TABLE OF CONTENTS

PREFACE xvii
Part 1 BASIC CONCEPTS 1
1 Electronic Concepts 3
CUITENE. ... ettt ettt et e e st e e s e e enerneee e 3

(] 4T3 ¥ RSP PRR 5

0] L (S 6

Direct and Alternating Voltage and CUrtrent ............ccceocueervieenieenieenieeniecenieeenne 8
HAIMONICS ettt 11
Measurement of AC Voltage or CUITENL............oeeeviiviieeriiiieeeiiee e 12
Frequency, Rise/Fall Times, and Period..........c.ccceeeviveeriiieeiniie e, 13
Frequency Measurement..........c..uveiiiieeiiiiiiiiiiiee ettt eiireee e 16
Complex Waveforms (Fourier AnalySes) ........cccceevevereeriiirerniiieeeiieeeeiiee e 18

Chapter ENANOES .......oeeieiiieeiiiiieeeciiee ettt et e et e e s eenaeeeseeeees 23
Direction of Current FIOW........cccccoriiiiiiiiiiiiniiiniecieceieceeceeceee e 23

Some Standard Symbols Used in Electronics ............ccceeevvveencieeeinciveeeeenen. 24

Some Fundamental Definitions. ........c.c.ceovueiiniieniienieciiieiieenieeniee e 25

Impportant Names in EIECtrONICS ..........uvverrviieerciiireeiiieeeiiiee e 26

2 Propagation Times 27
Propagation SPEEA.........cccuviieiiiiieeeiiiee et 27
Propagation TIMES .........cccueeeerviieeeiiiieeeiieeeerieee e et ee et eeseraeeesnaeeesennaeeesnneeas 28

Trace Configurations and Signal Propagation.........c...cceeeeeviienieeniecniecineeenneene 29

Circuit TImMiNg ISSUES ....ccuvvireeiiiieeeiiiieeeiite e eeiiee ettt e e e e e e s eenneeeseneeas 32
WaVEIENGth ... e 35



X Table of Contents

3 Electrical Components 37
The Three BasiCs.......cooooiiiiiiiiiiii 37
RESISTANCE ..o 38
ONM’S LaAW oo 39
(O T L TSRS 43
(183 I () 2 T TSRS 47
Formula for Capacitance ..............eecuieeeeiirieeeiiiieeeiiieeeeieeeeseeeeeeireeeseeiaeeeseeeees 48
Capacitance Functions and Effects..........cccccoeeeiiiiiiiiiiiniiiie e, 49
INAUCLANCE ..o 50
Formulas for Inductance................ccoooeeiiii 55
Charge and Discharge CUITENLS ..........ocevvvieerriiieeiiiieeeeiiie et eeereeeeeiaee e 56
RESONANCE......uueiiiiieeieeeeee ettt e e e eeaees 60

4 Voltage and Current Changes and Time Constants 63
Voltage and Current Changes Through ResiStors ............ccccevveviiiieinciiieeiiiieeens 63
Voltage and Current Changes Through Capacitors...........cccceeeecveeeinciiieenniereeeenns 64
Voltage and Current Changes Through Inductors.............cccceveveiieeinciieriiieeeens 66
Some Interesting Inductive Circuit Dynamics ...........ccccvveevvvieeeriiereeniieee e 69
Time CONSLANTS ......cooeiiiiiiiiiiieie e 71
A Note on Charge and Discharge EQUations..............cccveeeevieeeriieeeiniieeesiieeeeens 76

5 Resistance 77
Karchhoff’s Laws ....cooooiiiiiiiii 77
SEIIES RESISTOIS .....vvveiieeeieeeeeeeeieee e sassnssssnnsssnnsnnnnnnnnnnnnnn 79
Parallel RESISTOTS.......ccoeiiiiiiiiiieie e 81
VOltage DIVIACTS ...ceeuiiiieeeiiiie e e eitte ettt e et e e et e et e e et eesneseeeesnneeeeennes &3
Amplifier Feedback and Gain............cceeeevciiieieiiiieeiiiie e &5
POWET .. 86
EqQuivalent CirCUILS.........ccvvreirrieeeeiiieeeeiiie e et e e eiite e et eesiraeeseseaeeessnnneeesneneeas 88
POWERE CUIVE vttt eeeees 91
POWERT SOUICES ..ottt e e e eeeeees 93
CoNAUCLANCE .....oooeiiiiiiiiiie e 94

6 Reactance 97
Capacitive REACTANCE ........eeveeiiiieeiiiiie ettt e et e e e e e 98
Inductive REaCtancCe ............oooooiiiiiiiiiiiii 99
Ohm’s Law for Reactance ..o 101
Series LC COMDINAtIONS............uuuueeeeeeeeeeeeeeeeessesesessesssssesesssesessnsnsnnnnnnnnnnnn———————— 104
Parallel LC CirCUitS........coooiiiiiiiiiieiie e 107
RESONANCE.....uuueiiiiiieeeieee ettt eeeeeaes 111

POLeS and ZEIOS .....ccooeeieeieeeieeee e 115



Table of Contents Xi

SUSCEPLATICE ....vieeieeeeeeiiiiieeee e e ettt e e ettt e e e s s ettt e e e e s ssibbbeeeeeeeseeabbneee 119

7 Impedance and Phase Shift 121
IMPEAANCE ..ottt e et e e s e e et e e e e nneeas 121

Effect Of FIEQUENCY .....ccioiiieeeiiiie ettt 128
Another RC EXAMPLE ...ooeoouiiiieiiiiieeciiee ettt e e e 129

Classic RC FAlter .......viieiiiieeeiiiie ettt et e e e 131
Combining IMPEdAnCES .............eeeiruiiieiiiie e eeee et e e 133
Resonance and Q...........oeeviiiiiiiiiiiiiiecc e 134

Series RLC CIICUILS. ... ..viieieiiiieeeiiiieeeciiieeeeieee e et eeeeiaeeeesnaeeeenneeesenneeesennneaeens 137

Series RLC at RESONANCE ........ccoovviieeiiiiieeiiiee et e e e e eeaee e 140
AQMITEANCE ...eeeiieiieeeiiiie ettt e e et e s ettt e e e eeeenreeeeennaeeesnneeeeennee 142

Chapter ENANOLES .......cceeiviieeeiiiie ettt ee e et e e e e e 144
Detailed Calculations for Figure 7-8 ..........cccccvvvviiiiiiniiiieiiie e 144

RLC SIMUIATION ....vviieiiiiieeeiiiee et eeieee et eee e e e e e e eereeesennneeeen 145

ImMaginary NUMDEIS. ........ccoiiiiieieiiiee ettt e e eaee e 146

Part 2 SIGNAL INTEGRITY ISSUES 147
8 Signal Integrity Overview 149
9 Electromagnetic Interference (EMI) 155
Back@roUnd..........coccuiiiiiiiiiee et e 155

Fields and Cancellations.............eeeeueieerriiiieeeiiiee e et 156

Some Basic TrUthS ........eeiiiiiieeiiiie et 158

SigNAl COUPLING ....vvveeiiiiie ettt et et e e e e et e e e tneeeeennaeeeens 159

LOOD ATCA....eeiiiiiiiiiiieee et e 161

S10ts i Planes ©........eoveieiiieiiiiie et 162

Return Pathways........ccccviieiiiiiie et 163

Power Plane REtUINS..........cocuiieiriiiieiiiie et 164

Changing Trace LaYErS........ccuvveerviireieiiieeeiieeeeieteeeeieeeeereeeeeireeesenaeee e 165

Unrelated PIAnes...........occvieeeiiiieeiiiie ettt 166

1110 1T SRS 167

SHUDS ..ttt ettt ettt et et e et e et e b e et e e bt e e tb e e etb e e eabaeenbteetreentbeeearaeenn 168
COMMON MOGC .....eeiiieiiiiie ettt e et e et e e s eree e e snnreeeenneeas 169

The 20-H RUIE ....ooiiiiieiiecie sttt et e et eeebeeeenee s 173



xii Table of Contents

10 Reflections and Transmission Lines 175
Communications Model ... 175
TransmisSsion LiNES ..........ooooiiiiiiiiiiiiiii 178
Critical Lengthi.......cccvoiiiiiiiieeiiie et 181
Reflection Coefficients. ... 183
Visualizing RefleCtions ............ccvieeriiiieiiiiiee e 184
Determining Trace IMPedance...........ceeveviieeeiiiieiiiiie e 185
Termination TEChNIQUES ........ccveriiriiieeeiiie e 190

Parallel.......ooeeeeeeeeeeeee e nnrnnnnnnn——_ 192
TREVEIN ......vvvieieieeeeeeeeeee et snnsssssnssnnnnnsnnnnnnnnnns 192
BN O <) 51015 (o ) A 194
SIICS .o 194
DAOAE . ————————————————————————— 195
SOME DESIZN ISSUES......vviieiiiiieeeiiiie et e eeeee ettt e et e e et e et eeeeaeeeeennneeeens 196
Changing Trace Layers 1........cceevcuiiriiriiieeeiiie et 196
POWET PIANES.......oeeeeeeieeieiiee st snnnansnnnnnnnnnns 197
Changing Trace Layers 2.........cceecuvireeriiieeeiieeeeiiieeeeiieeeereeeseireeeseenneeeens 197
SIots N Planes 2.......cooooiiiiiiiiiiii 199
SHUDS ... e et e e e e et e e e e e e eenaaaes 200
Absolute vs. Relative Value 0f Zo .........oooooviiiiiiiiiiiiii 201
Chapter ENdNOte.........ooeiiiiiiieiiie ettt 203
OnN FOIMUIAS .....eviiiiiieeiieee e ananaaenenensnsesnnnnnnnnnns 203

11 Some Transmission Line Simulations 207
Basic SIMUIAtion ...........oooiiiiiiiii 207
SerieS TErMINATION ..........uvveerreeeeeeeeeeeeseeeeeeeeeeeseseeeeeeeeeeereeneeenae——n—————————————————————— 215
Placement ISSUCS .......coooviiiiiiiiii 217
Branches, O YS....oooooiiiiiiii 219

12 Crosstalk 221
Forward versus Backward Crosstalk...............ccccceiiiiii 221

Backward CrosStalk................uueeeeueeeeeeeeieeieeeeeeeeeeseessseeessssenenesnsnnnnnnnnnnnnnnn... 223
FOrward CroSStalk ...............euueeereeeeeeieeeeeeeeeeeeeseeeeseesssesessannnnaesnnennnnnrnnnnnnn—... 225
I SUMMATY e 226
Estimating CroSstalk ............cocuiiiiiiiieeiiiie e 226
(@81 (o111 ;15 T ) 11PN 226
(70701 o) 112 VUSSR 227
DISEANCE ...vvvveeeeeeeeeeeeeee et annnnnnnnnnnnnnnnnnnnnnnnnns 227
TEIMINALIONS ......uvveveeeeeeeeeeeeeeeeeeeesesseseesseesaeaseesessssensssseessnnnsesnsensnsssnsnnnnnnnnnes 229
URraCAD CalCUIAtOr ... ... 230
HyperLynx Simulation Tool ...........coeoriiieriiiiieiiiiiie e 231

Design Considerations............cuvveeeueieerniieeeeiiieessieeeeetreeessraeeessreeessnreeesssneeas 232



Table of Contents xiii

S10ts N Planes 3 ......c.cooriiiiiiiiiiiiiieeicceere e 232
GUATd Bands .......c.ccoiiiiiiiiiiiii e 233

13 Crosstalk Simulations 235
Basic MOGEL.....c..ueiiiiiiiiiiiiecnecce et 235
Add an Uncoupled REION...........eiirriiiieiiiieeeiiee et 239
Effect Of Length........ooviiiiiieeeee e 240
18|01 T USSR 242
Stripline With Terminations .............eccvereeriiiieerriiieeeieeeesiieeeesieeeeenneeesenneeeens 242
More Realistic EXAmMPIE ........ccvvieiiiiiieiiiiie et 244
SUMIMATY «eeeeiiiiiiiitie et e e ettt e e e s s sttt e e e e s ssibbbaeeeeessennnbnees 247
14 Differential Traces and Impedance 249
Back@roUund..........coocuiiieiiiiiee e 249
AQVANTAZES ...evveeeeiiiee ettt et e e et e e e e ennaees 249
KeY ASSUMPLIONS ....eeeiuiiiieeeiiiieeeiiieeeeiieeeeiteeeeeireeeeseneeeesereeessnreeessnnneeeens 251
DeSin RUIES.......coiiiiiiieiiiie ettt et e et e e e eneeas 255
Design Rule 1 (Equal Length).........cooooviieiiiiiiiiiiie e 255
Common Mode Implications............c..eeerevereeeciiieeieiiieeeieee e 255
Differential Signals and Loop Areas.........c.ceeevcvvieereiiieerciieeeriieee e 256

Design Rule 2 (Close TOZEther)........ccccvvieeeeiiieeeiiiee et 257
Rule 2 CONSEQUENCE .....eeouvvieeeiiiieeeiiiieeeiiieeeeieee et e e e e e 258

Design Rule 3 (Differential Impedance)...........coecvveeerciieeiiiiieeeiiee e 260
Differential Mode Impedance ............ccceeeveeeerciiieeiiiiie e, 260
Common Mode Impedance.............ccuveereiiieinciieeiiiie e 261

Design Rule 4 (Constant Separation)............ccceeeecvveeeercrireerrveeeesereeesnnneeens 262
Differential SIMULAtiONS .........c.eeviiriiiiieiiiie et 262
Calculating Differential Impedance ............coecvveerriiieeeiiiie e, 265
Edge Coupled.......vviiiiiiieeciiee et 266
Broadside Coupled .........oivviiiieeeiiiee e 268

15 Bypass Caps and Decoupling Systems 269
Traditional APPIOaCh ........evveiiiiieiiiiee e 269
Size and QUANTILY ......ovveieiiieeiiiee e e eeeee et e e e e e e e e e 273
PLACEMENL ..ottt 275
CONMNECTION ...ttt ettt ettt ettt ettt ettt ettt e bt e sabe e s e ebeeenanee e 276
Power System Impedance Approach...........cocccveevviiiieeeiiiiiiiiee e, 277
IdEal RESPONSE .....evvieeeiiiieeeiiiee ettt et e e et ee e e e e s ennaeeeens 277
Capacitor RESPONSE ........eevviiiiieeeiiieeeiiie ettt ettt e s eaeee e 278
Inductance Effects ........ccooviiriiiiiiiiiiiiiiinicccccce e 278
Multiple CapaCItOTS......vvvveeeiriieeeiiieeeeieeeeereeeesireeeestreeesereeessnreeessnnneeeens 280

Additional Capacitor Value ...........ccceeeeriiiiieeniiiieeiiiee e 281



xiv Table of Contents

Planar CapacitanCe ..........eeeeuviieeeiiieeeriiieeereeeeeiteeeesneeeesereeessnreeessnnneeenns 282

Equivalent Series Resistance (ESR) .........coocoviviiviiiiiiiiiieeeeee e 285

Self Resonant Frequencies ...........ccuvveeevvieeiniiieeeiiie e eeiree e 287

Effects of Multiple Capacitors .........c.ceeeeevveeeeecivieeiriiieeereeeeeieee e 288

Paralle] Capacitors..........cccuuieercuiieeiriiieeeiieeeeieee e e e 288
RESONANCE........eiiiiiiiiiiiiiiciiic e 290

Impedance at Self-Resonant Frequency ...........cccoeeevvveeeciieeininennn. 291

Impedance at Anti-Resonance .............occvveeeevvieeeciieeeeiiee e 292

General Case ANALYSIS........eveercviieeiiiiiee et eeeie et e e 293

CONSEUEIICES ...eeeeeeereiiiiieteeeeseaiiiitteeeeeesanibitteeeeessanabbteeeeeesssnnbbreeeeeens 294

SUMIMATY ceeeiiiiiiiiiiie ettt e e e ettt e e e e s sttt e e e e s s saabbbeeeeeeesenanbnees 296

16 Power Systems 297
Power SUpply VOItAZES ......oeeeiiiieieiiiee ettt 297

Need FOr POWer Planes .........coooviiiiiiiiiiiiiiiiiiicciccceceec e 300
Strategies For Designing With Plane..............cccoooiiiiviiiiiiniiiicce e 300

Some Design RUIES ........cooviiiiiiiiiiieeciiiee et 303
Connecting Reference Planes Together ...........oooecviiiieciiiiiiiieeeiiee e 303

Overlapping Planes............cocviieiriiiiiiiiiiie et 304

Decoupling to Wrong Plane............coooevvieiriiiieeniiiee e 305

Signals Crossing Separations..........cc.eeeeeevveeerrirererniureeesnneeeeesreeesenneeesnneens 305

SEACK-UPS .ttt ettt et e e st e e et e e et e e et e e et e e e nnnreaeeas 307
CONCIUSION ...ttt ettt ettt st e st e et e s 308

17 Lossy Lines and Eye Diagrams 311
LOSSY LNES ...ttt 311

SKIN EFECT .eviiiiiiiiiiieiieee e 312

Dielectric ADSOIPHON ......eeeeieiieeeiiieeeiiieeeieeeeeeee et e e ereeeeeereeeseenneeeens 314

L0SSY Line MOEI ......ooeiiiiieeeiiiie ettt 314

EYE DIAGIAMS. ....eeeeeiiiieiciiieeeiiieeeeitte e ettt e ettt e e e etee e e et eesnnaeeesnseeesenneeeeenneeas 316
EqQUaliZAtiON .......ooiiiiiiieeiiie et 318

Passive EQUaliZation............ccuvieeriiireieiiieeeiiee et et e e eree e eireeesenaeee e 319

Active EQUAlIZAtion ..........oeveiiiiieeiiiiie et 319

SUMIMATY ceeeiiiiiiiiiteeeee ettt e e e e e ettt e e e s s sttt e e e e s ssabbbeeeeeessenanbnees 320

Part 3 Appendices, Glossary, and Index 323
Appendices 325
A UltraCAD’s Square Wave SImulator...........ccceeeeeiieeiiiiieeeiiee e e eieee e 325

B Why Inductors INdUCE ..........coooiiiiiiiniiiiiiiiiccctcccecee e 329

(O 00TV 111 4 1SR 345



Table of Contents XV

D Phase Shift SImulation...............ccooeiiiiiii 351
E  Complex AlZeDra.......c.civiiiiiieieiiiie ettt 357
F Transmission Line SImulation................cccoeeeiiiiiie 367
G Echo HUStration ..........oooooiiiiiiiiii 369
H UltraCAD Freeware Calculators.............coooeeiiiiiiiiiiiiiiiee 371
I TDRsAnd VNAS......ooooiiiii 375
J Right Angle COMEIS .....ceciiiiieiiiieeeiiee ettt et e e e ree e e e e 383
Glossary 387
Index 397

About the Author 403






