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ABSTRACT

In wireless digital communication systems, the transmitted signal may be
affected by several sources of distortion, the most significant being Additive White
Gaussian Noise (AWGN), multipath and Doppler effect. In environments where the
impulse response of the communication channel is time variant, as in mobile
communications, the multipath distortion is dynamic. Together with the Doppler
effect, the dynamic multipath may even completely interrupt the wireless
communication link. In order to solve this issue, blind channel equalizers are used to
mitigate the multipath and Doppler effects. In this context, this dissertation proposes
a novel blind channel equalizer, based on the Nonlinear Modified Constant Modulus
Algorithm (NMCMA) and on the Soft Direct Decision (SDD) equalizers in a concurrent
architecture. This novel NMCMA-SDD concurrent equalizer is compared with the
state of the art, the Constant Modulus Algorithm (CMA)-SDD concurrent equalizer,
over the so-called “Brazil channels A-E”, proposed by the International
Telecommunication Union (ITU). The proposed equalizer presents significant results
when compared with the state of the art, making possible its operation in wireless
communication links for Unmanned Aerial Vehicles (UAVs), terrestrial vehicles, and

others dynamic communication scenarios.

Keywords: Dynamic Communication Channels. NMCMA. SDD. Concurrent
Equalizer.



RESUMO

Em sistemas de comunicacado digital sem fio, o sinal transmitido pode ser
afetado por varias fontes de distor¢ao, sendo as mais significantes o ruido gaussiano
branco aditivo (AWGN), multipercurso e efeito Doppler. Em ambientes onde a
resposta de impulso do canal de comunicagédo é variavel no tempo, como em
comunicacdes moveis, a distorcdo por multipercurso € dindmica. Juntamente com o
efeito Doppler, o multipercurso dinamico pode até mesmo eventualmente
interromper completamente o link de comunicacdo sem fio. Para minimizar este
problema, equalizadores de canais autodidatas sdo usados para mitigar os efeitos
de multipercurso e Doppler. Neste contexto, esta dissertacdo propde um novo
equalizador de canal autodidata (blind), baseado no algoritmo de mddulo constante
modificado n&o linear (NMCMA) e no equalizador Soft Direct Decision (SDD) em
uma arquitetura concorrente. Este novo equalizador concorrente NMCMA-SDD é
comparado com o estado da arte, o equalizador concorrente com algoritmo de
modulo constante (CMA)-SDD, operando sob os chamados “Brazil channels A-E",
proposto pela Unido Internacional das Telecomunicagbées (UIT). O equalizador
proposto apresenta resultados significativos em comparagdo com o estado da arte,
possibilitando operagdo em links de comunicagao sem fio entre veiculos aéreos nao
tripulados (UAVs), veiculos terrestres e em outros cenarios de comunicagéo

dindmica.

Palavras-chave: Canais de Comunicagao Dinadmicos. NMCMA. SDD. Equalizador
Concorrente.



LIST OF FIGURES

Figure 1 — M-QAM constellation for M =4, 8,16,32and 64. ...........ccccceeiieeeeeinennnnnns 24
Figure 2 — Multipath SCENAIIO. ........oiiii e 25
Figure 3 — Channel impulse response of the static Brazil A. ...........cccccoiiiiii i, 26
Figure 4 — Magnitude of the channel frequency response to the static Brazil A. ....... 26
Figure 5 — Phase of the channel frequency response to the static Brazil A............... 26
Figure 6 — Channel impulse response of the static Brazil B. ..............cccccooeiiiiiniinnnns 27
Figure 7 — Magnitude of the channel frequency response to the static Brazil B. ....... 27
Figure 8 — Phase of the channel frequency response to the static Brazil B................ 28
Figure 9 — Channel impulse response of the static Brazil C. .............ccccccoooiiiiiinnis 28

Figure 10 — Magnitude of the channel frequency response to the static Brazil C......29
Figure 11 — Phase of the channel frequency response to the static Brazil C. ........... 29
Figure 12 — Channel impulse response of the static Brazil D. ............cccccccceeeeiiis 30
Figure 13 — Magnitude of the channel frequency response to the static Brazil D......30
Figure 14 — Phase of the channel frequency response to the static Brazil D. ........... 30
Figure 15 — Channel impulse response of the static Brazil E. ......................ooienins 31
Figure 16 — Magnitude of the channel frequency response to the static Brazil E. .....31
Figure 17 — Phase of the channel frequency response to the static Brazil E............. 32

Figure 18 — Magnitude of the channel frequency response to the dynamic

Brazil Afor fD = 20 HzZ. .....ouueieiiii e 34
Figure 19 — Phase of the channel frequency response to the dynamic Brazil A

fOr fD =20 HZoooooooeeeeeeee 34
Figure 20 — Magnitude of the channel frequency response to the dynamic

Brazil Afor fD =50 Hz. ......coooeie e 35
Figure 21 — Phase of the channel frequency response to the dynamic Brazil A

FOr D =50 HZ....oeeeeeeeeee s 35
Figure 22 — Magnitude of the channel frequency response to the dynamic

Brazil Bfor fD = 20 HzZ. ......uueieiiieii e 36
Figure 23 — Phase of the channel frequency response to the dynamic Brazil B

fOr fD =20 HZ.oooo oo 37

Figure 24 — Magnitude of the channel frequency response to the dynamic
Brazil Bfor fD = 50 Hz. .......uuiiiiiiiiii e 37



Figure 25 — Phase of the channel frequency response to the dynamic Brazil B

fOr fD =50 HZ.oooooiieeee

Figure 26 — Magnitude of the channel frequency response to the dynamic

Brazil C for fD = 20 HzZ. ........uuuiiiiiiiiiiii e

Figure 27— Phase of the channel frequency response to the dynamic Brazil C

fOr D =20 HZu..on oo

Figure 28 — Magnitude of the channel frequency response to the dynamic

Brazil Cfor fD =50 Hz. .......coooriie et

Figure 29 — Phase of the channel frequency response to the dynamic Brazil C

fOr fD =50 HZoooooooeeeeeeeee

Figure 30 — Magnitude of the channel frequency response to the dynamic

Brazil D for fD = 20 HzZ. ........uuuiiiiiiiiiiiiiii e

Figure 31 — Phase of the channel frequency response to the dynamic Brazil D

fOr fD =20 HZooooooeoeeeeeee

Figure 32 — Magnitude of the channel frequency response to the dynamic

Brazil D for fD = 50 HzZ. .........ouuiiiiiiiiiiiiii e

Figure 33 — Phase of the channel frequency response to the dynamic Brazil D

FOr fD =580 HZ.oooooiiiii

Figure 34 — Magnitude of the channel frequency response to the dynamic

Brazil Efor fD = 20 HzZ. .....uueeiei e

Figure 35 — Phase of the channel frequency response to the dynamic Brazil E

fOr fD =20 HZ.ooooooooee

Figure 36 — Magnitude of the channel frequency response to the dynamic

Brazil Efor fD = 50 Hz. .......uuiiiiiiiiiiii e

Figure 37 — Phase of the channel frequency response to the dynamic Brazil E

FOr fD =580 HZ.oooooiiiei
Figure 38 — Probability mass function of the variable {1 with 50,000 samples......
Figure 39 — Probability mass function of the variable £2 with 50,000 samples......
Figure 40 — Cross correlation of the variable ¢1 with 50,000 samples. .................
Figure 41 — Cross correlation of the variable é2 with 50,000 samples. .................
Figure 42 — Channel representation with AWGN, multipath and Doppler shift. .....
Figure 43 — Block diagram of the CMA equalizer. ...............ouviiiiiiiiiiiiiiiiiiiieiiieeeee,
Figure 44 — Block diagram of the MCMA equalizer. ............cccooeeiiiiiiiiiiiiieeee e,

...39

....40

A1

...42

...44

....45

AT
....48
...48
....50
....93



Figure 45 — Block diagram of the NMCMA equalizer...........cccccooeiiiiiiiiiiiieeeeeeeeeeeeia, 56

Figure 46 — Block diagram of the DD equalizer. ..............oovvmiiiiiiiiiiiiice e 59
Figure 47 — Block diagram of the SDD equalizer.................uuvviiiiiiiiiiiiiiiiiieiiieeiiieeeee 62
Figure 48 — SDD decision regions for a 64-QAM. ...........oooiiiiiiiiiiiiee e 62
Figure 49 — Block diagram of the CMA-DD concurrent equalizer. ..................c..co.... 65
Figure 50 — Block diagram of the CMA-SDD concurrent equalizer............................ 67
Figure 51 — Block diagram of the NMCMA-SDD concurrent equalizer. ..................... 69
Figure 52 — Proposed approach with FSE scheme forY = 2. .......ccccciiiiiiiiiinnnns 72
Figure 53 — Block diagram of the implemented system............cccccvviiiiiiiiiiiiiiiiinnnnnee. 73
Figure 54 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 50 Hz................ 76
Figure 55 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 50 Hz................ 76
Figure 56 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 50 Hz................ 77
Figure 57 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 50 Hz................ 77
Figure 58 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 78
Figure 59 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 79
Figure 60 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 80
Figure 61 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 80
Figure 62 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 50 Hz................ 81
Figure 63 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 50 Hz................ 81
Figure 64 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 50 Hz............... 83

Figure 65 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil A for fD = 50 Hz................ 83



Figure 66 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil B for fD = 50 Hz............... 84
Figure 67 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 50 Hz................ 84
Figure 68 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 85
Figure 69 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 86
Figure 70 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 87
Figure 71 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 87
Figure 72 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 50 Hz................ 88
Figure 73 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 50 Hz............... 88
Figure 74 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 50 Hz............... 90
Figure 75 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 50 Hz............... 90
Figure 76 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 50 Hz............... 91
Figure 77 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 50 Hz............... 91
Figure 78 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 92
Figure 79 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 50 Hz............... 93
Figure 80 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 94

Figure 81 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D for fD = 50 Hz............... 94



Figure 82 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil E for fD = 50 Hz............... 95
Figure 83 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 50 Hz............... 95
Figure 84 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil A. ... 101
Figure 85 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil A. ..........cccoooviiiiiiiiieeeeennn. 101
Figure 86 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 20 Hz.............. 102
Figure 87 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 20 Hz.............. 102
Figure 88 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil B. ...............ccooeeiiiiienecnnnnnnn. 103
Figure 89 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil B. .............cccooiiiiiiiiiiiiinennnnn. 103
Figure 90 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD =20 Hz.............. 104
Figure 91 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 20 Hz.............. 104
Figure 92 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil C. ............cccccooviiiiiiiiieinnin, 105
Figure 93 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil C. ...........ccccciiiiiiiiieiiieeee, 105
Figure 94 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 20 Hz............. 106
Figure 95 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil C for fD = 20 Hz............. 106
Figure 96 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil D. .............ccoviiiiiiiiiiiiieiennn. 107

Figure 97 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil D. ..............cccooeeiiiiiiieiiiinnnn. 107



Figure 98 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D for fD = 20 Hz............. 108
Figure 99 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil D for fD = 20 Hz............. 108
Figure 100 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil E. ... 109
Figure 101 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil E. ................coooieeiiiiien. 109
Figure 102 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 20 Hz........... 110
Figure 103 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil E for fD = 20 Hz........... 110
Figure 104 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil A. ..........ccccoooeiiiiiiiee, 111
Figure 105 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil A. ..........ccoooiiiiiiiiiiiiies 111
Figure 106 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 20 Hz........... 112
Figure 107 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil A for fD = 20 Hz........... 112
Figure 108 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil B. .............c.coooiiiiiiiiinn, 113
Figure 109 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil B. ..., 113
Figure 110 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 20 Hz........... 114
Figure 111 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the dynamic Brazil B for fD = 20 Hz........... 114
Figure 112 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers to the static Brazil C. ...............ccceevieeeeenee, 115

Figure 113 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil C. ...............ccooovieiiiiin. 115



Figure 114 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil C for fD = 20 Hz.........

Figure 115 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil C for fD = 20 Hz.........

Figure 116 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil D. ..............c..coooiieiennnnnnn.

Figure 117 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil D. .............c..cooiiinnl.

Figure 118 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D for fD = 20 Hz.........

Figure 119 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D for fD = 20 Hz.........

Figure 120 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil E. ..................cooeeieeennnnnn.

Figure 121 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil E. ...........c...ooooiiiiiinennnnnn.

Figure 122 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil E for fD = 20 Hz.........

Figure 123 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil E for fD = 20 Hz.........

Figure 124 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil A. .........c.ccooeeieiiiiieeeennnnnn.

Figure 125 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil A. ...........ccocooiiiiiieeeinnnnnn.

Figure 126 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil A for fD = 20 Hz.........

Figure 127 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil A for fD = 20 Hz.........

Figure 128 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil B. ..............cccoooiiiieinnnnnn.

Figure 129 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil B. .................cooiiiiennnnnnnn.

117

W17

119

119

121

121

123

123



Figure 130 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil B for fD = 20 Hz.........

Figure 131 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil B for fD = 20 Hz.........

Figure 132 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil C. .................coooiiiiennnnn.

Figure 133 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil C. ............cccccooeeivieeiennnnnnn.

Figure 134 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil C for fD = 20 Hz.........

Figure 135 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil C for fD = 20 Hz.........

Figure 136 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil D. .................cooooieiiennnnnn.

Figure 137 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil D. ...........cccccoooviiiiiiiennnnnnn.

Figure 138 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D to fD = 20 Hz..........

Figure 139 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil D to fD = 20 Hz..........

Figure 140 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil E. ...............c.oooiiiienennnnnn.

Figure 141 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the static Brazil E. ..................oooeiieennnnnnn.

Figure 142 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil E for fD = 20 Hz.........

Figure 143 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers to the dynamic Brazil E for fD = 20 Hz.........

125

125

127

127

129

129



LIST OF TABLES

Table 1 — Static Brazil A delay profile. ..., 25
Table 2 — Static Brazil B delay profile. ... 27
Table 3 — Static Brazil C delay profile............ooo 28
Table 4 — Static Brazil D delay profile...........cooooviiiiiiiiieeeeee e 29
Table 5 — Static Brazil E delay profile. ... 31
Table 6 — Dynamic Brazil A delay profile. ... 33
Table 7 — Dynamic Brazil B delay profile. ... 36
Table 8 — Dynamic Brazil C delay profile..........coooeeieeiiiiiiee e, 38
Table 9 — Dynamic Brazil D delay profile..........coooeeeieiiiiiieeee e 41

Table 10 — Dynamic Brazil E delay profile. ... 43



LIST OF ABBREVIATIONS AND ACRONYMS

ATSC
AWGN
CIR
CMA
DD
FSE
ISI

ITU
LMS
MCMA
MSE
NMCMA
PDF
PMF
PSK
QAM
SDD
SER
SGD
SNR
UHF
VHF
WSS

ZF

Advanced Television Systems Committee
Additive White Gaussian Noise
Channel Impulse Response

Constant Modulus Algorithm

Direct Decision

Fractionally Spaced Equalizer
Intersymbol Interference

International Telecommunication Union
Least Mean Square

Modified Constant Modulus Algorithm
Mean Squared Error

Nonlinear Modified Constant Modulus Algorithm
Probability Density Function

Probability Mass Function

Phase-Shift Keying

Quadrature Amplitude Modulation

Soft Direct Decision

Symbol Error Rate

Stochastic Gradient Descent
Signal-to-Noise Ratio

Ultra High Frequency

Very High Frequency

Wide Sense Stationary

Zero Forcing



2.1.

2.2.

2.21.
2.2.2.
2.2.3.
2.2.4.
2.2.5.
2.3.

2.3.1.
2.3.2.
2.3.3.
2.3.4.
2.3.5.
2.4.

2.5.

2.5.1.
2.5.2.
2.5.3.
2.5.4.
2.5.5.
2.5.6.
2.5.7.

41.
41.1.

CONTENTS

INTRODUCTION ... s e s 20
BACKGROUND ... s s s s s s s s s s 23
DIGITAL MODULATION ... s 23
107 N I 25
Static Brazil A........oooo oo ee st s e e e e nn e e e rnnneennnnnnn 25
3 L2 = T2 | = 27
Static Brazil C.........ooo o e 28
Static Brazil D.........coooieeeiiiiiiirrrries s s e 29
3= LT o2 = T | 31
DOPPLER EFFECT ... s s 32
Dynamic Brazil A ... 33
Dynamic Brazil B ... 36
Dynamic Brazil C ... s s s s s s s sssssssss s s e e s s s mmmmnn s ssse s e e ennns 38
Dynamic Brazil D ... e e 40
Dynamic Brazil E......... i s e 43
ADDITIVE WHITE GAUSSIAN NOISE ...cueeeeeeeeennnnennnnnnnnnnnnnnnnnnnnnnnnnnnnns 46
BLIND EQUALIZERS.... oo s s 48
L0 N e T - 50
MCMA EQUAIIZET......cc oo rreer s s e s s e e snmnn s s e s e s ee s e nn e s s e e e e e nnnnnn 53
NMCMA EQUALIZET .....coeeee e s s e s s s e ssn s s s s s s s e e s e e s s s e e e e e e mmnnn 55
(10 I8 e T = = 59
SDD EQUANIZET ......ccceeeeeeeeeeeeeeeeeessee e essee e ssse s snsse s snss s s sssssssnssssnnsssssnssnnnnnsnnnssnnnnnnns 61
CMA-DD Concurrent EQUAlIZer ........cooveeeiiiirice s reees s sr s e eem e 65
CMA-SDD Concurrent EQUalizer...........cccoimiimiiemmeniiiiiirnnr e ssees s sessssssses 66
NMCMA-SDD CONCURRENT EQUALIZER ........cccooeiriierrrr e 69
[ S 0 IR I 72
16-QAM SIMULATION. .. s s s s s nnnas 75

Dynamic Brazil A - 16-QAM Simulation..........ccccoiiiiiiiin e, 75



4.1.2. Dynamic Brazil B - 16-QAM Simulation...........ccoovvriiiiiiiieiiiiieeeeeeeeeee e 76

4.1.3. Dynamic Brazil C - 16-QAM Simulation...........ccoovviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 78
4.1.4. Dynamic Brazil D - 16-QAM Simulation..........ccccceviiiiiiiiiiiiieeeeeeeeeeeeen 79
4.1.5. Dynamic Brazil E - 16-QAM Simulation..........ccccceeiiiiiiiiiiiieeeiieeee 80
4.2.  64-QAM SIMULATION...cutttetiiiiiiiissnnnnrns s snssssssssssss s s ssssssssss s s s sssssssssssnnnns 82
4.2.1. Dynamic Brazil A - 64-QAM Simulation.........cccceiiiiiiiiii s 82
4.2.2. Dynamic Brazil B - 64-QAM Simulation..........ccccceviiiiiiiiiiiiiieeeeeeeeeeeneeen 83
4.2.3. Dynamic Brazil C - 64-QAM Simulation..........ccccevviiiiiiiiiiiceeeeeeeeeeeeee, 85
4.2.4. Dynamic Brazil D - 64-QAM Simulation..........ccccoeviiiiiiiiiiiieeeeeeeeeeeeeen 86
4.2.5. Dynamic Brazil E - 64-QAM Simulation..........ccccciiiiiiiiiiiieeeeneeeen 87
4.3.  256-QAM SIMULATION...ctttiiiiiiiiriinnmrressssssssssssssssss s s ss s ssssssss s ss ssssssssssnnsess 89
4.3.1. Dynamic Brazil A - 256-QAM Simulation..........cccccviiiiiiiiiin e 89
4.3.2. Dynamic Brazil B - 256-QAM Simulation..........ccccceiiiiiiiiiiiiiiiineeeeneeeeee, 90
4.3.3. Dynamic Brazil C - 256-QAM Simulation..........ccccceviiiiiiiiiiiiinneccieee e, 92
4.3.4. Dynamic Brazil D - 256-QAM Simulation..........ccccceiiiiiiiiimiiinscenseeeeseeeeeee 93
4.3.5. Dynamic Brazil E - 256-QAM Simulation...........ccccceiiiiiiiiiiiiniiiiieeeeneeeeeeen, 94

CONCLUSIONS ... s 96
5.1, FUTURE WORKS ...ttt ssssss s sssssss s s s msss e s s 97
REFERENCES.........o i sss s sns s s msmn s s s 99
Y o o 11 N 101
o 10 G = 111

APPENDIX C ... as s s ass e an s s s e 121



20

1. INTRODUCTION

Mobile systems, such as satellite links with mobile ground stations
(terrestrial, aerial and maritime vehicles), or links between mobile stations (aircrafts,
Unmanned Aerial Vehicles (UAVs), terrestrial vehicles and so on) operate in highly
dynamic propagation scenarios, not infrequently under severe multipath, particularly
when one of the stations operates in urban environment or, in a less extent, in hilly
environment. Single carrier systems like these usually adopt M-QAM (Quadrature
Amplitude Modulation) or M-PSK (Phase-Shift Keying) modulation due to a good data

throughput with a not excessive processing complexity.

In digital transmission over wireless communication channels, the transmitted
signal may be corrupted by many distortions, such as Additive White Gaussian Noise
(AWGN), Doppler effect and multipath (HAYKIN, 2013; PROAKIS; SALEHI, 2008).
These channel distortions cause Intersymbol Interference (ISI) on the received signal
at the receiver (HAYKIN, 2013; PROAKIS; SALEHI, 2008).

In order to reduce the multipath effect, a usual technique is the channel
equalization. An equalizer is an inverse filter whose coefficients are adaptively
adjusted such that the impulse response of the filter, convolved with the Channel
Impulse Response (CIR), results in a single impulse in some determined instant of
time. This process is used to minimize the amplitude of the echoes in the combined
impulse response (filter-channel). The channel deconvolution operation, handled by
the equalizer, minimizes the ISI effect due to multipath scenarios (HAYKIN, 2013).
Adaptive equalization is based on the work of Widrow and Hoff (1960), which
proposed an adaptive filtering process called Least Mean Square (LMS). The LMS
adaptive filter is dependent upon a training sequence to iteratively adjust its
coefficients (HAYKIN, 2013, 2014).

For a given transmitted signal spectrum bandwidth, the necessity of the
transmission of a training sequence for channel equalization results in the reduction
of the useful information transmission data rate. Specifically, the equalizer training
sequence is spectrum consuming, given that the reduction of the useful data rate for
an available signal bandwidth stems from the fact that an equalizer training sequence
does not convey any useful data information but only information to specifically train

the equalizer.
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For such reason, it is imperative the optimization of the transmission signal
bandwidth in order to avoid spectrum waste due to training sequences, which do not
convey any useful information. To this end, blind equalizers are preferably used,
since they do not depend on the transmission of training sequences known at the
receiver end. Blind equalizers operation is based on the statistic properties of the

signal distorted by the channel multipath but not on reference training signals.

The Constant Modulus Algorithm (CMA) (GODARD, 1980), in the fractionally
spaced architecture, is perhaps one of the currently most used blind equalizers for
QAM, according to Proakis and Salehi (2008). Nevertheless, the CMA has a slow
convergence rate and a moderate residual Mean Squared Error (MSE). Besides, it
does not recover the phase of the received signal distorted by multipath, inevitably
occurring the rotation of the received symbols constellation with respect to the
reference constellation (OH; CHIN, 1995).

In order to solve the CMA issues, Oh and Chin (1995) addressed a solution
based on the partitioning of the Godard (1980) cost function in its real and imaginary
components. The Modified Constant Modulus Algorithm (MCMA) corrects the CMA
issue of phase recovery, as well as increases the convergence rate and reduces the
residual MSE.

Another method used to work around the CMA problems was proposed by
De Castro F. C. C., De Castro M. C. F. and Arantes (2001), where a concurrent
architecture, composed by a CMA and a Direct Decision (DD) (MACCHI; EWEDA,
1984) equalizers, was addressed. This equalizer, CMA-DD, presents better results
than the MCMA.

Using as reference the work of De Castro F. C. C., De Castro M. C. F. and
Arantes (2001) work, Chen (2003) replaced the DD equalizer for a Soft Direct
Decision (SDD) equalizer, thus achieving faster convergence rate with the CMA-SDD
than with the CMA-DD equalizer.

Wang (2010) proposed a novel equalizer, the Nonlinear Modified Constant
Modulus Algorithm (NMCMA). This equalizer is based on the nonlinear function
presented by You and Hong (1998). The NMCMA presents better results than the

MCMA due to the robustness provided by the well-marked region of decision.
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In such context, the goal of this work is to contribute to the state of the art of
single carrier mobile systems by proposing a new equalization technique that allows
such systems to robustly operate in dynamic multipath scenarios. The proposed
approach is based on the concurrent equalizer proposed by De Castro F. C. C., De
Castro M. C. F. and Arantes (2001), with the replacement of the CMA for the
NMCMA algorithm and with the replacement of the DD for the SDD algorithm. This
dissertation has the objective of improving the performance of wireless

communication systems over environments with dynamic multipath.

This dissertation is organized as follows: Chapter 2 presents the M-QAM
digital modulation, the wireless channel distortions: AWGN, multipath, and Doppler
shift. Chapter 2 also presents the main mathematical descriptions of the blind
equalizers, and their features and issues as well. Chapter 3 then describes the
NMCMA-SDD concurrent equalizer proposed in this dissertation. Going further,
Chapter 4 depicts the simulation results obtained in this dissertation and compares
the proposed approach to the CMA-SDD concurrent equalizer, which is the current
state of the art. Finally, Chapter 5 delineates the final considerations of this

dissertation and future research suggestions are presented.
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2. BACKGROUND

This chapter presents to the reader the background of digital modulation,
wireless channel distortions, and blind equalizer. In the digital modulation section, the
single carrier M-QAM scheme is presented. Next, the wireless channel distortions:
AWGN, multipath, and Doppler shift are depicted. Finally, the equalizer blind
architectures: CMA, MCMA, NMCMA, SS, SDD, CMA-DD and CMA-SDD concurrent

equalizers are mathematically described.

2.1. DIGITAL MODULATION

In digital communication systems, the transmitted information is a stream of
bits that, if transmitted in a raw pulse waveform with steep edge transitions, would
require a spectrum with infinite bandwidth for its representation (SMITH, 1999). Since
the communication channels are limited in band and usually are shared among
various transmitters (HAYKIN, 2013; PROAKIS; SALEHI, 2008), the transmission of
a stream of bits through a raw pulse waveform sent across the channel is not a

practical solution.

In order to limit the spectrum of the transmitted signal, the modulation
process is used, where the stream of bits is converted in a waveform with restrained
spectrum. In this conversion process, the stream of bits is partitioned into blocks of L

bits, accordingly to the desired transmission bitrate.

In complex communication systems based on single carrier architecture,
perhaps the most used modulation is the Quadrature Amplitude Modulation (QAM).
In the QAM scheme, the stream of bits is mapped into a sequence of complex
numbers s[n] = I[n] + jQ[n], where each complex number of s[n] denotes a 1Q (In-
Phase/Quadrature) symbol of the reference constellation § and n =0,1,...,n = co.
Figure 1 depicts the M-QAM constellations (PROAKIS; SALEHI, 2008), with M = 4,
8, 16, 32 and 64.

The set of possible 1Q symbols is defined by the value of M for the desired
M-QAM, where M = 2t . The M-ary complex alphabet is given by S, , = {[2p — VM —
1] +j[2g —vM —1],1 <p <VM,1 < q <+VM}. The interval of time between two
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consecutives 1Q symbols s[n] and s[n+ 1] is given by Tg = 1/S;, being S; the

adopted symbol rate.

Figure 1 — M-QAM constellation for M = 4, 8, 16, 32 and 64.

Source: Adapted from Proakis and Salehi (2008).
After upconversion to a passband channel with a central frequency f,, the IQ

symbols are transmitted through the magnitude and phase of the electromagnetic
wave of frequency f, that propagates across the wireless channel between the
transmitter and the receiver. The transmitted 1Q symbol sequence s[n] is distorted
and interfered in the channel by a variety of sources of distortion and interference —

mainly AWGN, Doppler and multipath.

The effect of the communication channel on the signal r[n] that arrives at the
receiver input can be represented as

Ley—1

r[n] = Z hi[n]s[n —i] + a[n], (2.1)

i=0
where h;[n] is the impulse response of the i*" propagation path on channel, a[n] is
the AWGN and L.y is the channel dispersion. The sections that follow, discuss the

main sources of distortion: Multipath, Doppler effect, and AWGN.
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2.2. MULTIPATH

Multipath occurs when the input signal at the receiver antenna arises from
the superposition of multiple inbound electromagnetic waves that impinge the
antenna from multiple propagation paths on the channel, each path with different
delay values (PROAKIS; SALEHI, 2008), as depicted by Figure 2. Thus, the

multipath may be represented by the channel impulse response (CIR) vector h[n] =

T
[ho [n], hy[n], -, thh_l[n]] , where [-]” denotes the vector transpose operator.

In order to establish a standard set of multipath profiles for
telecommunication researchers, the International Telecommunication Union (ITU), in
March 2003, defined five different multipath scenarios, the so-called “Brazil channels”
(ITU, 2008). This set of scenarios has been used as a benchmark for equalizers
performance assessment, due to its similarity to real static multipath distortions. The
Brazil channels are a set of five distinct multipath delay profiles designated as Brazil
A, Brazil B, Brazil C, Brazil D, and Brazil E.

Figure 2 — Multipath scenario.

ooo
oo

Source: Author (2018).

2.2.1. Static Brazil A

The delay profile of the static Brazil A channel is presented in Table 1.

Table 1 — Static Brazil A delay profile.

Channel parameters Path 1 (main path) Path2 Path3 Path4 Path5 Path6

Delay (ps) 0.00 015 222 305 586 593

Attenuation (dB) 0.00 13.8 16.2 14.9 13.6 16.4

Source: ITU (2008).
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Figure 3 illustrates the channel impulse response for a symbol rate S; =
10.7622377622 MHz (symbol rate adopted by the ATSC digital television system)
(ATSC, 2006) and for a fractionally sampling ¥ = 2. The magnitude and phase of the

channel frequency response are presented in Figures 4 and 5, respectively.

Figure 3 — Channel impulse response of the static Brazil A.

1.0 | | | | : :
L e e e S
B 0|
E391 NS L S N —
4R N S NN N S
N I
0

20 40 60 80 100 120 140
n (samples)
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Figure 4 — Magnitude of the channel frequency response to the static Brazil A.

Source: Author (2018).

Figure 5 — Phase of the channel frequency response to the static Brazil A.
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2.2.2. Static Brazil B

The delay profile of the static Brazil B channel is presented in Table 2.

Table 2 — Static Brazil B delay profile.

Channel parameters Path 1 (main path) Path2 Path3 Path4 Path5 Path6

Delay (us) 0.00 0.30 3.50 4.40 9.50 12.7

Attenuation (dB) 0.00 12.0 4.00 7.00 15.0 22.0

Source: ITU (2008).
The channel impulse response for a symbol rate Sy = 10.7622377622 MHz

and a fractionally sampling Y = 2 is depicted in Figure 6. The magnitude and phase

of the channel frequency response are presented in Figures 7 and 8, respectively.

Figure 6 — Channel impulse response of the static Brazil B.
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Figure 7 — Magnitude of the channel frequency response to the static Brazil B.

Source: Author (2018).
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Figure 8 — Phase of the channel frequency response to the static Brazil B.
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2.2.3. Static Brazil C

The delay profile of the static Brazil C channel is presented in Table 3.

Table 3 — Static Brazil C delay profile.

Channel parameters Path 1 Path 2 Path 3 (main path) Path4 Path5 Path6

Delay (us) 0.000 0.089 0.419 1.506 2.322 2.799

Attenuation (dB) 2.800 0.000 3.800 0.100 2.500 1.300

Source: ITU (2008).
The channel impulse response for a symbol rate S = 10.7622377622 MHz

and a fractionally sampling Y = 2 is depicted in Figure 9. The magnitude and phase

of the channel frequency response are presented in Figures 10 and 11, respectively.

Figure 9 — Channel impulse response of the static Brazil C.
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Figure 10 — Magnitude of the channel frequency response to the static Brazil C.

Source: Author (2018).
Figure 11 — Phase of the channel frequency response to the static Brazil C.
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2.2.4, Static Brazil D

The delay profile of the static Brazil D channel is presented in Table 4.

Table 4 — Static Brazil D delay profile.

Channel parameters Path 1 (main path) Path2 Path3 Path4 Path5 Path6

Delay (ps) 0.15 063 222 305 586 593

Attenuation (dB) 0.10 3.80 2.60 1.30 0.00 2.80

Source: ITU (2008).
The channel impulse response for a symbol rate Sy = 10.7622377622 MHz

and a fractionally sampling ¥ = 2 is depicted in Figure 12. The magnitude and phase

of the channel frequency response are presented in Figures 13 and 14, respectively.
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Figure 12 — Channel impulse response of the static Brazil D.
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Figure 13 — Magnitude of the channel frequency response to the static Brazil D.
Figure 14 — Phase of the channel frequency response to the static Brazil D.

Source: Author (2018).
Source: Author (2018).
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2.2.5. Static Brazil E

The delay profile of the static Brazil E channel is presented in Table 5.

Table 5 — Static Brazil E delay profile.

Channel parameters Path 1 Path 2 Path 3 (main path)

Delay (ps) 0.0 1.0 20

Attenuation (dB) 0.0 0.0 0.0

Source: ITU (2008).
The channel impulse response for a symbol rate S = 10.7622377622 MHz

and a fractionally sampling Y = 2 is depicted in Figure 15. The magnitude and phase
of the channel frequency response are presented in Figures 16 and 17, respectively.

Figure 15 — Channel impulse response of the static Brazil E.
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Figure 16 — Magnitude of the channel frequency response to the static Brazil E.
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Figure 17 — Phase of the channel frequency response to the static Brazil E.
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2.3. DOPPLER EFFECT

In a wireless link, the transmitted electromagnetic wave propagates across
the transmission channel towards the wireless receiver antenna. The electromagnetic
wave is reflected for each conductive object along its propagation path, thus
propagating in a distinct path than the original one. Therefore, the input signal at the
receiver antenna is a superposition of multiple inbound electromagnetic waves
originated at the reflective objects. These inbound waves impinge the antenna from
multiple respective propagation paths on the channel, each path with different delay
values. Depending on the paths delay and attenuation, the superposition of multiple
inbound electromagnetic waves may result in total destructive interference between
the inbound waves (maximum fade), or result in total constructive interference
between the inbound waves (maximum boost), or result in any wave interference
scenario between the two previous ones. Thus, when one or more of these reflective
objects moves in relation to the receptor and/or to the transmitter, or when the
receiver and/or the transmitter moves in relation to the reflective objects, the
magnitude and phase of the input signal at the receiver antenna become variable in
time, since it results from the superposition of multiple inbound waves with variable

magnitude and phase in time.

Any object moving with velocity v that reflect a wave of frequency f, will shift
the reflected wave frequency of an amount f, due to the Doppler effect. Thus, the

Doppler shift is an average measure of how fast the reflective objects, and/or the
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transmitter and/or the receiver are moving in the transmission channel with respect
each other. Specifically, any channel with multipath and without Doppler shift is called

as static channel h and any channel with multipath and with Doppler shift is called as

T
dynamic channel ﬁ[n]=[ho[n],hl[n],---,hLCH_l[n]] (HAYKIN, 2013: PROAKIS:
SALEHI, 2008).

Doppler shift is given by

fo =LY 22)

where c is the speed of light.

In order to simulate the Doppler shift over the Brazil channels, an adaptation
of the delay profile is necessary (NORONHA, 2012). The it" path of the delay profile,
with Doppler shift, is given by

bi' n= 0,

ilnl bicos< YSRD)'

(2.3)

n >0,

where b; is the i" attenuation of the delay profile.

2.3.1. Dynamic Brazil A

The first dynamic Brazil channel adapted from the ITU (2008) is defined by a
delay profile with five paths, besides the main one (first path), with the Doppler shift
applied to the fourth path. The delay profile of the dynamic Brazil A is presented in
Table 6.

Table 6 — Dynamic Brazil A delay profile.

Channel parameters Path 1 (main path) Path2 Path3 Path4 Path 5 Path6

Delay (us) 0.00 0.30 3.50 4.40 9.50 12.7
Attenuation (dB) 0.00 12.0 4.00 7.00 15.0 22.0
Doppler Frequency (Hz) 0.00 0.00 0.00 20o0r50 0.00 0.00

Source: Adapted from ITU (2008).
Magnitude and phase of the channel frequency response, for a symbol rate

Sg = 10.7622377622 MHz and a fractionally sampling ¥ = 2 are respectively
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depicted in Figures 18 and 19, for a Doppler shift f, = 20 Hz. Figures 20 and 21
present the magnitude and phase of the channel frequency response for f, = 50 Hz,

respectively.

Figure 18 — Magnitude of the channel frequency response to the dynamic Brazil A for f, = 20 Hz.

Source: Author (2018).

Figure 19 — Phase of the channel frequency response to the dynamic Brazil A for f, = 20 Hz.

Source: Author (2018).



Figure 20 — Magnitude of the channel frequency response to the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).

Figure 21 — Phase of the channel frequency response to the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).
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2.3.2. Dynamic Brazil B

The second dynamic Brazil channel adapted from the ITU (2008) is defined
by a delay profile with five paths, besides the main one (first path), with the Doppler
shift applied to the fourth path. The delay profile of the dynamic Brazil B is presented
in Table 7.

Table 7 — Dynamic Brazil B delay profile.

Channel parameters Path 1 (main path) Path2 Path3 Path4 Path 5 Path 6

Delay (us) 0.00 0.30 3.50 4.40 9.50 12.7
Attenuation (dB) 0.00 12.0 4.00 7.00 15.0 22.0
Doppler Frequency (Hz) 0.00 0.00 0.00 20o0r50 0.00 0.00

Source: Adapted from ITU (2008).
Magnitude and phase of the channel frequency response, for a symbol rate

Sg = 10.7622377622 MHz and a fractionally sampling ¥ = 2 are respectively
depicted in Figures 22 and 23, for a Doppler shift f, = 20 Hz. Figures 24 and 25
present the magnitude and phase of the channel frequency response for f, = 50 Hz,

respectively.

Figure 22 — Magnitude of the channel frequency response to the dynamic Brazil B for f;, = 20 Hz.

Source: Author (2018).



Figure 23 — Phase of the channel frequency response to the dynamic Brazil B for f, = 20 Hz.

Source: Author (2018).

Figure 24 — Magnitude of the channel frequency response to the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).
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Figure 25 — Phase of the channel frequency response to the dynamic Brazil B for f, = 50 Hz.

Source: Author (2018).

2.3.3. Dynamic Brazil C

The third dynamic Brazil channel adapted from the ITU (2008) is defined by a
delay profile with five paths, besides the main one (third path), with the Doppler shift
applied to the first path. The delay profile of the dynamic Brazil C is presented in
Table 8.

Magnitude and phase of the channel frequency response, for a symbol rate
Sg = 10.7622377622 MHz and a fractionally sampling ¥ = 2 are respectively
depicted in Figures 26 and 27, for a Doppler shift f, = 20 Hz. Figures 28 and 29
present the magnitude and phase of the channel frequency response for f, = 50 Hz,

respectively.

Table 8 — Dynamic Brazil C delay profile.

Channel parameters Path 1 Path 2 Path 3 (main path) Path4 Path5 Path6
Delay (us) 0.000 0.089 0.419 1.506 2.322 2.799
Attenuation (dB) 2.800 0.000 3.800 0.100 2500 1.300
Doppler Frequency (Hz) 20 or50 0.00 0.00 0.00 0.00 0.00

Source: Adapted from ITU (2008).



Figure 26 — Magnitude of the channel frequency response to the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).

Figure 27— Phase of the channel frequency response to the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).
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Figure 28 — Magnitude of the channel frequency response to the dynamic Brazil C for f, = 50 Hz.

Source: Author (2018).

Figure 29 — Phase of the channel frequency response to the dynamic Brazil C for f;, = 50 Hz.

Source: Author (2018).

2.3.4. Dynamic Brazil D

The first fourth Brazil channel adapted from the ITU (2008) is defined by a
delay profile with five paths, besides the main one (first path), with the Doppler shift
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applied to the fourth path. The delay profile of the dynamic Brazil D is presented in
Table 9.

Magnitude and phase of the channel frequency response, for a symbol rate
Sg = 10.7622377622 MHz and a fractionally sampling ¥ = 2 are respectively
depicted in Figures 30 and 31, for a Doppler shift f, = 20 Hz. Figures 32 and 33

present the magnitude and phase of the channel frequency response for f, = 50 Hz,

respectively.

Table 9 — Dynamic Brazil D delay profile.

Channel parameters Path 1 Path2 Path 3 (main path) Path 4 Path 5 Path 6

Delay (us) 0.15 0.63 2.22 3.05 5.86 5.93
Attenuation (dB) 0.10 3.80 2.60 1.30 0.00 2.80
Doppler Frequency (Hz)  0.00 0.00 0.00 200r50 0.00 0.00

Source: Adapted from ITU (2008).

Figure 30 — Magnitude of the channel frequency response to the dynamic Brazil D for f, = 20 Hz.
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Source: Author (2018).
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Figure 31 — Phase of the channel frequency response to the dynamic Brazil D for f, = 20 Hz.

Source: Author (2018).

Figure 32 — Magnitude of the channel frequency response to the dynamic Brazil D for f;, = 50 Hz.
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Source: Author (2018).
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Figure 33 — Phase of the channel frequency response to the dynamic Brazil D for f;, = 50 Hz.

Source: Author (2018).

2.3.5. Dynamic Brazil E

The fifth dynamic Brazil channel adapted from the ITU (2008) is defined by a
delay profile with two paths, besides the main one (third path), with the Doppler shift
applied to the first path. The delay profile of the dynamic Brazil E is presented in
Table 10.

Magnitude and phase of the channel frequency response, for a symbol rate
Sg = 10.7622377622 MHz and a fractionally sampling ¥ = 2 are respectively
depicted in Figures 34 and 35, for a Doppler shift f, = 20 Hz. Figures 36 and 37
present the magnitude and phase of the channel frequency response for f, = 50 Hz,

respectively.

Table 10 — Dynamic Brazil E delay profile.

Channel parameters Path 1 Path 2 Path 3 (main path)

Delay (us) 0.00 1.00 2.00
Attenuation (dB) 0.10 3.80 2.60
Doppler Frequency (Hz) 200or50 0.00 0.00

Source: Adapted from ITU (2008).
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Figure 34 — Magnitude of the channel frequency response to the dynamic Brazil E for f;, = 20 Hz.
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Source: Author (2018).

Figure 35 — Phase of the channel frequency response to the dynamic Brazil E for f, = 20 Hz.

Source: Author (2018).
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Figure 36 — Magnitude of the channel frequency response to the dynamic Brazil E for f;, = 50 Hz.
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Source: Author (2018).

Figure 37 — Phase of the channel frequency response to the dynamic Brazil E for f;, = 50 Hz.

Source: Author (2018).
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2.4. ADDITIVE WHITE GAUSSIAN NOISE

The transmitted signal over a wireless channel may be corrupted by noise
from an infinity of sources. The noise from these sources can be originated by human
activity (e.g., ignition of a car) or by nature (e.g., lightning, thermal noise). In order to
simplify the representation of these diverse noise sources, using as base the central
limit theorem (PAPOULIS; PILLAI, 2002), it is considered that the sum of the noise
generated from these sources can be approximated by an AWGN with mean = 0
and variance oZ = N,/2, where N, is the noise spectral density (HAYKIN, 2013;
PROAKIS; SALEHI, 2008).

AWGN channel model is the principal impairment for deep space
communications, although it is a limited model (PROAKIS; SALEHI, 2008). In
terrestrial communication, the AWGN model is used as a background noise source
for others sources of distortion with more corruption capability, such as the multipath

and the Doppler effect.

In order to represent the AWGN in a computer simulation, pseudorandom
numbers can be created to approximate the mean and the variance of this noise. A
useful method to create pseudorandom numbers, with normal distribution
(PAPOULIS; PILLAI, 2002), is the Box-Muller transformation given by the
pseudocode presented in the Algorithm 1 (PRESS et al., 2007).

Algorithm 1: Box-Muller transformation algorithm.
Variables: v;, v,, rsq, fac
Outputs: &, &,
do{
v; = 2.0 * (rand() - 0.5);
v, = 2.0 * (rand() - 0.5); /*rand() returns a number with uniform distribution between 0.0 and 1.0*/
rsq = v, vy + v,*v,;
} while(rsq > 1.0 or rsq == 0.0);
fac = sqrt(-2.0*log(rsq)/rsq);
& = v, *fac;
&, = v,*fac;
Return &; and &,

CoNoORrwWN =

The pseudorandom variables &; and &,, with 50,000 samples, have a normal
distribution presented in the Probability Mass Function (PMF) at the Figures 38 and
39, respectively. The cross-correlation (PAPOULIS; PILLAI, 2002) of ¢, and &,
results in a single impulse in the sample time equals to zero, as depicted in Figures
40 and 41.



Figure 38 — Probability mass function of the variable &, with 50,000 samples.

Source: Author (2018).
Figure 39 — Probability mass function of the variable &, with 50,000 samples.

Source: Author (2018).

Figure 40 — Cross correlation of the variable &; with 50,000 samples.
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Figure 41 — Cross correlation of the variable &, with 50,000 samples.
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Source: Author (2018).
In a complex M-QAM system, over an AWGN channel, with multipath and

Doppler shift, as represented in Figure 42, the effects of the distortions can be
approximated by the Signal-to-Noise Ratio (SNR) (CHEN et al., 2010) as

Lcyg—1

SNR = Z |hy[n]|o2 /0,\2,, (2.4)
i=0

where ¢ = E{|s[n]|?} is the energy of the M-QAM signal and E{-} is the expectancy

operator.

Figure 42 — Channel representation with AWGN, multipath and Doppler shift.

Source: Author (2018).

2.5. BLIND EQUALIZERS

The channel equalization process attempts to mitigate the multipath effects,
via the adaptive adjust of the transfer function, in the frequency domain, of the
equalizer filter, in order to approximate the inverse transfer function of the
transmission channel. Similarly, in the time domain analysis, an equalizer is a filter,

whose coefficients adapt themselves in order that the filter impulse response
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convolved with the CIR result in a single impulse (HAYKIN, 2013; PROAKIS;
SALEHI, 2008).

Nevertheless, the CIR is unknown by the receiver, and, in addition, it may be
time-variant. Thus, the determination of the inverse CIR is not trivial. Due this issue,
many adaptive algorithms for channel equalization have been proposed in the last
decades, such as LMS, DD, SDD, CMA, MCMA, NMCMA, among others.

For static channels, LMS equalizers, supported by a DD, presents a
satisfactory efficiency operating with few data on the training sequence, achieving the
situation of Zero Forcing (ZF) (HAYKIN, 2013; PROAKIS; SALEHI, 2008), when the
DD is initiated with a low MSE value. On the other hand, for dynamic channels, the
training sequence sent by the transmitter at some point usually in the beginning of
each transmission frame must be significantly long in order to cope with the time
varying CIR. For a given transmitted signal spectrum bandwidth, the necessity of the
transmission of a long training sequence for channel equalization results in a
significant reduction of the useful information transmission data rate, since the
equalizer training sequence does not convey any useful data information but only
information to specifically training the equalizer. In order to overcome this issue, blind
equalizers are widely employed.

Blind equalizers, which work with sample rate (Ss) equal to the symbol rate
(Sg), are generally convergent, provided the information source has a uniform
distribution and the equalizer has a dimension larger than the infinites past samples
of the channel (GODARD, 1980). In a practical application, the number of equalizer

taps is defined as large as necessary for an acceptable situation of convergence.

On the contrary, if the equalizer works with sample rate S =Y Sy, it is called
Fractionally Spaced Equalizer (FSE) (GITLIN; WEINSTEIN, 1981; JOHNSON et al.,
1998). The FSE has the property of to transform the stochastic process of the
received signal from Wide Sense Stationary (WSS) to cyclostationary (GARDNER,
1991). This stochastic transformation permits the equalizer to achieve the ZF
condition with a finite number of channel past samples. The ZF condition is easier
achieved for some particular conditions (e.g., statistical characteristic of the signal,
channel without additive noise and subchannel disparities, and the equalizer with a

dimension larger than the delay spread of the channel) (LEBLANC et al., 1995). For
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any Y > 1, the received signal statistics is transformed into cyclostationary
(GARDNER, 1991). In a practical approach, the equalizer oversampling is defined as

Y = 2. Indeed, aY > 2 only increases the computational complexity.

In the discrete frequency domain analysis, the oversampling aims to avoid
the noise enhancement effect that occurs when the equalizer is not fractionally
spaced and the transmission channel presents zeros on the unit circle of the z-plane
(GITLIN; WEINSTEIN, 1981).

2.5.1. CMA Equalizer
The CMA equalizer proposed by Godard (1980), depicted in Figure 43, is

based on the statistic properties of the transmitted signal over a communication

channel.

Figure 43 — Block diagram of the CMA equalizer.

Source: Author (2018).
The CMA output (y.[n]) is given by

Lgg—-1

yelil = ) we,fnlrln - il = weln] rln], (2.5)
i=0
where Lgg = Lcy — 1 is the number of coefficients of the CMA equalizer, w¢[n] =
T
IWCO[n]’Wcl[n]’""WCLEQ—l[n]I is the coefficient vector of the CMA, and r[n] =

T
[r[n],r[n — 1], ,r[n—Lgy + 1]] is the CMA input vector, also called as channel

regressor (DE CASTRO; DE CASTRO; ARANTES, 2001).
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Equation (2.5) can be similarly represented as

Lgg—-1

yeln] = Z Re{wc, [n]}Re{r[n — i]} — Re{w, [n]}Re{r[n —il} ; +

i=0

Lgg-1

+j Z Re{wci[n]}lm{r[n — i} + Im{wci[n]}Re{r[n —il};,  (2.6)

i=0
where Re{-} and Im{-} return the real and imaginary component of their arguments,
respectively.

The principal objective of the CMA equalizer is to mitigate the channel
multipath distortion, through the w.[n] coefficients update, obtained by the Stochastic
Gradient Descent (SGD) (HAYKIN, 2014) as

weln + 1] = weln] + 1 (=Vjc[nD), (2.7)

where V is the gradient operator, n. > 0 is the adaptive step of the CMA, and J.[n] is

the Godard cost function, given by

1
Jelnl =7 [(ycln]l? =), (2.8)
where y = E{|S|*}/E{|S|?} is the dispersion constant of second order (GODARD,

1980).

Applying the gradient operator to Eq. (2.8), considering the it variation of the

coefficient vector wc[n]:

_ dJcIn] ny dJc[n]
B aRe{wCi[n]} J alm{wci[n]}'

Viclnl = ViJc[n] + jVijcn] (2.9)

where VR and V! are the gradient operator applied on the real and imaginary
component of the i" CMA coefficient we;[n], respectively.
Substituting Eq. (2.8) into Eq. (2.9)

0lyc[n]|? _ 0lyc[n]l?
ORe{WCi[n]} J alm{wci[n]} '

Vieln] = 5 (ylnl? ~ v) 2.10)

However, |y.[n]|? is
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lyc[n]l? = Refyc[n]}? + Im{yc[n]}?, (2.11)

and applying Eq. (2.6) into Eq. (2.11)

i=0

2
Lgg—1
lycnl|? = { Z Re{wc,[n]}Re{r[n — i]} — Re{wc, [n]}Re{r[n — i]}} +

i=0

Lgg-1 2
+{ Z Re{wc,[n]}Im{r[n — i]} + Im{wc, [n]}Re{r[n — i]}} . (2.12)

Hence, the Eq. (2.12) referenced to Eq. (2.10)

a 2

aR(lé}{]\C/V[Z][ln]} = Z(Re{yc [n]}Re{r[n —i]} + Im{yc [n]m{r[n —i]}), (2.13)
a 2

—amlﬁ,[z][ln]} = 2(m{yc[nl}Re(rln — iT} - Re(y[ilim{rln — ). (2.14)

Substituting Egs. (2.13) and (2.14) into (2.10) and multiplying by —1
Vicln] = (v — ly[n?DI(Re{yc[n]}Re{r[n — i]} + Im{yc [n]}m{r[n — i]}) +
+j(Im{yc[n]}Re{r[n — i]} — Re{yc[n}Im{r[n — D], (2.15)
however:
y[nlr[n —i]" = (Re{yc[n]}Re{r[n — i]} + Im{yc[n]Hm{r[n —i]}) +
+j(Im{yc[n]}Refr[n — i]} — Re{yc[n]}Im{r[n —i]}), (2.16)
where []* returns the conjugate operator.
Substituting Eq. (2.16) into (2.15)
Vicln] = yclnl(y — lyn]?Drn — i, (2.17)
and finally, substituting Eq. (2.17) into (2.7)
weln + 1] = wen] + ncyclnl(y — ly[nl*Drinl”, (2.18)

being ec[n] = y-[n](y — |y[n]?]) called as error function of the CMA (LEBLANC et al.,
1995).
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2.5.2. MCMA Equalizer

When the multipath imposes a phase shift on the received signal r[n], the
CMA equalizer does not recovery the phase signal at the output y-[n], resulting in a
rotated constellation. This effect is due to the CMA cost function, which is based on
the |yc[n]|, thus the phase component of y.[n] is suppressed by the modulus
operator (OH; CHIN, 1995). The MCMA equalizer, presented in Figure 44,

circumvent this phase issue.

Figure 44 — Block diagram of the MCMA equalizer.

Source: Author (2018).

Using the CMA equalizer as a starting point, Oh and Chin (1995) separated
the CMA cost function presented in Eq. (2.8) in real and imaginary components, thus
defining with this the MCMA cost function (Jy,¢[n]), which is

Juclnl = %[(Re{)’mc[n]}z —vr)? + (Im{ypc[nl}? —y)?l, (2.19)

where yp = E{Re{S}*}/E{Re{S}?} and y, = E{Im{S}*}/E{Im{S$}*} are the real and

imaginary dispersion constants proposed by Oh and Chin (1995), respectively.

The MCMA output (yyc[n]) is given by

yuclnl = D wye[nlrin = il = wyclnl"rln], (2.20)

T
where wy[n] = [WMCO[n],WMcl[n],"',WMCLEQ_I[TL] is the coefficient vector of the

MCMA equalizer.
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The SGD for the wy-[n] update is
wicln + 1] = wycln] + 1y (=V/yelnl), (2.21)
where ny > 0 is the adaptive step of the MCMA equalizer.

Applying the gradient operator to Eq. (2.19), considering the i*" variation of

the coefficient vector wy,.[n]:

dJucln] ny 9Jmcln]

Viuclnl = ViJuclnl + jViucln] = Refwe T} im{wane ] (2.22)
MCi MCi
Hence, the Eq. (2.19) referenced to Eq. (2.22)
R _ l d(Re{yyc[nl}? —yr)? | (Im{yyc[n]}? — )’1)2}
Viueln] = 4{ ORe{wyc,[n]} " IRe{wyc,[n]} (2:23)
I _ l d(Re{yyc[nl}? —yr)? | a(Im{yyc[n]}? — )/1)2}
Vilucln] = 4{ dIm{wie,[n]) Im{wye ]} ) (2.24)
The derivatives of Eqgs. (2.23) and (2.24) leads to
oR
Vel = Re(yue [} ReDmelnl} - yi) %
MC;
01
+Im{yyc [n}(Am{yyc[n]} - v)) %, (2.25)
MCj
oR
Viluc[n] = Re{yuc[nl}(Re{yyc[nl}* - VR)M
oIm{wyc, [nl}
olm{y,,
+Im{yyc [n]}(Im{yyc[n]}? —vp) %, (2.26)
MCi
being ey [n] the error function of the MCMA, given by
emc[n] = Refeyclnl} + jim{eyc[nl}, (2.27)
where
Re{eyc[nl} = Re{yyc[nl}(Refyyc[nl}? —vz), (2.28)
Im{eyc[nl} = Im{yyc[nl}(Am{yyc[nl}? —vp). (2.29)

Therefore, substituting Eqs. (2.28) and (2.29) into Egs. (2.25) and (2.26)



dRe{yyc([n]} dlm{yy[n]}
aRe{chi[n]} + Im{ewc(nl) aRe{chi[n]}’

dRe{yyc[n]} + Im{ey,c[n]} dlm{yyc[n]}
olm{wyc, [nl} e olm{wyc, [nl}

Vf]MC [n] = Re{eyc[n]}

ViJuc[nl = Re{eyc[n]}
however
Re{ymc[nl} = Re{wyc,[n]}Re{r[n — i]} — Im{wy, [n]}Im{r[n — i]},

Im{yyc[n]} = Re{WMCi[n]}Im{r[n — i} + Im{WMCi[n]}Re{r[n —i]},
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(2.30)

(2.31)

(2.32)

(2.33)

substituting Egs. (2.32) and (2.33) into Egs. (2.30) and (2.31) and solving the

derivatives
ViIucInl = Re{eyc[nl}Re{r[n — il} + Im{eyc[n]}m{r[n — i},
Viucnl = Im{eyc[nl}Re{r[n — i]} — Re{eyc[n]}m{r[n — i]}.
Applying Egs. (2.34) and (2.35) into Eq. (2.22)

Viluclnl = (Refeyc[n]}Re{r[n — i]} + Im{eyc[n]}m{r[n —i]}) +

+j(Im{eyc[n]}Re{r[n — i} — Re{eyc[n]m{r[n —i]}),

which results in

Viluclnl = eyclnlrn —i]".

Finally, substituting Eq. (2.37) into (2.21)

wycln + 1] = wyclnl — nuc emcnlr[n]”.

2.5.3. NMCMA Equalizer

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

In order to improve the MCMA results of Oh and Chin (1995), Wang (2010)

proposed a modification in the MCMA output y,,c[n] by inserting a nonlinear function

whose output is Yy-[n], as described by You Hong (1998). The nonlinear function

aims to minimize the symbol dispersion around the reference symbols of the digital

modulation constellation. Figure 45 presents the block diagram of the NMCMA

equalizer.
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The NMCMA equalizer output Yy-[n] is given by
Yncln] = [Refynclnl} + asin(mRe{yyc[n]})] +

+jllm{yyc[nl} + a sin(@Im{yyc[n]D],  (2.39)

where 0 < a < 1/m is the constant parameter that controls the nonlinear component,
and yyc[n] is the linear component of the NMCMA output presented in Figure 45,

obtained as

Lgg—-1

yneln] = Z WNci[n]T[n —i] = wye[n]"r[n], (2.40)
i=0

T
where wyc[n] = leCO[n],chl[n],---,WNCLEQ_l[n] is the coefficient vector of the

NMCMA equalizer.

Figure 45 — Block diagram of the NMCMA equalizer.

Source: Author (2018).
The NMCMA cost function (Jyc[n]) is the same presented by Oh and Chin
(1995), and it is

1
Incn] = 1 [(Re{Yyc[nl}* — yr)? + (Im{Yyc[n]}* — v)?]. (2.41)
The SGD for the wy[n] update is

wycln + 1] = wye[n] + nyc (=Viyc[nD), (2.42)

where nyc > 0 is the adaptive step of the NMCMA equalizer.
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Applying the gradient operator to Eq. (2.41), considering the i* variation of

the coefficient vector wy[n]:

_ _ oR ol _ dJnclnl . 0JncIn]
Vinelnl = Vilncnl + jViJyclnl = aRe{chi[n]} +J alm{wNCi[n]}' (2.43)
Hence, the Eq. (2.41) referenced to Eq. (2.43)
R _ 1 d(Re{Yyc[n]}? —yg)? | 0(Im{Yyc[n]}* — )/1)2}
Vilnclnl = 4{ aRe{WNCi[n]} aRe{WNCi[n]} (2.44)
I _ l d(Re{Yyc[n]}? —yp)? = d(Im{Yyc[n]}? —vy,)?
Vilncln] = 4{ 6Im{WNCi[n]} alm{chi[n]} } (2.45)
The derivatives of Eqgs. (2.44) and (2.45) leads to
R _ 2+ 9Re{tyc[n]}
ViJnclnl = Re{Yyc[n]}(Re{Yyc[nl} VR)—GRe{WNCi[n]}
, . am{Yyc[n]}
+Im{Yyc[n]}(Im{Yyc[n]} y’)—aRe{wNCi[n]}' (2.46)
dRetY,
VUNC[”] = Re{Yyc[nl}(Re{Yyc[n]}?* — v&) e{—NC[n]}
alm{wNCi[n]}
tm (T} im{yc n])? — ) o ve ) )

alm{wNCi[n }
Hence, the Eq. (2.39) referenced to the derivatives of Eqgs. (2.46) and (2.47)

dRe{Yyc[n]}  ORe{ync[n]} = dasin(nRe{yyc[nl})

aRe{chl.[n]} B aRe{WNCi[n]} 6Re{WNCl.[n]} (2.48)
olm{Yyc[nl} _ dlm{yyc[n]} | dasin(mimiync[nl}) (2.49)
aRe{WNCl.[n]} aRe{WNCi[n]} 6Re{WNCl.[n]} '
dRe{Yyc[n]} _ dRe{ynclnl} = Odasin(mRe{yyc[n]}) (2.50)
alm{WNCl.[n]} alm{chi[n]} alm{WNCi[n]} ’ '
dlm{Yyc[n]}  dlm{ync[n]} | da Sin(ﬂlm{ch[n]})_ 2.51)

alm{chi[n]} B 6Im{WNCi[n]} E)Im{WNCi[n]}
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The Egs. (2.48), (2.49), (2.50) and (2.51) leads to

% = [1+ an cos(rRe(yycnI})] % 2.52)
% = [1 + ar cos(mIm{yyc[nl})] ;R {{y ;VCC [[n ]}}, (2.53)
% ~ [1+ ancos(nRe{yycln)] % 2.54)
% = [1+ an cos(eim{yyc 1)) % (2.55)

The error function of the NMCMA ey[n] is
encln] = Refeyc[nl) + jim{enclnl}, (256)

where

Re{eyc[n]} = Re{Yyc[nl}(Re{Yyc[n]}? — yr)[1 + am cos(mRe{yyc[n]D], (2.57)

Im{eyc[n]} = Im{Yyc[n}(Am{Yyc[n]}? — y)I[1 + am cos(mim{yyc[n]D].  (2.58)

Therefore, substituting Egs. (2.52) and (2.53) into Eq. (2.46), and Egs. (2.54)
and (2.55) into Eq. (2.47)

dRe{ync[nl} olm{yycIn]}

ViJncIn] = Re{eyc[nl} ORe(wyc, [n]] + Im{ey, [n]}m. (2.59)
_ dRe{yyc[n]} dlm{yyc[n]}
Vinc[nl = Re{enc [n]}—alm{wNCi[n]} + Im{ey, [n]}—alm{wNCi[n]}' (2.60)
Expanding Re{yyc[n]} and Im{yyc[n]}
Re{yncnl} = Re{wNCi[n]}Re{r[n —i|} - Im{WNCi[n]}Im{r[n —i]}, (2.61)
Im{ync[n]} = Re{wyc, [n]}im{r[n — i]} + Im{wyc,[n]}Re{r[n — i3, (2.62)

consequently, applying Egs. (2.61) and (2.62) into Egs. (2.59) and (2.60), and solving

the derivatives

ViJnclnl = Refec[nl}Re{r[n — il} + Im{ec[n]}Im{r[n — i}, (2.63)
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Vincn] = Im{eyc[n]}Re{r[n — i]} — Re{eyc[n}Im{r[n — i]}. (2.64)
Substituting Egs. (2.63) and (2.64) into Eq. (2.43)
Vinclnl = (Refeyc[n]}Re{r[n — i]} + Im{eyc[n]}m{r[n —i]}) +
+j(Im{eyc[n]}Re{r[n — i]} — Re{eyc[n]}m{r[n —i]}), (2.65)
which results in
Viweln] = exc[nlr[n — i]". (2.66)

Finally, substituting Eq. (2.66) into (2.42)

wycln + 1] = wye[n] = nwc encn]rin]”. (2.67)

2.5.4. DD Equalizer

Differently of equalizers based on the CMA properties, which are able to
operate in standalone mode, the DD requires another equalizer to minimize the error
below to a specified value for its correct operation (MACCHI; EWEDA, 1984). Figure
46 depicts the block diagram of the DD equalizer.

Figure 46 — Block diagram of the DD equalizer.

Source: Author (2018).
The DD output (yp[n]) is given by

Lgg-1

yolnl = ) wp,lnlrln - i = wplnl"rnl, (2.68)
i=0

1=
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T
where wy[n] = [wDo[n],le[n], ""WDLEQ—1[n]] is the coefficient vector of the DD.

Equation (2.68) can be similarly represented as

Lgg-1

ypln] = Z Re{WDl.[n]}Re{r[n —i]} - Re{WDl.[n]}Re{r[n —i]}r+

i=0

Lgg-1

+j Z Re{wDi[n]}Im{r[n —i]}+ Im{WDl.[n]}Re{r[n —il},. (2.69)

i=0
The SGD for the wy [n] update is
wp[n + 1] = wp[n] +np(=V/p[n]), (2.70)
where n, > 0 is the adaptive step of the DD, and J,[n] is the DD cost function, given
by
1 2
Jolnl =S [10%p[nl} = ypInll*], (2.71)

where OQf{} is the complex quantizier operator (DE CASTRO; DE CASTRO;
ARANTES, 2001), which returns the reference constellation IQ symbol with the

smallest Euclidean distance from its argument.

Applying the gradient operator to Eq. (2.71), considering the i* variation of

the coefficient vector wp[n]:

d/p[nl ny d/p[n]

Vipln] = ViJp[n] +jVijpln] = oRefwy 7} Bimiwy 1l (2.72)
Substituting Eq. (2.71) into Eq. (2.72)
_ 1 010{yp[n} —yp[nll* = 310{yp[nl} — yplnll?
viJD [n] - 2 aRe{wDi[n]} J alm{wDi[n]} (273)
However

0[]} — yo[n]I2 = (Re{0fyp[n]}} — Refyp[n]})” +

+(Im{0fyp [n]}} — Im{yp[n]})’,  (2.74)

thus, Egs. (2.69) and (2.74), as reference to Eq. (2.73) and solving the derivatives



d — 2
lo{;}lig{l\]j[,i[z?}[n]l = Z[Re{Q{YD [n]}} — Refyp [n]}]Re{r[n — i+

+2[Im{0{yn } Im{yp[n] ]Im{r[n— i1},

010{yp[nl} — yp[nl|?
alm{WDl.[n]}

= 2[Im{Q{yp[n]}} — Im{yp [n]}|Re{r[n — i]} +

—2[Re{0{yp[n]}} — Re{yp [n]}]Im{r[n — i},

being e, [n] the error function of the DD, given by

ep[n] = Re{ep[n]} + jim{ep [n]},

where
Refep [n]} = Re{Q{y,[n]}} — Re{yp[n]},

Im{eMc[n]}ZIm{Q{yD }} Im{yp[n
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(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

Therefore, substituting Egs. (2.78) and (2.79) into Eqgs. (2.75) and (2.76)

210{yp[n]} — yp[n]|?
aRe{wDi [n]}

= —2[Refep [n]}Re{r[n — i]} + Im{ep [n]Hm{r[n — i]}],

019{yp[n]} — yp[nll*>
olm{wp, [n]} B

—2[Im{ep [n]}Re{r[n — i]} — Re{ep[n]} m{r[n — i]}].

Applying Egs. (2.80) and (2.81) into Eq. (2.73)

—ViJp[n] = [Refep[n]}Re{r[n — il} + Im{ep [n]}Im{r[n — i]}] +

+j[Im{ep [n]}Re{r[n — i]} — Re{ep [n]}Im{r[n —i}],

which results in

—ViJpln] = ep[n]r[n —".

Finally, substituting Eq. (2.83) into (2.70)

wp[n + 1] = wp[n] +np ep[n]r[n]".

2.5.5. SDD Equalizer

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

As the in the DD equalizer case, the SDD requires a pre-equalizer based on

the CMA algorithm in order to minimize the CMA output error below a specified value
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so that the SDD algorithm is able to achieve convergence. In this scenario, when the
pre-equalization is accomplished, the CMA+SDD equalizer output can be
represented by M Gaussian clusters around each symbol of the reference
constellation, which can be modeled by a posteriori Probability Density Function
(PDF) (CHEN, 2003). Differently from the DD hard decision scheme, expressed by

Q{yp[n]} — yp[n], the SDD works with a posteriori PDF p(wg[n], ys[n]) . The domain
of each PDF is each one of a total of M/4 decision regions (S;; = {Sp'q,p = 2i—
1,2i,q = 21 — 1,21}) that are possible to obtain from the partitioning of the reference

constellation in M/4 sub-regions, each one containing four adjacent reference
symbols (CHEN, 2003; CHEN; CHNG, 2004), with the four symbol points having
equal probability of occurrence. Figures 47 and 48 present the block diagram of the

SDD equalizer and the 16 decision regions for a 64-QAM, respectively.

Figure 47 — Block diagram of the SDD equalizer.

Source: Author (2018).
Figure 48 — SDD decision regions for a 64-QAM.

Source: Adapted of Chen (2003).
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A posteriori PDF of the M /4 decision regions is

21 2
sl = 2SS o) B e

p211q211

where p,, is the symbol probability, ws[n] = [WSo[n]'WS1[n]"“'WSLEQ—1["]lT is the
coefficient vector of the SDD equalizer, ys[k] is the SDD output, p is the variance of
the distorted input symbols, and Ps[n] = ¥25,; | 325, ; exp (—W) is a
posteriori PDF not normalized.

The SDD output is

Lgg-1
Z ws; [n]r[n —i] = ws[n]"r[n], (2.86)
and the SGD for the wg[n] update is

wsln + 1] = wgln] + nsV/s[n], (2.87)

where ng > 0 is the SDD adaptive step, and J¢[n] is the SDD cost function designed

to maximize the log of a posteriori PDF as

Jstn] = pIn (p(wslnl ys[nl))- (2.88)

Applying the gradient operator to Eq. (2.88), considering the it" variation of

the coefficient vector wg[n]:

dJs[n] . 0Jg[n]
aRe{WS 1} ]alm{wsi[n

Visln] = ViJs[n] + jVijs[n] = T (2.89)

Substituting Eq. (2.88) into Eq. (2.89)

o (p(wslnl, ys[nl)) o (p(wslnl, ysn]))
Vislnl =p I 6Re{wsl.[n]} * alm{wsi[n]} ' (2.90)
However,
P
In (p(ws[nl, ys[nl)) = ln( 3;35“) = In(Ps[n]) ~ In (Zp"f ) (2.91)
q

thus, substituting Eq. (2.91) into (2.90)
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I r fincetn) 0 (Z2)} o finceita) ~n (2%)}‘

' 2.92
6Re{W5i [n]} + OIm{WSi [n]} ( )
which results in
_ | 9n(Ps[n]) | = 9ln(Ps[n])
Vilsinl = p L?Re{wsi[n]} J alm{wsi[n]} ' (2.93)
Solving the derivatives of Eq. (2.93), as reference to Eq. (2.85)
2i 21 r 2 21
aln(PS[n]) _ 1 . |}’5[n] - cs‘p,ql alyS[n] - Sp,q|
dRe{ws,[n]} ~  2pPsln] ) ;_m;_l »eXp< 20 oRe{ws,n]] | (2.94)
21 21 - 2 21
dn(Ps[n]) 1 _sln] = Spal "\ 0lysIn] = Spal | 5
olm{ws; [n]} B 2,0P5[n]10:2:_1‘1:;:_1 _eXp( 2 a1m{ws [n]) _. (2.95)

However,
|y5[n] — 5p,q|2 = [Re{wsi[n]}Re{r[n —i]} - Im{wsl.[n]}lm{r[n — i} - Re{Sp,q}]Z +
+[Re{wsi[n]}lm{r[n —i}+ Im{wsi[n]}Re{r[n —i]} - Im{é‘p,q}]z. (2.96)

Hence, substituting Eq. (2.96) as reference to Eqgs. (2.94) and (2.95) and

solving the derivatives

a|:yS[n] - ‘Sp,q |2
aRe{WSi[n]}

= 2[Re{y[n] - §,,}Refr[n — i]} +

+Re{y5[n] - Splq}Re{r[n — i]}], (2.97)

a|y5[n] - Sp,q |2
alm{wsi[n]}

= 2[Im{y,[n] — S, JRe{r[n — i]} +

—Re{yS[n] - Sp,q}lm{r[n - i]}]. (2.98)

Substituting Egs. (2.94), (2.95), (2.97) and (2.98) into Eq. (2.93)

2i 21 2
)
VL]S[n] = _{ Z Z [exp <_ M) (}’s[n] - CS‘p,q)

2
p=2i—-1q=2i-1 P

}r[n - i]*/PS[n], (2.99)

being es[n] the error function of the SDD equalizer, defined as
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2i 21 2
ysln] — S,
es[n] = Z _Z [exp (-l S > pal )(sp,q — ys[n])|, (2.100)
p=2i—1q=2i—-1
substituting Eq. (2.100) into Eq. (2.99)
_eg[n]r[n—i]”

Vis[n] = A (2.101)

and finally, applying Eq. (2.101) into Eq. (2.87)

_ es[n]r[n]*

ws[n + 1] = wg[n] + ns——=— (2.102)

Ps[n]

2.5.6. CMA-DD Concurrent Equalizer

The concurrent architecture of equalization, proposed by De Castro F. C. C.,
De Castro M. C. F. and Arantes (2001), uses two equalizers, one CMA and one DD,

as presented in the block diagram of the Figure 49.

Figure 49 — Block diagram of the CMA-DD concurrent equalizer.

Source: Author (2018).
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In the concurrent architecture, the CMA equalizer and the DD equalizer
operate simultaneously in a cooperative mode, but controlled by a nonlinear link
D[n] between the two equalizers that enables or disables the DD at instant n
according to the instantaneous minimization of the CMA cost function. This approach

drastically improves the convergence rate.

The CMA-DD concurrent equalizer output y.p[n] is given by

Lgo-1 Lgg-1
yoolnl = Y we,lnlrln=il+ Y wp[nlrln— i1 = yeln] + yplnl.  (2103)
i=0 i=0

In order to update the CMA coefficient vector w.[n], Eq. (2.18) is used as

weln + 1] = weln] + neyep [y = lyeo [n]? Drln]™. (2.104)

The update of the DD coefficient vector wy[n] is controlled by the nonlinear

link D[n], as follows

1, Qyepnl} = O{Jcplnl},
0, Qyepnl} # O{Jcplnl},

where y.p[n] is the CMA-DD concurrent equalizer output after the update of the CMA

D[n] = { (2.105)

coefficient vector w[n], by Eq. (2.104). Thus, y.p[n] is obtained by:

Lgg-1 Lgg—1

Yeplnl = Z we,[n+ 1r[n —i] + Z wp [n]r[n —i. (2.106)
i=0 i=0

According to Eq. (2.105), if D[n] = 1, it means that the CMA-DD equalizer
output y.p[n] and its updated version j.,[n] resulted in the same 1Q symbol. In this
case, the DD coefficients are updated. Nevertheless, if D[n] = 0, the DD coefficients

are not updated.

The DD coefficient vector update is given by

wpln + 1] = wp[n] + np D[n](Ofycp[nl} — yep[nDrln]". (2.107)

2.5.7. CMA-SDD Concurrent Equalizer

Using the architecture proposed by De Castro F. C. C., De Castro M. C. F.
and Arantes (2001), Chen (2003) substituted the DD equalizer for a SDD equalizer,
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replacing the direct hard decision for a soft decision (CHEN, 2003). Figure 50 depicts
the block diagram of the CMA-SDD concurrent equalizer.

Figure 50 — Block diagram of the CMA-SDD concurrent equalizer.

Source: Author (2018).
As addressed by Chen (2003), for the CMA-DD concurrent equalizer, if the

hard decision is wrong, the coefficients update degrades the system performance.
Otherwise, if the hard decision is correct, it increases the convergence rate and it is
capable of lowering the residual MSE (CHEN, 2003). Differently, the CMA-SDD
concurrent equalizer does not have the hard decision issue, due to the soft decision

characteristic of the SDD. CMA-SDD concurrent equalizer output y.s[n] is given by

Lgg—-1 Lgp-1

yeslal = ) wenlrln =1+ ) we[nlrfn— il = yelnl + ys[nl. (2:108)

=0 =0

In order to update the CMA coefficient vector w¢[n], Eq. (2.18) is used as

weln + 1] = weln] + neyesn] (v — lyes[nl*Drln], (2.109)
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and to update the SDD coefficient vector ws[n], Eq. (2.102) is used as follows

ecs[nlr[n]*

ws[n + 1] = wg[n] + ﬂsw,

(2.110)

where

_s. |
Pes[n Z Z ( |J’cs[n]2p p,ql >, (2.111)

p=2i—-1q=2i—-1

ZL
ecs[n] = \ ('y“ pq')( ycs[n)] (2.112)

p211q211

The CMA-SDD concurrent equalizer architecture presents better results for

multipath scenarios, being the state of the art in single carrier channel equalization.



69

3. NMCMA-SDD CONCURRENT EQUALIZER

In this chapter, the proposed NMCMA-SDD concurrent equalizer architecture

is presented to the reader.

The proposed approach is based on the concurrent equalizer proposed by
De Castro F. C. C., De Castro M. C. F. and Arantes (2001), with the replacement of
the CMA for the NMCMA algorithm and with the replacement of the DD for the SDD
algorithm. The structure of the NMCMA-SDD concurrent equalizer is presented in

Figure 51.

Figure 51 — Block diagram of the NMCMA-SDD concurrent equalizer.

Source: Author (2018).
Considering only the NMCMA algorithm, the linear component yy.[k] is

responsible for the convergence rate and the constellation phase recovery, as in the
MCMA equalizer structure. On the other hand, the NMCMA nonlinear component
Yys[k] is responsible for the minimization of the output error, by establishing sharper
decision regions. In this context, the proposed concurrent architecture adds the SDD

decision scheme to the linear component of the NMCMA algorithm, in concurrent
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operation, so that the SDD is able to increase the convergence rate, without

decreasing the nonlinear operation effect.
The NMCMA-SDD concurrent equalizer output Yyg[k] is
Yvs[k] = [Re{Jns[k]} + a sin(mRe{ys[k]}] +
+illm{yys[k]} + a sin(@Im{yys[k]D],  (3.1)

where Jyslk] is the liner component output of the NMCMA-SDD concurrent

equalizer, presented in Figure 51, obtained as

Lgo-1 Lgo-1
Jusll = " e, kPl =11+ ) W [kIFlk = i] = Fuclk] +3slk],  (3:2)
i=0 i=0

where ZEQ >2Lcy —1 is the number of coefficients of the upsampled equalizer,

T
Wyelk] = lWNCO[k],vT/Ncl[k],---,VT/NCZEQ_l[k]l is the upsampled NMCMA coefficient

T
vector, wqlk] = lWSO[k]'Wsl[k]»""WszEQ-l[k]l is the upsampled SDD -coefficient
vector, yyc[k] is the NMCMA upsampled output, and jy[k] is the DD upsampled
output.

In order to update the upsampled NMCMA coefficient vector wy[k], the Eq.
(2.18) is used as

Wnelk] — e énslk]F[k]7, for even k,

Fyelke +1] = { Wyclk],  foroddk, (33)

being éys[k] the upsampled error function of the NMCMA-SDD concurrent equalizer,
given by
énslk] = Re{éys[k]} + jim{éys[k]}, (3.4)

where
Re{éys[k]} = Re(¥ys[k]}(Re(Yys[k]}? — vz )[1 + am cos(mRe{Fys[k1D], (3.5)
Im{éys[k]} = Im{Tys[k}(Im{Tys[k1}? — v;)[1 + am cos(nlm{Fys[k]D]. (3.6)

The upsampled SDD coefficients update follows the Eq. (2.102) as
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Wslk] +ns M, for even k,
wslk +1] = Pyslk] , (3.7)
wglk], for odd k,

where the Pys[k] is a posteriori PDF not normalized of the NMCMA-SDD concurrent

equalizer, given by

Bys[k] Z Z exp( |YNS pql >, (3.8)

p=2i—-1q=2i—-1

and é[k] is the error function of the upsampled SDD

20 21
éslk] = Z Z [exp( |Y”S pq' )( — Vyslk] )] (3.9)

p=2i—-1q=2i—-1

The NMCMA-SDD concurrent equalizer output Yys[n], presented in Figure

51, is a downsampled version of the Yy¢[k] given by

Yys[n] = Yys[2n]. (3.10)
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4. RESULTS

In this chapter, simulation results of the proposed equalizer are presented,
considering single carrier M-QAM constellations, for M = 16, 64, and 256. The
computational simulation of the proposed NMCMA-SDD are compared with the state

of the art CMA-SDD concurrent equalizer.

The evaluated concurrent equalizers (the proposed NMCMA-SDD and the
CMA-SDD) have been implemented in C programming language with double
precision variables. In the simulated system, it is assumed perfect synchronism
between transmitter and receiver. Besides, the simulation was restricted to baseband
symbol generation, baseband symbol transmission (AWGN, multipath, and Doppler
shift), and baseband symbol reception (channel equalizer). Digital communication
system blocks source coding, channel coding, up/downconversion and others
(HAYKIN, 2013; PROAKIS; SALEHI, 2008) were not implemented since these blocks

do not directly interfere in the proposed channel equalization algorithm.

In a real world system, the upsampling process occurs at the receiver.
However, for the sake of simulation of a FSE with Y = 2, the communication channel
requires an upsampling process (CHEN; CHNG, 2004), as presented in Figure 52.

Figure 52 — Proposed approach with FSE scheme for Y = 2.

Source: Author (2018).
In order to generate the FSE architecture, the upsampled transmitted

symbols 5[k] are defined by

5[] = {s[k/Z], for even k, (4.1)

0, for odd k,
where k = 0,1, ...,k —» o is the index used to describe the FSE architecture.
The stream of M-QAM symbols s[n] at the transmitter is generated by a
pseudorandom generator with uniform distribution and symbol rate S; =

10.7622377622 MHz (ATSC, 2006). Next, the stream of M-QAM symbols is
upsampled by ¥ = 2, as presented in Eq. (4.1), to implement the FSE architecture.
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After that, the upsampled symbols are applied to the communication channel, where
AWGN, multipath, and Doppler shift effects are introduced. The dynamic Brazil
channels adopt Doppler frequency of 20 Hz and 50 Hz. The channel output 7[k] is
given by

2Lcy—1
#k] = Z R [k15[k — i] + a[k], (4.2)

where h;[k] is the i** path of the upsampled dynamic CIR vector h[k] =

~ ~ - T
[ho[k],hl[k],---,hZLCH_l[k]] . Then, the distorted symbols #[k] are applied to the
channel equalizer under test. Notice that both NMCMA-SDD and CMA-SDD

equalizers have their outputs downsampled by 2. Finally, the complex symbols of the
equalizer outputs and the original transmitted symbols are used to calculate the SER
and the MSE.

In order to assess the proposed algorithm performance, the Symbol Error
Rate (SER) and the MSE were computed and graphically represented for different
values of SNR, Doppler frequency and for different multipath channel profiles. The
proposed NMCMA-SDD and the CMA-SDD (CHEN; CHNG, 2004) concurrent
equalizers have been compared operating with 16-QAM, 64-QAM and 256-QAM
modulations, over AWGN and dynamic multipath scenarios. Figure 53 illustrates the

block diagram of the implemented system.

Figure 53 — Block diagram of the implemented system.

Source: Author (2018).
The MSE is useful to assess the equalizer dynamics, since the MSE curve

shows the convergence rate during the convergence process and shoes the steady-
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state value after convergence. The MSE of the CMA-SDD (MSE s[n]) and NMCMA-

SDD (MSEy¢[n]) concurrent equalizers are given by

1 Lysg—1
MSEcs[n](dB) = 10logag (| —— > Isln—bl =yesln—bIIF | (43)
MSE £=4
1 Lyseg-1
MSENs[n] (dB) = 1010g10 e — Z |S[n - b] - YNs[n - b]|2 i (44)
LMSE h=0

where Ly = 500 is number of samples used to calculate the MSE.

The SER of the CMA-SDD (SER.s) and NMCMA-SDD (SERys) concurrent
equalizers are given by the comparison between the transmitted symbols and the

downsampled equalizers output as

1 Lsgr—1

SER(s[SNR(dB)] = — z ecs[nl, (4.5)
LSER n=0
1 Lsgr—1

SERys[SNR(dB)] = — ensinl, (4.6)
LSER n=0

where Lgzr is the number of symbols used to calculate the SER, g.¢[n] and gys[n]
are the instantaneous errors of the CMA-SDD and the NMCMA-SDD concurrent
equalizers, respectively, given by

_ (1L, s[n] =ycsnl,
eesln] = {0, sin] ¢y§[n]. (4.7)

1, s[n] = Yys[nl,

nsln] = {o, s[n] # Yys[nl. (48)

Same operation conditions have been applied to both CMA-SDD and
NMCMA-SDD concurrent equalizers. For both equalizers, the initialization scheme is

as follows:

e The initialization of the CMA and NMCMA filter coefficients follow the single
spike method (ENDRES, 1997);

e The SDD coefficient vector is initialized with Wg[k] = 0 + jO.
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The following sections presents the results of the NMCMA-SDD and the

CMA-SDD concurrent equalizers.

4.1. 16-QAM SIMULATION

In this section, the 16-QAM simulations for the NMCMA-SDD and the CMA-
SDD concurrent equalizers operating under the Brazil Channels (ITU, 2008) are

presented. The results for the static and dynamic Brazil channels with f, = 20 Hz are

presented in the Appendix A. For both equalizers, the parameters are as follows:

The dispersion constants of the NMCMA and of the CMA are yz = y; = 13.2
andy = 8.2;

e The nonlinear constant of the NMCMA is a« = 0.2;
e The SDD variance is p = 0.6;
e SNR = 30 dB to evaluate the MSE;

e 200,000 symbols have been used to evaluate the SER.

4.1.1. Dynamic Brazil A - 16-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,
which is a value fifty percent greater than the delay spread of the dynamic Brazil A.
The SER is evaluated for SNR ranging from 15 dB to 25 dB. The adaptive steps of
the CMA-SDD are n. =1x10%, ng =5x10+, and the NMCMA-SDD are 1y, =2x107,
ns =5x10%.

Figure 54 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. Convergence of both
equalizers is established after 80,000 symbols, with equalizer output fluctuation of 2
dB caused by the Doppler shift f,, = 50 Hz. The NMCMA-SDD presents a better
performance than the CMA-SDD, achieving 5 dB lower in the MSE steady-state, and
a minimum MSE = -20 dB.

Figure 55 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. The NMCMA-SDD

presents a better performance than the CMA-SDD, obtaining a SER 1/5 order of
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magnitude lower up to a SNR = 22 dB, and for a SNR > 22dB, the performance is

increased to a SER 1/2 order of magnitude lower.

Figure 54 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).

Figure 55 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f, = 50 Hz.

Source: Author (2018).

4.1.2. Dynamic Brazil B - 16-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 411,
which is a value fifty percent greater than the delay spread of the dynamic Brazil B.
The SER is evaluated for SNR ranging from 15 dB to 23 dB. The adaptive steps of
the CMA-SDD are 1, =2x10%, ng =4x104, and the NMCMA-SDD are 71y, =2x10,
ns =4x10%4,
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Figure 56 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil B with f, = 50 Hz. Convergence of both
equalizers is established after 5,000 symbols, with equalizer output fluctuation of 2
dB caused by the Doppler shift f, = 50 Hz. The NMCMA-SDD presents a better
performance than the CMA-SDD, achieving 5 dB lower in the MSE steady-state, and
a minimum MSE = -20 dB.

Figure 56 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).

Figure 57 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil B with f,, = 50 Hz. The NMCMA-SDD
presents a better performance than the CMA-SDD, obtaining a SER 1/3 order of
magnitude lower up to a SNR = 20 dB, and for a SNR > 20dB, the performance is

increased to a SER of 1 order of magnitude lower.

Figure 57 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).
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4.1.3. Dynamic Brazil C - 16-QAM Simulation

For both equalizers, the number of coefficients of the filter is Lg, = 92, which
is a value fifty percent greater than the delay spread of the dynamic Brazil C. The
SER is evaluated for SNR ranging from 15 dB to 29 dB. The adaptive steps of the
CMA-SDD are 7, =6x107, ng =2x10%, and the NMCMA-SDD are ny, =6x107,
ns =2x104.

Figure 58 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil C with f, = 50 Hz. Convergence of both

equalizers is established after 15,000 symbols, without equalizer output fluctuations.
The NMCMA-SDD presents a better performance than the CMA-SDD, achieving 5
dB lower in the MSE steady-state, and a minimum MSE = -19 dB.

Figure 58 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 50 Hz.

Source: Author (2018).
Figure 59 depicts the SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil C with f, = 50 Hz. Both equalizers
present equal result from SNR = 15 dB to SNR = 25 dB, and for a SNR > 25 dB, the

performance is increased to a SER of 1 order of magnitude lower.
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Figure 59 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 50 Hz.

Source: Author (2018).

4.1.4. Dynamic Brazil D - 16-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,
which is a value fifty percent greater than the delay spread of the dynamic Brazil D.
The SER is evaluated for SNR ranging from 15 dB to 26 dB. The adaptive steps of
the CMA-SDD are 1, =5x107, ng =1x10*4, and the NMCMA-SDD are 71y, =5x107,
ns =1x10%4.

Figure 60 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil D with f,, = 50 Hz. Convergence of both

equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 6 dB
lower in the MSE steady-state, and a minimum MSE = -21 dB.

Figure 61 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil D with f, = 50 Hz. Both equalizers
present equal result from SNR = 15 dB to SNR = 23 dB, and for a SNR > 23 dB, the

performance is increased to a SER of 1/3 order of magnitude lower.
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Figure 60 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f;, = 50 Hz.
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Source: Author (2018).

Figure 61 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f, = 50 Hz.

Source: Author (2018).

4.1.5. Dynamic Brazil E - 16-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 66, which
is a value fifty percent greater than the delay spread of the dynamic Brazil E. The
SER is evaluated for SNR ranging from 15 dB to 23 dB. The adaptive steps of the
CMA-SDD are n, =5x107, ng =1x10%, and the NMCMA-SDD are 7y =5x107,
ns =1x10%4,

Figure 62 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f,, = 50 Hz. Convergence of both
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equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 5 dB
lower in the MSE steady-state, and a minimum MSE = -22.5 dB.

Figure 62 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.

Source: Author (2018).
Figure 63 depicts the SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f, = 50 Hz. Both equalizers

present equal result from SNR = 15 dB to SNR = 21 dB, and for a SNR > 21 dB, the

performance is increased to a SER of 1/10 order of magnitude lower.

Figure 63 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.

Source: Author (2018).
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4.2. 64-QAM SIMULATION

In this section, the 64-QAM simulations for the NMCMA-SDD and the CMA-
SDD concurrent equalizers operating under the Brazil Channels (ITU, 2008) are
presented. The results for the static and dynamic Brazil channels with f,, = 20 Hz are

presented in the Appendix B. For both equalizers, the parameters are as follows:

e The dispersion constants of the NMCMA and of the CMA are y; =y, = 37 and
y = 98;

e The nonlinear constant of the NMCMA is a« = 0.3;
e The SDD variance is p = 0.5;
¢ SNR = 40 dB to evaluate the MSE;

e 1,000,000 symbols have been used to evaluate the SER.

4.2.1. Dynamic Brazil A - 64-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,
which is a value fifty percent greater than the delay spread of the dynamic Brazil A.
The SER is evaluated for SNR ranging from 20 dB to 32 dB. The adaptive steps of
the CMA-SDD are n, =1x107, ns =7x10°, and the NMCMA-SDD are ny. =2x1077,
ns =9x10°°.

Figure 64 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. Convergence of both
equalizers is established after 80,000 symbols, with equalizer output fluctuation of 7
dB caused by the Doppler shift f,, = 50 Hz. The NMCMA-SDD presents a better
performance than the CMA-SDD, achieving 8 dB lower in the MSE steady-state, and
a minimum MSE = -31 dB.

Figure 65 depicts the SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. The NMCMA-SDD

presents a better performance than the CMA-SDD, obtaining a SER 1/2 order of
magnitude lower for a SNR > 20dB.
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Figure 64 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).

Figure 65 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).

4.2.2. Dynamic Brazil B - 64-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 411,
which is a value fifty percent greater than the delay spread of the dynamic Brazil B.
The SER is evaluated for SNR ranging from 20 dB to 31 dB. The adaptive steps of
the CMA-SDD are n. =7x10"8, ny =3x10%, and the NMCMA-SDD are ny. =7x107¢,
ns =3x10°.

Figure 66 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil B with f,, = 50 Hz. Convergence of both



84

equalizers is established after 30,000 symbols, without equalizer output fluctuation.
The NMCMA-SDD presents a better performance than the CMA-SDD, achieving 17
dB lower in the MSE steady-state, and a minimum MSE = -35 dB.

Figure 66 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f, = 50 Hz.

Source: Author (2018).

Figure 67 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil B with f,, = 50 Hz. The NMCMA-SDD
presents a better performance than the CMA-SDD, obtaining a SER 2 orders of
magnitude lower for a SNR > 27 dB.

Figure 67 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).
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4.2.3. Dynamic Brazil C - 64-QAM Simulation

For both equalizers, the number of coefficients of the filter is Lg, = 92, which
is a value fifty percent greater than the delay spread of the dynamic Brazil C. The
SER is evaluated for SNR ranging from 20 dB to 35 dB. The adaptive steps of the
CMA-SDD are 75, =4x10%, ns =3x10°, and the NMCMA-SDD are ny. =9x10%,
ns =5x107°.

Figure 68 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil C with f, = 50 Hz. Convergence of both
equalizers is established after 60,000 symbols, without CMA-DD equalizer output
fluctuations, and with NMCMA-SDD equalizer output fluctuations of 1 dB. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 15 dB
lower in the MSE steady-state, and a minimum MSE = -30 dB.

Figure 68 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f,, = 50 Hz.

Source: Author (2018).

Figure 69 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil C with f, = 50 Hz. The CMA-SDD
achieves a SER 1/10 order of magnitude better performance than the NMCMA-SDD
up to a SNR = 25 dB, from SNR = 26 dB to SNR = 30 dB both equalizers present
equal result, and for a SNR > 30 dB, the NMCMA-SDD performance is increased to a

SER 1/2 order of magnitude lower.
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Figure 69 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 50 Hz.

Source: Author (2018).

4.2.4. Dynamic Brazil D - 64-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,
which is a value fifty percent greater than the delay spread of the dynamic Brazil D.
The SER is evaluated for SNR ranging from 20 dB to 31 dB. The adaptive steps of
the CMA-SDD are 1, =1x10%, ng =1x10°, and the NMCMA-SDD are 71y, =9x107%,
ns =1x10°.

Figure 70 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil D with f, = 50 Hz. Convergence of both

equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 15 dB
lower in the MSE steady-state, and a minimum MSE = -35 dB.

Figure 71 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil D with f, = 50 Hz. The CMA-SDD
achieves a SER 1/10 order of magnitude better performance than the NMCMA-SDD
up to a SNR = 26 dB, from SNR = 27 dB to SNR = 29 dB both equalizers present
equal result, and for a SNR > 29 dB, the NMCMA-SDD performance is increased to a

SER 1/3 order of magnitude lower.



87

Figure 70 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f;, = 50 Hz.
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Figure 71 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f, = 50 Hz.

Source: Author (2018).

4.2.5. Dynamic Brazil E - 64-QAM Simulation

For both equalizers, the number of coefficients of the filter is Lg, = 66, which
is a value fifty percent greater than the delay spread of the dynamic Brazil E. The
SER is evaluated for SNR ranging from 20 dB to 29 dB. The adaptive steps of the
CMA-SDD are n, =1x10%, ng =1x10%, and the NMCMA-SDD are 7y =9x107,
ns =3x10°.

Figure 72 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f, = 50 Hz. Convergence of both
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equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 14 dB
lower in the MSE steady-state, and a minimum MSE = -36 dB.

Figure 72 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.
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Figure 73 depicts the SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f, = 50 Hz. Both equalizers
present equal result from SNR = 20 dB to SNR = 27 dB, and for a SNR > 27 dB, the
NMCMA-SDD performance is increased to a SER 1/5 order of magnitude lower.

Figure 73 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.

Source: Author (2018).
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4.3. 256-QAM SIMULATION

In this section, the 256-QAM simulations for the NMCMA-SDD and the CMA-
SDD concurrent equalizers operating under the Brazil Channels (ITU, 2008) are

presented. The results for the static and dynamic Brazil channels with f,, = 20 Hz are

presented in the Appendix C. For both equalizers, the parameters are as follows:

e The dispersion constants of the NMCMA and of the CMA are yz = y; = 152.2
and y = 237.2;

e The nonlinear constant of the NMCMA is « = 0.15;
e The SDD variance is p = 0.15;
e SNR = 50 dB to evaluate the MSE;

¢ 1,500,000 symbols have been used to evaluate the SER.

4.3.1. Dynamic Brazil A - 256-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,
which is a value fifty percent greater than the delay spread of the dynamic Brazil A.
The SER is evaluated for SNR ranging from 30 dB to 45 dB. The adaptive steps of
the CMA-SDD are n. =1x108, ny =1x10%, and the NMCMA-SDD are ny. =1x107¢,
ns =1x10°.

Figure 74 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. Convergence of both
equalizers is established after 1,005,000 symbols, with NMCMA-SDD equalizer
output fluctuations of 5 dB, and CMA-SDD equalizer output fluctuations of 2.5 dB,
caused by the Doppler shift f, = 50 Hz. The NMCMA-SDD presents a better
performance than the CMA-SDD, achieving 10 dB lower in the MSE steady-state,
and a minimum MSE = -15 dB.

Figure 75 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil A with f,, = 50 Hz. The NMCMA-SDD
achieves a SER 1/10 order of magnitude better performance than the CMA-SDD up
to a SNR = 34 dB, and for a SNR > 34 dB, the NMCMA-SDD performance is

increased to a SER 2 orders of magnitude lower.



90

Figure 74 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 50 Hz.

Source: Author (2018).

Figure 75 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f, = 50 Hz.

Source: Author (2018).

4.3.2. Dynamic Brazil B - 256-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 411,
which is a value fifty percent greater than the delay spread of the dynamic Brazil B.
The SER is evaluated for SNR ranging from 25 dB to 37 dB. The adaptive steps of
the CMA-SDD are n, = 1x10-, ny = 1x10%, and the NMCMA-SDD are 1y = 1x10°,
ns = 3.5x10°6.

Figure 76 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil B with f,, = 50 Hz. Convergence of both
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equalizers is established after 100,000 symbols, with NMCMA-SDD equalizer output
fluctuations of 2 dB, and CMA-SDD equalizer output fluctuations of 1 dB, caused by
the Doppler shift f, = 50 Hz. The NMCMA-SDD presents a better performance than
the CMA-SDD, achieving 12 dB lower in the MSE steady-state, and a minimum MSE
= -26 dB.

Figure 76 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).

Figure 77 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil B with f,, = 50 Hz. The NMCMA-SDD
presents a better performance than the CMA-SDD, obtaining a SER 2 orders of
magnitude lower for a SNR > 33 dB.

Figure 77 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 50 Hz.

Source: Author (2018).
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4.3.3. Dynamic Brazil C - 256-QAM Simulation

For both equalizers, the number of coefficients of the filter is Lg, = 92, which
is a value fifty percent greater than the delay spread of the dynamic Brazil C. The
SER is evaluated for SNR ranging from 30 dB to 43 dB. The adaptive steps of the
CMA-SDD are 7, =3x10°, ng =7x10%, and the NMCMA-SDD are ny; =3x10°,
ns =7x10,

Figure 78 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil C with f, = 50 Hz. Convergence of both
equalizers is established after 200,000 symbols, with NMCMA-SDD equalizer output
fluctuations of 2 dB, and CMA-SDD equalizer output fluctuations of 1 dB, caused by
the Doppler shift £, = 50 Hz. The NMCMA-SDD presents a better performance than
the CMA-SDD, achieving 8 dB lower in the MSE steady-state, and a minimum MSE
= -23 dB.

Figure 78 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f,, = 50 Hz.

Source: Author (2018).

Figure 79 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil C with f,, = 50 Hz. The NMCMA-SDD
presents a better performance than the CMA-SDD, obtaining a SER 2 orders of
magnitude lower for a SNR > 39 dB.
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Figure 79 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 50 Hz.

Source: Author (2018).

4.3.4. Dynamic Brazil D - 256-QAM Simulation

For both equalizers, the number of coefficients of the filter is Ly, = 192,

which is a value fifty percent greater than the delay spread of the dynamic Brazil D.
The SER is evaluated for SNR ranging from 25 dB to 38 dB. The adaptive steps of
the CMA-SDD are n, = 1x10°'9, ng = 3x10%, and the NMCMA-SDD are ny. = 1x10
10, Ns = 3x1 0_6.

Figure 80 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil D with f,, = 50 Hz. Convergence of both

equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 6 dB
lower in the MSE steady-state, and a minimum MSE = -30 dB.

Figure 81 depicts the SER comparison of the CMA-SDD and NMCMA-SDD
concurrent equalizers for the dynamic Brazil D with f, = 50 Hz. Both equalizers
present equal result from SNR = 25 dB to SNR = 34 dB, and for a SNR > 27 dB, the
NMCMA-SDD performance is increased to a SER 1/2 order of magnitude lower.
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Figure 80 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f;, = 50 Hz.
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Figure 81 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f, = 50 Hz.

Source: Author (2018).

4.3.5. Dynamic Brazil E - 256-QAM Simulation

For both equalizers, the number of coefficients of the filter is Lg, = 66, which
is a value fifty percent greater than the delay spread of the dynamic Brazil E. The
SER is evaluated for SNR ranging from 25 dB to 35 dB. The adaptive steps of the
CMA-SDD are n, = 1x1019, ng = 3x10%, and the NMCMA-SDD are ny. = 1x10°10,
ns = 3x10°.

Figure 82 depicts the MSE comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f, = 50 Hz. Convergence of both
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equalizers is established after few symbols, without equalizer output fluctuations. The
NMCMA-SDD presents a better performance than the CMA-SDD, achieving 6 dB
lower in the MSE steady-state, and a minimum MSE = -32 dB.

Figure 82 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.
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Figure 83 depicts the SER comparison of the CMA-SDD and NMCMA-SDD

concurrent equalizers for the dynamic Brazil E with f, = 50 Hz. Both equalizers

present equal result from SNR = 25 dB to SNR = 32 dB, and for a SNR > 32 dB, the
NMCMA-SDD performance is increased to a SER 1/5 order of magnitude lower.

Figure 83 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 50 Hz.

Source: Author (2018).
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5. CONCLUSIONS

This work proposed a novel blind equalization scheme for M-QAM single
carrier systems that aims at mitigating dynamic multipath channel distortion, which
may adversely affect the communication system performance. The presented
equalizer architecture is based on the NMCMA and SDD equalizers, and more
importantly, on the concurrent architecture. In addition, multipath profiles of typical
VHF (Very High Frequency) and UHF (Ultra High Frequency) wireless channel
distortions were presented and the state of the art (CMA-SDD concurrent equalizer)
and the proposed approach (NMCMA-SDD concurrent equalizer) were simulated in

order to measure their performance against such multipath scenarios.

Based on the synergistic combination of the equalization algorithms
described in Chapter 2, the proposed NMCMA-SDD concurrent equalizer is
presented in Chapter 3. The main functional features of the NMCMA-SDD concurrent
equalizer can be summarized as follows: (1) The concurrent architecture overall
improves the convergence rate and lowers the steady-state MSE of the equalizer
system, (2) the NMCMA algorithm lowers the steady state MSE due to the nonlinear
operation at its output, and (3) the SDD equalizer increase the overall convergence
rate due to the soft decision approach.

Chapter 3 also addressed the fractionally spaced equalizer architecture for
the proposed NMCMA-SDD concurrent equalizer. The upsampling factor of 2 was
suggested in Chapter 2 in order to improve the overall system performance without
drastically increasing the computational complexity, particularly when the channel

has zeros over the unitary circle in the z-plane.

The proposed approach is robust over dynamic channels, in the sense that
the equalizer architecture presents a fast convergence rate, given by the SDD
equalizer and the concurrent architecture, also presenting a low steady-state MSE,

given by the NMCMA and the concurrent architecture.

Next, Chapter 4 presents the main results of this dissertation. The first
simulation set-up uses 16-QAM modulation over dynamic Brazil channels. The CMA-
SDD and the NMCMA-SDD concurrent equalizers were simulated with the NMCMA-
SDD achieving better results, particularly for dynamic Brazil B channel, for which the
NMCMA-SDD output SER resulted one order of magnitude lower than the CMA-SDD
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output SER. Also, a set-up using 64-QAM modulation over dynamic Brazil channels
was simulated as well. Again, the NMCMA-SDD concurrent equalizer achieved better
results than the CMA-SDD concurrent equalizer, particularly for dynamic Brazil B,
with a SER two orders of magnitude lower. For the set-up using 256-QAM over
dynamic Brazil channels, dynamic brazil B simulation presented the best result again,
with the NMCMA-SDD achieving a SER two orders of magnitude lower than the state
of the art CMA-SDD.

For channels with short dispersion (Brazil E), the proposed NMCMA-SDD
and the state of the art CMA-SDD presented similar results. On the other hand, for
channels with large dispersion the NMCMA-SDD presented significant better result
compared with the CMA-SDD. This is due to the sharper decision region established
by the nonlinear transmittance of the NMCMA equalizer, which behaves similarly to

the activation function of a neuron in an artificial neural network.

The nonlinear transmittance of the NMCMA equalizer is also responsible for
the better NMCMA-SDD performance for higher modulation orders, such as for 256-
QAM. The nonlinear transmittance reduces the symbol dispersion around the
reference constellation symbols at the NMCMA-SDD output, minimizing the influence
of the modulation order, a feature not available for the CMA-SDD.

In conclusion, the novel blind equalization scheme NMCMA-SDD for M-QAM
single carrier systems proposed in this dissertation achieved both a lower steady
state MSE and a faster convergence rate than the state of the art CMA-SDD. These
results validate the effectiveness of the proposed approach architecture for dynamic

multipath scenarios.

5.1. FUTURE WORKS

In the context of optical fiber with coherent transmission, the proposed
NMCMA-SDD concurrent equalizer can be used to mitigate de chromatic and the
polarization mode dispersions. Moreover, the NMCMA-SDD can reduce the phase
random walk originated from both the transmitter and the receiver oscillators (PFAU,
2009).

This dissertation addresses some important topics concerning blind

equalization algorithms for dynamic scenarios. Nevertheless, the proposed equalizer
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presented here may be further improved by the use of some additional techniques. It
is suggested for future research that a mathematical approach for an optimum
adaptive step definition (KIM, 2010) be implemented. Another technique that is
suggested is the use of a fuzzy controller (CHEN et al., 2010) or a neuro-fuzzy
system (ABIYEV; AL-SHANABLEH, 2006) in order to control the adaptive steps of
the proposed NMCMA-SDD concurrent equalizer.
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APPENDIX A - 16-QAM MSE and SER simulations for

the static and dynamic Brazil channels.

Figure 84 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil A.

Source: Author (2018).

Figure 85 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil A.

Source: Author (2018).
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Figure 86 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 20 Hz.

Source: Author (2018).

Figure 87 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 20 Hz.

Source: Author (2018).
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Figure 88 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil B.
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Source: Author (2018).

Figure 89 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil B.

Source: Author (2018).
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Figure 90 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 20 Hz.

Source: Author (2018).

Figure 91 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 20 Hz.

Source: Author (2018).
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Figure 92 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil C.

Source: Author (2018).

Figure 93 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil C.

Source: Author (2018).
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Figure 94 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).

Figure 95 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f,, = 20 Hz.

Source: Author (2018).
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Figure 96 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil D.

Source: Author (2018).

Figure 97 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil D.

Source: Author (2018).
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Figure 98 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to

the dynamic Brazil D for f, = 20 Hz.
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Source: Author (2018).
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Figure 99 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to

the dynamic Brazil D for f, = 20 Hz.

Source: Author (2018).
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Figure 100 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil E.
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Source: Author (2018).

Figure 101 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil E.

Source: Author (2018).
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Figure 102 — 16-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 20 Hz.
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Source: Author (2018).

Figure 103 — 16-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 20 Hz.

Source: Author (2018).



111

APPENDIX B - 64-QAM MSE and SER simulations for

the static and dynamic Brazil channels.

Figure 104 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil A.

Source: Author (2018).

Figure 105 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil A.

Source: Author (2018).
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Figure 106 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 20 Hz.

Source: Author (2018).

Figure 107 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil A for f;, = 20 Hz.

Source: Author (2018).
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Figure 108 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil B.
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Source: Author (2018).

Figure 109 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil B.

Source: Author (2018).
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Figure 110 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 20 Hz.

Source: Author (2018).

Figure 111 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil B for f;, = 20 Hz.

Source: Author (2018).
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Figure 112 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil C.

Source: Author (2018).

Figure 113 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil C.

Source: Author (2018).
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Figure 114 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).

Figure 115 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).
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Figure 116 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil D.
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Source: Author (2018).

Figure 117 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil D.

Source: Author (2018).



118

Figure 118 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f, = 20 Hz.
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Source: Author (2018).

Figure 119 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil D for f,, = 20 Hz.

Source: Author (2018).
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Figure 120 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil E.
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Source: Author (2018).

Figure 121 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the static Brazil E.

Source: Author (2018).
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Figure 122 — 64-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 20 Hz.
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Source: Author (2018).

Figure 123 — 64-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers to
the dynamic Brazil E for f;, = 20 Hz.

Source: Author (2018).



121

APPENDIX C - 256-QAM MSE and SER simulations for

the static and dynamic Brazil channels.

Figure 124 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil A.

Source: Author (2018).

Figure 125 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil A.

Source: Author (2018).
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Figure 126 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil A for f, = 20 Hz.

Source: Author (2018).

Figure 127 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil A for f, = 20 Hz.

Source: Author (2018).
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Figure 128 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil B.

Source: Author (2018).

Figure 129 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil B.

Source: Author (2018).
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Figure 130 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil B for f, = 20 Hz.

Source: Author (2018).

Figure 131 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil B for f, = 20 Hz.

Source: Author (2018).
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Figure 132 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil C.

Source: Author (2018).

Figure 133 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil C.

Source: Author (2018).
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Figure 134 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).

Figure 135 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil C for f, = 20 Hz.

Source: Author (2018).
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Figure 136 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers

to the static Brazil D.
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Source: Author (2018).

Figure 137 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers

to the static Brazil D.

Source: Author (2018).
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Figure 138 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil D to f, = 20 Hz.
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Source: Author (2018).

Figure 139 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil D to f, = 20 Hz.

Source: Author (2018).
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Figure 140 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil E.

0
I } I I —CMA-SDD concurrent equalizer
5 | I N e L E—— . SRR —NMCMA-SDD concurrent equalizer
: l I : l I l
10 ————— e po——————— e e i — e —— o — ot =i
— | | | | | | |
om | | | | | | |
B 15— Emamene = T ¢ B f—— e F—]
; J0T.) R EERCEN PN NI — SNECRU A S

Source: Author (2018).

Figure 141 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the static Brazil E.

Source: Author (2018).
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Figure 142 — 256-QAM - MSE comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil E for f, = 20 Hz.
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Source: Author (2018).

Figure 143 — 256-QAM - SER comparison of the CMA-SDD and NMCMA-SDD concurrent equalizers
to the dynamic Brazil E for f, = 20 Hz.

Source: Author (2018).






