Wireline Equalization
using Pulse-Width Modulation

Jan-Rutger Schrader



Samenstelling promotiecommissie:

Voorzitter:
prof.dr.ir. A.J. Mouthaan

Secretaris:
prof.dr.ir. A.J. Mouthaan

Promotor:
prof.dr.ir. B. Nauta

Assistent-promotor:
dr.ing. E.A.M. Klumperink

Referenten:
dr. J.L. Visschers
dr. M. Kuijk

Leden:
prof.dr.ir. W.C. van Etten
prof.ir. A.J.M. van Tuijl

prof.dr.ir. A.H.M. van Roermund

Universiteit Twente

Universiteit Twente

Universiteit Twente

Universiteit Twente

NIKHEF Amsterdam
VU Brussel

Universiteit Twente
Universiteit Twente
TU Eindhoven

CTIT Ph.D. thesis Series No. 07-104
cT I T Centre for Telematics and Information Technology (CTIT)
momamtmosy P.0. Box 217 - 7500 AE Enschede - The Netherlands

ISSN 1381-3617

A
| ] —— This work is part of the research programme of the ‘Stichting voor
IFM Fundamenteel Onderzoek der Materie (FOM)’, which is financially
4 -

supported by the
Onderzoek (NWO)’.

‘Nederlandse Organisatie voor Wetenschappelijk

© 2007 J.H.R. Schrader (http://www.schrader-ic.com)

Cover design: Tineke Schrader-Florijn

Printed by Gildeprint

ISBN 978-90-365-2567-1



WIRELINE EQUALIZATION USING PULSE-WIDTH MODULATION

PROEFSCHRIFT

ter verkrijging van
de graad van doctor aan de Universiteit Twente,
op gezag van de rector magnificus,
prof.dr. W.H.M. Zijm,
volgens besluit van het College voor Promoties
in het openbaar te verdedigen
op donderdag 11 oktober 2007 om 16.45 uur

door

Johan Hendrik Rutger Schrader

geboren op 27 september 1976
te Enkhuizen



Dit proefschrift is goedgekeurd door:
de promotor prof.dr.ir. B. Nauta

de assistent-promotor dr.ing. E.A.M. Klumperink



’

“Knowledge is a matter of piling up facts; wisdom lies in their simplification.’

--Martin H. Fischer (1879-1962)

Aan mijn familie






Table of contents

1. INTRODUCTION ...ttt ettt st e sttt snee s e e eae e 1
1.1. High speed data-communication OVer WIres...............ccoccueeriiieniieeniienniieeeniee e 1
1.2. Types of copper interconnects and their behavior in the frequency domain .......... 3

1.2.1. Types of copper intercCONNECtS...............cceoiiiiiiiiiiiiiiiiee ettt 3
1.2.2. Frequency domain behavior................ccccooviiiiiiiiiiiiiccecee e 4
1.3. Factors limiting the bit rate — a time domain view.................ccoccccooiiiiniiiinininene 5
1.3.1. Intersymbol interference .................ccooeiiieiiiiieiiiiee e 5
132  REfI@CHIONS ...ttt et 8
1.4, EQUALIZATION ..ottt ettt e e ee e e e e 9
1.4.1. Concept of equalization ..................ccc.cooiiiiiiiiiiii e 9
1.4.2. Equalizer gain plot and loss compensation .................cccceeeeeeviieeniieencieeenieeene, 11
1.5. Solutions from Literature .................coooiiiiiiiiiiii e 12
LS50  EQUALIZETS........ooiiniiiiiie ettt et e 12
1.5.2. Modulation: OFDM ... e 15
1.6. Research challenges and thesis OVerview ..............cccccovviiiniiiiiniiieniieeeeee e 16
1.6.1. Research challenges................c.oooooiiiiiiiiiiiii e e 16
1.6.2. TRESIS OVEIVICW.....cc..eiiiiiiiiiiiiiiiiiiicete ettt st 17

2. MODELING COPPER CABLES AND PCBS........cccociiiiiiiiiiiiiiiiiiiccce 19
2.1 INErOAUCTION ...ttt ettt et 19
2.2. Propagation constant and Kramers-Kronig relations ...................cc..ccccoviinnnnn. 20

2.2.1. Propagation CONSEANL .............coooiiiiiiiiiiiieeiiiieeeeeeeeeeieee e et e e e sere e e e e nnaeeeeennes 20
2.2.2. Kramers-Kronig relations ..............coccooviiiiiiiioniiiceeeeeeeeeee e 21
2.3. Frequency domain eqUAtIONS ..............cccuiiieiiiiiieeiiiiieeeeieeeeeeiieee e e e e e eeaeeeeeereeeas 22
2.3.1 Conductor losses: the skin effect................cc..cooiiiiiiiniiec 22
2.3.2. DHEleCtric LLOSS. ....couuiiiiiiiiiie e 25
2.3.3. Isolated magnitude transfer function for skin loss and dielectric loss ............ 28
2.4. Time domain @qUALIONS.............cccoiiuiiiiiiiiiiee et eeetee e et e e e e raeee e eaaeeeeenaeeeas 29
2.4.1. SKin-effect ImMpulse reSPOMNSE ..........cooouiiiiiiiiiiiieiiieeeeeeeeee e 29
2.4.2. Impulse response for dielectric 10SS...............ccooviiiiiiiiiiiiiniiieee e, 31
2.5. Match between model and measurements ...............ccc.ccoceeviienienienieeneeneeneeens 31
2.5.1. Copper channel tyPes............coooiiiiiiiiiiiiie e e e 32
2.5.2. Transient DERAVIOL ...........ccccooiiiiiiiiiii e 34
2.5.3. Measurements — model match..............c...coiiiiiiii 36
2.0, CONCIUSIONS ..ottt ettt sttt sat e e beesaeeenee 43

3. EFFECT OF TIMING NON-IDEALITIES ON AN ANALOG MULTICARRIER SYSTEM ................. 45
B INErOAUCTION ...t s 45
3.2. OFDM PrinCIPIes .........ooiiiiiiiiiiiiieee ettt et e e e 46
3.3. Practical proposal for ‘analog OFDM” system architecture...................ccceeennnen.. 46
Bud PLL JEEERT ..ottt et ettt et st 48
3.5. Types of inter-carrier Interference ................ccccovvviiiiiiiiiiiiieeeee e 48

3.6. Impact of jitter on crosstalk between in-phase and quadrature signal at a given
Fr@QUEIICY ...t e et e e e e e e ettt e e e e sasae e e e s nsbeeesennaeeeeannseeens 49



3.6.1. Concept of jitter analysiS.............ccccoeeriiiiiiiieiieeeee e 50

3.6.2. DefIMItIONS ......oooiiiiiiiiiiiie ettt 50
3.6.3. Correlation PIOtS..............coooiiiiiiiiiiiee e 50
3.6.4. Probability of it @rror ............cociiiiiiiiii e 52
3.6.5. Bit rate LIS .......o.cooiiiiiiiiiiii e 54
3.7. Statistical jitter simulations..............c.c.coociiiiiiiiiiii e 55
3.7.1. ICI type (1) as a consequence of Jitter..................cccoeviirviiiiiiiiiiniieeneeeeee e, 56
3.7.2. Impact of duty-cycle variations on carrier orthogonality ................................ 58
3.8. Related work from literature ...............cc.coooiiiiiiiiiii e 60
3.9, COMCIUSIONS ..ottt ettt e st e st e e st e e st e e abeeeeanee e e 61
« PWM PRE-EMPHASIS......oooiitiitiiiiiiitenite ettt ettt et e st ste e st esseesteesaneesneesanesaneenaneenne 63
4.1 INErOAUCTION ..ottt ettt st 63
4.2. Pulse-width modulation pre-emphasis ................ccooccoiiiiiiiiii e 63
4.3. Frequency domain COMPATISON............cccvieiiiiiiiiieeiieeiieeeiteeeiee e eieeeeaee e 66
4.3.1. PSD and transfer function of PWM pre-emphasis .............c...coccoiiininiinnn. 66
4.3.2. PSD and transfer function of 2-tap SSF............cccoiiiiiiiiii e, 69
4.3.3. Comparison of transfer functions..................ccccoooiiiiiiiiiiiniceceee 71
4.3.4. Equalized channel channel transfer function....................ccccccoooiiiniiinninn. 74
4.3.5. Filter DC behavior: move power to higher frequencies ....................cccccceee. 75
4.4. Numerical time-domain simulations of ISI................c..cocoie, 78
4.4.1. Model of skin-effect-only channel........................ccooiiiiiiiii e, 79
4.4.2. Peak distortion analysis ..............coooiieiiiiiiiiiiiniieceeceeceee e 80
4.4.3. SenSitivity t0 JITEr ..........oooiiiiiiiiiiiiie e 81
4.5. PWM 1-edge chip design and measurements .................ccocceeeriieeniiieeniieenieeenieeenne 83
4.5.1. Chip 1: design and MeasuremMents ................ccceeerriiieeeriiieeeeniieeeeeiieeeeeeaeeeenns 83
4.5.2. Chip 2: design and measurements ...............ccccueeerieeriieenniieeniiieeniieenieeesreeeenees 90
4.5.3. Chip 3: measurements on a PCB trace..................cccccooviiiiiiniiiieiniee e, 93
4.6. CONCIUSIONS ......oooiiiiiiiiiii ettt ettt st 96
« MULTITAP PWM PRE-EMPHASIS ......coooiiiiiiiiiiiiiiiiieie ittt st 99
S0 INErOAUCTION ...ttt ettt et e e 99
5.2. Principle of the multitap PWM filter ................ccoooiiiiiiiiiiieeee 100
5.2.1. Same-area approach to translate FIR filter to PWM filter........................... 100
5.2.2. 2-1evel, 3-tap PWIM .. ..ot 103
5.3. PSD functions of the multitap PWM filters................ccoovviiiiiiiinieee, 105
5.3.1. Autocorrelation method...................ooiiiiiiinien 105
5.3.2. PSD fUNCHIONS. .....ooiiiiiiiiiiiie ettt e 113
5.4. Reducing the number of transitions in the 2PWM scheme..........................cc..... 115
5.5, COMCIUSIONS ......ooiiiiiiiiiiiiie ettt ettt e e 121
« CONCLUSIONS ...ttt ettt ettt ettt et e s et e e s e e et e e sae e eaneesaneesneesnneenneens 123
6.1. Summary of the thesis................ccooiiiiiiii e 123
6.1.1. Main research qUeStIiONS ................coooviiiiiiiiiiiieee e 123
6.1.2. Chapter 2............oooiiiiiii ettt ettt ettt et 123
60.1.3. Chapter ...ttt e e st e e st e e e e nraaeesenraeeeanns 123
6.1.4. Chapter 4.............oooiiiiii ettt ettt e 124
0.1.5. Chapter S......oo ot e e e et e e st e e e e ae e e e nraaeeens 124
6.2. Original contributions................c.oooiiiiiiiiiiii e 125

6.3. Recommendations for future research............coooveoiioimee i, 126



APPENDIX A. DIFFUSION EQUATION FOR SKIN EFFECT ......cooovuuiiiiiiiiiiiiieiieeeeeeeeeeeeaieeee s 127

APPENDIX B. JITTER DURING THE INTEGRATION PERIOD ..........ccccccoommiiiiiiiieeeeeeeeeirrenenennn. 129
APPENDIX C. TABLES FOR AUTOCORRELATION CALCULATIONS.......cccccouviiiiieeeeeeenrrneeennnn. 131
REFERENCES .......ouuttiiiiiieiiieeiititeeee e e e e eeeeeate e e e e e eeeeettaaeeeeeeeeeesataaeaeeeeeeeeseststsareaeeeeseenssrareeeaens 137
SAMENVATTING ....ocoeiiiiititiiieeeeeeeeeecitereeeeeeeeeeettareeeeeeeeeaeetsrasesesaeeeasassrssesesaeeeesaaisrrareseseeeannns 143
LIST OF PUBLICATIONS ......oouuiiiiiiiieeeeeeiiiiteeeeeeeeeeeeitrteeeeeeeeeeesenssaseseeeeeeesetsssaseseeeeseassrrareseaens 147
DANKWOORD ........ouvtiiiiiiiiieiiiciieeeee e e e eeeecct e eeeeeeetaaeeeeeeeeeeeetaaeaeeeaeeeesetstsareaaeeeeeesssrareeeaens 149

ABOUT THE AUTHOR ..ot e e e e e ee e e et aae e e e e aeeseeaaeeeeeaaeeeeeaaeeeeeaaaeeennnaaaaees 151








