Contents

1 Non-Biological Signals . ................................ 1
ILE NoEHo cwvmmmmsss s an on e o 50 6 0SSR R R 2
1.2 Discrete- and Continuous-Time Determinist Signals . .. ....... 2

1.2.1 Sampling Theorem :i: i s o5 6 o b ianeiasmsmdans 4
122 Upsampling i s v b s b 6 i 0o Veios saaid o 9
1.2.3 Downsampling and Decimation . . ... .............. 12
1.2.4 Anti-Aliasing Filter (AAF). . .. ... ..ot 12
125 COUREHZEION oo ve sin sus o8 wop mie sow slmmmsemieom e S REEaEE s 14
1.2.6 Delta Modulation (DM). . . . ... ..ot iin e 17
1.2.7 Sigma-Delta (£ — A) Modulation. . . . .............. 20
1.3 Discrete- and Continuous-Time Random Signals ............ 23
131 Satonatity veouss o o s 86 06 56 S B0 EayaReg s & 28
1.3.2 Monte Carlo Simulation . ..............c.ciunan 34
133 EnergvandPower ..........ccoivreennnernnns 46
134 Ergodicity . . . .. ... 49
1.3.5 Power Spectrum Density (PSD) . . . ... ... ... ...... 57
1.3.6 Signal Space Representation . .................... 69
1.3.7 Mean-Square Sense Sampling Theorem. . . ........... 82

2 Linear and Nonlinear Systems . . . ........................ 87

2.1 Linear Systems Theory . . ... ..ottt in i 87
211 System Funetion: « ;¢ o as o8 55 55 56 sa vmssvmiess 89
2.1.2 Response of Linear Systems to Random Signals. . . ... .. 91

2.2 Response of Nonlinear Systems to Random Signals . ......... 104
2.2.1 Nonlinear Processing of Gaussian Signals . ........... 105
2.2.2 Nonlinear Processing of WSS Gaussian Processes . . . ... 113
2.2.3 Output PSD of DM Devices with WSS

Gaussian FAPE. .« v v on os s wn s sosow v 117

2.3 Systems with Signal + Noise . . . ....................... 120
2.3.1 Signal-to-Noise Ratio (SNR) . .. ............ ... .. 124
2.3.2 Matched and Optimum Filtering. . ................. 126



X Contents

3 Biological SIgNANS . . . v vvwmsms ve i w s e ww w3 B B e v e 137
3.1 Electrocardiogram (ECG). . . .. ............iiin.. 138
3. QBSIEOMPIEX: :ouurmanovmmmns wn oy oF ox on o 8 aR 06 US 139
L2 "The PWAVE i amesmeins & &% o5 b o5 55 55 55 & o 141
3:13 "The PR Segment . ownvns 4 55 66 o4 55 9% o8 90 0% o 141
314 The QRS Wave: inivwivsnai o5 os o5 o5 o5 o5 50 9% 8§ o4 141
315 The ST Segment . ..........coiiiiuunneuennnnn. 142
316 The TWave .. ...iiiit ittt iieaeaaen e 142

3.2 Electroencephalogram (EEG) . ... ...................... 144
320l S BAEd: o s mms R S e A e i G 8 A 169
G20 BBANG o s R R AR B WA e SN 9% 2 170
B2E BAIE: w ou o RsR R AT S W W B R T 170
32 BB s o s n s S B B B BN B B T 170

320 VP Balids v v srosmuss SR S i o e 9 i i 170

326 EEGSignals . ................ P S A5 0E S W e R 171

3.3 Electromyogram (EMG) ... ... ..., 171
4 Signal Processing Methods for Biological Signals. . . ........... 175
4.1 Independence. . . ... ... ... 176
4 1E THCoMEIRed v e s o w8 S s o 176

A2 OnRGgONAl souseimminse R SRR S S S e 178

4.2 s K GRUSSIanT s ooovmm i s e v s v oy i B RN i @s wh 179
H2. T KHHONS veusoand s e s ISy e e o5 05 55 179
422 Entropy and Negentropy . . . . . ..o v e v viieineenn.. 180
4.2.3 Mutual Information. . . .. ...... i 183

4.3 “Distance” Between Two PDFs . . ...................... 186
4.3.1 Kolmogorov-Smirnov (KS) Distance. . . ............. 187
4.3.2 Hellinger Distance (HD) . . . ..., 187
4.3.3 Kullback-Leibler (KL) Divergence . .. .............. 188

4.4 Detection and Estimation Methods . . . ... ................ 200
4.4.1 Signal Detection Using Hypothesis Testing (HT) .. ... .. 200
4.4.2 Specificity and Sensitivity . . .. ........... . . . ... .. 208
443 Parameter Estimation . ..............c00iueun... 238
444 Whittle Likelithood Test (WLT) ... .......covvu.... 252
445 Frequency Estimation . .. .............c00uuun... 258

5 Signal Decomposition Methods . . . .. ...................... 2717
5.1 Principle Component Analysis . . . ...................... 277
5.2 Independent Component Analysis. . ..................... 288
520 Infolnax «~ su o o va sa sveTEE RS SRR RS B o 291

5.3 Wavelet Decomposition (WD) . . .......... ..., 301
5.3.1 Short Term Fourier Transform (STFT) .............. 302
5.3.2 Continuous WT (CWT). ... ...ttt 314

5.3.3 Father Wavelet. . . ... ... ... 326



Contents i

5.3.4 Orthogonal Wavelet . . ................0o ... 326

5.3.5 Wavelet Series Expansion (WSE). . .. .............. 330

5.3.6 Discrete Wavelet Transform DWT) .. .............. 334

5.3.7 Efficient Realization of DWT. . . .. ................ 341

5.3.8 Signal Synthesis Using DWT. .. .................. 348

6 References and Concluding Remarks. . ... .................. 377

6.1 Signals, Systems (Linear), Digital Signal Processing. . ........ 377
6.2 Random Signals, System Response to Random Signals,

and Detection/Estimation Theory . . ..................... 378

6.3 Biological Signals. . .. ........ ... .. .. 379

6.4 Principle and Independent Component Analysis . . ........... 379

63 WaAVEISE TIAbRIOt cc oo v o5 v wm srsrmmmsmms s e 379

REFBIBHCES wcoive o vn w s o oo mop b W00 Sob bk s A 5% 380



