) AND THE
DISPERSIVE CHANNEL (D) USING RECTANGULAR AND RC PULSE SHAPING [44]....ccccooeeneeniininiinienne 79
FIG. 4-10 PERFORMANCE OF THE TIMING ESTIMATOR FOR THE AWGN CHANNEL (G) AND THE DISPERSIVE
CHANNEL (D) USING RECTANGULAR, TRIANGULAR AND HANNING PULSE SHAPES [44]. ....ccccccevvennene 79
FIG. 4-11 PERFORMANCE OF THE FREQUENCY OFFSET ESTIMATOR FOR THE AWGN CHANNEL (G) AND THE
DISPERSIVE CHANNEL (D) USING RECTANGULAR, TRIANGULAR AND HANNING PULSE SHAPES [44]..... 80
FIG. 4-12 TWO RAY CIR MODEL. .....uoiiiiitiieeeieie et eeeee et e e e e e e e e e e et e e e e aaeeeeeateeeeeeaaeeeeenneeeeennneeas 81
F1G. 4-13 PARAMETERS OF CP-OFDM SYMBOL. .......ccoittiiiiiiieeiiiieeeiieeeesieeeeeireeeeeveeeesvseeestseeesssssesesanseeas 83
FIG. 4-14 STANDARD DEVIATION FOR USING DIFFERENT NUMBER OF CP-OFDM SYMBOLS.........ccceeceun..... 85
F1G. 4-15 PULSE SHAPE GENERATOR ANN BLOCK DIAGRAM .......ooiieiuiiieeiiiieeeeiieeeeeineeeestreeesireeeessssesesnneeas 88
FIG. 4-16 ARCHITECTURE OF THE FUNCTION APPROXIMATION ANN.......ooiiiiiiiiiiiieiiie e 88
F1G. 4-17 FLOW CHART OF ANN PULSE SHAPE GENERATOR USING CPU IMPLEMENTATION.........ccc..cc.un..... 91
FIG. 4-18 ANN PULSE SHAPE GENERATION BLOCK DIAGRAM FOR FPGA IMPLEMENTATION.........c.............. 92
F1G. 5-1 ESTIMATOR MSE FOR DIFFERENT CHANNEL REFLECTION RELATIVE AMPLITUDES AND DELAY USING
GA ADAPTIVE PULSE SHAPING AND THE RC PULSE. .....ccccoiiiiiiiiieeeiiieeeieeeeeireeeeireeeesitaee e evaeeeeveae s 95
FIG. 5-2 ESTIMATOR MSE FOR DIFFERENT CHANNEL REFLECTION RELATIVE AMPLITUDES AND DELAY USING
GA ADAPTIVE PULSE SHAPING AND THE RC PULSE (3D). ..ecuviiiiiiieeiieiieieeieee et 96
FIG. 5-3 ESTIMATOR MSE FOR DIFFERENT CHANNEL REFLECTION RELATIVE AMPLITUDES AND DELAY USING
GA ADAPTIVE PULSE SHAPING. .....uuoiiiitiieeeeteee e eeeee e e et e e e e e e eeaeeeeeetaeeeeeaeeeeeeaeeeeeeaaeeeeeesneeeeeneeeeeenneeens 96
FIG. 5-4 ESTIMATOR VARIANCE VS. SNR FOR T=2 AND A=0.75....oiiiiiiiiiieeeeeee e 97
F1G. 5-5 ESTIMATOR VARIANCE VS. SNRFOR T=3 AND A =10.55 ...iiiiiiieiieeeiie ettt 98
FIG. 5-6 ESTIMATOR VARIANCE VS. SNR FOR T=5 AND A=0.75 .. .ociiiiiiiiiieeeeeee e 98
F1G. 5-7 ESTIMATOR VARIANCE VS. SNRFOR T=0 AND A =0.45 .....cttiiiiiiieeeiie ettt e 99
FIG. 5-8 ESTIMATOR VARIANCE VS. SNR FOR T=8 AND A=0.7 .....oiiiiiiiii ettt 99
F1G. 5-9 ESTIMATOR VARIANCE VS. SNRFOR T=9 AND A=0.5.....ciiiiiiiiiiiiieeeiie et 100

FI1G. 5-10 SPECTRUM COMPARISON BETWEEN OFDM SYMBOLS WITH RECTANGULAR PULSE SHAPE (A), RC
PULSE SHAPE (B), AN ADAPTIVE PULSE SHAPE WITH HIGHEST NEGATIVE VALUE (C) AND AN ADAPTIVE
PULSE SHAPE WITHOUT NEGATIVE VALUES (D) c..euveetiertieiteieeieeeesiesstesseenseeseensesssessaessaessesssesssesnnes 101

FIG. 5-11 A ZOOMED SPECTRUM COMPARISON BETWEEN OFDM SYMBOLS WITH RECTANGULAR PULSE
SHAPE (A), RC PULSE SHAPE (B), AN ADAPTIVE PULSE SHAPE WITH HIGHEST NEGATIVE VALUE (C) AND
AN ADAPTIVE PULSE SHAPE WITHOUT NEGATIVE VALUES (D) ...veeevteeiieeiiesieenieesieenieesseesseesseennne 102

FIG. 5-12 A ZOOMED SPECTRUM COMPARISON BETWEEN RECTANGULAR PULSE SHAPE (A), RC PULSE SHAPE
(B), AN ADAPTIVE PULSE SHAPE WITH HIGHEST NEGATIVE VALUE (C) AND AN ADAPTIVE PULSE SHAPE
WITHOUT NEGATIVE VALUES (D) 11ievttetteeitieeitieeitieesteeesteeesteessesessaeessessssssessssessssessssessssessssssssssssesenses 103

FIG. 5-13 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=2
AND TIST15). ittt ettt ettt et et et e e st e s sae st e e st e st e abe e st e e Rt e st e st enteenteenaeeneeseenseennas 105

FIG. 5-14 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=2
AND T T35 ittt e et e st e e et e e e tbeeeteeesbee et e e eabeeabeeentee e baeenbaeeteeenteeentaeenteeans 105

FIG. 5-15 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7'=3
AND TS50, ittt ettt ettt e st et et et e et e st e s e e s e e bt e aeeneeeae e n e e st enteenteesaeereenseenneennas 106

FIG. 5-16 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=3
AND TSZ20). 1eeiiiiieeieeettee ettt e st e st e e e bt e s bee s bt e e beeeabeeebeeenbeeebeeenbeesbeeenbeesbaeenbeenas 106

FI1G. 5-17 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7'=3
AND TSZ40). oottt e et e st e e et e e e beesbeeesbeeebeeeabee e beeebee e baeenreeeraaanraeeraeanreeans 107

FIG. 5-18 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT =4
AND TST15). ittt ettt e st ettt et e e et e s sae s st e st e st e aaeenteeae e st et e enteenteenaeeneeseenreennas 107

FIG. 5-19 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT T=4
AND TST35). ittt ettt e et e st e et e e et beesbee e beeebeeeabeeabeeenbee e taeentaeebeeenteeensaeenteeans 108

FIG. 5-20 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT I'=5
AND TS50, ittt ettt ettt et et et e e et e e ta e st e st e bt e aaeen e e Rt e st e st enteenteesaeeneenseenneennas 108



FiG

FiG

FiG

FiG

FI1G

FiG

FiG

FiG

FiG

FI1G

FiG

FiG

Fi1G
FIG
Fi1G
FIG
Fi1G
FIG

FI1G

FiG

.5-21 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=5

AND TSZ20). 1eiiiiieeie ettt ettt e et e e st e e et e e e ebeeeabeeeabeeebeeeabae e aaeenbeeenbaeenraeeraaanraeeraeenreeans 109
. 5-22 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT T=15
AND TSZ40). .ottt et s e st e st e s be e st e e e be e et e e e beeebee e beeenbeesbaeenbeesbaeenbeenas 109
. 5-23 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT T=6
AND TS =15 ittt e e et e e st e e e beesbeesabeeebeeesseeessaeesseeensaeesseeensaaansaeensaeenbeeans 110
. 5-24 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7= 6
AND T T35 ittt ettt et e st et e et et e e et e e sae st e st e st e aaeente Rt e st enteenteenteeraeeneeseenseennas 110
. 5-25 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=7
AND TSZT0). ittt e et e st e e st eeebeeesbeeesbeeeabeesaseesnseeenseeansaeenseesnseeenseeensaeanseenns 111
. 5-26 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=7
AND TSZ30). ittt s e et e e s bt e et e e e tbeessbeeaabeeebeeesseeabeeenbeeenbaeenbeeeraeenraeeraeenraeans 111
. 5-27 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7= 8
AND TS5, ettt st e st e et e s bt e st e e be e et e e e bt e eabee e beeenbeeebeeenbeesbaeenbeenas 112
. 5-28 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=8
AND TSZ20). eiiiiiieeii ettt ettt e et e st e e et eeeebee s beeeabeeebeeasbee e baeebeeenbaeenbaeebaaanraeetaeenreeans 112
. 5-29 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=8
AND TST40). oottt e et et et et e e st e e st e e sae s st e s e e st e naeenteeae et e enteenseenteeraeaneeseenseennas 113
. 5-30 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT =9
AND TSZ10). ittt ettt e et e st e e et eeebeessbeeesbeeesbeeesseesnseeenseeanseeenseesnseeenseeensaennseenns 113
.5-31 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=9
AND TST20). 1ttt ettt ettt et e st e st e et e et e enbeeeteesae e st e s e e bt e nbeenteeat e st enteenseenteesaeeneeseensennnes 114
. 5-32 ESTIMATOR MSE VS. IMAGE RELATIVE AMPLITUDE FOR ANN AND GA PULSE SHAPES (AT 7=9
AND TSZ40). ettt st e st e ettt e s bt e st e e beeeabee e bt e ebee s beeenbeesbaeenbeesbaeenbeenas 114
. 5-33 RESULT OF IMPLEMENTING ANN PULSE SHAPE GENERATOR ON 80386EX BOARD. ..................... 116
. 5-34 RESULT OF IMPLEMENTING ANN PULSE SHAPE GENERATOR ON TMS320C5510 BOARD............ 117
. 5-35 RESULT OF IMPLEMENTING FILTERS COEFFICIENTS CALCULATOR ON DPS BOARD ..................... 118
. 5-36 SIMULATION RESULT OF IMPLEMENTING ANN PULSE SHAPE GENERATOR USING VHDL CODE. . 120
. 5-37 SIMULATION RESULT O THE VHDL CODE AFTER SYNTHESIZING........ccccciutieririeeenerieeennreeesereens 121
. 5-38 SIMULATION RESULT OF XV2P30 FPGA POST PLACE AND ROUTE FOR IMPLEMENTING ANN PULSE
SHAPE GENERATOR. .....uotiiiiutiiieiitieeeiteeeeetteeeeeteeeestseeeetsesaasssseseasssaeeasseseassseseassseeeasseseasssseeeasseeeans 122

. 5-39 DEBUGGING RESULT OF XV2P30 FPGA USING CHIPSCOPE PRO FOR IMPLEMENTING ANN PULSE

SHAPE GENERATOR. ......ceeteuuuurieeeeeeiiteereeeeeeeeesaeteeeseeeeesasseeeeesssessaaseeesessessaeseeesesssasaaseseeesssnsrrreeseeesn 123
. 5-40 RESOURCES USAGE AND MAXIMUM FREQUENCY CALCULATION FOR IMPLEMENTING ANN PULSE

SHAPE GENERATOR ON FPGA

124



LIST OF TABLES

TABLE 3-1 CROSSOVER AND MUTATION PROCESSES. .....eiiiiuviieeiiiieeeireeeeiireeeeeseeeessseeesssseeessssesessnseessssneeeas 57
TABLE 5-1 SAMPLES OF CIR PULSE SHAPE PAIRS FROM THE GENETIC ALGORITHM.........ccceeeeeueeeeeneeeeennnen.. 94
TABLE 5-2 MSE OF THE GENERALIZATION SET AS A FUNCTION OF THE TRAINING SET LENGTH (TS) AND THE
CHANNEL DELAY (T) teuttettetteteetestesteessteseeseassesssesssessaesseesseansesssesssesssesseenseenseessesssssssesseessesssesnsesses 104
TABLE 7-1 CIR, PULSE SHAPES PAIRS FROM THE GA ...ttt et eeaaaeee e e 127



LIST OF ABBREVIATIONS

ADC Analog to Digital Converter

ADSL Asymmetric Digital Subscriber Line
Al Artificial Inelegant

ANN Artificial Neural Network

argmax Argument of the function at its maximum value
AWGN Additive White Gaussian Noise
BER Bit Error Rate

BPSK Binary Phase Shift Keying

CCS Code Composer Studio

CIR Channel Impulse Response
CP-OFDM  Cyclic Prefix OFDM

CPU Central Processing Unit

DAB Digital Audio Broadcast

DAC Digital to Analog Converter

DC Direct Current

DCE Dispersive Channel Estimator

DFT Discrete Fourier Transform

DOS Disk Operating System

DSP Digital Signal Processor

DVB-T Digital Video Broadcast — Terrestrial
Est. Estimator

ETSI European Telecommunications Standards Institute
FDM Frequency division multiplexing
FEC Forward Error Correction

FFT Fast Fourier Transform

FIR Finite Impulse Response

FMT Filtered Multi-Tone

FPGA Field Programmable Gate Array

GA Genetic Algorithm

HDSL High data rate Digital Subscriber Line
IBI Inter-Block Interference

ICI Inter-Carrier Interference

IDFT Inverse Discrete Fourier Transform
IFFT Inverse Fast Fourier Transform

IR Impulse Response

ISI Inter-Symbol Interference

LEO Low Erath Orbit

LUT Look-Up Table

MC Maximum Correlation

5



ML Maximum Likelihood

MMSE Minimum Mean Square Error

MSE Mean Square Error

NDCE Non-Dispersive Channel Estimator
NDCE-WPS Non-Dispersive Channel Estimator-With Pulse Shaping
OBS Obstructed path

OFDM Orthogonal Frequency Division Multiplexing
PSK Phase Shift Keying

QAM Quadrature Amplitude Modulation

RC Raised Cosine

RC Raised Cosine

RF Radio Frequency

RMS Root Mean Square

SIR Signal to Interference Ratio

SNR Signal to Noise Ratio

TS Training Set

TU Typical Urban

TZ-OFDM  Trailing Zeros OFDM

UHF Ultra High Frequencies

Var. Variance

VHDL VHSIC Hardware Description Language
VHSIC Very High Speed Integrated Circuit
WLAN Wireless Local Area Network

ZP-OFDM Zero Padded OFDM



LIST OF SYMBOLS

LPath

A

R

o
n(1)
N,
h(1)
o)
H(
At
h(t),

Bsignal
T, symbol

N

D)
D/[x]
X[k]

Y[k

Path Loss

Wave length

Distance

Path loss exponent

Variance

Noise

power spectrum density

Channel impulse response

Dirac delta function

Channel transfer function

Channel Impulse response sampling time
Channel impulse response at base band
Channel transfer function at base band
Carrier angular velocity

Delay

Channel impulse response length
Clipped Channel impulse response length at X dB
Delays corresponding to paths within X dB of the
maximum

RMS channel delay spread

The mean excess delay

The expected value of 7°

The amplitude of the channel impulse response at delay
Tn

Coherence bandwidth

Carrier frequency

Speed of light

Signal velocity

Doppler frequency

Coherence time

Signal bandwidth

Symbol duration

Number of sub-channels (OFDM symbol without guard
period)

Base band transmitted signal

Encoded data for single sub-channel

In-phase component of encoded data for single sub-
channel

Quadrature component of encoded data for single sub-

7



channel

Sub-channel carrier frequency

Sub-channel number

Sub-channel frequency spacing

The n™ sample from the i" received complex OFDM
symbol in base band

Base band received signal in frequency domain
Transmitted complex OFDM symbol in base band
Base band transmitted signal in frequency domain
Signal interference ratio at the k™ sub-carrier

The ratio of the transmitter clock rate to the receiver
clock rate

Phase rotation at the k™ sub-carrier

FMT transmitter i sub-channels filter impulse response
FMT receiver i sub-channels filter impulse response
FMT receiver i sub-channels filter transfer function
FMT transmitter i sub-channels filter transfer function
FMT transmitter sub-channels filter impulse response at
base band

Data block with length M

[FFT matrix

Time domain block vector for the transmitted data
The CP generation matrix

Transmitted signal in matrix form for CP-OFDM
Received signal in matrix form for CP-OFDM
Inter symbol interference matrix

Inter block interference matrix

Noise matrix

Time domain block vector for the received data
The ZP generation matrix

Transmitted signal in matrix form for ZP-OFDM
Received signal in matrix form for ZP-OFDM
The periodicity metric for MMSE estimator
Estimated Symbol timing offset

Guard interval length in OFDM

OFDM symbol length including guard period

The Power of symbol starting at sample 0
Complex Correlation of two symbols starting at sample 0
Symbol timing offset

The correlation matrix of the received signal
Noise spectral density



Ttemp
T, sample
p

Aﬁub—carrier
T

TFMT

Gradient of f(x) at x,

Hessian matrix of f(x) at x,
Gradient of f(x) at x,
Boltzmann constant
Temperature of the system
OFDM sampling period
OFDM sub-carriers spacing
Sampling time

FMT symbol time



Chapter 1

Introduction

In high bit rate digital communication systems two, of the major
impairments are the presence of transmission channels with highly
fluctuating impulse response over the wide band of the signal and the
limited resources of bandwidth. Orthogonal Frequency Division
Multiplexing (OFDM) systems provide an effective solution to these
problems, allowing for simple frequency domain equalization as well as for
improving the transmission quality in a multiplexing framework, by
providing frequency diversity and saving up to 40% of the signal
bandwidth. The information stream is in fact partitioned into a high number
of sub-streams, each one modulated over a different sub-carrier, therefore
achieving a higher efficiency.

For this reason, OFDM modulation has been adopted by several high data
rate digital communication standards in the last few years, such as the
ADSL and HDSL for high bit rate transmission over the twisted pair and the
wireless local area network (WLAN) in the USA, the digital terrestrial radio
broadcasting of sounds and television (DAB and DVB-T) and the high
performance radio local area network (HiperLAN) in Europe [1].

On the other hand, the use of OFDM systems with a high number of sub-
carriers and hence a high efficiency has some drawbacks. For a filterless
OFDM system with guard interval, as are the most commonly considered
OFDM systems for their low complexity, the major drawback is its high
sensitivity to synchronization non idealities due to the channel blurring
effect. The operation of such a system in a portable or even mobile
environment calls for a very precise acquisition and tracking of the correct
synchronization. A lot of work has been done in this field to compensate the
channel blurring effect by using complex synchronizers [2]. Using these
complex synchronizers is against the OFDM philosophy, so it is proposed to
use pulse shaping with the simple Maximum likelihood synchronizers,
originally build for AWGN, to compensate the channel blurring effect in a
dispersive channel.
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