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PREFACE

The design and implementation of arithmetic processors is taken up in this thesis. As
a case study, a generalized pipeline array is discussed. A generalized pipeline array
appeared in IEEE transaction in 1974. The array appeared in a few textbooks on
computer arithmetic. From time to time, a number of papers appeared which reflected the
modifications of this array. The objective of this thesis is to present the design and VVLSI
implementation of arithmetic processors. As a case study the design and VLSI
implementation of a generalized pipeline cellular array is taken up in this thesis. This
array can add, subtract, multiply, divide, square and square root of binary numbers. In this
thesis, we suggest a step-by-step procedure by which the design can be sent to MOSIS
and to get the fabricated chip back. The array has been extended from 5 rows to 7 rows so
that the extended operations can be performed. In particular, a procedure is developed by
which the design and the implementation methodologies are suitable for 40 pin and 500
nm technologies. An algorithm has been developed by which one can predict and meet
the requirements of constrains like chip area. In order to increase data processing
throughput, the extension of pipelining is conducted. It is hoped that the design and
implementation done here will go a long way in the development of advanced arithmetic

processors.



TABLE OF CONTENTS

DEDICATION .ttt ettt ettt e bt e s e e bt e br e e be e nane e I
ACKNOWLEDGMENTS ...ttt ii
PREFACE ...ttt ettt b ettt sae e et e e s b e e be e saneebeesnneas 1\
LIST OF TABLES ...ttt snee s viii
LIST OF FIGURES ...ttt IX
CHAPTER 1 INTRODUCTION ....ciiiiiiieiit ettt 1
Introduction to ArithmetiC PrOCESSOIS .......ooviiiiiiiiiiiiicieeee e 2
Current Designs in Arithmetic UNItS.........ooeieiiiiiiiiiieeeee e 5
INtroduction t0 VLS DESIGN ....oiuiiiiiieieieieeie e 14
Review of EXisting IMplementation ..o 17
Arrangement of the THESIS ... 20
CONCIUSION ... bbbt 21
CHAPTER 2 EXTENSION OF THE PIPELINE ARRAY ....oooiiiiiiiieiieeeeeeiee e 22
INEFOAUCTION ... bbb 22
DIBSIGN ..ttt bbbt 23
IMPIEMENTALION ... e 26
LOGIC SYNTNESIS ...ttt bbbt 27
Place and ROULE..........oiiiiieie s 30
ChIP ASSEMDIY ... e 34
DESIGN SUDMISSION. .....uiiiiiiiiiieieie ittt 85
RESUIES ... ettt ettt et ne e teenaenne s 87



CONCIUSTON <. 88

CHAPTER 3 DESIGN TO MEET TECHNICAL CONSTRAINS .......coooiiiiic 89
INEFOAUCTION ... 89
DIBSIGN ..t b 91
IMPIEMENTALION ... 102
LOGIC SYNTNESIS ...t 103
Place and ROULE.......c.ooiiieiic e 107
ChIP ASSEMDIY ... 111
DESIGN SUDMISSION. ......iiiiiiiiiiieie st 162
RESUITS ...ttt 164
CONCIUSION ... bbbttt 165
CHAPTER 4 EXTENSION FOR PIPELINING ......ooiiiiiiiiie e 166
INEFOAUCTION ...ttt 166
DIBSIGN ..ttt bbbt 168
IMPIEMENTALION ... 173
LOGIC SYNTNESIS ...t 174
Place and ROULE..........oiiiiiiei e 178
ChIP ASSEMDIY ... 182
DESIGN SUDMISSION. ......iitiiiiiiieieie sttt 233
RESUILS ...ttt ettt e e re e reenae e 235
CONCIUSION ...ttt 236
CHAPTER 5 SUMMARY AND CONCLUSION......ccoiiiiiieiieeiieree e 237

Vi



INETOAUCTION ... 237

Summary and CONCIUSTON .......ccuoiiiiiiiieieee e 238

CONITBULION ...t 240

Problems for FUtUIE WOTK...........cooiiiiiee e 242
APPENDIX A Verilog Code for the 7 ROW EXtENSION ......cccvviiiiiiiiiesieceie e 243
APPENDIX B Verilog Code for the Extension to Meet Design Constrains................... 250
APPENDIX C Verilog Code for the Extension of Pipelining...........ccccocooovininiiiniennn, 257
APPENDIX D Script for Cadence Encounter RTL Compiler (rc.cmd).........ccoovvveneneee. 270
APPENDIX E Script for Cadence Encounter (encounter.Cmd)...........ccoeevereninnenennnn. 271
APPENDIX F Multi-Mode Multi-Corner Script (mmmc.tcl) ..o, 275
APPENDIX G Synopsys Design Constraints (typical.SdC) .........cccoceveriiiniiininieieen, 276
REFERENGCES ...ttt sttt 277
ABSTRACT .ttt ettt ettt et h et e et e e be e e beenree s 282
AUTOBIOGRAPHICAL STATEMENT ...ttt 283

vii



Table 1:

Table 2:

Table 3.

Table 4:

Table 5:

Table 6.

Table 7.

Table 8:

Table 9:

LIST OF TABLES

Comparison between the Array and Other Arithmetic Processors.............c........ 12
Operations of the PIPeliNg Array. .........coovvieieieres e 18
Summary of the 7-rowW eXteNSION ..........ccueiveriiieie e 87
Summary of resource requirement of pipeline array designs. ........ccccceeverieennene. 91
Operations of the new implementation within 40 pins. ........ccccoeeveiieiieieenene 97
Summary of operations of the extension within constrains............cccccceeveeenee. 164
Summary of pin count of the extension within constrains............ccccecvevvenenee. 164
Implementation Summary of the Pipelined Design ...........cccoevvveieienennnene. 235
Result of Extended generalized pipeline cellular array ..........ccccccevviinvnnnnnne 239

viii



LIST OF FIGURES

Figure 1: Intel 8087 MICrOarChiteCtUre. ..........ccooiuiieiiiieieiie e 3
Figure 2: DSP chip from Texas INStruments (T1)......cccceveiiriiiniicceee e 4
FIQUIE 32 T BBAT ...ttt 6
FIQUIE 42 IMIIPS R30L0 ......ceiuiiiiiieeei ettt 8
FIQUIE 5: WEITEK 3364 ..ot 10
Figure 6: ArthmetiC CEILL .....viiiiee s 17
FIQUre 7: Control CEILL ..o s 17
Figure 8: Organization of the pipeling array. ..........ccccevereriieniiceeee e 19
Figure 9: Pipeling array WIth 7 TOWS. .........coiiiiiiiieieeesc s 24
Figure 10: Place and route result 0n FPGA. ..o 25
FIQUIE 112 FC.OMO. .ottt bbbt 28
Figure 12: Synthesis summary generated by RC Compiler. ... 29
Figure 13: @NCOUNTEI.CIMA. ......c.viiiieieieite et 31
Figure 14: MMMC.ICL ...oviiiii s 31
Figure 15: Final VIEW iN ENCOUNTET.........coiiiiiiiiiieee s 32
Figure 16: DRC report generated by ENCOUNTET. ........cceviiiiiniiiinieieeee s 33
Figure 17: Create New Library With VIrtu0S0. ........cccooiiiiiieniniieeee s 35
Figure 18: "New Library” window OF VIrtUOSO. .......cccoerieiiiininiinieicee s 36
Figure 19: "Technology File for New Library" window of Virtuoso............c.ccocevevrvrunnne. 37
Figure 20: "Technology File for New Library" window of Virtuoso............c.ccocevevrvnunne. 37
Figure 21: Import netlist With VIrtu0S0. ..........ccooieiiiiiiei s 38


file:///D:/Users/Administrator/Desktop/thesis-long.doc%23_Toc438139105
file:///D:/Users/Administrator/Desktop/thesis-long.doc%23_Toc438139106
file:///D:/Users/Administrator/Desktop/thesis-long.doc%23_Toc438139107

Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:

Figure 43:

"Verilog In" Window Of VITUOSO. .......ccciveiiiiiiieie e 39
Import DEF With VIFUOSO. .......cooiiiiiieieice e 40
"DEF In" Window Of VIrtUOSO. .........coiiiiiiieieicsesee e 40
"DEF In" successful translation prompt. ... 41
Start DRC from Virtuoso Layout SUILE. .........cccociiiiiiiniiiececc e 41
"DRC" WINAOW OF VITTUOSO. .......civiiiiiieiiiieiesie e 42
Report of SUCCESSTUI DRC. ..o 42
Start Extract from Virtuoso Layout SUItE. ... 43
"Extractor” Window Of VIrtUOSO. .........c.coveiieiiiiiiese e 44
Report of SUCCESSTUI EXIIACT. ......cc.oiviiiiiiieieece e 44
Start LVS from Virtuoso Layout SUITE. .........ccceiiiiiiiiniiieicesese e 45
"Artist LVS" Window Of VITTUOSO. .......cveiiiiiiiienicriseseeiee e 46
"Artist LVS" successtul LVS Prompt. ..o 46
Copy pad frame iN VIFTUOSO. .......ccoiuiiiiieieieiesee et 47
"Copy Cell" Window Of VIrtUOSO. .......ccovvieiiiiiienieriesieeeeeeee e 48
Initial schematic view of the pad frame. ... 49
Add input pads iN SCNEMALIC. ..........cviiiiiiiiee e 50
Add output pads iN SCHEMALIC. .........cccoiiiiiiee e 51
Add input pads iN TaYOUL............coiiiiiie e 52
Add output Pads iN TAYOUL..........ccoiiiiiiieee e 53
Add pins to the pad frame in SChematicC. ..........cccocvviiiiiiiiie e 55
Add pins to the pad frame schematic (detailed VIeW). ........ccocevireniiinnnnnne 56



Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:

Figure 65:

"Create Shape Pin" WINdow 0f VIrtUOSO.........cccerviiriieiinie e 57
Add pins to the pad frame layout (detailed VIEW). .......cccccoeveiiniiiiiiiieiee 58
Start DRC from Virtuoso Layout SUILE. .........cccooiiiiiiiniiiieceec e 59
Report of SUCCESSTUI DRC. ......coiiiiiiieeeee e 60
Start Extract from Virtuoso Layout SUItE. ... 60
Report of SUCCESSTUl EXIIACT. ......cc.oiviiiiiiieiece e 61
Start LVS from Virtuoso Layout SUITE. .........cceiiieiiiininicieeeese e 61
"Artist LVS" Window Of VIrtUOSO0. .......cocveiiiiiiieie e 62
"Artist LVS" successtul LVS Prompt. ..o 62
Create symbol view from SChematiC VIEW. ...........cccovvrininieiiieniesc e 63
"CellView from CellView" window of VIrtuoso. .........ccccceeverivenieieiienennnnn 64
Final symbol view of the pad frame. ...........ccoooiiiiini 64
Create new "Cell View" from Virtuoso Layout Suite...........ccoocevvniiininnnnnns 65
"New File” Window Of VIrtUOSO0. ........ccoiveriiiieiieie e 66
Create the final SChEeMALIC VIEW. .........ccoiiiiiiiieie e 67
Routed SChEMEALIC VIBW. ....ccviieieieee e e 68
"Add Pins"” WindOW OF VIrtUOSO. .......ccceiveriiiieiienie e se e 69
Final SChEMALIC VIBW. ....ccveeiiieii e e 70
"Startup Option” Window Of VIrtUOSO. ......cccccvviierieiieieeie e seese e 71
"Startup Option” Window Of VIrtUOSO. .......ccccvviveriiiie e seese e 71
Start "Generate Layout™” Of VIrtUOSO. ........ccceeveriereniesiese e see e 72
"Generate Layout™ window Of VIrtU0SO0. .......cccccvereiieiiene e 73

Xi



Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:
Figure 78:
Figure 79:
Figure 80:
Figure 81:
Figure 82:
Figure 83:
Figure 84:
Figure 85:
Figure 86:

Figure 87:

Component placement iN VIrtUOSO. ........coveieieieieniiiseeeeiee e 74
Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring. ............... 75
"Automatic Routing™ window Of VIrtUOSO0. .......cccoviiriinniinieiiecee e 76
Final 1ayout I VITUOSO. ....c..oiiiiiieiecie et 77
Report of SUCCESSTUI DRC. ......coiiiiiiieeee e 78
Report of SUCCESSTUl EXIIACT. ......cc.oiviiiiiiieieee e 78
"Artist LVS" successtul LVS Prompt. ..o 79
Start "Stream Out" from Virtuoso Layout SUItE. ..........cccevvrvirieneneiinininins 80
"Show Options™ in "XStream Out” window of Virtuoso. .........c.cccccevevervnnnene. 80
"Load..." in "XStream Out™ window of Virtuoso. ..........ccceverivrnviinieennnnnn 81
Choose file for the "XStream OUL"...........cooiiiiiieee s 82
"Translate" in "XStream Out” window Of Virtuoso. .........ccccceeevereninennnnnnn. 83
"Stream out translation complete™ successful prompt...........ccccoocveiiiiinnnne. 84
Generating checksum with GNU CKSUM ........ccoiiiiiiiiiiieieeec e 86
NUmber of row VS. PiN COUNT. .....cc.oiiiiiiiiiieee e 92
Number of row VS. Chip area. ..o 92
Overview of the pipeline array implementation within 40 pins..........c........... 95
Logic diagram (partial) of the implementation within 40 pins. ...........cc.c....... 96
Simulation result of the implementation within 40 pins. .........cccccooeiiniinnnnnns 98
Synthesis result Of FPGAL. ... 100
Place and route result (partial) on FPGA. ........ccooiiiiiiieeee e 101
(o3 o 1o RSSO 104

Xii



Figure 88: Synthesis summary generated by RC Compiler. ... 105
Figure 89: Synthesis summary generated by RC Compiler. ..o 106
Figure 90: ENCOUNTEI.CIMA. ........eiiiieieiteite sttt 108
Figure 91: MMMC.ICL. ..o 108
Figure 92: Final VIEW IN ENCOUNTET.........oiiiiiiiieieee e 109
Figure 93: DRC report generated by ENCOUNTEN. ..........ccoviiiiniiieieeee e, 110
Figure 94: Create New Library With VIrtu0SO. .........cccociiiiiiiiinieieccse e, 112
Figure 95: "New Library” window Of VIrtUOSO. .........cccooiiiiininieicienesc e, 113
Figure 96: "Technology File for New Library" window of Virtuoso............c.cccceevvrvennen. 114
Figure 97: "Technology File for New Library" window of Virtuoso............c.cccceevervennen. 114
Figure 98: Import netlist With VIrtuoS0. ..........ccooeiiiiiiiiiiie e, 115
Figure 99: "Verilog In" window Of VIrtUOSO. ........cceiiiiiiiiiinieieeesee e, 116
Figure 100: Import DEF With VIrtUOSO. ........coiiiiiiiiiiiieseseseeeee e 117
Figure 101: "DEF In" Window Of VIrtUOSO0. .......ccueiuiiiiiiiiiiiieieieee e 117
Figure 102: "DEF In" successful translation prompt. .........cccceoeeiiienincnieneseeeen, 118
Figure 103: Start DRC from Virtuoso Layout SUITE. ..........ccccuviririiieiinineeeceeeeen, 118
Figure 104: "DRC" WINAOW OF VIFTUOSO. .......ccueiiiiiiiiniiiieniisisieeieee e 119
Figure 105: Report of SUCCESSTUI DRC. .......coiiiiiiieeiee e 119
Figure 106: Start Extract from Virtuoso Layout SUItE. ..........cccvvvriirinieienenc s 120
Figure 107: "Extractor” Window Of VIrtUOSO. ..........coeiuiieiiiiiinieieiee e 121
Figure 108: Report of SUCCESSTUI EXIIACT. .......cvvieiiiiieiesc e 121
Figure 109: Start LVS from Virtuoso Layout SUIte. ..........cocvviniiiiiinieieesc e 122

Xiii



Figure 110: "Artist LVS" WIiNdOW Of VIrtUOSO. ........ccoiviiiriiiiiiieieeeee e 123

Figure 111: "Artist LVS" successful LVS prompt. ........cccooiiiiiininieieie e 123
Figure 112: Copy pad frame iN VIrTUOSO. .........ccueieiierieriencsiesesesee e 124
Figure 113: "Copy Cell" window Of VIrtu0SO. .........coeiiiiriiiiiiieeeeee e 125
Figure 114: Initial schematic view of the pad frame. ... 126
Figure 115: Add input pads in SCEMALIC. ..........ccueiiiiiiiieicre e 127
Figure 116: Add output pads in SCNEMALIC. .........coeieiiiiiiiiiiiesee e 128
Figure 117: Add input pads IN JaYOUL. ..........ccoiiiiriiiiieiecsese e 129
Figure 118: Add output pads in [aYOUL. ............cceiiiiiiiiiec e 130
Figure 119: Add pins to the pad frame in SCheMatiC..........ccocooviiiiiiiicis 132
Figure 120: Add pins to the pad frame schematic (detailed VIeW). ..........ccccoovrvriiinnnns 133
Figure 121: "Create Shape Pin" WIindow Of VIrtu0S0............covririiieieieienc e 134
Figure 122: Add pins to the pad frame layout (detailed VIEW). ..o 135
Figure 123: Start DRC from Virtuoso Layout SUItE. ...........cccevrereinineiceneeeeene 136
Figure 124: Report of SUCCESSTUI DRC. ........oiiiiiiiieienec e 137
Figure 125: Start Extract from Virtuoso Layout SUItE. ..........ccccevviiiieieniienc e 137
Figure 126: Report of SUCCESSTUI EXIIACT. ........ceieieiiieiiesc e 138
Figure 127: Start LVS from Virtuoso Layout SUIte. .........ccovriiiiiiiiiieic s 138
Figure 128: "Artist LVS" Window OF VIrtu0S0. .......cccoouiiiriiiiiniiieiee e 139
Figure 129: "Artist LVS" successful LVS Prompt. .........ccoceviveniniinieiene e 139
Figure 130: Create symbol view from SChematiC VIEW. ............ccooveviieieieienc s 140
Figure 131: "CellView from CellView" window of Virtuoso. ...........cccoeverencienennnnnns 141

Xiv



Figure 132:
Figure 133:
Figure 134:
Figure 135:
Figure 136:
Figure 137:
Figure 138:
Figure 139:
Figure 140:
Figure 141:
Figure 142:
Figure 143:
Figure 144:
Figure 145:
Figure 146:
Figure 147:
Figure 148:
Figure 149:
Figure 150:
Figure 151:
Figure 152:

Figure 153:

Final symbol view of the pad frame. ... 141
Create new "Cell View" from Virtuoso Layout Suite...........ccccccevvrvvereennne 142
"New File” window Of VIrtUOSO0. ........ccooovriiiiieniiiie e 143
Create the final SChemMAtiC VIEW. ..........cooiieieiiiiiieie e 144
Routed SChEMALIC VIBW. .....ccueeiiiieiiee e 145
"Add Pins" wWindow Of VIrtUOSO0. ........cceooveieiieniiiie e 146
Final SCheMatiC VIBW. .......coiiiiiiie e 147
"Startup Option™ Window Of VIrTUOSO. ........ccociriririiiiieee e 148
"Startup Option™ Window Of VIrTUOSO. ........ccoceriiiriiiiieee e 148
Start "Generate Layout"” Of VIrtUOSO. ........cccevveeriieiieiieneeie s sieenee e 149
"Generate Layout” window OF VIrtUOSO. .........cccceririninieieiene e 150
Component placement iN VIrtU0SO. .......ccceoveireriinirininieeeee s 151
Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring. ........... 152
"Automatic Routing"” window Of VirtuoS0. .........c.ccooererieienenenc e 153
Final 1ayout in VIFTUOSO. .........oiuiiiiiiiieieiee e 154
Report of SUCCESSTUI DRC. ......cooiiiiiieee e 155
Report of SUCCESSTUl EXIFACT. ......covieiiiiiee e 155
"Artist LVS" successful LVS Prompt. ..o 156
Start "Stream Out" from Virtuoso Layout SUIte. ..........cceeveverrninencnenienn, 157
"Show Options™ in "XStream Out" window of Virtuoso. ...........cc.cceeuvenee. 157
"Load..." in "XStream Out™ window of Virtuoso. ..........cccceceervrrnriverirnnnenn. 158
Choose file for the "XStream OUL™.........ccoeiiiiiii s 159

XV



Figure 154: "Translate" in "XStream Out" window of Virtuoso............c.cccceevrirrcivnnennen. 160
Figure 155: "Stream out translation complete” successful prompt............ccccocevevnvnnnnnns 161
Figure 156: Generating checksum with GNU ckSUM ... 163
Figure 157: Pipelining teChNIQUE. .........ooiiiiiiee e 167
Figure 158: Design extension for pipelining. ..........cccooiiiiiiininiieeee e 168
Figure 159: Simulation result of the pipeline-extended design. ..........cccccevvniiiniininnnns 170
Figure 160: Result Of FPGA SYNTNESIS. .......cciiiiiiiiieieiesce e 171
Figure 161: Result of FPGA static timing analysis of maximum frequency. ................. 172
FIQUIE 162: FC.CIMA. ...ttt bbbt bbb 175
Figure 163: Synthesis summary generated by RC Compiler. ........cccooeveiiiiniiineninnnns 176
Figure 164: Synthesis summary generated by RC Compiler. .........ccoceveiininiiinnnnnnnns 177
Figure 165: eNCOUNTEL.CMO. ......oiiiiiieieeitesic e bbb 179
Figure 166: MMIMC.ICL .....c.oiiiiiiiiie e 179
Figure 167: Final VIEW IN ENCOUNTEN. ..........coiiiiiiieiee e 180
Figure 168: DRC report generated by ENCOUNTET. .........cocoiviiiiiiiiiiieee e 181
Figure 169: Create New Library With VirtuoSo0. ..........cccocoiiiiniiiiiiiiie s 183
Figure 170: "New Library” window 0Of VIrtu0SO0. ..........cccoeiiiriniiiiiiieie e 184
Figure 171: "Technology File for New Library” window of Virtuoso.............c.cc.cceeveuee. 185
Figure 172: "Technology File for New Library” window of Virtuoso.............c.cc.cceeveueee 185
Figure 173: Import netlist With VirtuoS0. .........ccoeiiiiiiiencieseeee e 186
Figure 174: "Verilog In"™ WindOwW Of VIITUOSO. .......c.coeriiriiiiininiseee e 187
Figure 175: Import DEF With VIrtUOSO. ........cciiiiiiiiie e 188

XVi



Figure 176:
Figure 177:
Figure 178:
Figure 179:
Figure 180:
Figure 181:
Figure 182:
Figure 183:
Figure 184:
Figure 185:
Figure 186:
Figure 187:
Figure 188:
Figure 189:
Figure 190:
Figure 191:
Figure 192:
Figure 193:
Figure 194:
Figure 195:
Figure 196:

Figure 197:

"DEF In" WindowW Of VIrtUOSO0. .....covveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeean 188

"DEF In" successful translation prompt. ... 189
Start DRC from Virtuoso Layout SUIte. .........ccooeviiininiiceec e 189
"DRC" WINAOW Of VIFTUOSO. .......ciuiiiiiiieiieieiicsie e 190
Report of SUCCESSTUI DRC. ........ooiiiiiieec e 190
Start Extract from Virtuoso Layout SUIte. ... 191
"Extractor” Window Of VIrtUOSO. ........cccoveieriniieiiiisieeee e 192
Report of SUCCESSTUl EXIFACT. ......cooviiiiiiicc e 192
Start LVS from Virtuoso Layout SUITE. ..........ccceviriiinininieee e 193
"Artist LVS" Window Of VIrTUOSO. ......cooverieiiiiiiiiesisieeee e 194
"Artist LVS" successful LVS Prompt. ..o 194
Copy pad frame iN VIFTUOSO. .......ccoiiririeieieiiese e 195
"Copy Cell"” window Of VIrtUOSO. ........coueriiriiiiirieniiiiiieeee e 196
Initial schematic view of the pad frame. ..........ccocvriiiiin 197
Add input pads in SCNEMALIC. ..........coueiiiiiiieie e 198
Add output pads iN SCHEMALIC. .........cceiiiiiiiieiree e 199
Add input pads iN [aYOUL...........ccooiiiiiee e 200
Add output pads iN TaYOUL. ..o 201
Add pins to the pad frame in SChematiC. ..........c.coevriiiininiii s 203
Add pins to the pad frame schematic (detailed View). .........cccceevviiinnnnns 204
"Create Shape Pin" WIindow OF VIrtu0S0..........cccooiririninieie e 205

Add pins to the pad frame layout (detailed View). .......c.cccoovvvevviieieennnnn 206

Xvii



Figure 198:
Figure 199:
Figure 200:
Figure 201:
Figure 202:
Figure 203:
Figure 204:
Figure 205:
Figure 206:
Figure 207:
Figure 208:
Figure 209:
Figure 210:
Figure 211:
Figure 212:
Figure 213:
Figure 214:
Figure 215:
Figure 216:
Figure 217:
Figure 218:

Figure 219:

Start DRC from Virtuoso Layout SUIte. .........ccoovviiiiiniecceccee 207
Report of SUCCESSTUI DRC. ........ooiiiiiieec e 208
Start Extract from Virtuoso Layout SUIte. .........ccccovviiiiiiiiieicceee 208
Report of SUCCESSTUl EXIFACT. .......coveieiiiic e 209
Start LVS from Virtuoso Layout SUITE. ..........ccceeeviiiriniiceec e 209
"Artist LVS" Window Of VIrTUOSO. .......coveiieiiiiiiiiiiieieieee e 210
"Artist LVS" successful LVS Prompt. ... 210
Create symbol view from SChematiC VIEW. ..........cccevereiiiinininicieeee, 211
"CellView from CellView" window of VIrtuoso. ...........cccceverencneneninninns 212
Final symbol view of the pad frame. ... 212
Create new "Cell View" from Virtuoso Layout Suite..........ccccoecevervrnnnne. 213
"New File” WindoW OF VIrtUOSO. .......ccceiveiiiriiiiieiisisieeeee e 214
Create the final SCheMALIC VIEW. ..........coviiiiiiiiic s 215
Routed SCheMAtiC VIBW. .......c.ooiiiiiiiiiiee s 216
"Add Pins” WindOW OF VIrtUOSO. .......cceveiiiiniiiesiisiisieeeee e 217
Final SChemMatic VIBW. ........coiiiiiie e 218
"Startup Option™ Window Of VIrtUOSO. ........ccoccereiiniiiiieiee e 219
"Startup Option™ Window Of VIrTUOSO. ........cccoereriiiiiiieiee e 219
Start "Generate Layout” Of VirtuoS0. .......cccooeveneriiiininieieee e 220
"Generate Layout” window OF VIrtUOSO. .........ccoceiiririninieie e 221
Component placement iN VirtU0S0. ........ccourriereneneninieeeie s 222
Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring. ........... 223

XViii



Figure 220:
Figure 221:
Figure 222:
Figure 223:
Figure 224:
Figure 225:
Figure 226:
Figure 227:
Figure 228:
Figure 229:
Figure 230:

Figure 231:

"Automatic Routing™ window of VIrtuoS0. ........ccccevvvereiieiiennese e 224

Final 1ayout in VITUOSO. .....c.eeviiiiiieic et 225
Report of SUCCESSTUI DRC. ........ooiiiiiieece e 226
Report of SUCCESSTUl EXIFACT. .......coveieiiiic e 226
"Artist LVS" successful LVS Prompt. ........cccoeviiininiinieee e 227
Start "Stream Out™ from Virtuoso Layout SUIte. .........cccevvrveereniesieeseenns 228
"Show Options™ in "XStream Out” window of Virtuoso. ...........ccccceevveneene. 228
"Load..." in "XStream Out™ window of Virtuoso. ........c.ccceeeervnrerivernnnenn 229
Choose file for the "XStream OUL"..........coooiiiiiiie e 230
"Translate” in "XStream Out" window Of Virtuoso...........cccccevvrereninnninns 231
"Stream out translation complete™ successful prompt............cccoocevveninnninns 232
Generating checksum with GNU CKSUM ........cccoiiiiiiiiiiicec e 234

XiX



CHAPTER 1 INTRODUCTION

There has always been interest in the design of new digital systems and processors.
Several authors have been proposing from time to time advanced adders, multipliers, etc.
as these are basic elements of computation. In order to improve speed and accuracy,
different authors have been suggesting algorithms for better computation. A generalized
pipeline array first appeared in IEEE Transaction on Computers in 1974 [1]. This array
can perform various arithmetic operations such as add, subtract, multiply, divide, square
and square root. The array also was introduced in a number of textbooks of pipeline
architectures such as [2] [3] [4] and [5]. Agrawal [6] [7] also extended this array in a
number of papers. Papers such as [8] also extended this design as binary processors
suitable for optical processing. Singh et al [9] presented the VLSI implementation of this
array. More recent studies such as [10], [11], [12] and [13] also discuss the designs and
applications of arithmetic units in processors. The objective of this thesis is to present the
various design considerations and VLSI implementation of this array. In this thesis, we
present a step-by-step procedure by which the array can be implemented as a VLSI chip.
The thesis gives an approach by which the design can be extended to higher number of
bits for various operations. The thesis also gives an algorithm by which the limits of the
design such as memory, chip area, input/output pins and acceptable delays are designed.
In addition, to increase data processing throughput, the array is extended using pipelining
based on the original design, which is discussed in this thesis. The FPGA implementation

of the array is discussed and simulation results are included.



Introduction to Arithmetic Processors

The appearance of low-cost computers on integrated circuits has revolutionized
modern society. Nowadays people use general-purpose processors in computers are used
for their daily computational tasks such as text processing, multimedia streaming, and
online communication. In addition, many more microprocessors are now a critical part of
embedded systems, providing digital enhancement for a kinds of objects ranging from
appliances to automobiles to cellphones and industrial control systems.

The main use of the first microprocessors emerged in the beginning of 1970s were
for digital calculators, capable of performing 4-bit arithmetic calculations. Other systems
followed soon after used various kinds of microprocessors with very few bits such as
4-bit and 8-bit, in applications such as terminals, printers, and various kinds of
automation systems. Figure 1 shows the micro-architecture of a typical example of
general-purpose microprocessors. This figure from [44] is reproduced here as a ready
reference.

In addition to general-purpose microprocessors, several specialized processing
devices include special architecture are proposed with enhanced arithmetic units to
support various special-purpose applications for data processing. For example digital
signal processors (DSP, as shown in Figure 2 [44]) usually include specialized arithmetic
unit for signal processing. Another example is the graphics processing units (GPU),
which also include special arithmetic units different from general-purpose
microprocessors which are used for single instruction, multiple data (SIMD) applications

such as vector processing.



Control Unit Numeric Execution Unit Yy +
Exponert Fraction
Bus Bus
Control Ward +
Exponent o ~
Iaciul o " 64
Status Word oeulE L x\ Programmable
167} Shifter
Interface
i Fa ala
T N
- 4 . Arithmetic
Mew Instruction Micro Code . e Module
& Contral
Uit
. Data x\ + *
T fp— Buffer 16 ,
Operands 4 m_nx - . Temporary
Queue N . 4 Registers
| S +
(o)
(1)
(2) e
=
5 3) [
= 7
e (4] ‘@™
- ol ']
(5) .
Address ing &
SIEIUS ) Bus Tracking (5]
Address N mxn.m_”;__“__._ (7]
Pointers iBOBT
4= 0Bt > _

Figure 1: Intel 8087 microarchitecture [44].



................................

LY
w

.
—~ P

&N’

T

-

i

-
!
-
-~
-
.
-
-
-
-
-
-
-
- -
-
-
-~
-~
.
-
-
-
e

pE-

il

re

.
-
-

Hii

a8,

'::j‘i3

J4

& Vi -
= -a»--.-_s»i'vav. ; ’ ”

Bt A S B A T e

ST T,
<l S e

38 E 3""3’,, s =
™ kP ;: g ‘g;' e EE.:

----------------------

RN IS 5T

LR e

Figure 2: DSP chip from Texas Instruments [44]



Current Designs in Arithmetic Units

Arithmetic processors, or arithmetic logic units (ALU) including inside a processor,
is a digital circuit that perform various arithmetic. ALUs are the central building blocks of
microprocessors, including general-purpose ones and special-purpose ones, where the
actual computation is performed.

Before introducing the arithmetic processor called generalized pipeline array,
several typical designs of arithmetic processors or arithmetic units are introduced first as
case studies. They are T1 8847, MIPS R3010 and Weitek 3364.

The TI 8847 (as shown in Figure 3), is a high-speed, double-precision floating point

and integer arithmetic processor from Texas Instruments [14].



Figure 3: T1 8847 [44]
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The MIPS R3010 (as shown in Figure 4) is an arithmetic co-processor for the MIPS
R3000 series RISC processors. R3000 FPU can perform various arithmetic operations

such as conversion with single or double-precision numbers..
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The Weitek 3364 (as shown in Figure 5) 64-bit arithmetic unit was designed for

high-speed operations in a pipelined environment [45].
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The arithmetic processor which is called generalized pipeline cellular array which is
described in the thesis and upon which various extensions are made later is introduced
here briefly. This arithmetic processor consists an array made up of 2 kinds of cells:
control cells and arithmetic cells. Once connected together, it can perform various kinds
of arithmetic operations such as add, subtract, multiply, divide, square and square root.

Compared to other commercial products introduced earlier, this design has several
advantages. First, it can achieve relative high performance with low cost given the limited
design constrains. Second, it’s easily expandable, which means the design can be further
expanded easily with just attaching more well-defined modules together with existing
modules instead of starting over, when a better technology is available. In addition, these
well-defined modules share the same level complexity, which means having almost the
same delays. In addition, each stage doesn’t depend on each other. These features make
this design suitable for pipelining. Finally, due to its low complexity, it can easily achieve
a fast throughput compared to other designs.

Table 1 shows the comparison between the generalized pipeline cellular array

(extended version in this thesis) and the above other 3 arithmetic processors.
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Table 1: Comparison between the generalized pipeline cellular array and Other
Arithmetic Processors

generalized

Technical Parameters T1 8847 MIPS eltek Pipeline
R3010 3364 cellular array

(Extended)
Clock cycle time (ns) 30 40 50 70
Size (mil?) 156,180 114,857 147,600 1255
Transistors 180,000 75,000 165,000 5000
Pins 207 84 168 30
Cycles/add 2 2 2 1
Cycles/multiplication 3 5 2 1
Cycles/divide 11 19 17 1
Cycles/square root 14 - 30 1
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The generalized pipeline cellular array is introduced and extended in this thesis. In
addition a case study for a VLSI implementation procedure is discussed. This generalized
pipeline cellular array provides an alternative way in arithmetic processor design, in an
environment of limited resources while achieving high performance and flexibility. These
characteristics make it suitable for products in such applications and also suitable for

VLSI design education.
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Introduction to Digital VLSI Design

The digital design is a basic subject which is taught in almost all engineering schools
in the entire world. However, for the last several decades, the methodologies of design
are changing. Previously in the textbooks of digital design, procedures were given in the
form of dedicated gates such as NAND and NOR. With the advancement of time, the new
books [15] and [16] started to introduce designs in hardware description language (HDL)
such as Verilog and VHDL. The students can start digital logic designs in register transfer
level (RTL) and test them on simulators and FPGA. These books usually include a
number of examples written in HDL for basic components such as adders, multiplexers,
etc. However, most of them don't cover the procedure for VVLSI design. There are books
of another type which only stress on the topic of VLSI design, such as [17] and [18].
Although the contents of these books are thorough and comprehensive, they only stress
on theory and fail to provide a hands-on procedure for VLSI design. There are also
reading materials provided by the software vendors such as [19] and [20] and software
build-in "manpage”, but these documents are more like manuals to look up than tutorials
to follow, and usually assume readers to have prior technical experiences, which cause
them too hard for university students to follow. Another kind of available resources for
educational VLSI design courses are the documents and tutorials maintained either by
online communities, such as [21] or course handouts from other educational institutes
such as [22] and [23]. However, they are usually incomplete, inconsistent, outdated, or
only applicable to specific environments. To the best the author's knowledge, there is only

one book by Erik Brunvand [24] which could be used for the purpose of VLSI design for
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students, but it has not been updated for many years and many procedures in that book
can no longer be applied to the new environment. There are also a number of papers in
which the ways of teaching digital design in laboratories are discussed. For example, [25],
[26] and [27] provide many discussions on the teaching method for VLSI design in
University laboratories. Papers such as [28] and [29] also provide many insights on this
topic. But they all fail to provide a complete, up-to-date and easy-to-follow procedure for
VLSI digital design, by which the students in the VLSI laboratories can use any digital
design in HDL languages such as Verilog and turn it into a chip with commercial software
such as Cadence, and then send it for fabrication. In this thesis, a procedure is given, as a
case study of one example, which will be helpful for the students to take any design in
Verilog HDL language to complete the VLSI design of a chip.

This thesis also provides a step-by-step procedure for the VLSI design to facilitate
digital VLSI design education, using the generalized pipeline cellular array, which is a

high-performance easily-expandable arithmetic processor.
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Review of Existing Implementation of generalized pipeline cellular array

For completeness, a thesis review of the pipeline array is given first [1] [9]. The
generalized pipeline cellular array includes of two types of essentially cells: arithmetic
cells and control cells. The diagrams of the arithmetic cells and control cells are shown in

Figure 6 and Figure 7 respectively.

Figure 6: Arithmetic cell.

X

Figure 7: Control cell.

X
P
Co

Boolean expressions of arithmetic cell are as follows.

SS[ABBAX)PC] Fi+A"F 1)
CO=B@®X): (A+C1)+A-C1 2)
D=B-C+C"F 3)
E=B+C"F (4)

Boolean expression of control cell is as follows.

Fi=Co - X+Pi- X' (5)
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After connecting those cells in the way shown in Figure 8, it becomes a system
which can perform various arithmetic operations, thus gaining the name “generalized
pipeline cellular array”. The operations and parameters of this pipeline array is
summarized in Table 2. Based on these information, various arithmetic operations can be
performed once the pipeline array is built.

Table 2: Operations of the pipeline array.

. Input Output
Operation < | p C B A = S
Square 0 | operand | 0100000 | 0011111 |all 0 gg’r”et result
SquareRoot |1 |all0 0100000 0011111 gperan result Sgrnet

s multiplie | multiplican _ don't
Multiplication | 0 " q B=C all0 care result
Division 1 (allo divisor B=C dividen result don'

d care
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Arrangement of the Thesis

The organization of this thesis is as follows. Chapter 2 extends the original 5-row
design of the pipeline array to a 7-row design to illustrate the way of extending the
pipeline array. Chapter 3 discusses the design constrains met in the process of the VLSI
implementation of the pipeline array, and an algorithm which can be incorporated in the
design process to meet the design constrains. Chapter 4 discusses the extension of
pipelining in order to increase the pipeline array's throughput. Chapter 5 summarizes and

concludes this thesis.
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Conclusion

This chapter introduces the concept of arithmetic processors, and then several current
commercial designs. It introduces the generalized pipeline cellular array and comparisons
are made against other arithmetic processors. This chapter introduces the concept of
VLSI procedure. A brief review of the existing design of the generalized pipeline cellular
array is discussed. The review of arithmetic processors and a generalized cellular array
will help in the better design of advanced arithmetic processors and their VLSI

implementation.
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CHAPTER 2 EXTENSION OF THE PIPELINE ARRAY
Introduction

The original design of pipeline array only contains 5 rows of pipeline stages, which
limits the number of input or output pins. This fact limits the accuracy of the pipeline
array. Due to the advancement of VVLSI technology, it's possible to put more resources on
a single chip. Hence higher speed and accuracy can be achieved by extending the pipeline
array.

The design and implementation of digital systems is taken up in this thesis. As a case
study, the extension of the number of rows of the original generalized pipeline array is
discussed. The generalized pipeline cellular array is extended such that it provides an
alternative way in arithmetic processor design, in an environment of limited resources
while achieving high performance and flexibility. These characteristics make it also

suitable for being used as a case study in digital VLSI design education.
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Design

Based on the original design of 5 rows as shown in Figure 9, more rows can be added
to increase the number of bits upon which can be computed, to achieve higher speed and
accuracy. For example, the pipeline array is extended to 7 rows as shown in Figure 10, as
additional cells are added in the shaded area.

Once the additional cells are added and connected together, the original design of
pipeline array is extended. Notice that the design here only serves as an illustration of the
way of extending the pipeline array. In theory, any number of rows can be added to the
pipeline array as long as the design can meet the area and timing budget.

The behavior Verilog code for this design is listed in the Appendix.
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Implementation

In this section, a step-by-step procedure for VLSI digital design is given, for the
7-row implementation of the pipeline array.

There are many fabrication technologies available nowadays, from various
fabrication facilities such as GlobalFoundries and TSMC, in technologies such as 14 nm,
28 nm, 40 nm, 65 nm, 0.13 pm and 0.18 pm and so on [30]. Since we use the MOSIS
Educational Program (MEP) for free fabrication service, which limits us to use the ON
Semi 0.50 pm CMOS (C5N) technology [30], C5N is used in this procedure. However,
the general procedure is the same for other technologies. There are many computer aided
design (CAD) software available for VLSI design, such as Cadence and Synopsys. This
procedure uses Cadence Encounter Digital Implementation Systems 14.00, Cadence
Virtuoso Design Environment 6.15 along with NCSU CDK 1.6.0 [21], UofU Technology
Library and UofU Standard Cell Library [24].

This procedure consists of 3 parts, each of which represents one major step for the
VLSI design. They are logic synthesis, place and route and chip assembly respectively,
which are introduced for the rest of this section. In the end, the procedure for MOSIS

submission is given.
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Logic Synthesis
In digital logic design, logic synthesis is a procedure by which a behavior-level HDL
code describing the function of a circuit, is turned into a gate-level netlist which describes
the implementation of a design in terms of logic gates, typically using a computer
program called a synthesis tool.
In this subsection, a procedure for synthesis is given. For the concision of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [31]. There are other alternative RTL synthesizers
available as well, such as Design Compiler by Synopsys. If tools other than what's
described here are used, it's advised to refer to their respective manuals. The detailed
procedure and codes used are included in [32].
1) Tools: Cadence Encounter RTL Compiler
2) Prerequisites before This Step:
Behavior Verilog Code (e.g. "simple.v*)
Tcl Script for RC Compiler (“rc.cmd™”, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")

3) Destination Files Generated After This Step:
Netlist Verilog Code ("nl.v")

4) Steps:

a) Modify rc.cmd based on the requirement (as shown in Figure 11).
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Line 3: Change UofU standard cell library path to where it's installed.
Line 7: Change "gpca40p.v" to the file name of Verilog code (e.g. "simple.v").

Line 8: Change "gpca40p" to the top-level entity name (e.g. "simple").

1 set attribute hdl search path {./}

2 set attribute lib search path {./}

3 set_attribute library [list /opt/cds/lib/UofU Digital_ vl 2/UofU_Digital vl 2.1lib]
4 set attribute information level

5
6
7
8
9

set_attribute ungroup true

6 set attribute write vlog unconnected port style none

read hdl -v2001 gpca40p.v
elaborate gpcadfp
synthesize -to mapped
write hdl -mapped > nl.v

{

Figure 11: rc.cmd.

b) Run

$ rc -files rc.cmd

c) Check the result (Figure 12)

In the end, a netlist file called "nl.v" is generated containing information which

will be used later for place and route.

If everything goes smooth as above, continue to the next step. If anything goes wrong,

fix it first before continuing further.
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Incremental optimization status

Worst - - DRC Totals -
Total Weighted Max Max
Area Neg S1k Cap Fanout

init iopt
Incremental optimization status (pre-loop)

Worst - - DRC Totals -
Total Weighted Max Max
Neg Slk Cap Fanout

simp_cc_inputs
Incremental optimization status

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init_area
io phase

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init area

Done mapping simple

Synthesis succeeded.
Normal exit.
[yudi@MBP112 rc]si

Figure 12: Synthesis summary generated by RC Compiler.
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Place and Route

"Place and route" is a stage in the process of VLSI design, in which the location to
place all the logic elements within a generally limited amount of space and the way of all
the wires needed to connect the logic elements are decided.

In this section, a procedure for "place and route™ is given. For the brevity of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [33]. If the reader is interested in using GUI
commands instead of TCL scripts, please refer to EDI System Menu Reference [34] and
textbooks [24] for more information. The detailed procedure and codes used are included
in [32].

1) Tools: Cadence Encounter RTL-to-GDSII System

2) Prerequisites before This Step:

Netlist Verilog Code ("nl.v" from the last step)
Tcl Script for RC Compiler (“encounter.cmd”, given in Appendix)
Tcl Script for Multi-Mode Multi-Corner ("mmmc.tcl”, given in Appendix)
Synopsys Design Constraints (“typical.sdc™, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
Optimized Netlist Verilog Code ("nlopt.v")

Design Exchange Format (DEF) File (e.g. "simple.def")
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4) Steps:
a) Modify Tcl Script for RC Compiler ("encounter.cmd”, Figure 13)
Line 10, 24: May change UofU standard cell library path to where it's installed

Line 13, 99: Change "gpca40p" to the top-level entity name (e.g. "simple")

set init lef file /opt/cds/lib/UofU Digital vl 2/UofU Digital vl 2.lef
set 1sg0OCPGainMult 1.000000
set init_verilog nl.v

3 set init_top_cell gpcad@p

4 create rc corner -name typical \

-preRoute res {1.0} \
-preRoute cap {1.0} \
-preRoute clkres {0.0} \
-preRoute clkcap {0.0} \
-postRoute_res {1.0} \
-postRoute_cap {1.0} \
-postRoute xcap {1.0} \
-postRoute clkres {0.8} \
-postRoute_clkcap {0.0}

4 create_library_set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_vl_2.1lib}
create constraint mode -name typical -sdc files {typical.sdc}

6 create_delay corner -name typical -library_set {typical} -rc_corner {typical}
create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis_view -setup {tﬂpical} -hold {typical}
init design

Figure 13: encounter.cmd.
b) Modify Tcl Script for Multi-Mode Multi-Corner ("mmmc.tcl”, Figure 14)

Line 11: May change UofU standard cell library path to where it's installed

create_rc_corner -name typical \
-preRoute_res {
-preRoute_cap {
-preRoute clkres {
-preRoute_clkcap {
-postRoute_res {
-postRoute_cap {
-postRoute xcap {

-postRoute_clkres {
-postRoute_clkcap { }
create_library set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_ vl 2.1lib}
create_constraint _mode -name typical -sdc_files {typical.sdc}
create_delay_corner -name typical -library set {typical} -rc_corner {typical}
4 create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis view -setup {typical} -hold {typicalﬂ

Figure 14: mmmoc.tcl.
¢) Run
$ encounter -init encounter.cmd
d) Check the result

It should run all the way to the final step without any errors if the above steps are
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followed correctly, as shown in Figure 15 and Figure 16. In the end, a DEF file (e.g.
"simple.def") for the chip layout (without pad frame) as well as a netlist file called

"nlopt.v" is generated.

Eile Edit ¥iew Farition Floorplan Fower Place Optimize Clock RBoute  Timing  Verfy  Options Tools Flows Help cadence

=N=N (ORI LR AE QU ILF 6 6 Bk YIED @
[R]ok < B @ 1 &Ly w = s R

| Layer Control = x|
_All Colors
Hinstance
Instance
Elock

Std. Cell
Cover Cell
Fhysical Cell
12 Cell

Area 1O Cell
Black Box
Elack Elob
Hiodule

Hnet
Hcel

HEHCongestion
EHMultiple Color
HMiscellaneous
BHiredvia

paly (M)
co{v01)

tnetall (kA1)
viav12)

metalz (2]
viaz(vz3)
metal3(kaa)

B

jus]

=]

=]

3

8
KERKKRRKRKK [ KKK KKK KK KRR KIS
Rk KiKRRRETT T RKRRRRR KRR K RS

World View &)X

Click to select single object. Shit+Click to desselect multiple objects. ’E’ SelMum:0 [(467.353, 622.479) |R0uted
Figure 15: Final view in Encounter.
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kkkxxkk® End: VERIFY CONNECTIVITY ###skkkx
Verification Complete : @ Viols. O Wrngs.
(CPU Time: 0:00:00.0 MEM: 0.000M)

*** Starting Verify Geometry (MEM: 695.7) **#*

VERIFY GEOMETRY Starting Verification

VERIFY GEOMETRY Initializing

VERIFY GEOMETRY Deleting Existing Violations

VERIFY GEOMETRY Creating Sub-Areas

bin size: 9600

VERIFY GEOMETRY SubArea : 1 of 1
**WARN: (ENCVFG-47): Pin of Cell FILLER 6 at (31.650, 55.8080), (33.150, 58.200) on Layer met
all is not connected to any net. Use globalNetConnect or GUI Power-=>Connect Global Nets to spec
ify global net connection rules properly.

VERIFY GEOMETRY ¢ 0 Viols.
VERIFY GEOMETRY SameNet ¢ 0 Viols.
VERIFY GEOMETRY Wiring i 0 Viols.
VERIFY GEOMETRY Antenna i 0 Viols.
VERIFY GEOMETRY Sub-Area : 1 complete O Viols. @ Wrngs.
VG: elapsed time: 1.00
Begin Summary ...
Cells :
SameNet
Wiring
Antenna
Short
Overlap
End Summary

Verification Complete : @ Viols. O Wrngs.

erkrrkrrrrEng: VERIFY GEDMETRY****kkkk:
*** yerify geometry (CPU: ©:00:00.0 MEM: 1.0M)

Figure 16: DRC report generated by Encounter.




34

Chip Assembly
As a requirement by AMI05 technology [35], design should be submitted along with
pad frame. This section gives the procedure to assemble the pad frame with the chip. For
brevity of this procedure, the exact meanings of commands are not further explained.
These commands are covered by the official manuals [36]. Materials such as textbooks
[24] also have many useful information for reference. The detailed procedure and codes
used are included in [32].
1) Tools:
Cadence Virtuoso Design Environment
2) Prerequisites before this step:
Optimized Netlist Verilog Code ("nlopt.v* from last step)
DEF File (e.g. "simple.def” from last step)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
GDSII Stream File (e.g. "simple_final.gds")
4) Steps:
a) Launch Cadence Virtuoso Design Environment
$ virtuoso

b) Create New Library (Figure 17 to Figure 20)
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Library Manager: Directory ...di/Project/cds/simple/virtuoso

Edit

WView  Design Manager

Help

cadence

Cpen.. Cil+0 Cell Wiew..
Open (Read-Only)..  Chrl+R Categary...
Open With...

Cell View

Load Defaults...
Save Defaults

Open Shell Window.. Clrl+F

Exit Clrl+ s
HCSO_Techlib_fsmcOd
MCS_TechLib_tsmc03d
NCSU_TechLib_tsmc04_amzp
Unofl_aAnalog_Parts
Unfll_Digital_v1_2
Uafl_Pads
Uofl_TechLib_amid&
hasic
cdsDefTechlLib

Messages

Log file is "‘homesyudi/Project/cds/simplesvituososlibManager.log”.

e Library

Figure 17: Create New Library with Virtuoso.
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New Library "

Library

Marme

Directory at-’cdsfgpcaamp_muxﬁ:dsmir‘[uosnfn =] e s =
@ [] ncvlog.log

[aLvs [l nloptv

gpcadip [] pinassignment

[ edslin (] sequence_newxm|
[ definlag [ streamOutlayermap
[ dao.da [ strmOutlag

(5l gpocadOp.def [ wetilagin.log

(] gpocad0p_finalgds [ zdbofile

[ icc.rul

[ likkanager.log

[ likkaanagerlog.coslick

File type: Directories

Design Manager

® lse MOMNE
Uge Mo Dk
Apply Cancel Help

Figure 18: ""New Library" window of Virtuoso.
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~ Technology File for New Library « x

Technology File for library "simple”

You can: o Compile an ASCI technology file
 Reference existing technology libraries
& Attach to an existing technology library

— Do not need process information

Cancel Help

Figure 19: ""Technology File for New Library" window of Virtuoso.

~ Attach Library to Technology Library < x

e Libirary simple

Technology Library

m Cancel | Apply Help

Figure 20: ""Technology File for New Library" window of Virtuoso.
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c) Import Optimized Netlist Verilog Code ("nlopt.v" from last step) and DEF

File (e.g. "simple.def" from last step). As shown in Figure 21 to Figure 25.

Virtuoso® 6,1.5 - Log: /home/yudi/CDS.log
I@E Tools Options Help cadence

e 3

open..
""""""""""" -
L1 -
™ Epon | EDIF00.. -

YHDLY

L Make Bead Only... il

Spice.. Pl R:
Bookmarks 4 DEF ..

—=
—

Figure 21: Import netlist with Virtuoso.
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- Verilog In "
Import Options Glabal Met Options Schematic Generation Options

File Filter Mame

lihM=nager. log
lihM=nager. log. cdslck
nlopt. v

simple. def a
simple/

streanlutLayermap el
Shome fAyudiProjectSods fsimple Srictuoso

Target Library Mame simple Browse
—

Reference Libraries UofU Digital_wl 2 hasic

Werilog Files To Import nlopt. v Add

-f Options A

-y Options U Digital w1l 2/UcfU Digital wl_2 .« add

-y Optiong Al
e

Library Extension

Library Pre-Compilation Options

Pre Compiled Verilog Library

HOL Wiew Mame hdl
Target Campile Library Mame Erowse
—
Compile Verilog Library Only
lgnare Madules File &l
—
Import Modules File &dd
—_—
Import Structural Modules &5 schematic n
Structural View Names
Schematic schematic Metlist netlist
Functional functional Symbol symbol
Laog File CfverilogIn. log Work Area Ftmp
Mame Map Tahle . /werilogIn. map. table

Owenyrite Existing Views

Ovenyrite Symbol Views  |[Mone n

Wetilog Cell Modules e Create Symbol Only o Import o Import &5 Functional

Cancel Defaults Apply Load Save Help

Figure 22:"Veri|og In"" window of Virtuoso.
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Virtuoso® 6.1.5 - Log: /home/yudi/CD5.log
Tools Options  Help

Compon

Log File

w Usze

Do not create any routing data

Technology From Library

Target Cell Mame gpcadip

Browse

Target Yiew MName Layout

ent iew List

Master Library List

Ovenvrite Design . Create CustomVias only

Mame

Template File ® Use GUI Fields

Template File Mame

Save Template File Mame Save

Camment Char

Pin Furpose

Laver Map File Mame

Cancel Defaults Spply

Help

Figure 24: "DEF In"* window of Virtuoso.

ey P kellview request for libracy "simple”.
Dpen...
Expor y| EPIF20D. I >
Refresh.. Wering. =
hake Read Only.. WHDOL .. 11l Ll
— |  Spice.. bl R:
Boomats  » I
Figure 23: Import DEF with Virtuoso.

= Virtuoso(R) DEF In %

CEFIn File Mame gpoadOp. def

Target Library Mame gpcadip n

Ref. Technalogy Libraries

Create a module hierarchy from hierarchical names L Share Library L

ey Likbrary L
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PopUp Message

/o defin translation completed (errars: O, warnings: 0).
L= Please see the log file.

$ _Cancel /| Help

Figure 25: "DEF In"" successful translation prompt.

Once both layouts (from DEF) and schematic (from netlist in this section) are

generated, DRC, Extract and LV'S should be performed, as shown in Figure 26 to 34.

Launch File Edit ¥jew Create mﬂ Connectivity Options  Tools  Window  Optimize MNCSU Help cédence

[l ¢ |c{}o L PO 2| @ - K » :]2 b E@ » ||[Warkspace: | Classic n|=E'u =

Gﬁ 1,.;15 g :Z‘?_u’l'%|kﬁl (i ConclCe.. p & | » || (F)selectd SelNy0 Sel(0 Sel(0)D | HEA500 Y47.0000 o dY: Dist >
ERC..
Layers 78 x| =
- Lvs.. [ T A
AN P A5 M5 Sharts.. i T e e - B I
B el draving n S DRI R R T
T all valid Layers n H | . BASKETS 1 U O | OO £ OO

_ Used Layers Only

active drawing
nact.. drawing
pact.. drawing
[ rsel.. drawing
[ psel.. drawing
B poly  drawing
B elec  drawing
met.. drawing
met.. drawing
met.. drawing

drawing
B via  drawing

Objects
Ohject

CRKEKKKKKKIKIK
CRKEKKKKKKIKIK

=

o 128
N
|- ]

(III

KKK KKK
LK KKIK

Objects || Guides . Il B
mouse L: showClickinfo) _leiLMEPress() Id: leHiRemasterinstances() R: _l<HitousePopUp()
9] > | cma:

Figure 26: Start DRC from Virtuoso Layout Suite.
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- DRC X
Checking tethod & flat _ hierarchical _ hierw/o optimization
Checking Limit & full _ incremental o by area
Coordinate Sel by Cursor
Swiitch Mames Set switches
————————

Run-Specific Cammand File

Inclugion Limit 1000 Limit Rule Errars 0
Join Mets With Same Mame L Limit Run Errars i}
Echo Commands v

Rules File divalRG. rul

Rules Library L m

hachine ® local o remote Machine

Ignore hissing Cell Masters

Cancel Defaults Apply Help
Figure 27: "'DRC" window of Virtuoso.

Virtuoso® 6.1.5 - Log: /rome/yudi/CDS.log
File Tools Options Help cadence

CPU TIME = 00:00:00 TOTAL TIME = O0:00.00
#kkdidddd  Summary of rule wviolations for cell "simple Lagyoub"  d+dddsdsd
Total errors found: 0

r

nmouse L: showClickinfo) _leiLMBPress) k: setDRCFarm() R: _IxHiMDusePup@o
1 | = J
Figure 28: Report of successful DRC.
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- i simple simple layo x

Launch File Edit ¥jew Create Il vity  Options Tools  Window  Optimize MNCSU Help cédence

= &l e @ |c{}o o] =" PO 2| @ - K » :]2 b E@ » ||[Warkspace: | Classic n|=E'u =

([ <3 & G| del | concice. | @ » || (FSelectd SelfNyD Sel(y0 Sel(O)D | X:274500 V1455000 dx: d¥: »
ERC..
Layers 78 X| -
LW5S.. —
A MY A5 S Shorts..
B el drawing n - Erobe...

T &l valid Layers [l Markers > |

_ Used Layers Only

nv

. drawing

. drawing
drawing
drawing
drawing
drawing
drawing

W cc  drawing

B via  drawing
Objects

Ohject

B Shapes
- b Circle/Elli..
-Donut

- Lahel
-Path

i - PathSeq
Ohjects Guides . il b

CREKKKKKKKIKIKIRK
CREKKKKKKKIKIKIRK

)
]
%)

KKK K K=

KKK KK K
(III |

mouse L: showClickinfo) _leiLMEPress() Id: setDRCFormi) R: _l<HitousePopUp()
163 | = | crdt:

Figure 29: Start Extract from Virtuoso Layout Suite.
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- Extractor X
Extract Method & flat _ macro cell o full hier o incremental hier
Yiew Mames Extracted Excell emxcell
Swiitch Mames Set Switches
——
Run-Specific Cammand File
Inclugion Limit 1000 Limit Rule Errars 0
Join Mets With Same Mame L Limit Run Errars i}
Echo Commands ~
Rules File diveEXT. rul
Rules Library M U _TechLib_ami0f
hachine ® local o remote Machine
Ignore hissing Cell Masters
Cancel Defaults Apply Help

Figure 30: ""Extractor’ window of Virtuoso.

Virtuoso® 6.1.5 - Log: /home/yudi/CDS.log

Eile Toaols Options Help

cadence

Total errors found: O

saving rep simple/simple/extracted
Getting layout propert bagSetting layout propect bag

- B
I 1l

nmouse L: showClickinfo) _leiLMBPress) M setExtForm()

R: _lxHikouseFoplpl

1

=

1

Figure 31: Report of successful Extract.
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- x
Launch File Edit Wiew Create Tools Window Optimize NCSU Help (éde“(e
= J 5 @ |4%}> o =" | B » [ & » :“3 e % » |warkspace: | Classic n|:5u =
i Exract... i i i J
...F% -x,.},-i g 3‘.’.5I§|\£| ¥ Eggclge... Al {FiSelectd Sel{NE0 Sel(l:0 Sel{O)0 | ¥:5.5500 Y.147.9000 dX: d¥: Dist »
Lavers 28 N —
sy Y &5 M Shits...
B el drawing n - ) Frohe...
T Al valid Layers nu Markers ¥
_ Used Layers Only c ’
Q B-
S b
nwell drawing o o
active drawing o o |2
Lo drawing o W
¥ ¥
codrawing W
Codrawing o W =
drawing »
drawing o o
drawing »
drawing o o
drawing » o
drawing o o
drawing o W L
?Ex‘
[MeE]
v \=)
¥ ¥
v
¥ ¥
(L L
¥ ¥ il
Objects || Guides . I} B
mouse L showClicklnfap _leil MBPress( R setExFarm R _HitousaPaplpg
e | Cma:

Figure 32: Start LVS from Virtuoso Layout Suite.
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v Artist LVVS - %
Commands  Help cadence
Run Directary L¥S Browse
—

Create Metlist ~ schematic ~ extracted

Library  simple simple

Cell simple simple

Wiews schematic extracted

Browsse | Sel by Cursor | | Browse | Sel by Cursor

Rules File diwal¥Ws. rul Eravyse
—

Rules Library ¥  UofU_TechLib_amil&

L%'S Options » Rewiring _ Device Fixing
_ Create Cross Reference # Terminals

Correspondence File | lws corr file Create
e

Switch Mames

Priority 0 Fun background n

Run Cutput Errar Display ronitor Info

Backannotate Farasitic Probe Euild Analog Euild hixed

4]

Figure 33: ""Artist LVS" window of Virtuoso.

. The L¥3 job has completed. The net-lists match.
‘\_!4__'
" Run Directory: Ih0mea’yudifF'rcnjectfcdsfsimplefvirtugnfws

@ )

Figure 34: ""Artist LVS" successful LVS prompt.
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d) Customize Pad Frame (Figure 35 to 41)

Library Manager: Directory ...di/Project/cds/simple/virtuoso

File Edit Wiew Design Manager Help cadence
_ Show Categories _— Show Files
Library Ccell View
UofU_Pads Framel_3a
NCSU_Analog_Farts _ Wiew -] Lock | Size
MCSU_Digital_Parts analog_extracted 4.h
MCEU_Techlib_amils Ctrl+ Shift+R extracted 4 Gk
MNCEU_TechLib_amil6 Frame layout LE]l
MCSU_TechLib_hp0s Frame Delete... Citl+Shift+D schematic 191
MCEU_Techlib_tsmc0z Frame: -
NCEL_TechLib_tsmc0zd pad_h Properties...
MCSU_Techlib_tsmc03 pad_c Update Thumbnails
MCSU_TechLib_tsmc03d pad_g
MCSU_TechLib_tsmeld_amzp pad_in # Reanalyze Slales
Uofll_&nalog_Parts pad_ig —
Unfll_Digital_v1_2 pad_id Check In...
pad_n
UnfU_TechLin_amios pad_p|  ChEckOut
basic pad_s Cancel Checkout...
cdsDefTechLib pad_v Upriate
simple padhao; .
padbo Show File Status..
Submit..
[ I
Messages
Log file is "‘homesyudi/Project/cds/simplesvituososlibManager.log”. =y
Created new library "simple” at shomesyudidsProjectcds/simpledviruosossimple.
Checking rename library for access locks.
Deleting 1 library _
Deeleting library "simple”. -
Deleted library 'simple’.Delete of library "simple" succeeded.
Deletion of library done.
Created new linrary "simple” at shomedyudidProject'cds/simplesiduosossimple. =
il o
Copy 4

Figure 35: Copy pad frame in Virtuoso.
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Copy Cell !

From

Library Uofll_Pads n

Cell Framel_3G

To

Library simple n

Cell Framel_3G I
Options

_ Copy Hierarchical

¥ Skip Libraries HCEU_TechLib_tsmoliad
MCEU_TechLib_tsmecOd_4M2P .
Uofl_snalog_Parts Uofll_Digital_v1_2
Uofl_TechLib_amidf basic
Ewact Hierarchy cosDefTechlib simple

(i

Extra VWiews

o Copy Al Views

Wiews To Copy nalog_extracted extracted layout schematic

__ Update Instances: Of Entire Libirary

Database Integrity

_ Re-reference customiaDefs

— Check existence in technology databhase

— Add To Category

Cells ®
Apply Cancel Help

Figure 36: ""Copy Cell** window of Virtuoso.
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Virtuoso® Schematic Editor L Editing: simple Framel 38 schematic
Launch FEile Edit Miew Create Check Opfions Migrate Window MNCSU Help

cadence

DX QLE o ¢ 1T 7T IR IR %

- - Warkspace: Basic nI:E‘LJ l(=£|0 I :lﬁ ]‘h o T | Ek\‘ 6\.

Havigator 78 x |

7 Defaul B.

Mame - [T
= Framel_38
B 18 (pad_gnd)
B-§= 121 (pad_vdd) =
- () 10 (pad_nc)
- gl 11 (pad_nc)
- gl 12 (pad_nc)
- () 13 (pad_nc)
- gl 14 (pad_nc)
- gl 13 (pad_nc)
- gl 16 (pad_nc)
- gl 17 (pad_nc)
- gl 110 (pad_nc)
- gl 117 (pad_nc)
- gl 112 (pad_nc)
-2 N3 (pad_nc)

a B-

Property Editor rdll=lib. S

mouse L: showClickinfol)
4(16) | Rotate Lef

|

nv

Id: schHikousePopUpi)

R: schHitousePopUp()
| Crd: sel: 0

Figure 37: Initial schematic view of the pad frame.
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Modify the used pads in the pad frame (both schematic and layout), from "pad_nc" to

"pad_in" or "pad_out",

~ Virtuoso® Schematic Editor XL Editing: simple Framel 38 schematic Config: simple Framel 38 pl = & x

Launch File Edit Yiew Create Check Options Migrate Window NCSU Help (j dence
U= e F 0 @ X O T ¢ -7 ¥ |QRSQAE L L e E

Q - - ‘Warkspace: | Constraints n =y fﬁgo s :Iﬁ .L[% iy 'EQ | EQ Q n e

Navigator 78] - - [ constraint i EEs

T Default B.
a B-

Mame ey
k= Framel_38

(@) 10 (pad_nc)

11 (pad_nc)
) 12 {pad_nc)
) 13 [pad_nc)

14 fpad_nc)

~E i 0 »
.Editing: caonstraint

Show: |7 Al B

Yo Twpe® o |&L % 7]
|~ Frame1_38 (D) ...

(&) 16 [pad_nc)
) 17 [pad_nc)
) 1E (pad_gnd)
) 110 {pad_nc)

Select Master

Library: | Jofl_Pads
Cell:

Wiews  symbol

() 129 (pad_nc)
(20 130 (pad_nc)

Property Editor 78 x|

[ -instancen Al n

interfacela.. Mon Apr 14
partame pad_nc
vendorMame

Hame (various)
haster s pad_nc sy
Origin (various)

r

EEHEHEEBBE

i)
S| S—— «

mause L: showClickinfad M: schHitousePopUpd R: schHitousePoplUpd
g | =

| Cmd: Sel: 5

Figure 38: Add input pads in schematic.
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~ Virtuoso® Schematic Editor XL Editing: simple Framel 38 schematic Config: simple Framel 38 pl = & %
Launch File Edit View Create Check Options Migrate Window MNCSU Help

cadence
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T S S |
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Cell:
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Yo Typem =&l % ]
= Framel1_38 (D) ...
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Figure 39:

Add output pads in schematic.
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Virtuoso® Layout Suite XL Editing: simple Framel 38 layout

~ \/irtuoso® Sche|
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Figure 40: Add input pads in layout.
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Layout Suite XL Editing: simple Framel 38 layout
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Add pins to pad frame (both schematic and layout). The pad frame works like a
wraparound. The external pins of the pad frame (e.g. "Framel_38") have the same name
as the chip layout (e.g. "gpcad0p"), and the internal pins of the pad frame connecting the
chip layout use original names affixed by " _i" (Hence e.g. "clk" becomes "clk_i.) This

procedure is shown in Figure 42 to Figure 55.
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Figure 43: Add pins to the pad frame schematic (detailed view).
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Same for the layout by tapping the ports with pins
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Figure 44: ""Create Shape Pin" Window of Virtuoso.
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Figure 45: Add pins to the pad frame layout (detailed view).
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DRC, Extract, LVS to make sure no rule is violated.
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Figure 46: Start DRC from Virtuoso Layout Suite.
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Figure 48: Start Extract from Virtuoso Layout Suite.
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Figure 50: Start LVS from Virtuoso Layout Suite.




62

I!J

Commands Help cadence
Run Directory L¥VS Erowse
e ———
Create Metlist ¥ schematic ¥ etracted
Library  simple simple
Cell Framel 38 Framel 38
Wien schematic extracted

Browse el hy Cursor Erowse || Sel by Cursor

Rules File dival¥3. rul Browse
M—

Rules Library ¥ gafyU_TechLib_ami06

L%3 Options ¥ Rewiring _ Device Fixing
_ Create Cross Reference o Terminals

Correspondence File . imple/virtuwoso/lvs corr file | Create
e ——

Swiitch Mames

Priority 0 Run background n

Runh Output Ertor Display Manitor Infi

Backannotate Farasitic Probe Build &nalog Euild Mixad

16 | Helpaction

Figure 51: "Artist LVS" window of Virtuoso.
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Generate symbol for the pad frame.
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: Create symbol view from schematic view.
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Figure 55: Final symbol view of the pad frame.
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e) Final Chip Assembly (Add Pad Frame)

With both the core of the chip ("simple") and the pad frame (modified
"Framel_38") are ready, creating a new cell to put them together. This procedure is

shown in Figure 56 to 72.
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Figure 56: Create new "*Cell View" from Virtuoso Layout Suite
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Figure 57: ""New File' window of Virtuoso.

Instantiate both the core of the chip ("gpcad40Op”) and the pad frame (modified

"Framel_38") (by pressing "I" to instantiate instances).
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Then add the pins.
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hown below.

ICVIEW IS S

Final schemat

Virtuoso® Schematic Editor L Editing:

Launch File Edit View Create Check Opfions Migrate Window NCSU Help

: gpcadOp gpcadOp_final schematic

cadence

Workspace: |Basic BE &

=N d 0w %
[ Mavigator  z&x]|
Default -]
Q B-
Nare S
| gpcadOp_final
- 1= 10 (gpcadap)

I N (Frame1_38)

dind_i<4>
dind_i<5>
dind_i<6>
dind_i<7>
din_i<=
dind_i<3:0x
d

[N

dint<4>

mouse L: showClickinfag)

2(3) | command Options

Property Editor 78]

o

A IQ Qe m
IR T A T =

Ty m T By >

T

M: schHiMousePopLipQ

R sehHiMousePopLipg)
| cme: set 0 Jf

ic view.

| schemat

ina

F

Figure 61



71

Then create the final layout view from the schematic.
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Figure 62: "Startup Option"" window of Virtuoso.
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Figure 63: ""Startup Option window of Virtuoso.
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In the new empty layout view
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Figure 64: Start ""Generate Layout™ of Virtuoso.
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Figure 65: ""Generate Layout™ window of Virtuoso.
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Then place the pad frame ("Framel_38") inside the "PR Boundary", and the core of

the chip ("gpcad0p") inside the pad frame.
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Figure 66: Component placement in Virtuoso.
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Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring.

oso® Layout Suite XL Editing: simple simple_final layout

Launch File Edit Miew Create Verify Connectivity Options Tools Window Optimize Place Floorplan Boute  Help cadence
= Jd 5 @ |9 D MmMXE2QR|IE » |k 2w E L b » || &L = |workspace: Classic n »
\"% ) g Z‘?;MLEI _EI 03 - @ |“b— 32 | » || (Fyselectn Selyn Selhn Sel(O)D | 12725500 Y.2593.8000 >

Layers 78 %

Ay MY k] ME

W metal drawing n -
T &l valid Layers [ @
__ Used Layers Cnly

Q g-
o | Layer| Purpose| V[ 5|
nwell drawing
active drawing
nact.. drawing _
pact . drawing _
nsel.. drawing _
psel.. drawing
poly  drawing
elec  drawing _
met.. drawing _
met.. drawing |
cc drawing _

via  drawing _

viaz  drawing _

glass drawing

high... drawing
nodrc drawing
nolpe drawing
pad  drawing
tet drawing
res_id drawing

K]
K Ik

=)
]
X

Objecis
Cihject
- Shapes
CirclesEll
- Dot
-~ Lahel
i Path
FathSeqg
b Polygon
- Rectangle
- Other She..
Instances
- Fluid Guardri
- MDgaIc o
- Ping ™
Yias w

KRk KkKKREEKEK=

C

KKKKKRERKRKR R KK}l

Chjects Guides il ]

= I 0,0 =

ol B LY 0 8 e H

e Po A e B § = == ==
= | @Sy BgrE x »|8 &
mouse L: showClickinfof) _leiLMEPress) M: hiZoomabsoluteScale(hiGetCurrentWindow]) 0.9) R: _lxHikousePopUpQ
10(25) | Repeat Capy | cmg

Figure 67: Connect the "add!"* (Pad 57) and "god!"* (Pad 7) to the power ring.
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Then invoke Automatic Routing.

< Automatic Routing - x
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Local Route _Edit | Default I I I
Conduit Route | _Edit | Default I I I
Detail Route _Edit | Default a I I
Refinement _Edit | Default a a I

Write Script @ Close
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Figure 68: ""Automatic Routing' window of Virtuoso.
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The following is the final layout. Fill the empty space with poly fills to meet

minimum polysilicon density required by AMIO05 [35].
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DRC, Extract, LVS. They should give no error or warning.

cadence

Eile Tools Options Help

executing: drc(highresEdge GetEdge ( elec nglelec elecHighres))) (sep < (
executing: saveDerived (geomButting (elecHighres geomAndWotielec elecHighres) {ignore == 2)) errM
emecuting: saveDerived(geomAnd(elecHighres nwell) *(SCMDS Rule 27.6) resistor must be outside w.
executing: saveDerived (geomAnd(slecHighres active] " (SCMOS Rule 27.6) resistor must be cutside .
executing: drcielecHighresEdge (width < (lanbda * 5.0)) ercMesg)
dre(elecHighresEdge (sep < (lambds + 7.0)) erMesg)
dre(elecHighresEdge (notch < (lambda * 7.00) ercMesg)
executing: dreihighresEdge elecHighresEdge (enc ¢ (lambda * 2.0)) ecrlesg)
DRC started....... Tue Nov 10 23.44.27 2015
completed ... Tue Nov 10 23.44:33 2015
CPU TINE = 00:00:05 TOTAL TIME = 00.00:06
#xrerirst Smmary of rule violations for cell “simple_final layout”
Total errors found: 0

[T

Framel 38 (instance *|I1", Library *simple’)

f
il

nmouse L: showClickinfof) _leilMEPress( M ivHIDRC() R: _IxHiMousePopUpi)

Figure 70: Report of successful DRC.
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Extraction started.......Tue Nov 10 23.45.55 2015
completed ... Tue Nov 10 23:46:00 2015
CPU TINE = 00:00.05 TOTAL TIME = 00.00:05
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Total errors found: 0
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Figure 71: Report of successful Extract.
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Figure 72: ""Artist LVS" successful LVS prompt.
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f) Export GDSII Stream File ("simple_final.gds")
This procedure is shown in Figure 73 to Figure 78. This is the file to be sent for
fabrication.

This is the file to be sent for fabrication.

Virtuoso® 6.1.5 - Log: /home/yudi/CDS.log

Tools Options  Help v
| ew » [0 2348 00 2015
Open I - 00-00:05
Import , pions for cell “sinple_final layout’  +heeieers

---------------

Refrash, EDIF20D,

coL b bag
[ MakeRemaOnv- | per hagenee
cadence

Bookmarks P LEF [t bagL¥s job is now started.

® Lsinple Franst_3 schenalic w
BRFatter.

W 2 simple simple_final layout = Irtueso/LYS
- 3 simple simple_fnal schematic

& 4 simple simple schematic

m
schematic propert hagBetting schematic propert bag

1 Ssimple Framel_36 layout
"'l: & simple simple layout

il
Close Data. —
M

o et
I

e |7 [E] (7 )

Figure 73: Start "'Stream Out™ from Virtuoso Layout Suite.

z V/irtuoso (R) XStream Out Fox
Stream Fle gpocadip_final.gds
Technology ] ]
Library Uofl_TechLib_ami0g n
Library gpcadip

Top Level Cell(s) gpcadOp_final

Wiew(s) layout

Show Opti:'_':- Save Template .. Load Template ...

_ 3tream Out From Virtual Memory
¥ Show Completion Message Box Translate Cancel Apply Reset &ll Fields

Help

Figure 74: ""Show Options™ in ""XStream Out" window of Virtuoso.
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"Show Options", then tab "Layers", "Load ..."

= Virtuoso (R) XStream Out X
Stream File gpcadlp_final.gds
Technology ) )
Library UofU_TechLib_aming n
Library gpcadip

Top Level Cellis) gpcadOp_final

Wiew(s) layout
Hide Cptions Save Template .. Load Template ...
StreamOut Options 5]
General Cells Fonts Geometry Layers Libraries Properties 1(r
Layer Mame | Purpose Mame | Stream Layer | Stream Datatype| Material Type | t
Add Row
Del Rowe
T D
Layer Map File
_ Use Automatic Layer Mappin
CTEY  save es .. JeriiaRRng
— Stream Out From Virtual Memory
» Show Completion Message Box Translate Cancel Apply Reset all Fields Help

Figure 75: ""Load...” in ""XStream Out" window of Virtuoso.
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Select "streamQutLayermap" then hit "Open"

v Choose the file(s) %
Look in: B homedyudifProject/cds/simpledviruoso n L=l =NANB
E Computer Marme = |Size [Type
B yudi [ zdbafile 97 bytes File
[ werilogin.log G52 hytes log Fileg
B streamOutLayermap g
Lt simple.def 7 10 KB def Filg
[ sequence_new.xml 14 KB =ml Fils
[ pinassignment 237 bytes File _
[ nlopty 1 KB v File |-
[ ncwlog.log 679 bytes log Filg
[ libhanagerlog.cosick 634 hytes cdsl. F
[ libhanager.log 23 KB log File
[ icc.rul 2 KB rul File
[ dodo 655 bytes da File
[ definlog 729 hytes log Fil
[ cdslib 1 KE lib File
[ simrc 2 KB simrc
[ .ihdIParamFile 1 KE ihdl. .Fi=
”‘: Tt QLTS ﬂ_'-_
File name: streamCutlayermap Open
Files of type: &l Files (%) n Cancel
|

Figure 76: Choose file for the "*XStream Out™".
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Click "Translate".

= Virtuoso (R) XStream Out X
Stream File gpcadp_finalgds
Iﬁ;g'r’vmgy Uofl_TechLib_ami0s B
Library gpcadip
Top Level Celi(s) gpcadop_final
Wigw(s) layout
‘ Hide Options Save Template ... Load Template ... ‘
General Cells Fonts Geometry W Libraries Properties i(r
__ LayerMame | Purpose Mame | Stream Layer | Stream Datatype| Material Tp
1 el drawing 42 1}
2_ puell drawing 41 i
; nactive drawing 43 0 Add Row
4_ pactive drawing 43 1}
5_ active drawing 43 1}
6_ nselect drawing 45 i Del Row
; pselect drawing a4 0
8_ poly drawing 4 1] -
= v
Layer Map Fle
— _ Use Automatic Layer Mapping
I
— Stream Out From Virtual Memory
» Show Completion Message Box Translatg} Cancel, | _Apply | _Reset all Fields | | Help

Figure 77: "Translate™ in " XStream Out™ window of Virtuoso.
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It should produce no error and the only warning is about "nodrc:drawing” (and a

possible overwriting existing file warning).

- Virtuoso (R) XStream Out X
Stream File gpcadip_final.gds
Tiddinia gy Unf_TechLib_amids
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Top Level Cellis) gpcaddp_final

WiEw(E) lay ot
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StreamQut Options =)

HEngeral Lells Eants GHenmetr Layers LLikiraties Eropeties LR
1 rwell oy INFO GXSTRM-234): Translation completed. '0° error(s) and 2" warning(s)
— B found,
7 el
— Do you wish to wiew the log file 7
4l nacti il oy
- Nyt
4 pacti
5 active drawing 43 ]
fi nselect drawing 45 ] De| oy,
7 pselect drawing 44 ]

i poly drawing 46 ]
: 110 __

Layer Map File

Use Automatic Layer Mappin
Load... SAMEL A 4 Hing

Stream Out From Virtual Memory
v Show Completion Message Box Stop Zancel Apply BeselisllEielis Help

Figure 78: ""Stream out translation complete' successful prompt.
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Design Submission
In this section, the procedure for MOSIS submission with the MOSIS Educational
Program (MEP) is given as a reference. More information is available in documents from
MOSIS [37], and adapted from [38].
1) Fill in "MOSIS New Project Request Form":
Run Type: Shared IC Fabrication Run
Design Rules: Scalable CMOS
Technology: SCN3M_SUBM (if the second layer of poly is not used);
SCN3ME_SUBM (if the second layer of poly is used).
Design Name and Password
Export Control: Standard
Substrate: none
Needs Library Installation: No
IP Included: none
Fill Authorized: Yes
Foundry: On Semi
Intended Disposition: Research
Design Size X and Y: Size including pads
Pad Count: How many pads used in the design (including signals and power)
Quantity Packaged: 5
Package Name: Depends on the design

Rotation in Package: None
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Bonding Diagram Supplier: MOSIS
Downbond Locations: None
Quantity Unpackaged: 0
2) Fill in "Fabricate Form™:
Go to Project Request -> Fabricate
Layout Transfer Method: | will upload layout via secure web form (HTTPS)
Compression/Encryption: Uncompressed
Generate the checksum and Count for the GDS file (Figure 79)
Layout Status: Final
Layout Format: GDS

Top Structure: the name of the top-level (e.g. "simple™)

[yudi@MBP11l2 virtuoso]$cksum gpcad®p final.gds

2944778210 4214784 gpcadOp final.gds
Figure 79: Generating checksum with GNU cksum
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Results

The array has been extended to 7 rows, which can achieve operations of bigger
number. The result is summarized in Table 3. The design has been sent to MOSIS for
fabrication.

Table 3. Summary of the 7-row extension

Operation Original Extended
Multiply 7by5 9by7
Divide 7by4 9 by 6
Square 5 7
Square root 10 14
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Conclusion

In this chapter, the original design of pipeline array with 5 rows is extended to 7 rows
as a case study. By extending this array to 7 rows, one can have the arithmetic operations
of increased number of bits. Although the extension up to 7 rows is discussed in this
chapter, the procedure can be applied to any number of rows. We have to limit the
number of rows so as to take into account the size of the chip to be developed. In addition,
the VLSI implementation of such a design has been discussed and detailed procedure for
the implementation is included. The design has been sent to MOSIS for fabrication. The
chip will be tested once we get the fabricated chip back. The behavior Verilog code for

this design is listed in the Appendix.
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CHAPTER 3 DESIGN TO MEET TECHNICAL CONSTRAINS
Introduction

The VLSI work flow is an iterative process, which introduces problem. For example,
if a design itself turns out requiring too much resource such as area at the end of the
physical design phase, the entire design are to be reset and start over again, which is time
consuming. There is no way to mitigate this issue because the actual dimension of the
design is only known after physical design. If a method is found, such that the resource
requirement of the design is estimated based on the contains first, then starting the design
with this estimated information in mind, the problem incurred by this design iteration is
much mitigated or even eliminated if the estimation algorithm is accurate enough.

For the design of the pipeline array, traditionally at the specification phase, the
designer picks up a number as the number of rows of the pipeline array, then continues
the design process. Once the physical design phase is finished, the layout is checked to
make sure that it's within constrains such as pin count and area. If the design cannot meet
these contains, the designer then modifies the specification and start over again. For this
VLSI implementation of the pipeline array, ideally the design can go infinitely large with
infinite accuracy, but here are two technical constrains posed by MOSIS Educational
Program: maximum pin count and chip area. According to the documents from MOSIS
[30], the design should be within 1 tiny chip unit (TCU), which means the design should
only contains 40 pins maximum and the area should be within 1500 pm by 1500 pm
including pad frame (approximately 810000 pm2 of usable core area [24]).

In this chapter, an algorithm is devised, such that the pin count and the chip area of
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the pipeline can be estimated based on the number of rows, which is introduced in the

following section. The procedure for VLSI implementation of this design is also given.
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Design

This algorithm is derived in the following way. 8 experimental designs of the
pipeline array are conducted, with 1 to 8 rows respectively. The number of rows in these
experimental designs is specifically chosen to be small enough to keep the complexity of
the circuit low, so that they don't require much effort to design. Then data of the cost of
these designs such as pin count and chip area are collected for further analysis to derive
the estimation algorithm. These sample data are summarized Table 4 and illustrated in
Figure 80 and Figure 81 respectively.

Table 4: Summary of resource requirement of pipeline array designs.

Number of rows |Pin count [chip area (um?) |gate count (standard cell)
1 14 16330 22

2 22 48730 64

3 30 95515 127

4 38 154548 207

5 46 229781 304

6 54 314345 418

7 62 407462 558

8 70 524880 697




Pin count

Chip area (um”2)

80

92

75

600000

1 15 2 25 3 35 4 45 5 55 6 65 7 15
Number of row
Figure 80: Number of row vs. pin count.
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Based on this information, a statistic method called least squares [39] is used as the
approach of cost estimation. The method of least squares is a way in regression analysis
to the estimate solution of systems, so that the overall solution minimizes the sum of the
squares of individual errors. The objective of least square is to adjust the parameters of a
model function to best fit a data set.

For pin count estimation, linear least square are used to estimate pin counts. Given
the sample data sets, the goal is to find the relationship of the pin count (y) and the
number of rows (x) ¥ =a +air such that it can best fit the sample data sets. The

calculation begins by solving the linear equations below.

After substituting the variables with the sample data sets shown in Table 4, the result

is as follows.

-

IERE (7)
Hence the estimation function of the relationship of the pin count (y) and the number

of rows (x) is given below.

y=06+38x (8)
For chip area estimation, quadratic least square are used to estimate chip area

because area is a quadratic function of the number of rows. Given the sample data sets,

the goal is to find the relationship of the chip area (y) and number of rows (x)

y = ap+ a7 + azr® sych that it can best fit the sample data sets. The calculation begins by

solving the linear equations below.
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Z;’: . Z;’:l E; Z;’:l EE-I a1 = Z;'Izl E;ij;
Za 7 i=1 Ti i=1 T Za’:l L (9)

Then substitute the variables with the sample data sets shown in Table 4.

H ) “]
e
az| | BH (10)

Hence the estimation function of the relationship of the chip area (y) and the number

of rows (x) is given below.

1 2,
Yy = E[—E'-ITBTT’ + 776511z + 364479x%) (11)

Due to the limitations of the MOSIS Educational Program (MEP) [30] and the
fabrication budget allotted, the VLSI implementation should be within 1 tiny chip unit
(TCU), which means the design should only contains 40 pins maximum and the area
should be within 1500 pm by 1500 pm including pad frame (approximately 900 pm by
900 m of usable core area [24]). According to the estimation formula 11 substituting y
equals 900 * 900:

900 * 900 = %(—24?3?? + 776511z + 364479z7) (12)

The positive root of the above equation equals 10.17, which estimates that the
maximum number of rows allowed for this given area is 10.

To solve the excessive pin count issue, multiplexers are used in the design. As
illustrated in Table 2, for each operation, not all inputs and outputs are used. Some inputs
and outputs are either constant or "don't care”, which are not needed to be connected
externally. Only inputs and outputs for variable signals of data are needed to be connected.

Based on this observation, the solution of designing to fit within 40 pins is devised, as
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illustrated in Figure 82.

X— opll.0]  dout[10.0] —X
%— din0[9..0]
% din1[6.0]

Figure 82: Overview of the pipel'iné én"ay impléméntatidn within 40 pins.

To achieve such an implementation, multiplexers are used as a wraparound between
the original design and the pad frame, as illustrated in Figure 83. Based on what operation
is to be performed indicated by signal "op", the multiplexers drives the original circuit to
either constant signals or the desired signals of data inputs, as indicated in Table 2. These
signals are ready to let the pipeline array circuit to operate correctly. Once the operation
of the pipeline array is done, the results are selected by another set of multiplexers, to
drive the data output pins. The operations of the new design are illustrated in Table 5.

The behavior Verilog code for this design is listed in the Appendix.
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Figure 83: Logic diagram (partial) of the implementation within 40 pins.
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Table 5: Operations of the new implementation within 40 pins.

Input Output
Operation op din0 dinl dout
Square 00 P don't care S
Square Root 01 A don't care F
Multiplication 10 B=C P S
Division 11 A B=C F

In order to make sure the circuit operates correctly as required, it's simulated in
functional simulator and implemented on FPGA, to see if it ready meets the requirement.
The functional simulator used here is called ModelSim by Mentor Graphics [40]. The
functional simulation of this circuit is shown in Figure 84. In this simulation, all 4
operations (namely square, square root, multiplication and division) are tested with
random data sets. According to the result shown in Figure 84, all the results of
calculations done by this circuit are mathematically correct, hence the circuit functions

exactly the same as required.
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square
of 9

square root
of 256

multiplication
of 64x17

division
of 30/5

Figure 84: Simulation result of the implementation within 40 pins.
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A field-programmable gate array (FPGA) is an integrated circuit which can be configured
flexibly by the designer, hence gaining the name "field-programmable” [41]. This
functionality makes FPGA useful in the process of VLSI design. The circuit described
here is implemented on FPGA for verification and validation before implementing in
VLSI. Result of synthesis, place and route on FPGA with Altera Quartus Il software [42]
is shown in Figure 85 and Figure 86 respectively. Then the circuit is tested on the FPGA.

Once the circuit is fully validated, it is ready to be implemented in VLSI.
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Quartus Il 64-Bit - /home/yudi/Project/cds/gpcadOp_mux/quartus/gpcadOp - gpcadOp

File Edit View Project Assignments Processing Tools Window Help < Search altera.com |@
o da|s am]9 o ||[opcasop A »e@e|Dew@aleo9|ale]®
Project Navigator 6% | gpcadOp.v (] | @ gpca40p_th.v x] | & Compilation Repnrt-gpcafmp[}l
 Files |0 % | [ o O RS =S
gpcadOp.v 145 =l
i gpcadOp_th.v 146
147
148
149 A[1:10] = 10'bx;
150
151 dout[10:0] = 11'bx;
152
153 B case (op)
154 B2 2'bB0: begin
155 X = 1'b0;
156 P[1:5] = din@[4:0];
157 B[1:7] = 7'bo011111;
4y Hierarchy iles | & Design Unit:ﬂ: 158 C[1:7] = 7'b0100000;
159 A[1:10] = 10'bh0;
Tasks rex 1160
FIow:lW;[ Customize...|| 161 dout[10:0] = S[1:11];
162 | end
| Task =l163 = 2'b01: begin
& Compile Design 12? I§[l'5] = ;:Eé’
< P Analysis & Synthesis | 166 BIL1:7] = 7'b0011111;
04 » Fitter (Place & Route) 167 cl1:7] = 7'b0100060;
L » Assembler (Generate program 168 A[1:10] = dine[9:0];
’TimeOuestTiminqAnalvsis_,;I 169
g I R Ao t110.01 = 6 ko CT1.E11. =
E W‘gé’fjﬁ [ <<Search>> -
" Typel ID |Me55age B
& Quartus II 64-Bit Fitter was successful. D errors, 4 warnings
(P 293000 guartus II Flow was successful. 0 errors, 4 warnings
@
Running Quartus II €4-Bit Assembler
- Command: quartus_asm --read_settings_files=off --write_settings_files=off gpcadlp -c gpcadlp
@ 115031 Writing out detailed assembly data for power analysis
@ 115030 Assembler is generating device programming files
8 @D guartus II 64-Bit Assembler was successful. 0 errors, 0 warnings
gl - (P 293000 guartus II Flow was successful. 0 errors, 4 warnings =
8l | »
=[{ System (2) /\ Processing (53) /
100% 00:00:24

Figure 85: Synthesis result of FPGA.
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;ﬂ -0 Labels
= - M Differential Pin Pairs
# - Report Overlay
e -0 Routing Details =l
]
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2 | -2 Top Source File
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Figure 86: Place and route result (partial) on FPGA.
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Implementation

In this section, a step-by-step procedure for VLSI digital design is given, for the
40-pin implementation of the pipeline array.

There are many fabrication technologies available nowadays, from various
fabrication facilities such as GlobalFoundries and TSMC, in technologies such as 14 nm,
28 nm, 40 nm, 65 nm, 0.13 pm and 0.18 pm and so on [30]. Since we use the MOSIS
Educational Program (MEP) for free fabrication service, which limits us to use the ON
Semi 0.50 pm CMOS (C5N) technology [30], C5N is used in this procedure. However,
the general procedure is the same for other technologies. There are many computer aided
design (CAD) software available for VLSI design, such as Cadence and Synopsys. This
procedure uses Cadence Encounter Digital Implementation Systems 14.00, Cadence
Virtuoso Design Environment 6.15 along with NCSU CDK 1.6.0 [21], UofU Technology
Library and UofU Standard Cell Library [24].

This procedure consists of 3 parts, each of which represents one major step for the VLSI
design. They are logic synthesis, place and route and chip assembly respectively, which
are introduced for the rest of this section. In the end, the procedure for MOSIS

submission is given.
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Logic Synthesis
In digital logic design, logic synthesis is a procedure by which a behavior-level HDL
code describing the function of a circuit, is turned into a gate-level netlist which describes
the implementation of a design in terms of logic gates, typically using a computer
program called a synthesis tool.
In this subsection, a procedure for synthesis is given. For the concision of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [31]. There are other alternative RTL synthesizers
available as well, such as Design Compile7r by Synopsys. If tools other than what's
described here are used, it's advised to refer to their respective manuals. The detailed
procedure and codes used are included in [32].
1) Tools: Cadence Encounter RTL Compiler
2) Prerequisites before This Step:
Behavior Verilog Code (e.g. "simple.v*)
Tcl Script for RC Compiler (“rc.cmd™”, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")

3) Destination Files Generated After This Step:
Netlist Verilog Code ("nl.v")

4) Steps:

a) Modify rc.cmd based on the requirement (as shown in Figure 87).
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Line 3: Change UofU standard cell library path to where it's installed.
Line 7: Change "gpca40p.v" to the file name of Verilog code (e.g. "simple.v").

Line 8: Change "gpca40p" to the top-level entity name (e.g. "simple").

1 set attribute hdl search path {./}

2 set attribute lib search path {./}

3 set_attribute library [list /opt/cds/lib/UofU Digital_ vl 2/UofU_Digital vl 2.1lib]
4 set attribute information level

5 set attribute ungroup true
6
7
8
9

6 set attribute write vlog unconnected port style none
read hdl -v2001 gpca40p.v
elaborate gpcadfp
synthesize -to mapped
write hdl -mapped > nl.v

11 g

Figure 87: rc.cmd.
b) Run
$ rc -files rc.cmd
c) Check the result (Figure 88)
In the end, a netlist file called "nl.v"" (Figure 89) is generated containing
information which will be used later for place and route.
If everything goes smooth as above, continue to the next step. If anything goes wrong,

fix it first before continuing further.
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Incremental optimization status

Worst - - DRC Totals -
Total Weighted Max Max
Area Neg S1k Cap Fanout

init iopt
Incremental optimization status (pre-loop)

Worst - - DRC Totals -
Total Weighted Max Max
Neg Slk Cap Fanout

simp_cc_inputs
Incremental optimization status

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init_area
io phase

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init area

Done mapping simple

Synthesis succeeded.
Normal exit.
[yudi@MBP112 rc]si

Figure 88: Synthesis summary generated by RC Compiler.
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[vudi@MBP112 rc]$cat nl.v
// Generated by Cadence Encounter(R) RTL Compiler v12.10-p006 1
// Verification Directory fv/simple

module simple(clk, in@, inl, out rj);
input clk;
input [1:0] in®, inl;
output [1:0] out r;
wire clk;
wire [1:0] in@, inl;
wire [1:8] out r;
wire n 1, n 19, n 20, n_ 21;
DCX1 \out r reg[1l] (.CLR (1'bl), .CLK (clk), .D (n 21), .Q
(out_r[11));
DCX1 \out r reg[@] (.CLR (1'bl), .CLK (clk), .D (n 20), .Q
(out _r[@]));
NORZ2X1 g214(.A (inl[0]), .B (in®[0]), .Y (n_1));
NAND2X1 g2(.A (n_19), .B (n 1), .Y (n 20));
XNOR2X1 g3(.A (inl[1]1), .B (in®[1]1), .Y (n_19));
AND3X1 g219(.A (in@[1]), .B (inl[1]), .C (n_ 1), .Y (n_21));
endmodule

Figure 89: Synthesis summary generated by RC Compiler.

)
]
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Place and Route

"Place and route" is a stage in the process of VLSI design, in which the location to
place all the logic elements within a generally limited amount of space and the way of all
the wires needed to connect the logic elements are decided.

In this section, a procedure for "place and route™ is given. For the brevity of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [33]. If the reader is interested in using GUI
commands instead of TCL scripts, please refer to EDI System Menu Reference [34] and
textbooks [24] for more information. The detailed procedure and codes used are included
in [32].

1) Tools: Cadence Encounter RTL-to-GDSII System

2) Prerequisites before This Step:

Netlist Verilog Code ("nl.v" from the last step)
Tcl Script for RC Compiler (“encounter.cmd”, given in Appendix)
Tcl Script for Multi-Mode Multi-Corner ("mmmc.tcl”, given in Appendix)
Synopsys Design Constraints (“typical.sdc™, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
Optimized Netlist Verilog Code ("nlopt.v")

Design Exchange Format (DEF) File (e.g. "simple.def")
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4) Steps:
a) Modify Tcl Script for RC Compiler ("encounter.cmd", Figure 90)
Line 10, 24: May change UofU standard cell library path to where it's installed

Line 13, 99: Change "gpca40p" to the top-level entity name (e.g. "simple")

set init lef file /opt/cds/lib/UofU Digital vl 2/UofU Digital vl 2.lef
set 1sg0OCPGainMult 1.000000
set init_verilog nl.v

3 set init_top_cell gpcad@p

4 create rc corner -name typical \

-preRoute res {1.0} \
-preRoute cap {1.0} \
-preRoute clkres {0.0} \
-preRoute clkcap {0.0} \
-postRoute_res {1.0} \
-postRoute_cap {1.0} \
-postRoute xcap {1.0} \
-postRoute clkres {0.8} \
-postRoute_clkcap {0.0}

4 create_library_set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_vl_2.1lib}
create constraint mode -name typical -sdc files {typical.sdc}

6 create_delay corner -name typical -library_set {typical} -rc_corner {typical}
create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis_view -setup {tﬂpical} -hold {typical}
init design

Figure 90: encounter.cmd.
b) Modify Tcl Script for Multi-Mode Multi-Corner ("mmmc.tcl”, Figure 91)

Line 11: May change UofU standard cell library path to where it's installed

create_rc_corner -name typical \
-preRoute_res {
-preRoute_cap {
-preRoute clkres {
-preRoute_clkcap {
-postRoute_res {
-postRoute_cap {
-postRoute xcap {

-postRoute_clkres {
-postRoute_clkcap { }
create_library set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_ vl 2.1lib}
create_constraint _mode -name typical -sdc_files {typical.sdc}
create_delay_corner -name typical -library set {typical} -rc_corner {typical}
4 create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis view -setup {typical} -hold {typicalﬂ

Figure 91: mmmc.tcl.
¢) Run
$ encounter -init encounter.cmd
d) Check the result

It should run all the way to the final step without any errors if the above steps are
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followed correctly, as shown in Figure 92 and Figure 93. In the end, a DEF file (e.g.
"simple.def") for the chip layout (without pad frame) as well as a netlist file called

"nlopt.v" is generated.

Eile Edit ¥iew Farition Floorplan Fower Place Optimize Clock RBoute  Timing  Verfy  Options Tools Flows Help cadence

=N=N (ORI LR AE QU ILF 6 6 Bk YIED @
[R]ok < B @ 1 &Ly w = s R

| Layer Control = x|
_All Colors
Hinstance
Instance
Elock

Std. Cell
Cover Cell
Fhysical Cell
12 Cell

Area 1O Cell
Black Box
Elack Elob
Hiodule

Hnet
Hcel

HEHCongestion
EHMultiple Color
HMiscellaneous
BHiredvia

paly (M)
co{v01)

tnetall (kA1)
viav12)

metalz (2]
viaz(vz3)
metal3(kaa)

B

jus]

=]

=]

3

8
KERKKRRKRKK [ KKK KKK KK KRR KIS
Rk KiKRRRETT T RKRRRRR KRR K RS

World View &)X

Click to select single object. Shit+Click to desselect multiple objects. ’E’ SelMum:0 [(467.353, 622.479) |R0uted
Figure 92: Final view in Encounter.
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kkkxxkk® End: VERIFY CONNECTIVITY ###skkkx
Verification Complete : @ Viols. O Wrngs.
(CPU Time: 0:00:00.0 MEM: 0.000M)

*** Starting Verify Geometry (MEM: 695.7) **#*

VERIFY GEOMETRY Starting Verification

VERIFY GEOMETRY Initializing

VERIFY GEOMETRY Deleting Existing Violations

VERIFY GEOMETRY Creating Sub-Areas

bin size: 9600

VERIFY GEOMETRY SubArea : 1 of 1
**WARN: (ENCVFG-47): Pin of Cell FILLER 6 at (31.650, 55.8080), (33.150, 58.200) on Layer met
all is not connected to any net. Use globalNetConnect or GUI Power-=>Connect Global Nets to spec
ify global net connection rules properly.

VERIFY GEOMETRY ¢ 0 Viols.
VERIFY GEOMETRY SameNet ¢ 0 Viols.
VERIFY GEOMETRY Wiring i 0 Viols.
VERIFY GEOMETRY Antenna i 0 Viols.
VERIFY GEOMETRY Sub-Area : 1 complete O Viols. @ Wrngs.
VG: elapsed time: 1.00
Begin Summary ...
Cells :
SameNet
Wiring
Antenna
Short
Overlap
End Summary

Verification Complete : @ Viols. O Wrngs.

erkrrkrrrrEng: VERIFY GEDMETRY****kkkk:
*** yerify geometry (CPU: ©:00:00.0 MEM: 1.0M)

Figure 93: DRC report generated by Encounter.
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Chip Assembly
As a requirement by AMI05 technology [35], design should be submitted along with
pad frame. This section gives the procedure to assemble the pad frame with the chip. For
the brevity of this procedure, the exact meanings of commands are not further explained.
These commands are covered by the official manuals [36]. Materials such as textbooks
[24] also have many useful information for reference. The detailed procedure and codes
used are included in [32].
1) Tools:
Cadence Virtuoso Design Environment
2) Prerequisites before this step:
Optimized Netlist Verilog Code ("nlopt.v* from last step)
DEF File (e.g. "simple.def” from last step)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
GDSII Stream File (e.g. "simple_final.gds")
4) Steps:
a) Launch Cadence Virtuoso Design Environment
$ virtuoso

b) Create New Library (Figure 94 to Figure 97)
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Library Manager: Directory ...di/Project/cds/simple/virtuoso

Edit

WView  Design Manager

Help

cadence

Cpen.. Cil+0 Cell Wiew..
Open (Read-Only)..  Chrl+R Categary...
Open With...

Cell View

Load Defaults...
Save Defaults

Open Shell Window.. Clrl+F

Exit Clrl+ s
HCSO_Techlib_fsmcOd
MCS_TechLib_tsmc03d
NCSU_TechLib_tsmc04_amzp
Unofl_aAnalog_Parts
Unfll_Digital_v1_2
Uafl_Pads
Uofl_TechLib_amid&
hasic
cdsDefTechlLib

Messages

Log file is "‘homesyudi/Project/cds/simplesvituososlibManager.log”.

e Library

Figure 94: Create New Library with Virtuoso.
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New Library "

Library

Marme

Directory at-’cdsfgpcaamp_muxﬁ:dsmir‘[uosnfn =] e s =
@ [] ncvlog.log

[aLvs [l nloptv

gpcadip [] pinassignment

[ edslin (] sequence_newxm|
[ definlag [ streamOutlayermap
[ dao.da [ strmOutlag

(5l gpocadOp.def [ wetilagin.log

(] gpocad0p_finalgds [ zdbofile

[ icc.rul

[ likkanager.log

[ likkaanagerlog.coslick

File type: Directories

Design Manager

® lse MOMNE
Uge Mo Dk
Apply Cancel Help

Figure 95: ""New Library" window of Virtuoso.
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~ Technology File for New Library « x

Technology File for library "simple”

You can: o Compile an ASCI technology file
 Reference existing technology libraries
& Attach to an existing technology library

— Do not need process information

Cancel Help

Figure 96: ""Technology File for New Library" window of Virtuoso.

~ Attach Library to Technology Library < x

e Libirary simple

Technology Library

m Cancel | Apply Help

Figure 97: ""Technology File for New Library" window of Virtuoso.
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c) Import Optimized Netlist Verilog Code ("nlopt.v" from last step) and DEF

File (e.g. "simple.def” from last step). As shown in Figure 98 to Figure 102.

Virtuoso® 6,1.5 - Log: /home/yudi/CDS.log
I@E Tools Options Help cadence

e 3

open..
""""""""""" -
L1 -
™ Epon | EDIF00.. -

YHDLY

L Make Bead Only... il

Spice.. Pl R:
Bookmarks 4 DEF ..

—=
—

Figure 98: Import netlist with Virtuoso.
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- Verilog In "
Import Options Glabal Met Options Schematic Generation Options

File Filter Mame

lihM=nager. log
lihM=nager. log. cdslck
nlopt. v

simple. def a
simple/

streanlutLayermap el
Shome fAyudiProjectSods fsimple Srictuoso

Target Library Mame simple Browse
—

Reference Libraries UofU Digital_wl 2 hasic

Werilog Files To Import nlopt. v Add

-f Options A

-y Options U Digital w1l 2/UcfU Digital wl_2 .« add

-y Optiong Al
e

Library Extension

Library Pre-Compilation Options

Pre Compiled Verilog Library

HOL Wiew Mame hdl
Target Campile Library Mame Erowse
—
Compile Verilog Library Only
lgnare Madules File &l
—
Import Modules File &dd
—_—
Import Structural Modules &5 schematic n
Structural View Names
Schematic schematic Metlist netlist
Functional functional Symbol symbol
Laog File CfverilogIn. log Work Area Ftmp
Mame Map Tahle . /werilogIn. map. table

Owenyrite Existing Views

Ovenyrite Symbol Views  |[Mone n

Wetilog Cell Modules e Create Symbol Only o Import o Import &5 Functional

Cancel Defaults Apply Load Save Help

Figure 99:"Veri|og In"" window of Virtuoso.
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Virtuoso® 6.1.5 - Log: /home/yudi/CD5.log

Tools Options  Help cadence
[ rew P kellview request for libracy "simple”.
Dpen...
I M corem. —
Refresh.. Wering. v
WHDOL .. 11l

- bake Bead Only.. —
— |  Spice.. bl R:

1 Bookmarks » J
Figure 100: Import DEF with Virtuoso.

= Virtuoso(R) DEF In %
CEFIn File Mame gpoadOp. def
Target Library Mame gpcadip n

Ref. Technology Libraries

Create a module hierarchy from hierarchical names L Share Library

ey Likbrary

Technology From Library |

Target Cell Mame gpcadip
Briowse

Target Yiew MName Layout

Component Yiew List

Master Library List

Ovenvrite Design . Create CustomVias only

Log File Mame

w Use Template File & Use GUI Fields

Template File Mame

Save Template File Mame Save

Camment Char

Pin Furpose

Do not create any routing data

Laver Map File Mame

Cancel Defaults Spply Help
Figure 101: "DEF In" window of Virtuoso.
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PopUp Message

/o defin translation completed (errars: O, warnings: 0).
L= Please see the log file.

$ _Cancel /| Help

Figure 102: ""DEF In" successful translation prompt.

Once both layouts (from DEF) and schematic (from netlist in this section) are

generated, DRC, Extract and LV'S should be performed, as shown in Figure 103 to 111.

Launch File Edit ¥jew Create mﬂ Connectivity Options  Tools  Window  Optimize MNCSU Help cédence
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ERC..
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AN P A5 M5 Sharts.. i T e e - B I
B el draving n S DRI R R T
T all valid Layers n H | . BASKETS 1 U O | OO £ OO

_ Used Layers Only

active drawing
nact.. drawing
pact.. drawing
[ rsel.. drawing
[ psel.. drawing
B poly  drawing
B elec  drawing
met.. drawing
met.. drawing
met.. drawing

drawing
B via  drawing

Objects
Ohject
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=

o 128
N
|- ]

(III

KKK KKK
LK KKIK

Objects || Guides . Il B
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9] > | cma:

Figure 103: Start DRC from Virtuoso Layout Suite.
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- DRC X
Checking tethod & flat _ hierarchical _ hierw/o optimization
Checking Limit & full _ incremental o by area
Coordinate Sel by Cursor
Swiitch Mames Set switches
————————

Run-Specific Cammand File
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Join Mets With Same Mame L Limit Run Errars i}
Echo Commands v

Rules File divalRG. rul

Rules Library L m
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Ignore hissing Cell Masters

Cancel Defaults Apply Help
Figure 104: "DRC" window of Virtuoso.

Virtuoso® 6.1.5 - Log: /rome/yudi/CDS.log
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Figure 105: Report of successful DRC.
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Figure 106: Start Extract from Virtuoso Layout Suite.
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Figure 107: "Extractor' window of Virtuoso.
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Figure 108: Report of successful Extract.




122

- x
Launch File Edit Wiew Create Tools Window Optimize NCSU Help (éde“(e
= J 5 @ |4%}> o =" | B » [ & » :“3 e % » |warkspace: | Classic n|:5u =
i Exract... i i i J
...F% -x,.},-i g 3‘.’.5I§|\£| ¥ Eggclge... Al {FiSelectd Sel{NE0 Sel(l:0 Sel{O)0 | ¥:5.5500 Y.147.9000 dX: d¥: Dist »
Lavers 28 N —
sy Y &5 M Shits...
B el drawing n - ) Frohe...
T Al valid Layers nu Markers ¥
_ Used Layers Only c ’
Q B-
S b
nwell drawing o o
active drawing o o |2
Lo drawing o W
¥ ¥
codrawing W
Codrawing o W =
drawing »
drawing o o
drawing »
drawing o o
drawing » o
drawing o o
drawing o W L
?Ex‘
[MeE]
v \=)
¥ ¥
v
¥ ¥
(L L
¥ ¥ il
Objects || Guides . I} B
mouse L showClicklnfap _leil MBPress( R setExFarm R _HitousaPaplpg
e | Cma:

Figure 109: Start LVS from Virtuoso Layout Suite.
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Figure 110: ""Artist LVS" window of Virtuoso.

The L¥S job has completed. The net-lists match.
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Figure 111: "Artist LVS™ successful LVS prompt.
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d) Customize Pad Frame (Figure 112 to 132)
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Figure 112: Copy pad frame in Virtuoso.
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Figure 113: ""Copy Cell*" window of Virtuoso.
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Virtuoso® Schematic Editor L Editing: simple Framel 38 schematic
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Figure 114: Initial schematic view of the pad frame.
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Modify the used pads in the pad frame (both schematic and layout), from "pad_nc" to

"pad_in" or "pad_out",
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Figure 115: Add input pads in schematic.
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Figure 116: Add output pads in schematic.
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Virtuoso® Layout Suite XL Editing: simple Framel 38 layout
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Figure 117: Add input pads in layout.
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Layout Suite XL Editing: simple Framel 38 layout
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Figure 118: Add output pads in layout.
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Add pins to pad frame (both schematic and layout). The pad frame works like a
wraparound. The external pins of the pad frame (e.g. "Framel_38") have the same name
as the chip layout (e.g. "gpcad0p"), and the internal pins of the pad frame connecting the
chip layout use original names affixed by " _i" (Hence e.g. "clk" becomes "clk_i.) This

procedure is shown in Figure 119 to Figure 132.
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Figure 119: Add pins to the pad frame in schematic.
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Figure 120: Add pins to the pad frame schematic (detailed view).
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Same for the layout by tapping the ports with pins
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Figure 121: ""Create Shape Pin" Window of Virtuoso.
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o0so® Layout Suite XL Editing: simple Framel 38 layout
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Figure 122: Add pins to the pad frame layout (detailed view).
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DRC, Extract, LVS to make sure no rule is violated.
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Figure 123: Start DRC from Virtuoso Layout Suite.
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Figure 125: Start Extract from Virtuoso Layout Suite.
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[ metalz drawing n -
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Bl ool drawing
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met.. drawing
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viaZ  drawing
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B nocre drawing
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Figure 127: Start LVS from Virtuoso Layout Suite.
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I!J

Commands Help cadence
Run Directory L¥VS Erowse
e ———
Create Metlist ¥ schematic ¥ etracted
Library  simple simple
Cell Framel 38 Framel 38
Wien schematic extracted

Browse el hy Cursor Erowse || Sel by Cursor

Rules File dival¥3. rul Browse
M—

Rules Library ¥ gafyU_TechLib_ami06

L%3 Options ¥ Rewiring _ Device Fixing
_ Create Cross Reference o Terminals

Correspondence File . imple/virtuwoso/lvs corr file | Create
e ——

Swiitch Mames

Priority 0 Run background n

Runh Output Ertor Display Manitor Infi

Backannotate Farasitic Probe Build &nalog Euild Mixad

16 | Helpaction

Figure 128: "Artist LVS" window of Virtuoso.

The L¥S job has completed. The net-lists match.

Py
* Run Directory: fhomedyudidProject/cds/simplesvintuosor/Ly S

o

Figure 129: "Artist LVS" successful LVS prompt.
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Generate symbol for the pad frame.

Virtuoso® Schematic Editor L Editing: simple Framel 38 schematic

Check Options Migrate Window MNCSU Help cadence
= ) A Instance... | = N g @ = -
= i e -7 7T QA QA T L L E

- 1. wire (narrow) W S = l =
= = - B o z Q- -
1 wire (wide) S ] B w T |3§ ) .
i 7
Lavigator 28 be Wire Mame.. L =
I Default ﬂ ‘Wire Stubs and Mames  Space
Q n Met Expression...
Mame - i ;

i= Framel 38 4® Fin... F

= 14 (pad_out) Block... Shift+l

B = 13 (pad_in) Mapping Schematic...

B 4= 16 (pad_gnd) c

B2 121 (pad_vdd) =

B 123 (pad_in) Solder bt Fram Pin List

E- L= 124 (pad_in) Mote » -

-5 127 (pad_in) Patehcord... From Instance..

B 128 (pad_in) Prabe N

B 132 (pad_out) =

(@) 10 {pad_ncy rultiGheet... _
- 11 (pad_nc) -

12 (pad_nc)
- I3 (pad_nc)
- () 16 (pad_nc)

Property Editor rdll=lib. S

11 11
mouse L: showClickinfol) Id: schHikousePopUpi) R: schHitousePopUp()
G20} | From Cellview... | Cmd: Sel: 0

Figure 130: Create symbol view from schematic view.
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Cellview From Cellvie

Library Mame

BErowse

Cell Mame Framel 328

From Yiew Mame |$chematic n

To View MName symbol

Tool / Data Type  |schematicsymbal n

Dizplay Cellview

<

Edit Options L

_Zancel | Defaults | aApply | Help
Figure 131: ""CellView from CellView" window of Virtuoso.

- Virtuoso® Symbol Editor L Editing: gpcad0p gpcadOp symbol =" %
Launch FEile Edit Miew Create Check Opfions Window Help (éde]‘l(e
=" $ 0@ X Q T, ¢ T 7 1K K @ &
- - "Workspace: |Basic nle‘U [,=£|0 - 'D 'ﬂ%“ O / ® |_|

Havigator 78 x |

7 Defaul B.

Q B -
Mame =7

= gpcadlp

e din0=9:0=

1 dinl<6:0=

-l dout10:0=

-, opetids

- din0<3:0=din0

-~ dinl<6:0=din1

b dout<10:0=dout

LW Ope]i0=op

Property Editor rdll=lib. S

11 11

mouse L: mouseSingleSelectPt]) Id: schHikousePopUpi) R: schHitousePopUp()
12| = | Crod: Sel: 0

Figure 132: Final symbol view of the pad frame.
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e) Final Chip Assembly (Add Pad Frame)

With both the core of the chip ("simple") and the pad frame (modified
"Framel_38") are ready, creating a new cell to put them together. This procedure is

shown in Figure 133 to 149.

Create a new Cell View (I call it "gpca40p_final™).

Library Manager: Directory ...t/cds/gpcad0p mux/cds/virtuoso

Edit Mijew Design Manager Help cadence
"_ ul Library..

= Cipen... Cirl+
Cell Views
Open (Reac-Onlyl..  Ctrl+R Category..
g Open With.. gpoadip symbol
Load Defaults Framel_3 Wx?“" e | lock | Size '
= extracte .
Save Defaults gpcadip_final layout 2t

schematic zt
Zd symbal yudi@mBr112

Open Shell Window... Ctrl+P

Exit CHrl+
RS0 _TechLIB_tEme0a
MCSU_TechLib_tsmcO3d
MCEU_TechLib_tsmcOd_4rzP
Uofl_analog_Pars
Uofll_Digital_w1_¢g

Uofll_Pads

Uofl_TechLib_amidg

haszic

cadzDefTechLlib

gpcadip

Messages

Log file is "homedyudifProjectcds/gpoadDp_mu<cds/vituosodibkManagerlog”.

Mew Cell View

Figure 133: Create new ""Cell View" from Virtuoso Layout Suite
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- New File X
File

Library gpcadip n

Cell gpeadlp final

Wigw schematic

Type schematic n

Application

Open with Schematics L n

_ Always use this application for this type of file

Litirary path file

1ject/ods gpeadlp_mux/cds victuoso/cds. ik

IRy Cancel | Help
Figure 134: ""New File™ window of Virtuoso.

Instantiate both the core of the chip ("gpcad40Op”) and the pad frame (modified

"Framel_38") (by pressing "I" to instantiate instances).
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Library simple
Cell simple

View

Names

v Component Bt = «" x

Commands Help cadence
Library
Flatten _
Filter %

Framel 38

Add Instance

Browse

Virtuoso® Schematic Editor L Editing: simple simple final schematic

= simple_final

Property Editor 78 %

Launch File Edit Create Check Options Migrate Window NCSU Help cadence
=" d 0 MmMx Q T ¢ -7 7 IR Q@ |7 (IR
[l - - | workspace: | Basic UWE [l UJ Iy Ay Ty | By & u v
Navigator 7.8 x| - :
7 Default B.
Q B-
Name 2~

mouse L: mouseAddPt()

9(23) 7 Point at location for the instance.

M: schHiMousePopUp()

¥ Add Wire S

s @ registered termi

Array

1

42 Rotate

Ab Sideways = Upside Down

€@ cencel

_Defaults_)|_Help_

R: Rotate 90

i Cmd: Instance Sel: 0

Create the final schematic view.

Figure 135
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Launch File Edit View Create Check Options

Migrate Window NCSU  Help

tuoso® Schematic Editor L Editing: simple simple_final schematic

cadence

LD @dld 0 @x OQTE s ¢ R-1T v 1R
= workspacei(Basic  [IEN G [y A Ly Ay Ty

5 A

- W &e

&yl

Havigator 2.8/%
Default [~ ]
Q B-

Name |
= simple_final
5 10 (simple)
= n (Framel_38)

neto

netl 1

net2

nett3

nett4

nett§
aut_r_i<0>
out_r_i<1:0=
out_r_istx

mouse L: showClickinfo()

sy | »

Property Editor 78X

ic view.

Routed schemati

igure 136:

F

1 schHilousePapLipg

iz senHiMouseP opLpg
| ome: seto |
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Then add the pins.

~ pinassi...so) -V = & x ¥
external inputs:
clk 11

in0<0= 54 it input H Bus Expansion e off _ an
inB<l=> 53
inl{@} 52 Usage schematic n Flacement - single » multiple

inl<1y] — Signal Type signal |3
external outputs:

out r<0= 73
out r<l- 12 Froperty Mame

Pin Mames clk in0<0> in0<1> inl<0> inl<l:

aftach Met Expression: & Mo o Yes

internel outputs: Diefault Met Mame

clk i 11 _

ind i<0> 54 Fant Height 0. 0825 Fant Style stick
in@_i<l> 53
inl i<0> 52 4~ Rotate b Sideways | |5 Upside Down/ | Show Sensitivity ==

inl_i<l> 55 m _Cancel /| Defaults || Help

internal inputs:
out r i<0> 73
out r i<l= 12

-- VISUAL BL6,6 All

Figue 137: "Add Pins" window of Virtuoso.
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hown below.

ICVIEW IS S

Final schemat

Virtuoso® Schematic Editor L Editing:

Launch File Edit View Create Check Opfions Migrate Window NCSU Help

: gpcadOp gpcadOp_final schematic

cadence

Default

Q
TNamE:
| gpcad0p_final
- = 10 (gpeadap)
I N (Frame1_38)

dind_i<4>
dind_i<5>
dind_i<6>
dind_i<7>
din_i<=
dind_i<3:0x
d

[N

dint<4>

mouse L: showClickinfag)

2(3) | command Options

Property Editor 78]

& 0 (@ %

Workspace: |Basic BE &
[ Mavigator  z&x]|

o

A IQ Qe m
IR T A T =

Ty m T By >

T

ic view.

| schemat

Fina

Figure 138

M: schHiMousePopLipQ

R sehHiMousePopLipg)
| cme: set 0 Jf
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Then create the final layout view from the schematic.

- Startup Option X

FPhysical Implementation Startup Options

Layout
& Create Mew o Open Existing

Configuration
w Create Mew o Open Existing

& putomatic

Cancel Help

Figure 139: ""Startup Option" window of Virtuoso.

Library Mame Browse
—_—

Cell Mame gpoadlp_final

From Yiew Mame  |schematic n

To Wiew Mame symbol

Tool / Data Type | schematicSymbol n

Dizplay Cellview

LA 4

Edit Optians

w Cancel Defaults Apply Help

Figure 140: "'Startup Option" window of Virtuoso.




In the new empty layout view
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Launch Eile Edit Miew Create Yerify Dptions  Tools
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Lahel
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Selected From Source..
FPlace As In Schematic
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Ohjects Guides

& El@ E=] Es Lo H L=
il & iy [ 7
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Figure 141: Start ""Generate Layout' of Virtuoso.
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Generate Layout x

Generate [fE Pins PR Boundary Floorplan
Generate
¥ Instances

_ Chaining _ Folding Chain Folds

IfQ Pins

) Except Global Fing
Except Pad Pins

» PR Boundary

_ Snap Boundary
Position
Minimum Separation: 1 — In Boundary

Device Correspondence

_ Preserve User-Defined Mappings

Connectivity Extraction

¥ Extract Connectivity after Generation

m Cancel Defaults Help

Figure 142: ""Generate Layout™ window of Virtuoso.
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Then place the pad frame ("Framel_38") inside the "PR Boundary", and the core of

the chip ("gpcad0p") inside the pad frame.

Virtuoso® Layout Suite XL Editing: simple simple_final layout

Launch File Edit ¥iew Create Yerify Connectivity Options Tools Window Optimize Place Floarplan Route  Help cadence

P lEls ¢ |49 0MX @@ 2| -8 1% » || » [workspace:Classic [ »
i'—h <28 g Oélﬂkﬁ\ £a| 0] 5 -y |“E_; 32 | = | (Fiselectd Seiy0 Sel(yn SeliGy0 | K345000 35154500 »
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psel.. drawing ¥ W |= EBEEEEEEEERE
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met. drawing o W

B et draving o o |
| draing o o
B via  drawing v &
[ viaz  drawing ¥ o
M olass drawing v
high... drawing »
odrc drawing o o
olpe drawing o &
ad  drawing o o
ext drawing ¥ o
es_id drawing » o
Ohjects 7|8
Ohject (A =T
B Shapes ¥ ¥
e CircledElli.. o o
o Donut =
-~ Lahel ¥
- Path ¥ ¥
- PathGeq ¥ &
- Palygan ¥ ¥
-~ Rectangle o o
Lo Other Sh.., o o
- Instances v
Fluid Guardri... v
- Mosaic v
Pins ¥ o
- Wias v
Ohjects Glides
o B @G HYEE
2
oo wd Bk e »|BE
mouse L: showClicklnfal) _leiLhMBPrass( M: hiZoomAbsoluteScaledhiGetCurrantyindow) 0.9) R: _I=HikousePoplp(
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Figure 143: Component placement in Virtuoso.
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Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring.

oso® Layout Suite XL Editing: simple simple_final layout

Window  Optimize Route cadence

= B 5 @ |9 D Mm% eE @ =& ® B 1 4 » || &L = |workspace: Classic n»
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Q g-
o | Layer| Purpose| V[ 5|
nwell drawing
active drawing
nact.. drawing _

Launch File Edit Miew Create Verify Connectivity Options Tools Place Floorplan Help
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Figure 144: Connect the ""add!"" (Pad 57) and ""god!"* (Pad 7) to the power ring.
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Then invoke Automatic Routing.

< Automatic Routing - x

& CellView
Style Device Level [~
Default Constraint Group | viruosoDefaultExtractorSetup n

Routing and Taper Layers

Top Layer:  metald n Eottom Layer:  poly n
Use Grid

& Manufacturing . Routing

__ 3pecial Blockage Treatment

® Treat as Minimum Width Treat as Minimum Space
Ignore Blockage Spacing ¥ |gnore Routespec Spacing
Route Mets of Type Iets n
Met Options Options

Miscellaneous

— Attempt to Use Double Cut Vias _ Taper Pin Width

Autorouter Extraction Options
Sequence
Step | Optiong| Scheme| Run |Checkpoini Save |
Initialize _Edit | Default a I I
Glokbal Route | Edit | Default I
Local Route _Edit | Default I I I
Conduit Route | _Edit | Default I I I
Detail Route _Edit | Default a I I
Refinement _Edit | Default a a I

Write Script @ Close
—_— —

Figure 145: ""Automatic Routing' window of Virtuoso.
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The following is the final layout. Fill the empty space with poly fills to meet

minimum polysilicon density required by AMIO05 [35].

Launch File Edit ¥iew Create Verify Connectivity Options Tools Window  Optimize MCSU Help cadence

= ¢ |c{}o O [ % _R Q=8 - |Q » :]2 b E@ » ||[Warkspace: | Classic n|=E'u =

Gﬁ <3 g :Z‘?_u’l'%|kﬁl (% O] 4 v W | > | Fselectn Seiuyn Seiqpn SelO)0 | X:24763500 Y:27022500 dx: dv:  »
Layers 78 X|

By W & W8 BHMEBEREMYY & FE
B rvenoaing g - EEEREEEEREE

T &l valid Layers [l

_ Used Layers Only

nv

.. drawing
.. drawing

drawing

drawing
. drawing
. drawing
.. drawing
W cc  drawing
B via  drawing
Objects

Ohject

- Shapaes

b CirclesElli...
-Donut
- Lahel
-Path
- PathSeq
Ohjects Guides = Il »
mouse L: showClickinfo) _leiLMEPress() Id: leHIEditDisplay Options() R: _l<HitousePopUp()
3@ | = | Cm:

Figure 146: Final layout in Virtuoso.
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DRC, Extract, LVS. They should give no error or warning.

cadence

Eile Tools Options Help

executing: drc(highresEdge GetEdge ( elec nglelec elecHighres))) (sep < (
executing: saveDerived (geomButting (elecHighres geomAndWotielec elecHighres) {ignore == 2)) errM
emecuting: saveDerived(geomAnd(elecHighres nwell) *(SCMDS Rule 27.6) resistor must be outside w.
executing: saveDerived (geomAnd(slecHighres active] " (SCMOS Rule 27.6) resistor must be cutside .
executing: drcielecHighresEdge (width < (lanbda * 5.0)) ercMesg)
dre(elecHighresEdge (sep < (lambds + 7.0)) erMesg)
dre(elecHighresEdge (notch < (lambda * 7.00) ercMesg)
executing: dreihighresEdge elecHighresEdge (enc ¢ (lambda * 2.0)) ecrlesg)
DRC started....... Tue Nov 10 23.44.27 2015
completed ... Tue Nov 10 23.44:33 2015
CPU TINE = 00:00:05 TOTAL TIME = 00.00:06
#xrerirst Smmary of rule violations for cell “simple_final layout”
Total errors found: 0

[T

Framel 38 (instance *|I1", Library *simple’)

f
il

nmouse L: showClickinfof) _leilMEPress( M ivHIDRC() R: _IxHiMousePopUpi)

Figure 147: Report of successful DRC.

1=

6.1.5 - Log: /home/yudi/CDS.log

Elle Tools Options Help cadence

executing: saveIntercomnect((polyRes "res_id"))
executing: savelntercomnect((elecRes "res_id"))
executing: savelntercomnect((elecHighres "res_id"))
executing: saweDerived(metall (*metall” "net') cell wiew)
exscuting: saweDerived(metalZ (*metal2” "net") cell_wiew)
executing: saveDerived(via ("via® "net”) cell view)
exscuting: saweDerived(metald (*metal3” "net') cell wiew)
executing: saveDerived(via2 ('vial® 'met®) cell view)
Extraction started.......Tue Nov 10 23.45.55 2015
completed ... Tue Nov 10 23:46:00 2015
CPU TINE = 00:00.05 TOTAL TIME = 00.00:05
#xrerirst Smmary of rule violations for cell “simple_final layout”
Total errors found: 0

[T

saving rep simple/simple_final/extracted
Getting layout propert bagietting layout propert hag

f
il

nmouse L: showClickinfof) _leilMEPress( M ivHiEAract() R: _IxHiMousePopUpi)

Figure 148: Report of successful Extract.

1=
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Layout Suite XL Editing: simple simple_final layol

Launch FEile Edit View Create Verfy Connectivity Options Toals Window Optimize Place Floorplan Boute Help cadence
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Figure 149: "Artist LVS" successful LVS prompt.
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f) Export GDSII Stream File ("simple_final.gds")
This procedure is shown in Figure 150 to Figure 155. This is the file to be sent
for fabrication.

This is the file to be sent for fabrication.

Virtuoso® 6.1.5 - Log: /home/yudi/CDS.log

Tools Options  Help v
| ew » [0 2348 00 2015
Open I - 00-00:05
Import , pions for cell “sinple_final layout’  +heeieers

---------------

oo EDIF200
coL b bag
[ MakeRemaOnv- | per hagenee
cadence
Bookmarks P LEF [t bagL¥s job is now started.

® Lsinple Franst_3 schenalic w
BRFatter.

T 2 simple simple_final layout [ rtueso /LS
- 3simple simple_inal schematc | L

schematic propert bagletting schematic propert bag
& 4 simple simple schematic

1 Ssimple Framel_36 layout
"'l: & simple simple layout

= el

Close Data. '”"M =
b et
I

=

Figure 150: Start "*Stream Out™ from Virtuoso Layout Suite.

z V/irtuoso (R) XStream Out Fox
Stream Fle gpocadip_final.gds
Technology ] ]
Library Uofl_TechLib_ami0g n
Library gpcadip

Top Level Cell(s) gpcadOp_final

Wiew(s) layout

Show Opti:'_':- Save Template .. Load Template ...

_ 3tream Out From Virtual Memory
¥ Show Completion Message Box Translate Cancel Apply Reset &ll Fields

Help

Figure 151: ""Show Options™ in "*XStream Out" window of Virtuoso.
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"Show Options", then tab "Layers", "Load ..."

= Virtuoso (R) XStream Out X
Stream File gpcadlp_final.gds
Technology ) )
Wiy Uafll_TechLib_amids B
Library gpcadip
Top Level Cellis) gpcadOp_final
Wiew(s) layout
Hide Cptions Save Template .. Load Template ...
StreamOut Options 5]
General Cells Fonts Geometry Layers Libraries Properties 1(r
Layer Mame | Purpose Mame | Stream Layer | Stream Datatype| Material Type | t
Add Row
Del Rowe
T D
Layer Map File
_ Use Automatic Layer Mappin
CTEY  save es .. JeriiaRRng
— Stream Out From Virtual Memory
» Show Completion Message Box Translate Cancel Apply Reset all Fields Help

Figure 152: ""Load...” in ""XStream Out"" window of Virtuoso.
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Select "streamQutLayermap" then hit "Open"

v Choose the file(s) %
Look in: B homedyudifProject/cds/simpledviruoso n L=l =NANB
E Computer Marme = |Size [Type
B yudi [ zdbafile 97 bytes File
[ werilogin.log G52 hytes log Fileg
B streamOutLayermap g
Lt simple.def 7 10 KB def Filg
[ sequence_new.xml 14 KB =ml Fils
[ pinassignment 237 bytes File _
[ nlopty 1 KB v File |-
[ ncwlog.log 679 bytes log Filg
[ libhanagerlog.cosick 634 hytes cdsl. F
[ libhanager.log 23 KB log File
[ icc.rul 2 KB rul File
[ dodo 655 bytes da File
[ definlog 729 hytes log Fil
[ cdslib 1 KE lib File
[ simrc 2 KB simrc
[ .ihdIParamFile 1 KE ihdl. .Fi=
”‘: Tt QLTS ﬂ_'-_
File name: streamCutlayermap Open
Files of type: &l Files (%) n Cancel
|

Figure 153: Choose file for the ""XStream Out"".
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Click "Translate".

v Virtuoso (R) XStream Out X

Stream File gpcadp_finalgds
Iﬁ;g'r’vmgy Uofl_TechLib_ami0s B
Library gpcadip
Top Level Celi(s) gpcadop_final
Wigw(s) layout
‘ Hide Options Save Template ... Load Template ... ‘
General Cells Fonts Geometry W Libraries Properties i(r
__ LayerMame | Purpose Mame | Stream Layer | Stream Datatype| Material Tp
1 el drawing 42 1}
2_ puell drawing 41 i
; nactive drawing 43 0 Add Row
4_ pactive drawing 43 1}
5_ active drawing 43 1}
6_ nselect drawing 45 i Del Row
; pselect drawing a4 0
8_ poly drawing 4 1] -
= v
Layer Map Fle
— _ Use Automatic Layer Mapping
I
— Stream Out From Virtual Memory
» Show Completion Message Box Translatg} Cancel, | _Apply | _Reset all Fields | | Help

Figure 154: "Translate™ in ""XStream Out"" window of Virtuoso.
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It should produce no error and the only warning is about "nodrc:drawing™ (and a

possible overwriting existing file warning).

= \/irtuoso (R) XStream Out Gl

Stream File gpcadip_final.gds

Technolagy UoflJ_TechLib_ami0f

Library

Library gpcadip

Top Level Cellis) gpcaddp_final

WiEw(E) lay ot

Hide Cplions Gave Template,.. Load Template...

StreamQut Options =)

HEngeral Lells Eants GEEOMEL Layers LLilraries Eropeties LR

| mwell oy IMFO (XSTRRM-234): Translation completed. '0" errar(s) and "2" warning(s)

— B found,

7 el

— Do you wish to wiew the log file 7

4l nacti il oy

- bo

e

4 pacti

5 active drawing 43 ]

fi nselect drawing 45 ] De| oy,

7 pselect drawing 44 ]

i poly drawing 46 ]

: 110 __

Layer Map File
Use Sutomatic Layer MMappin
Lpad.. EEAME L 4 PRIng
Stream Out From Virtual Memory
v Show Completion Message Box Stop Zancel Apply BeselisllEielis Help

Figure 155: ""Stream out translation complete™ successful prompt.
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Design Submission
In this section, the procedure for MOSIS submission with the MOSIS Educational
Program (MEP) is given as a reference. More information is available in documents from
MOSIS [37], and adapted from [38].
1) Fill in "MOSIS New Project Request Form":
Run Type: Shared IC Fabrication Run
Design Rules: Scalable CMOS
Technology: SCN3M_SUBM (if the second layer of poly is not used);
SCN3ME_SUBM (if the second layer of poly is used).
Design Name and Password
Export Control: Standard
Substrate: none
Needs Library Installation: No
IP Included: none
Fill Authorized: Yes
Foundry: On Semi
Intended Disposition: Research
Design Size X and Y: Size including pads
Pad Count: How many pads used in the design (including signals and power)
Quantity Packaged: 5
Package Name: Depends on the design

Rotation in Package: None
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Bonding Diagram Supplier: MOSIS
Downbond Locations: None
Quantity Unpackaged: 0
2) Fill in "Fabricate Form™:
Go to Project Request -> Fabricate
Layout Transfer Method: | will upload layout via secure web form (HTTPS)
Compression/Encryption: Uncompressed
Generate the checksum and Count for the GDS file (Figure 156)
Layout Status: Final
Layout Format: GDS

Top Structure: the name of the top-level (e.g. "simple™)

[yudi@MBP11l2 virtuoso]$cksum gpcad®p final.gds

2944778210 4214784 gpcadOp final.gds
Figure 156: Generating checksum with GNU cksum



Results

Using the estimation algorithm devised in this chapter, the design fully meets the

design requirements. The result is summarized in Table 6 and Table 7 respectively. The
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design has been sent to MOSIS for fabrication.

Table 6. Summary of operations of the extension within constrains

Operation Original Extended
Multiply 7by5 12 by 10
Divide 7by 4 12 by 9
Square 5 10
Square root 10 20

Table 7. Summary of pin count of the extension within constrains

Original

Extended

Pin Number

86

30
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Conclusion

In this chapter, an algorithm is devised, such that the pin count and the chip area of
the pipeline can be estimated based on the number of rows. The expressions for this
estimation algorithm based on least square are also given. The graphs explaining the
algorithm are included. These graphs help in finding the relationship between the number
of rows and the chip area. Such algorithms will help in the development of advanced
arithmetic processors. In addition, the VLSI implementation of such a design has been
discussed and detailed procedure for the implementation is included. The parameters have
been met in the design. The design has been sent to MOSIS for fabrication. The chip will
be tested once we get the fabricated chip back. The behavior Verilog code for this design

is listed in the Appendix.
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CHAPTER 4 EXTENSION FOR PIPELINING
Introduction

The original implementation proposed by [9] does not include the implementation of
intermediate stage registers. The signals traverse through the array. The array is purely a
combinational logic. To increase the throughput of the pipeline array to perform
arithmetic computation, a technique called pipelining is used. The design and
implementation of digital systems is taken up in this thesis. As a case study, the extension
for pipelining upon the original generalized pipeline array is discussed. The generalized
pipeline cellular array is introduced and extended such that it provides an alternative way
in arithmetic processor design, in an environment of limited resources while achieving
high performance and flexibility. These characteristics make it also suitable for being
used as a case study in digital VLSI design education.

In computing, a pipeline is a series of data processing stages, in which the output of
one stage is the input of the next one. The basic idea of pipelining is to split a major task
into several balanced stages, in which the operations within stages of a pipeline are often
carried out in parallel. In this fashion although the latency of data processing is slightly
increased because the use of buffer, ideally the throughput of data processing is increased
multiple times by the number of pipeline stages. This idea is illustrated in Figure 157

[43].
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Non-Pipelined

Pipelined

3 |4 5

Figure 157: Pipelining technique.
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Design

The design of this extension for pipelining based on the original array is illustrated in

Figure 158.

clk rst

din0 din1
o% __H _ﬁ

INPUT I/O PORTS
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STAGE 4 REGISTERS

N N\

P

 — ~
In“n-
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N
STAGE 5 REGISTERS

OUTPUT LOGIC

OUTPUT I/0 PORTS

v

dout

Figure 158: Design extension for pipelining.
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The Verilog code in behavior model for this design is listed in the Appendix.

Before actual implementation, the correctness of this design should be verified. To
achieve this, the design is simulated and then implemented on FPGA, in the same form as
the designs in previous chapters.

The functional simulation of this circuit is shown in Figure 159. In this simulation,
all 4 operations (namely square, square root, multiplication and division) are tested with
random data sets. According to the simulation result shown in Figure 159, all the results
of calculations done by this circuit are mathematically correct, hence the circuit functions
exactly the same as required. Compared to the previous designs, the output is delayed 5
cycles, as there are 5 stages in the pipelined design. In the meantime, since a new
operation can be issued into the pipeline on every cycle, with simpler stages producing
less delay, the throughput of data processing is achieved.

Result of FPGA synthesis and static timing analysis of maximum frequency on

FPGA is shown in Figure 160 and Figure 161 respectively.
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Figure 159: Simulation result of the pipeline-extended design.
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Implementation

In this section, a step-by-step procedure for VLSI digital design is given, for the
pipelined implementation of the pipeline array.

There are many fabrication technologies available nowadays, from various
fabrication facilities such as GlobalFoundries and TSMC, in technologies such as 14 nm,
28 nm, 40 nm, 65 nm, 0.13 pm and 0.18 pm and so on [30]. Since we use the MOSIS
Educational Program (MEP) for free fabrication service, which limits us to use the ON
Semi 0.50 pm CMOS (C5N) technology [30], C5N is used in this procedure. However,
the general procedure is the same for other technologies. There are many computer aided
design (CAD) software available for VLSI design, such as Cadence and Synopsys. This
procedure uses Cadence Encounter Digital Implementation Systems 14.00, Cadence
Virtuoso Design Environment 6.15 along with NCSU CDK 1.6.0 [30], UofU Technology
Library and UofU Standard Cell Library [24].

This procedure consists of 3 parts, each of which represents one major step for the
VLSI design. They are logic synthesis, place and route and chip assembly respectively,
which are introduced for the rest of this section. In the end, the procedure for MOSIS

submission is given.
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Logic Synthesis
In digital logic design, logic synthesis is a procedure by which a behavior-level HDL
code describing the function of a circuit, is turned into a gate-level netlist which describes
the implementation of a design in terms of logic gates, typically using a computer
program called a synthesis tool.
In this subsection, a procedure for synthesis is given. For the concision of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [31]. There are other alternative RTL synthesizers
available as well, such as Design Compiler by Synopsys. If tools other than what's
described here are used, it's advised to refer to their respective manuals. The detailed
procedure and codes used are included in [32].
1) Tools: Cadence Encounter RTL Compiler
2) Prerequisites before This Step:
Behavior Verilog Code (e.g. "simple.v*)
Tcl Script for RC Compiler (“rc.cmd™”, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")

3) Destination Files Generated After This Step:
Netlist Verilog Code ("nl.v")

4) Steps:

a) Modify rc.cmd based on the requirement (as shown in Figure 162).
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Line 3: Change UofU standard cell library path to where it's installed.
Line 7: Change "gpca40p.v" to the file name of Verilog code (e.g. "simple.v").

Line 8: Change "gpca40p" to the top-level entity name (e.g. "simple").

1 set attribute hdl search path {./}

2 set attribute lib search path {./}

3 set_attribute library [list /opt/cds/lib/UofU Digital_ vl 2/UofU_Digital vl 2.1lib]
4 set attribute information level

5 set attribute ungroup true
6
7
8
9

6 set attribute write vlog unconnected port style none
read hdl -v2001 gpca40p.v
elaborate gpcadfp
synthesize -to mapped
write hdl -mapped > nl.v

11 g

Figure 162: rc.cmd.
b) Run
$ rc -files rc.cmd
c) Check the result (Figure 163)
In the end, a netlist file called "nl.v" (Figure 164) is generated containing
information which will be used later for place and route.
If everything goes smooth as above, continue to the next step. If anything goes wrong,

fix it first before continuing further.
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Incremental optimization status

Worst - - DRC Totals -
Total Weighted Max Max
Area Neg S1k Cap Fanout

init iopt
Incremental optimization status (pre-loop)

Worst - - DRC Totals -
Total Weighted Max Max
Neg Slk Cap Fanout

simp_cc_inputs
Incremental optimization status

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init_area
io phase

Worst - - DRC Totals -
Weighted Max Max
Neg Slk Cap Fanout

init delay
init drc
init area

Done mapping simple

Synthesis succeeded.
Normal exit.
[yudi@MBP112 rc]si

Figure 163: Synthesis summary generated by RC Compiler.
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[vudi@MBP112 rc]$cat nl.v
// Generated by Cadence Encounter(R) RTL Compiler v12.10-p006 1
// Verification Directory fv/simple

module simple(clk, in@, inl, out rj);
input clk;
input [1:0] in®, inl;
output [1:0] out r;
wire clk;
wire [1:0] in@, inl;
wire [1:8] out r;
wire n 1, n 19, n 20, n_ 21;
DCX1 \out r reg[1l] (.CLR (1'bl), .CLK (clk), .D (n 21), .Q
(out_r[11));
DCX1 \out r reg[@] (.CLR (1'bl), .CLK (clk), .D (n 20), .Q
(out _r[@]));
NORZ2X1 g214(.A (inl[0]), .B (in®[@
NAND2X1 g2(.A (n 19), .B (n_ 1), .
XNOR2X1 g3(.A (inl[1]), .B (inG[1]
AND3X1 g219(.A (in@[1]), .B (inl[1
endmodule

Figure 164: Synthesis summary generated by RC Compiler.

1), .Y (n_1));
(n_20));

, Y (n_19));
)

, -C (n_ 1), .Y (n_21));

)
]
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Place and Route

"Place and route" is a stage in the process of VLSI design, in which the location to
place all the logic elements within a generally limited amount of space and the way of all
the wires needed to connect the logic elements are decided.

In this section, a procedure for "place and route™ is given. For the brevity of this
procedure, the exact meanings of commands are not further explained. These commands
are covered by the official manuals [33]. If the reader is interested in using GUI
commands instead of TCL scripts, please refer to EDI System Menu Reference [34] and
textbooks [24] for more information. The detailed procedure and codes used are included
in [32].

1) Tools: Cadence Encounter RTL-to-GDSII System

2) Prerequisites before This Step:

Netlist Verilog Code ("nl.v" from the last step)
Tcl Script for RC Compiler (“encounter.cmd”, given in Appendix)
Tcl Script for Multi-Mode Multi-Corner ("mmmc.tcl”, given in Appendix)
Synopsys Design Constraints (“typical.sdc™, given in Appendix)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
Optimized Netlist Verilog Code ("nlopt.v")

Design Exchange Format (DEF) File (e.g. "simple.def")
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4) Steps:
a) Modify Tcl Script for RC Compiler ("encounter.cmd™, Figure 165)
Line 10, 24: May change UofU standard cell library path to where it's installed

Line 13, 99: Change "gpca40p" to the top-level entity name (e.g. "simple")

set init lef file /opt/cds/lib/UofU Digital vl 2/UofU Digital vl 2.lef
set 1sg0OCPGainMult 1.000000
set init_verilog nl.v

3 set init_top_cell gpcad@p

4 create rc corner -name typical \

-preRoute res {1.0} \
-preRoute cap {1.0} \
-preRoute clkres {0.0} \
-preRoute clkcap {0.0} \
-postRoute_res {1.0} \
-postRoute_cap {1.0} \
-postRoute xcap {1.0} \
-postRoute clkres {0.8} \
-postRoute_clkcap {0.0}

4 create_library_set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_vl_2.1lib}
create constraint mode -name typical -sdc files {typical.sdc}

6 create_delay corner -name typical -library_set {typical} -rc_corner {typical}
create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis_view -setup {tﬂpical} -hold {typical}
init design

Figure 165: encounter.cmd.
b) Modify Tcl Script for Multi-Mode Multi-Corner ("mmmoc.tcl”, Figure 166)

Line 11: May change UofU standard cell library path to where it's installed

create_rc_corner -name typical \
-preRoute_res {
-preRoute_cap {
-preRoute clkres {
-preRoute_clkcap {
-postRoute_res {
-postRoute_cap {
-postRoute xcap {

-postRoute_clkres {
-postRoute_clkcap { }
create_library set -name typical -timing {/opt/cds/lib/UofU_Digital vl 2/UofU_Digital_ vl 2.1lib}
create_constraint _mode -name typical -sdc_files {typical.sdc}
create_delay_corner -name typical -library set {typical} -rc_corner {typical}
4 create_analysis_view -name typical -constraint_mode {typical} -delay_corner {typical}
set_analysis view -setup {typical} -hold {typicalﬂ

Figure 166: mmmc.tcl.
¢) Run
$ encounter -init encounter.cmd
d) Check the result

It should run all the way to the final step without any errors if the above steps are
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followed correctly, as shown in Figure 167 and Figure 168. In the end, a DEF file
(e.g. "simple.def") for the chip layout (without pad frame) as well as a netlist file

called "nlopt.v" is generated.
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kkkxxkk® End: VERIFY CONNECTIVITY ###skkkx
Verification Complete : @ Viols. O Wrngs.
(CPU Time: 0:00:00.0 MEM: 0.000M)

*** Starting Verify Geometry (MEM: 695.7) **#*

VERIFY GEOMETRY Starting Verification

VERIFY GEOMETRY Initializing

VERIFY GEOMETRY Deleting Existing Violations

VERIFY GEOMETRY Creating Sub-Areas

bin size: 9600

VERIFY GEOMETRY SubArea : 1 of 1
**WARN: (ENCVFG-47): Pin of Cell FILLER 6 at (31.650, 55.8080), (33.150, 58.200) on Layer met
all is not connected to any net. Use globalNetConnect or GUI Power-=>Connect Global Nets to spec
ify global net connection rules properly.

VERIFY GEOMETRY ¢ 0 Viols.
VERIFY GEOMETRY SameNet ¢ 0 Viols.
VERIFY GEOMETRY Wiring i 0 Viols.
VERIFY GEOMETRY Antenna i 0 Viols.
VERIFY GEOMETRY Sub-Area : 1 complete O Viols. @ Wrngs.
VG: elapsed time: 1.00
Begin Summary ...
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SameNet
Wiring
Antenna
Short
Overlap
End Summary

Verification Complete : @ Viols. O Wrngs.
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Figure 168: DRC report generated by Encounter.
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Chip Assembly
As a requirement by AMI05 technology [35], design should be submitted along with
pad frame. This section gives the procedure to assemble the pad frame with the chip. For
the brevity of this procedure, the exact meanings of commands are not further explained.
These commands are covered by the official manuals [36]. Materials such as textbooks
[24] also have many useful information for reference. The detailed procedure and codes
used are included in [32].
1) Tools:
Cadence Virtuoso Design Environment
2) Prerequisites before this step:
Optimized Netlist Verilog Code ("nlopt.v* from last step)
DEF File (e.g. "simple.def” from last step)
NCSU CDK Library ("ncsu-cdk-1.7.0.beta/™)
UofU Technology Library ("UofU_TechLib_ami06/")
UofU Standard Cell Library ("UofU_Digital_v1_2/")
3) Destination Files Generated After This Step:
GDSII Stream File (e.g. "simple_final.gds")
4) Steps:
a) Launch Cadence Virtuoso Design Environment
$ virtuoso

b) Create New Library (Figure 169 to Figure 172)
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Library Manager: Directory ...di/Project/cds/simple/virtuoso
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Figure 169: Create New Library with Virtuoso.
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Figure 170: ""New Library' window of Virtuoso.
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~ Technology File for New Library « x

Technology File for library "simple”

You can: o Compile an ASCI technology file
 Reference existing technology libraries
& Attach to an existing technology library

— Do not need process information

Cancel Help

Figure 171: "Technology File for New Library" window of Virtuoso.

~ Attach Library to Technology Library < x

e Libirary simple

Technology Library

m Cancel | Apply Help

Figure 172: ""Technology File for New Library" window of Virtuoso.
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c) Import Optimized Netlist Verilog Code ("nlopt.v" from last step) and DEF

File (e.g. "simple.def” from last step). As shown in Figure 173 to Figure 177.

Virtuoso® 6,1.5 - Log: /home/yudi/CDS.log
I@E Tools Options Help cadence

e 3

open..
""""""""""" -
L1 -
™ Epon | EDIF00.. -

YHDLY

L Make Bead Only... il

Spice.. Pl R:
Bookmarks 4 DEF ..

—=
—

Figure 173: Import netlist with Virtuoso.
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- Verilog In "
Import Options Glabal Met Options Schematic Generation Options

File Filter Mame
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lihM=nager. log. cdslck
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simple. def a
simple/

streanlutLayermap el
Shome fAyudiProjectSods fsimple Srictuoso

Target Library Mame simple Browse
—

Reference Libraries UofU Digital_wl 2 hasic

Werilog Files To Import nlopt. v Add

-f Options A

-y Options U Digital w1l 2/UcfU Digital wl_2 .« add

-y Optiong Al
e

Library Extension

Library Pre-Compilation Options

Pre Compiled Verilog Library

HOL Wiew Mame hdl
Target Campile Library Mame Erowse
—
Compile Verilog Library Only
lgnare Madules File &l
—
Import Modules File &dd
—_—
Import Structural Modules &5 schematic n
Structural View Names
Schematic schematic Metlist netlist
Functional functional Symbol symbol
Laog File CfverilogIn. log Work Area Ftmp
Mame Map Tahle . /werilogIn. map. table

Owenyrite Existing Views

Ovenyrite Symbol Views  |[Mone n

Wetilog Cell Modules e Create Symbol Only o Import o Import &5 Functional

Cancel Defaults Apply Load Save Help

Figure 174 "Verilog In"* window of Virtuoso.
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Virtuoso® 6.1.5 - Log: /home/yudi/CD5.log

Tools Options  Help cadence
[ rew P kellview request for libracy "simple”.
Dpen...
I M corem. —
Refresh.. Wering. v
WHDOL .. 11l

- bake Bead Only.. —
— |  Spice.. bl R:

1 Bookmarks » J
Figure 175: Import DEF with Virtuoso.
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Ovenvrite Design . Create CustomVias only

Log File Mame

w Use Template File & Use GUI Fields

Template File Mame

Save Template File Mame Save

Camment Char

Pin Furpose

Do not create any routing data

Laver Map File Mame

Cancel Defaults Spply Help
Figure 176: "DEF In" window of Virtuoso.
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PopUp Message

/o defin translation completed (errars: O, warnings: 0).
L= Please see the log file.

$ _Cancel /| Help

Figure 177: "DEF In" successful translation prompt.

Once both layouts (from DEF) and schematic (from netlist in this section) are

generated, DRC, Extract and LVS should be performed, as shown in Figure 178 to 193.
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=

o 128
N
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(III
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LK KKIK

Objects || Guides . Il B
mouse L: showClickinfo) _leiLMEPress() Id: leHiRemasterinstances() R: _l<HitousePopUp()
9] > | cma:

Figure 178: Start DRC from Virtuoso Layout Suite.
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- DRC X
Checking tethod & flat _ hierarchical _ hierw/o optimization
Checking Limit & full _ incremental o by area
Coordinate Sel by Cursor
Swiitch Mames Set switches
————————

Run-Specific Cammand File

Inclugion Limit 1000 Limit Rule Errars 0
Join Mets With Same Mame L Limit Run Errars i}
Echo Commands v

Rules File divalRG. rul

Rules Library L m

hachine ® local o remote Machine

Ignore hissing Cell Masters

Cancel Defaults Apply Help
Figure 179: "DRC" window of Virtuoso.

Virtuoso® 6.1.5 - Log: /rome/yudi/CDS.log

File Tools Options Help cadence

CPU TIME = 00:00:00 TOTAL TIME = O0:00.00
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Total errors found: 0

r
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1 | = J
Figure 180: Report of successful DRC.
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Figure 181: Start Extract from Virtuoso Layout Suite.
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Figure 182: "Extractor' window of Virtuoso.
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Figure 183: Report of successful Extract.
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- x
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Figure 184: Start LVS from Virtuoso Layout Suite.
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v Artist LVVS - %
Commands  Help cadence
Run Directary L¥S Browse
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Figure 185: "Artist LVS" window of Virtuoso.

The L¥S job has completed. The net-lists match.

{ T\I
o
" Run Directory: Ih0mea’yudifF'rcnjectfcdsfsimplefvirtugnfws

[ Close J ‘
Figure 186: ""Artist LVS" successful LVS prompt.
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d) Customize Pad Frame (Figure 182 to 202)

Library Manager: Directory ...di/Project/cds/simple/virtuoso

File Edit Wiew Design Manager Help cadence
_ Show Categories _— Show Files
Library Ccell View
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basic pad_s Cancel Checkout...
cdsDefTechLib pad_v Upriate
simple padhao; .
padbo Show File Status..
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[ I
Messages
Log file is "‘homesyudi/Project/cds/simplesvituososlibManager.log”. =y
Created new library "simple” at shomesyudidsProjectcds/simpledviruosossimple.
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Deeleting library "simple”. -
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Figure 187: Copy pad frame in Virtuoso.
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Figure 188: ""Copy Cell' window of Virtuoso.
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Virtuoso® Schematic Editor L Editing: simple Framel 38 schematic

Launch FEile Edit Miew Create Check Opfions Migrate Window MNCSU Help (éden(e
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Figure 189: Initial schematic view of the pad frame.
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Modify the used pads in the pad frame (both schematic and layout), from "pad_nc" to

"pad_in" or "pad_out",

~ Virtuoso® Schematic Editor XL Editing: simple Framel 38 schematic Config: simple Framel 38 pl = & x
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Figure 190: Add input pads in schematic.
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Figure 191: Add output pads in schematic.
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Virtuoso® Layout Suite XL Editing: simple Framel 38 layout
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Figure 192: Add input pads in layout.
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Layout Suite XL Editing: simple Framel 38 layout
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Figure 193: Add output pads in layout.
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Add pins to pad frame (both schematic and layout). The pad frame works like a
wraparound. The external pins of the pad frame (e.g. "Framel_38") have the same name
as the chip layout (e.g. "gpcad0p"), and the internal pins of the pad frame connecting the
chip layout use original names affixed by " _i" (Hence e.g. "clk" becomes "clk_i.) This

procedure is shown in Figure 194 to Figure 207.
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Figure 194: Add pins to the pad frame in schematic.
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Figure 195: Add pins to the pad frame schematic (detailed view).
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Same for the layout by tapping the ports with pins
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Figure 196: ""Create Shape Pin" Window of Virtuoso.
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Figure 197: Add pins to the pad frame layout (detailed view).



207

DRC, Extract, LVS to make sure no rule is violated.
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Figure 198: Start DRC from Virtuoso Layout Suite.
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Figure 200: Start Extract from Virtuoso Layout Suite.
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Figure 201: Report of successful Extract.
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Figure 202: Start LVS from Virtuoso Layout Suite.
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Figure 203: "Artist LVS" window of Virtuoso.

The L¥S job has completed. The net-lists match.
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Figure 204: "Artist LVS" successful LVS prompt.
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Generate symbol for the pad frame.
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Figure 205: Create symbol view from schematic view.
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Figure 206: ""CellView from CellView" window of Virtuoso.
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Figure 207: Final symbol view of the pad frame.
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e) Final Chip Assembly (Add Pad Frame)

With both the core of the chip ("simple") and the pad frame (modified
"Framel_38") are ready, creating a new cell to put them together. This procedure is

shown in Figure 208 to 224.

Create a new Cell View (I call it "gpca40p_final™).
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Figure 208: Create new ""Cell View" from Virtuoso Layout Suite
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Figure 209: ""New File™ window of Virtuoso.

Instantiate both the core of the chip ("gpcad40Op”) and the pad frame (modified

"Framel_38") (by pressing "I" to instantiate instances).
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Then add the pins.

~ pinassi...so) -V = & x ¥
external inputs:
clk 11

in0<0= 54 it input H Bus Expansion e off _ an
inB<l=> 53
inl{@} 52 Usage schematic n Flacement - single » multiple

inl<1y] — Signal Type signal |3
external outputs:

out r<0= 73
out r<l- 12 Froperty Mame

Pin Mames clk in0<0> in0<1> inl<0> inl<l:

aftach Met Expression: & Mo o Yes

internel outputs: Diefault Met Mame

clk i 11 _

ind i<0> 54 Fant Height 0. 0825 Fant Style stick
in@_i<l> 53
inl i<0> 52 4~ Rotate b Sideways | |5 Upside Down/ | Show Sensitivity ==

inl_i<l> 55 m _Cancel /| Defaults || Help

internal inputs:
out r i<0> 73
out r i<l= 12

-- VISUAL BL6,6 All

Figue 212: "Add Pins" window of Virtuoso.
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hown below.
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Then create the final layout view from the schematic.
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Figure 214: ""Startup Option" window of Virtuoso.
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Figure 215: "'Startup Option" window of Virtuoso.
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Figure 217: ""Generate Layout™ window of Virtuoso.
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Then place the pad frame ("Framel_38") inside the "PR Boundary", and the core of

the chip ("gpcad0p") inside the pad frame.
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Figure 218: Component placement in Virtuoso.
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Connect the "add!" (Pad 57) and "god!" (Pad 7) to the power ring.
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Figure 219: Connect the ""add!"" (Pad 57) and ""god!"* (Pad 7) to the power ring.
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Then invoke Automatic Routing.

< Automatic Routing - x

& CellView
Style Device Level [~
Default Constraint Group | viruosoDefaultExtractorSetup n

Routing and Taper Layers

Top Layer:  metald n Eottom Layer:  poly n
Use Grid

& Manufacturing . Routing

__ 3pecial Blockage Treatment

® Treat as Minimum Width Treat as Minimum Space
Ignore Blockage Spacing ¥ |gnore Routespec Spacing
Route Mets of Type Iets n
Met Options Options

Miscellaneous

— Attempt to Use Double Cut Vias _ Taper Pin Width

Autorouter Extraction Options
Sequence
Step | Optiong| Scheme| Run |Checkpoini Save |
Initialize _Edit | Default a I I
Glokbal Route | Edit | Default I
Local Route _Edit | Default I I I
Conduit Route | _Edit | Default I I I
Detail Route _Edit | Default a I I
Refinement _Edit | Default a a I

Write Script @ Close
—_— —

Figure 220: ""Automatic Routing" window of Virtuoso.
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The following is the final layout. Fill the empty space with poly fills to meet

minimum polysilicon density required by AMIO05 [35].

Launch File Edit ¥iew Create Verify Connectivity Options Tools Window  Optimize MCSU Help cadence

= ¢ |c{}o O [ % _R Q=8 - |Q » :]2 b E@ » ||[Warkspace: | Classic n|=E'u =

Gﬁ <3 g :Z‘?_u’l'%|kﬁl (% O] 4 v W | > | Fselectn Seiuyn Seiqpn SelO)0 | X:24763500 Y:27022500 dx: dv:  »
Layers 78 X|

By W & W8 BHMEBEREMYY & FE
B rvenoaing g - EEEREEEEREE

T &l valid Layers [l

_ Used Layers Only

nv

.. drawing
.. drawing

drawing

drawing
. drawing
. drawing
.. drawing
W cc  drawing
B via  drawing
Objects

Ohject

- Shapaes

b CirclesElli...
-Donut
- Lahel
-Path
- PathSeq
Ohjects Guides = Il »
mouse L: showClickinfo) _leiLMEPress() Id: leHIEditDisplay Options() R: _l<HitousePopUp()
3@ | = | Cm:

Figure 221: Final layout in Virtuoso.
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DRC, Extract, LVS. They should give no error or warning.

cadence

Eile Tools Options Help

executing: drc(highresEdge GetEdge ( elec nglelec elecHighres))) (sep < (
executing: saveDerived (geomButting (elecHighres geomAndWotielec elecHighres) {ignore == 2)) errM
emecuting: saveDerived(geomAnd(elecHighres nwell) *(SCMDS Rule 27.6) resistor must be outside w.
executing: saveDerived (geomAnd(slecHighres active] " (SCMOS Rule 27.6) resistor must be cutside .
executing: drcielecHighresEdge (width < (lanbda * 5.0)) ercMesg)
dre(elecHighresEdge (sep < (lambds + 7.0)) erMesg)
dre(elecHighresEdge (notch < (lambda * 7.00) ercMesg)
executing: dreihighresEdge elecHighresEdge (enc ¢ (lambda * 2.0)) ecrlesg)
DRC started....... Tue Nov 10 23.44.27 2015
completed ... Tue Nov 10 23.44:33 2015
CPU TINE = 00:00:05 TOTAL TIME = 00.00:06
#xrerirst Smmary of rule violations for cell “simple_final layout”
Total errors found: 0

[T

Framel 38 (instance *|I1", Library *simple’)

f
il

nmouse L: showClickinfof) _leilMEPress( M ivHIDRC() R: _IxHiMousePopUpi)

Figure 222: Report of successful DRC.

1=

6.1.5 - Log: /home/yudi/CDS.log

Elle Tools Options Help cadence

executing: saveIntercomnect((polyRes "res_id"))
executing: savelntercomnect((elecRes "res_id"))
executing: savelntercomnect((elecHighres "res_id"))
executing: saweDerived(metall (*metall” "net') cell wiew)
exscuting: saweDerived(metalZ (*metal2” "net") cell_wiew)
executing: saveDerived(via ("via® "net”) cell view)
exscuting: saweDerived(metald (*metal3” "net') cell wiew)
executing: saveDerived(via2 ('vial® 'met®) cell view)
Extraction started.......Tue Nov 10 23.45.55 2015
completed ... Tue Nov 10 23:46:00 2015
CPU TINE = 00:00.05 TOTAL TIME = 00.00:05
#xrerirst Smmary of rule violations for cell “simple_final layout”
Total errors found: 0

[T

saving rep simple/simple_final/extracted
Getting layout propert bagietting layout propert hag

f
il

nmouse L: showClickinfof) _leilMEPress( M ivHiEAract() R: _IxHiMousePopUpi)

Figure 223: Report of successful Extract.

1=
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Layout Suite XL Editing: simple simple_final layol

Launch FEile Edit View Create Verfy Connectivity Options Toals Window Optimize Place Floorplan Boute Help cadence

} ¢ |4 0 m % I - R~ B Q » [Horkspace: cacsic BB G

i'“[} m-,.% ﬁ ‘ﬁk\%\ f\ o9 - ‘ ® 5 | » || (Fselect1 Sel(N)0 Self)1 Sel(@):0 | X-543.4500 V:3470.7000 d¥-27459000 dv-1746.3000 Dist32541559 Crdt

Layers 5 X

AY NV AS NS
ﬂ' Artist LVS

n = Commands  Help cadence

[ metal? drawing

" All Walid Layers

_ Used Layers Only Run Directory  L¥S Browse

a - Creale Neflist  » schematic ™ exfracted
-~ | Layer| Purpose| V|
B8 el drawing
active drawing
nact. drawing
drawing
drawing
drawing
drawing
drawing

= Library  simple simple
Call simple_final simple_final
Wiew  schematic extracted

Browse | Sel by Cursor || Browse | Sel by Cursor

The L¥5 job has completed. The net-lists match

Run Directory: shomedfyudi’Projectcds/simple/virtuoso/L Vs

drawing
drawing
drawing
drawing
drawing
drawing
nodre drawing
naolpe drawing
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(W) text  drawing
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Priority 0 Fun background [
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Figure 224: " Artist LVS" successful LVS prompt.
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f) Export GDSII Stream File ("simple_final.gds")
This procedure is shown in Figure 225 to Figure 230. This is the file to be sent
for fabrication.

This is the file to be sent for fabrication.

Virtuoso® 6.1.5 - Log: /home/yudi/CDS.log

Tools Options  Help v
| ew » [0 2348 00 2015
Open I - 00-00:05
Import , pions for cell “sinple_final layout’  +heeieers

---------------

oo EDIF200
coL b bag
[ MakeRemaOnv- | per hagenee
cadence
Bookmarks P LEF [t bagL¥s job is now started.

® Lsinple Franst_3 schenalic w
BRFatter.

T 2 simple simple_final layout [ rtueso /LS
- 3simple simple_inal schematc | L

schematic propert bagletting schematic propert bag
& 4 simple simple schematic

1 Ssimple Framel_36 layout
"'l: & simple simple layout

= el

Close Data. '”"M =
b et
I

=

Figure 225: Start "*Stream Out™ from Virtuoso Layout Suite.

z V/irtuoso (R) XStream Out Fox
Stream Fle gpocadip_final.gds
Technology ] ]
Library Uofl_TechLib_ami0g n
Library gpcadip

Top Level Cell(s) gpcadOp_final

Wiew(s) layout

Show Opti:'_':- Save Template .. Load Template ...

_ 3tream Out From Virtual Memory
¥ Show Completion Message Box Translate Cancel Apply Reset &ll Fields

Help

Figure 226: ""Show Options™ in "*XStream Out" window of Virtuoso.
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"Show Options", then tab "Layers", "Load ..."

= Virtuoso (R) XStream Out X
Stream File gpcadlp_final.gds
Technology ) )
Wiy Uafll_TechLib_amids B
Library gpcadip
Top Level Cellis) gpcadOp_final
Wiew(s) layout
Hide Cptions Save Template .. Load Template ...
StreamOut Options 5]
General Cells Fonts Geometry Layers Libraries Properties 1(r
Layer Mame | Purpose Mame | Stream Layer | Stream Datatype| Material Type | t
Add Row
Del Rowe
T D
Layer Map File
_ Use Automatic Layer Mappin
CTEY  save es .. JeriiaRRng
— Stream Out From Virtual Memory
» Show Completion Message Box Translate Cancel Apply Reset all Fields Help

Figure 227: ""Load...” in ""XStream Out"" window of Virtuoso.
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Select "streamQutLayermap" then hit "Open"

v Choose the file(s) %
Look in: B homedyudifProject/cds/simpledviruoso n L=l =NANB
E Computer Marme = |Size [Type
B yudi [ zdbafile 97 bytes File
[ werilogin.log G52 hytes log Fileg
B streamOutLayermap g
Lt simple.def 7 10 KB def Filg
[ sequence_new.xml 14 KB =ml Fils
[ pinassignment 237 bytes File _
[ nlopty 1 KB v File |-
[ ncwlog.log 679 bytes log Filg
[ libhanagerlog.cosick 634 hytes cdsl. F
[ libhanager.log 23 KB log File
[ icc.rul 2 KB rul File
[ dodo 655 bytes da File
[ definlog 729 hytes log Fil
[ cdslib 1 KE lib File
[ simrc 2 KB simrc
[ .ihdIParamFile 1 KE ihdl. .Fi=
”‘: Tt QLTS ﬂ_'-_
File name: streamCutlayermap Open
Files of type: &l Files (%) n Cancel
|

Figure 228: Choose file for the ""XStream Out"".
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Click "Translate".

v Virtuoso (R) XStream Out X

Stream File gpcadp_finalgds
Iﬁ;g'r’vmgy Uofl_TechLib_ami0s B
Library gpcadip
Top Level Celi(s) gpcadop_final
Wigw(s) layout
‘ Hide Options Save Template ... Load Template ... ‘
General Cells Fonts Geometry W Libraries Properties i(r
__ LayerMame | Purpose Mame | Stream Layer | Stream Datatype| Material Tp
1 el drawing 42 1}
2_ puell drawing 41 i
; nactive drawing 43 0 Add Row
4_ pactive drawing 43 1}
5_ active drawing 43 1}
6_ nselect drawing 45 i Del Row
; pselect drawing a4 0
8_ poly drawing 4 1] -
= v
Layer Map Fle
— _ Use Automatic Layer Mapping
I
— Stream Out From Virtual Memory
» Show Completion Message Box Translatg} Cancel, | _Apply | _Reset all Fields | | Help

Figure 229: "Translate™ in ""XStream Out"" window of Virtuoso.
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It should produce no error and the only warning is about "nodrc:drawing™ (and a

possible overwriting existing file warning).

= \/irtuoso (R) XStream Out Gl

Stream File gpcadip_final.gds

Technolagy UoflJ_TechLib_ami0f

Library

Library gpcadip

Top Level Cellis) gpcaddp_final

WiEw(E) lay ot

Hide Cplions Gave Template,.. Load Template...

StreamQut Options =)

HEngeral Lells Eants GEEOMEL Layers LLilraries Eropeties LR

| mwell oy IMFO (XSTRRM-234): Translation completed. '0" errar(s) and "2" warning(s)

— B found,

7 el

— Do you wish to wiew the log file 7

4l nacti il oy

- bo

e

4 pacti

5 active drawing 43 ]

fi nselect drawing 45 ] De| oy,

7 pselect drawing 44 ]

i poly drawing 46 ]

: 110 __

Layer Map File
Use Sutomatic Layer MMappin
Lpad.. EEAME L 4 PRIng
Stream Out From Virtual Memory
v Show Completion Message Box Stop Zancel Apply BeselisllEielis Help

Figure 230: "'Stream out translation complete™ successful prompt.
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Design Submission
In this section, the procedure for MOSIS submission with the MOSIS Educational
Program (MEP) is given as a reference. More information is available in documents from
MOSIS [37], and adapted from [38].
1) Fill in "MOSIS New Project Request Form":
Run Type: Shared IC Fabrication Run
Design Rules: Scalable CMOS
Technology: SCN3M_SUBM (if the second layer of poly is not used);
SCN3ME_SUBM (if the second layer of poly is used).
Design Name and Password
Export Control: Standard
Substrate: none
Needs Library Installation: No
IP Included: none
Fill Authorized: Yes
Foundry: On Semi
Intended Disposition: Research
Design Size X and Y: Size including pads
Pad Count: How many pads used in the design (including signals and power)
Quantity Packaged: 5
Package Name: Depends on the design

Rotation in Package: None
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Bonding Diagram Supplier: MOSIS
Downbond Locations: None
Quantity Unpackaged: 0
2) Fill in "Fabricate Form™:
Go to Project Request -> Fabricate
Layout Transfer Method: | will upload layout via secure web form (HTTPS)
Compression/Encryption: Uncompressed
Generate the checksum and Count for the GDS file (Figure 231)
Layout Status: Final
Layout Format: GDS

Top Structure: the name of the top-level (e.g. "simple™)

[yudi@MBP11l2 virtuoso]$cksum gpcad®p final.gds

2944778210 4214784 gpcadOp final.gds
Figure 231: Generating checksum with GNU cksum
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Results

The extended new design achieves higher throughput then the original design while
fully meets the design constrains. The result is summarized in Table 8. The design has
been sent to MOSIS for fabrication.

Table 8: Implementation Summary of the Pipelined Design

Original Extended
Maximum delay (ns) 44.13 14.24
Maximum frequency (MHz) 22.7 70.2

Maximum throughput (million operations per second) 22.7 70.20
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Conclusion

In this chapter, the concept of pipelining is briefly discussed. The original pipeline
array does not discuss the implementation of the intermediate stage registers used in the
pipeline array. This is a merely a combinational circuit. This array is improved to include
intermediate stage registers. Instead of a pure combination circuit, it is now a sequential
circuit and this circuit also has a clock. Such an improvement will help in the
development of advanced pipelined arithmetic processors. The array is also implemented
on FPGA and VLSI. The design has been sent to MOSIS for fabrication. The behavior

Verilog code for this design is listed in the Appendix.
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CHAPTER 5 SUMMARY AND CONCLUSION
Introduction

In this thesis, a VLSI implementation of a generalized pipeline array has been
discussed and detailed procedure for the implementation is included. The procedure
requires the simulation on FPGA. The approaches for extending the array so as to meet
40-pin requirements of the MOSIS design are discussed. The parameters such as expected
delays, size, and memory have been met in the design. Then the original design is further
extended for pipelining operation. The design has been sent to MOSIS for fabrication.

The chip will be tested once we get the fabricated chip back.
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Summary and Conclusion

A generalized pipeline array appeared in IEEE transaction in 1974. The array
appeared in a few textbooks on computer arithmetic. From time to time, a number of
papers appeared which reflected the modifications of this array. The objective of this
thesis is to present the design and VLSI implementation of this array. The array can add,
subtract, multiply, divide, square and square root of binary numbers. In this thesis, we
suggest various extensions upon the original design, and step-by-step procedures by
which the design can be sent to MOSIS and to get the fabricated chip back.

In Chapter 2, the array has been extended from 5 rows to 7 rows so that the extended
operations can be performed. In particular, a procedure is developed by which the design
and the implementation methodologies are suitable for 40 pin and 500 nm technologies.

In Chapter 3, an algorithm has been developed by which one can predict and advance
the maximum size and performance of the array. A procedure for VLSI implementation of
such a design using such an algorithm is also given.

In Chapter 4, the extension of pipelining is conducted based on the original design to
increase data processing throughput. A procedure for VLSI implementation of the
pipelined design is also given.

In particular, in order to achieve the following operations, the parameters of the
design are listed in Table 9. The derivation process is given in the thesis.

It is hoped that the design and implementation done here will go a long way in the

development of arithmetic units of advanced processors.
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Table 9: Result of Extended generalized pipeline cellular array

Operations # of bytes # of rows # of cols Area (pm?)
Multiply 1 8 17 523060
Divide 2 8 17 523060
Square lby1l 8 17 523060
Square root 2by1l 9 19 647571
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Contribution

The main contributions of this thesis are:

1. The review of existing literatures with the view to develop advanced arithmetic
processors. Such processors can possibly be used in future computers.

2. Development of algorithms which can improve the design of arithmetic processors
based on the number of rows or columns with a view to have a specified chip area and the
number of input/output pins.

3. Extension of pipeline arrays so as to include pipelined part.

4. Development of unified procedure for VLSI implementation of chips which can be
sent to MOSIS for fabrication and get the fabricated chip back and tested. Please note that
the developed procedure herein works if the Verilog code is synthesizable. Future efforts
are needed so as to decide in advance whether the code is synthesizable or not. If not, the
code can be modified so as to be synthesizable.

This thesis first introduces the generalized cellular pipeline array, followed by
analysis of various extensions of the original design, which makes the design more
suitable for modern arithmetic processors, including extension from the original 5-row
design to 7-row design (and any number of rows beyond), an algorithm developed to
estimate the maximum number of rows in advance with given technology constrains, and
an optimized pipeline implementation based on the original design. These designs can be
used as the arithmetic unit within a project, and it also provides references for modern
arithmetic processors designs.

The second part of this thesis introduces a step-by-step procedure by which the VLSI
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implementation is carried out, using the generalized cellular pipeline array as a case study
in this process. This design and implementation procedure can serve as a reference

material for VLSI designers and students in digital design courses in universities.
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Problems for Future Work

Due to the scope of this thesis, since the requirement of timing is not demanding, no
timing analysis and optimization during physical implementation is conducted. To further
optimize the operation of the pipeline array, timing analysis and optimization is to be
conducted in the future.

Due to the technical constrains when conducting this thesis, only 500 nm technology
is available. In addition, the chip area is limited to 1500 pm by 1500 pm and the pin
count is limited to 40 pins. When new technologies are available in the future, the
estimation algorithm is to be extended to adapt the new technologies.

Due to the scope of this thesis, since the requirement of timing is not demanding, the
pipeline is not fully balanced and optimized. To further optimize the operation of the
pipeline array, techniques such as timing analysis are to be incorporated to further
optimize the operation of the pipeline.

Problems such as “parallelism versus pipelining, help of FPGAs in parallelism, using

2 Spartan 3s 1n parallel” are also possible works of future study.
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APPENDIX A Verilog Code for the 7 Row Extension

// Verilog implementation of "A GENERALIZED PIPELINE CELLULAR
ARRAY" by

// Harpreet Singh, Shashank Kamthan, Dharma Agarwal, Lubna
Alazzawi

// All codes here are imitating what's described in the papers
given by Dr. Singh, and it is claimed by Dr. Singh to be at least
useful at all

// top-level entity: "gpca"

// arithmetic cell
module ac

(

input wire A, B, C, X, F, CI1,

output wire S, D, E, CO

) 7

assign S = ((A ~ (B ~ X) ~ Cl) & F) | (A & ~F);
assign CO = ((B ~ X) & (A | CL)) | (A & C1);
assign D =C & (B | F);

assign E = B | (C & F);

endmodule

module cc

(

input wire X, P, CO,

output wire F

) ;

assign F = (CO & X) | (P & ~X);

endmodule

module gpca

(

input wire X

input wire [1:7] P

input wire [1:9] B
A
F

14

~

@

input wire [1:14]
output wire [1:7] F,
output wire [1:15] S
) 7

14

wire [1:7] FI;



wire [1:3] C1;
wire [1:5] C2;
wire [1:7] C3;
wire [1:9] C4;
wire [1:11] C5;
wire [1:13] Co6;
wire [1:15] C7;
wire [1:3] S1;
wire [1:5] S2;
wire [1:7] S3;
wire [1:9] S4;
wire [1:11] S5;
wire [1:13] S6;
wire [1:15] S7;
wire [1:3] DI1;
wire [1:5] D2;
wire [1:7] D3;
wire [1:9] D4;
wire [1:11] D5;
wire [1:13] Db6;
wire [1:3] E1;
wire [1:5] E2;
wire [1:7] E3;
wire [1:9] E4;
wire [1:11] E5;
wire [1:13] Eb6;
assign F[1] = C1
assign F[2] = C2
assign F[3] = C3
assign F[4] = C4
assign F[5] = C5
assign F[6] = C6
assign F[7] = C7
assign S = S7;
// control cells
cc ccl(X, P[1],
cc cc2(X, P[2],
cc cc3(X, P[3],
cc cc4 (X, pP[4],
cc cchb(X, P[5],
cc cco (X, P[o6],
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cc
//
ac

ac

ac

//

ac

ac

ac

ac

ac

//

ac

ac

ac

ac

ac
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cc7(X, P[7], Co[l]1, FI[7]);
arithmetic cells of row 1(A,B,C,X,F,Cl1/S,D,E,CO0)
acll(.A(1'b0), .B(B[1]), .C(C[1]), X (X)), E(FI[(1]),
.C1(Cc1(21), .s(s1[1]), .D(D1[1]), E(E1[1]),
L.CO(C1[1]));
acl2(.A(A[1]), .B(B[2]), .C(C[2]), X (X)), F(FI[1]),
.C1(C1[31), .s(s1[2]), D(D1[2]), E(E1[2]),
.CO(C1[21));
acl3(.A(A[2]), .B(B[3]), .C(C[3]), X (X)), F(FI[1]),
1(X), .S(S1[31]), D(D1[3]), E(E1[3]),
0(C1[3])):
arithmetic cells of row 2(A,B,C,X,F,Cl1/S,D,E,CO0)

ac21(.A(Sl[1])
.F(FI[Z]),
0(C2[11));
ac22( A(S1[2]),
-F( [ 1)
0(C2[2])) 7
ac23( A(S1[3]),
-F( [ 1)
0(C2[3])) 7
ac24( A(A[3]),
1(C2[51), .S
.CO(C2[41)) 7
ac25(.A(A[471),
1(X), .S
0(C2[5])) 7

B(1'b0),
(02[2]), .S (521

. ] .
.C1(C2[4]1), .s(s2[3

(s2[41),

.B(B[4]), .C(C
(S2[51), D(D2[5

C(1'b0),
1), .D(D2[1

- X(X)

1)y

-E(E2[2]),

-E(E2[3]),

LE(FI[Z2]),

LE(FI[Z2]),

arithmetic cells of row 3(A,B,C,X,F,Cl1/S,D,E,C0)
ac31l(.A

F(FI[3])

.CO(C
ac32 (.
CE(F
.CO(C
ac33(.
CE(F
.CO(C
ac34 (.
CE(F
.CO(C
ac35(.

[

[

[

3[1

310

310

3[4

]

]
2
A
]
3
A

(52[1])

1)
A(S2
),
1)
S2
),
1)
S2
)
]
S

)
A(S2

)7

)

)

(21),

[31),

(41),

) ;

[51),

B(1'b0),
(c3[2]), .S (831

. ] .
.C1(C3[5]), .S(S3[4

.B(D2[4]),

C(1'b0),
1), .D(D3[1

- XA(X)

1),



ac

ac

//

ac

ac

ac

ac

ac

ac

ac

ac

ac

//

ac

ac

JE(F
.CO(C
a036(

1(C
CO(
ac37(

1(X
0(C

[

) s
3[71)) 3

310

310
310

]
5
A (
7
6
A(

)
]
A
]
]
A

)
)
)

.Cl(C3[61]), .

) 7
[51), .B(D2[5]),

.S(53[6]),

) 7
[6]1), .B(B[5]),
)y
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arithmetic cells of row 4(A,B,C,X,F,Cl1/S,D,E,CO0)
C(1'b0O

ac4l (.A(S3[1]), .B(1'b0
F(FI[4]), .Cl(C4[21),
.CO(C4[1]))
ac42 (.A(sS3[2]), B(D3[1
CE(F [ 1)y, .CL(C4[3]),
.co(carzy))
ac43(.A(S3[31]), .B(D3[2
CE(F [ 1)y, .Cl(C4[4]),
.CO(C4[3])) 7
ac44 (.A(S3[4]), .B(D3[3
CE(F [ 1y, .Cl(C4[3]),
.co(car4n))
ac45(.A(S3[5]), B(D3[4
-F( I174]), .Cl(C4fle]),
0(C4[51));
ac46( A(S3[e6]), .B(D3[5
-F( I141), .CL(C4[7]),
0(c4arel));
ac47( A(S3[7]1), .B(D3[6
LEF(FI[4]), .Cl(C4[8]1), .
.CO(C4a[7]1)) 7
ac48 (.A(A[7]), .B(D3[7]),
.C1(C4[9]1), .S(s41[8]),
.C0(C41[81)):
aC49( A(A[8]), .B(B[6]),
1(X), S(s4[91),

CO(C4[9]))

)/

.S (54[11),

),

.X

(X),

D(D4[1]),

E(E4[1]),

-.E(E4[2]),

-.E(E4[3]),

LE(E4[4]),

-.E(E4[3]),

.E(E4[6]),

.E(E4[71),

LE(FI[4]),

LE(FI[4]),

arithmetic cells of row 5(4,B,C,X,F,Cl1/S,D,E,CO0)
acbl (.A
LE(FI[5]),

.CO (C
ach2 (.
F(F

I[5

5[1

]

(S4[11),

]
A(S
)

));
4121),

4

B(1'b0

.Cl(CSt3]),.

),
1(C512]1), .S

(s5[1

C(1'b0

]

)

)
D(D5[1

X

]

(X),
) s



ac

ac

ac

ac

ac

ac

ac

ac

ac

//

ac

ac

ac

ac

ac

.CO(C5[2])):;
acb3 (.A(S4][3
LEF(FI[S]),

.CO(C5[31)):
acb4 (.A(S4[4
LE(FI[S]),

.CO(C5[41)):
acb55(.A(S4[5
LE(FI[S]),

.CO(C5[51)):
acb6(.A(S4[06
LE(FI[S]),

.CO(C5[6]));
acb7 (.A(S4[7
LE(FI[S]),

.CO(C5[71)) 7
acb58(.A (548
LE(FI[S]),

.CO(C5[81)) 7
acb59(.A(S4[9
LE(FI[S]),

.CO(C5[91)) 7
acba (.A(A[9]
.Cl(C5[11]),
.CO(C5[101))
acSb (.A(A[10

LE(FI[S]),

1Y, .B(D4[8]),
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]
.C1(C5[101),.5(s5[91), .D

), .B(D4[9]),

.S(S5[10]), .D(D5[10]

1), .B(B[7]

.CO(C5[111)) >

), .C(E4[2]), .X(X),
(s5[31), .D(D5[31),
), .C(E4[3]), .X(X),
(s504]), .D(D5[4]),
), .C(E4[4]), .X(X),
(S5[05]), .D(D5[5]),
), .C(E4[3]), .X(X),
(s5[e]), .D(D5[6]),
), .C(E4[6]), .X(X),
(5507]), .D(D3[7]),
), .C(E4[7]), .X(X),
(s5[8]), .D(D5[8]),
.C(E4[8]), .X(X),
(D5[91),
.C(E4[9]), .X(X),
), -E(E5[10]),
’ LC(CL7]), - X(X),
S(s5[111), .D(D5[111),

.E(E5[31]),

.E(E5[41),

LE(E5[5]),

.E(E5[6]),

LE(ES[T7]),

.E(E5[81]),

.E(E5[9]),

LE(FI[S]),

arithmetic cells of row 6(A,B,C,X,F,Cl1/S,D,E,CO0)

acol (.A(S5][1
CF(FIf6]),
.CO(C6[1]1));
aco62 (.A(S5[2
CF(FIf6]),
.CO(Co6[2]));
ac63(.A(S5[3
F(FI[6]),
.CO(C6[3]));
aco64 (.A(S5[4
.F(FI[6]),
.CO(Co6[4]1));
ac65(.A(S5[5
F(FI[6]),

1Y, .B(1'b0),

.Cl(C6[2]), .S(S6][1

1), .B(D5[1
.C1(C6[3]), .

1Y, .B(D5[2
.Cl(Ce[4]), .

1), .B(D5[3
.Cl(Ce[5]1), .

1), .B(D3[4
.Cl(Ce[6]), .

]

.C(1'b0),

), .D

(D6[1

X

]

(X),
),

.E(E6[1]),

.E(E6[2]),

.E(E6[3]),

.E(E6[41]),

.E(E6[5]),
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ac

ac

ac

ac

ac

ac

ac

//

ac

ac

ac

ac

ac

ac
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.CO(Ce[35]));
ace6 (.A(S5[61]), .B(D5[5]), .C(E5[5]), .X(X),
.F(FI[6]), .Cl(Ce[7]), .S(Se[6]), .D(De[e]), .E(E6[6]),
.CO(Ce[6]));
ace7(.A(S5[71]), .B(D5[6]), .C(E5[6]), X(X),
LEF(FI[e6]), .Cl(C6[8]), .S(s6[7]), .D(D6[7]), .E(E6[7]),
.CO(Ce[7]1));
ac68 (.A(S5[81]), .B(D5[7]), .C(E5[7]), X(X),
LE(FI[6]), .Cl(C6[9]), .S(sS6[8]), .D(D6[8]1), .E(E6[8]),
.CO(Ce[8]));
ac69 (.A(S5[91]), B(D5[8]), .C(E5[8]), .X(X),
CE(F [ 1y, .cl(Cel10]),.S5(se6[9]), .D(De[9]), .E(E6[9]),
.CO(Co[9])) 7
acoa (. (85[10]) B(D5[9]), .C(E5[9]), .X(X),

F(FI[6]), (C6[ 11),.5(se[10]), .D(D6[10]), .E(E6[10]),
CO( 6[10]1));
acéb (.A(S5[1 ]), .B(D5[10]), .C(E5[10]), .X(X),
CE(F [ 1) 1(Ce[12]),.5(s6[11]), .D(De[11l]), .E(E6[11])
.CO(Co6[11]));
acec (. A(A[ll]), .B(D5[11]), (E5[11]), .X(X),
CE(F [ 1) 1(Ce[13]),.5(s6[12]), .D(De[12]), .E(E6[12])
.CO(Co[12]));
aced(.A(A[12]), .B(B[81]), .C(C[81), X (X),
.F(FI[e6]), .Cl(X), .S(s6[13]), .D(D6[13]), .E(E6[131]),
.CO(Co6[13]));

arithmetic cells of row 7(A,B,C,X,F,Cl1/S,D,E

ac7l(.A(S6[1]), B(1'b0
LE(FI[T7]1), .Cl(CT[2]),
.CO(CTI[11)) >
ac72(.A(S6[2]), .B(D6[1
LE(FI[(T7]), .CL(CT[31), .
.CO(CT[2]1))
ac73(.A(S6[31]), .B(D6[2
LE(FI[T7]1), .Cl(CT7[41), .
.CO(CTI[31))s

ac74 (.A(S6[41), .B(D6[3
LE(FI[T71), .C1L(CT[51),
.CO(C7[41));
ac75(.A(S6[51), .B(D6[4
LE(FILT]), 1(C7061),
.CO(CT[35]1))
ac76(.A(S6[6]), .B(D6[5
LE(FILT]), L(CT[7])

),

C(1'b0

.S(S7[11),

.D

), <X (X
0, -EQ
) XX
0, -EQ
) XX
0, -EQ
) XX
0, -EQ
) XX
0, -EQ
), XX
0, -EQ
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ac

ac

ac

ac

ac

ac

ac

ac
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.CO(C7[61));
ac77(.A(S6[7]), B(D6[6]), C(E6[6]),
LE(FI(7]), .CL(CT7[8]), .S(S7[7]), .D()
.CO(CT7[71)):
ac78 (.A(S6[81]), .B(D6[7]), .C(E6[7]),
JE(FI(T7]), .CL(CT([9]1), .S(ST7[81), .D()
.CO(C7[81));
ac79(.A(S6[91]), .B(D6[81]), C(E6[81]),
JE(FI(T7]), .CL(CT7[101),.5(s7[91), .D()
.CO(CT[9]1))
ac7a(.A(S6[10]), .B(D6[9]), .C(E6[9]),
LE(FI[T7]), .Cl(CT7[11]),.S(S7[10]), .D()
.CO(CT7[101)) =
ac7b(.A(S6[11]), .B(D6[10]), .C(E6[10])
LE(FI[T7]), .Cl(CT7[12]),.S(S7[11]), .D()

.CO(C7[111));
ac7/c(.A(S6[12]),
F(FI[T7]),
.CO(CT7[12]1));
ac7d(.A(S6[131),

LE(FI[T7]), .Cl(C

.CO(CT[131));
ac7e (.A(A[13]),

7[141),

.B(D6[11]),

.B(D6[12]),

.B(D6[13]),

.C(E6[11])

.C1(C7[13]),.S(s7[12]), .D()

.C(E6[12])

.S(S7[13]), .D()

.C(E6[13])

LE(FI[T71), .CL(CT7[15]),.S(S7[141), .D()

.CO(C7[14]))

ac7f (.A(A[14]),
LE(FILT],
.CO(C7[15]))

endmodule

.C1(X),

.B(B[9]),

.S (ST]

.C(C[9]),
151), .D()

4
2 .

4
2 .

14
14

2
4

4
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APPENDIX B Verilog Code for the Extension to Meet Design Constrains

// Verilog implementation of "A GENERALIZED PIPELINE CELLULAR
ARRAY" by

// Harpreet Singh, Shashank Kamthan, Dharma Agarwal, Lubna
Alazzawi

// All codes here are imitating what's described in the papers
given by Dr. Singh, and it is claimed by Dr. Singh to be at least
useful at all

// top-level entity: "gpca4Op"

// arithmetic cell
module ac

(

input wire A, B, C, X, F, CI1,

output wire S, D, E, CO

) 7

assign S = ((A ~ (B ~ X) ~ Cl) & F) | (A & ~F);
assign CO = ((B ~ X) & (A | CL)) | (A & C1);
assign D =C & (B | F);

assign E = B | (C & F);

endmodule

module cc

(

input wire X, P, CO,

output wire F

) ;

assign F = (CO & X) | (P & ~X);

endmodule

module gpca

(

input wire X

input wire [1:5] P

input wire [1:7] B
A
F

14

~

@

input wire [1:10]
output wire [1:5] F,
output wire [1:11] S
) 7

14

wire [1:5] FI;
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wire [1:3] C1;

wire [1:5] C2;

wire [1:7] C3;

wire [1:9] C4;

wire [1:11] C5;

wire [1:3] S1;

wire [1:5] S2;

wire [1:7] S3;

wire [1:9] S4;

wire [1:3] D1;

wire [1:5] D2;

wire [1:7] D3;

wire [1:9] D4;

wire [1:3] EI1;

wire [1:5] E2;

wire [1:7] E3;

wire [1:9] E4;

assign F[1] = Cl1[1];

assign F[2] = C2[1];

assign F[3] = C3[1];

assign F[4] = C4[1];

assign F[5] = C5[1];

// control cells (X,P,CO0 / F)

cc ccl(X, P[1], C1[11, FI[1]);

cc cc2(X, P[2], C2[11, FI[2]1);

cc cc3(X, P[3], C3[11, FII[31);

cc cc4 (X, p[4], C4[1]1, FI[4]);

cc cch(X, P[5], C5[1], FI[51):;

// arithmetic cells of row 1(4,B,C,X,F,Cl1/S,D,E,C0)

ac acll(.A(1'b0), .B(B[1]), .C(C[1]), XXy, E(FI[1]),
.c1(c1121), .S(s1[1]), .D(D1[1]), E(E1[1]),
.CO(C1[11)) 7

ac acl2(.A(A[1]), .B(B[2]), .C(C[2]), XXy, F(FI[1]),
.C1(C1[3]1), .S(s1[2]), D(D1[2]), E(E1[2]),
.CO(C1[2]));

ac acl3(.A(A[2]), .B(B[3]), .C(C[3]), . X (X) F(FI[1]),

31) . 31) .

Cl(X),
.CO(CL1[3]));

// arithmetic cells of row 2(A,B,C,X,F,Cl1/S,D,E,CO0)
ac ac2l(.A(S1[1]), .B(1'b0), .C(1'b0), X (X)),



ac

ac

ac

ac

//

ac

ac

ac

ac

ac

ac

ac

//

ac

ac
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-F( [ 1) ci(cz2f2]), .s(sz2[1]), D(D2[1]), .E(E2[1]),
0(C2[11))
ac22( A(S1[2]), B(D1[1]), .C(E1[1]), .X(X),
-F( [ 1) Cl(c2[3]), .S(s2[2])), .D(D2[Z2]), .E(E2[Z2Z]),
0(C2[2]));
ac23( A(S1[3]), .B(D1[2]), .C(E1l[2]), .X(X),
-F( [ 1), .Cl(Cz2[4]), .S(S2[3]), D(D2[3]), .E(E2[3]),
.CO(C2[31)):
ac24( A(A[3]), .B(D1[3]), .C(E1[3]), .X(X), F(FI[2]),
-Cl(C2[5]), .S5(s2[4]), D(D2[4]), E(E2[4]),
.C0(C2[41)):
C25( A(Al4]), .B(B[4]), .C(C[4]), LX(X), E(FI[Z2]),
1(X), .S(sS2[5]), D(D2[5]), E(E2[5]),
0(C2[5]));
arithmetic cells of row 3(A,B,C,X,F,Cl1/S,D,E,CO0)
ac31l(.A(S2[1 ]) B(1'b0), .C(1'b0), X (X)),
-F(FI[3]), (C3[ 1), .S(sS3[1]), D(D3[1]), E(E3[1]),
0(C3[11))
ac32( A(S2[2]), .B(D2[1]), .C(E2[1]), .X(X),
-F( [ 1) Cl(C3[3]), .S(S3[2]), D(D3[2]), .E(E3[Z2]),
0(C3[2]))
ac33( A(S2[3]), .B(D2[2]), .C(E2[2]), .X(X),
-F( I[3]), Cl(C3[4]1), .S(S3[3]), D(D3[3]), .E(E3[3]),
0(C3[31));
ac34( A(S2[4]), .B(D2[3]), .C(E2[3]), .X(X),
-F( [ 1) Cl(C3[5]1), .S(s314]), .D(D3[4]), .E(E3[4]),
0(C3[41]))
ac35( A(S2[5]), .B(D2[4]), .C(E2[4]), .X(X),
-F( [ 1), .cl(c3[e]), .S(s3[5]), .D(D3[5]), .E(E3[5]),
0(C3[5])):
ac36( A(A[5]), .B(D2[5]), .C(E2[5]), .X(X), E(FI[3]),
(C3[ 1), -S(s3[6]), D(D3[6]), E(E3[6]),
CO( 3[61)):
ac37( A(A[6]), .B(B[5]), .C(C[5]), X (X), E(FI[3]),
1(X), .S(S3[71), D(D3[7]), E(E3[7]),
0(C3[7]));

arithmetic cells of row 4(A,B,C,X,F,Cl1/S,D,E,CO0)
ac4l (.A
F(FI[4]),

.CO(C
acd?2 (.
F(F

1[4

411

]

(S

]
A(S
)

3[1

))
3[2

4

1), B(1'b0

1), .B(D3[1

),

. l(C4[2]), .S

C(1'b0
(S4111]),

)

X

(X),

D(D4[1]),

E(E4([1]),



ac

ac

ac

ac

ac

ac

ac

//

ac

ac

ac

ac

ac

ac

ac

.CO (C
ac4d3 (.
CE(F
.CO (C
acdd (.
CEA(F
.CO (C
ac4d5s (.
CEA(F
.CO (C
acdo (.
LE(F
.CO(C
ac4d’7 (.
LE(F
.CO(C
ac48 (.
.Cl(C
.CO (C
ac49(
1(X
O(C

arithmetic cells of row 5(A,B,C,X,F,Cl1/S,D,E

[

1[4

1[4

[

[

) .
4[91))

4

4

4

4

4

417

409
4[8

2
A (
]
3
A(
]
4
A(
]
5
A(
]
6
A(

]
A(

A

]
S
)
]
S
)
]
S
)
]
S
)
]
S
)
]
A
]
]
A

)
3
)
3
)
3
)
3
)
3
)
(

)
)

) 7
[3

) 7
(4

) 7
[5

) 7
[6

) ;
7

1), .B(D3[2

1), .B(D3[5

1), .B(D3[6

.C1(c4(81), .

) 7
71), .B(D3[7]),

.S(s4[81]),

) 7
[81), .B(B[6]),
)y

ac51l(.A(sS4[1]), B(1'b0
F(FI[5]), . 1(C5[2])
.CO(C5([1]1)) 7

acb52 (.A(s4[2]), .B(D4][1
LE(FI[S]), .CL(CS5([3]),
.CO(C5([2])) 7
acb3(.A(S4[31]), .B(D4[2
LE(FI[S]), .CL(C5([4]),
.CO(C5([3]1)) 7

ac54 (.A(s41[4]), .B(D4[3
LE(FI[S]), .CL(C5[5]),
.CO(C5([41)) 7
acb5(.A(sS4[51), .B(D4[4
LE(FI[S]), .CL(C5[6]),
.CO(C5[3]1));
acb6(.A(s4[6]), .B(D4[5
LE(FI[S]), .CL(C3[7]),
.CO(C5[6]))
ac57(.A(S4[71), .B(D4[6
LE(FI[S]), .CL(C>5([8]),

.S
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), .C(E3[2]), .X(X),

(s4[3]), .D(D4[3]), .E(E4[3]),

), .C(E3[3]), .X(X),

(s4(4]), .D(D4[4]), .E(E4[4]),

), .C(E3[4]), .X(X),

(s4[(5]), .D(D4[5]), .E(E4[3]),

), .C(E3[3]), .X(X),

(s4fe]), .D(D4[e]), .E(E4[6]),
1), .C(E3[6]), .X(X),
s(s4[7]), .D(D4[7]), .E(E4[7]),

.C(E3[7]), .X(X), LE(FI(4]1),
D(D4[8]), .E(E4[8]),

.C(C[el), -X(X), LE(FI[4]),
D(D4[9]), .E(E4[9]),

+E,CO)

) C(1'b0), -X(X),

(S[11), .D(O), .EQ),

), .C(E4[1]), .X(X),

(sfz21), .D(O), .EQ),

), .C(E4[2]), .X(X),

(S[31), .D(O), .EQ),

), .C(E4[3]), .X(X),

(S04]), .D(O), .EQ),

), .C(E4[4]), .X(X),

(S[5]), .D(O), .EQ),

), .C(E4[3]), .X(X),

(s[el), .D(O), .EQ),

), .C(E4[6]), .X(X),

(SL71), .D(O), .EQ),
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0(C5[71)):
ac ac58( A(S41[8]), .B(D4[7]), C(E4A[T]), X (X),
F( I[5]), Cl1(C5([9]), .S(s[81), DO, -EQ),
0(C5[81)) >
ac ac59( A(S4[9 ]) .B(D4[8]), .C(E4[8]), .X(X),
F( I[5]), 1(c5[10]),.5(s[(9]), .DQO), .EQ),
0(C5[91)):
ac ac5a( A(A[9]), .B(D4[9]), .C(E4[9]), .X(X), .F(FI[5]),
1(c5[11]),.s(s[101), .D(), .E(), .CO(C5[10])):
ac acbb(.A(A[10]), .B(B[7]1), .C(C[7]), LX(X),
LE(FI[S]), .ClL(X), .S(s[(11]1), .DO), .EQO),
.CO(C5[111));
endmodule
module gpcadOp
(
input wire [1:0] op,
input wire [9:0] dinO,
input wire [6:0] dinl,
output reg [10:0] dout
) ;
// op[l1:0] din0[9:0] dinl[6:0] dout [10:0]
(TBD)
//
// sq 00 P[1:5] 7'bx S[1:11]
(X=1'b0, B=7'b0011111, C=7'b0100000, P=din0[4:0], A=10"Db0)
// sqr 01 A[1:10] 7'bx {6'bx, F[1:5]1}

(X=1'bl, B=7'b0011111, C=7'b0100000, P=5'b0, A=din0[9:0])
// mult 10 B[1:7], C[1:7] {2'bx, P[1:5]} S[1:11]
(X=1'b0, B=C=din0[6:0], P=dinl[4:0], A=10'bO)
// div 11 A[10:1] B[7:1], C[7:1] {7'bx, F[2:5]}
(X=1'bl, B=C=dinl[0:6], P=5'b0, A=din0[0:9])

/* input */

reg X;
reg [1:5 P;
reg [1:7] B, C;
reg [1:10] A;

/* output */
wire [1:5] F;
wire [1:11] S;
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/* original circuit */

gpca inst gpca (X, P, B, C, A, F,

/* multiplexer */
always @* begin
/* default */

X = 1'bx;

P[1l:5] = 5'bx;
B[1l:7] = 7'bx;
Cl1:7] = 7'bx;
A[1:10] = 10'bx;
dout[10:0] = 11'bx;
case (op)

2'b00: begin

X = 1'b0;

P[1l:5] = din0O[4:0];
B[1:7] = 7'b0011111;
Cl1:7] = 7'b0100000;
A[1:10] = 10'bO;
dout([10:0] = S[1:117];
end

2'b01: begin

X = 1'bl;

P[1:5] = 5'b0;
B[1:7] = 7'b0011111;
Cl1l:7] = 7'b0100000;
A[1:10] = din0[9:0];
dout[10:0] = {6'b0, F[1:5]};
end

2'b10: begin

X = 1'b0;

P[1:5] = dinl[4:0];
B[1l:7] = dinO[6:07];
Cl1:7] = din0[6:0];
A[1:10] = 10'bO;
dout[10:0] = S[1:117];
end

2'bll: begin
X = 1'bl;
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P[1:5] = 5'b0;

B[1:7] = {dinl[0], dinl[l], dinl[2], dinl[3], dinlf[4],
dinl[5], dinl[6]};

Cll:7] = {dinl[0], dinl[l], dinl[2], dinl[3], dinlf[4],
dinl[5], dinl[6]};

A[l1:10] = {dinO[0], dinO[1], dinO[2], dinO[3], dinO[4],

dinO[5], dinO[6], dinO[7], dinO[8], dinO[9]};

dout([10:0] = {7'b0, F[5], F[4], F[3], F[2]};
end

default: begin

end

endcase

end

endmodule
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APPENDIX C Verilog Code for the Extension of Pipelining

// Verilog implementation of "A GENERALIZED PIPELINE CELLULAR
ARRAY" by

// Harpreet Singh, Shashank Kamthan, Dharma Agarwal, Lubna
Alazzawi

// All codes here are imitating what's described in the papers
given by Dr. Singh, and it is claimed by Dr. Singh to be at least
useful at all

// top-level entity: "gpca4Op"

// arithmetic cell
module ac

(

input wire A, B, C, X, F, CI1,

output wire S, D, E, CO

) 7

assign S = ((A ~ (B ~ X) ~ Cl) & F) | (A & ~F);
assign CO = ((B ~ X) & (A | CL)) | (A & C1);
assign D =C & (B | F);

assign E = B | (C & F);

endmodule

module cc

(

input wire X, P, CO,

output wire F

) ;

assign F = (CO & X) | (P & ~X);

endmodule

module gpca

(

input wire clk, rst,

input wire X,

input wire [1:5] P, // [l:nrow]

input wire [1:7] C, // [1l: (nrow + 2)]
input wire [1:7] B, // [1l: (nrow + 2)]
input wire [1:10] A, // [1l:(2*nrow) ]
output reg [1:5] F, // [l:nrow]

output reg [1:11] S // [1l:(2*nrow + 1)]

) ;



/* stage 0 */

reg sO X r;
reg [1:5] sO P r;
reg [1:7] sO C r;
reg [1:7] sO B r;
reg [1:10] sO0 A r;
wire sO0_F;

wire [1:3] sO0 CO;

/* stage 1 */

reg sl X r,
reg [2:5] sl P r,
reg [4:7] sl C r,
reg [4:7] sl B r,
reg [3:10] sl A r,
reg [1:3] sl S r;
reg [1:3] sl D r;
reg [1:3] sl E r;
reg [1:1] sl F r,
wire [1:3] sl S n;
wire [1:3] sl D n;
wire [1:3 sl E n;
wire sl F;

wire [1:5] s1 CO;

/* stage 2 */

reg
reg
reg
reg
reg

g1 o U1 W

(
[
[
(

reg
reg
reg
reg

e

(
(
(
(

wire [1:5]
wire [1:5]

s2 X r,
s2 P r,
s2 C r,
s2 B r,
s2 A r,

s2 S r;
s2 D r;
s2 E r;
s2 F r,

s2 S n;
s2 D n;

sl X n;
sl P n;
sl C n;
sl B n;
sl A n;

sl F n;

s2 X n;
s2 P n;
s2 C n;
s2 B n;
s2 A n;

s2 F n;
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wire

wire
wire

[1

[1

:5] s2 E nj;

s2 F;
: 7] s2 CO;

/* stage 3 */

reg
reg
reg
reg
reg

reg
reg
reg
reg

wire
wire
wire

wire
wire

~ O O

[
[
[
[

A

(
(
[
(

[1

s3 X r,

5] s3 P r,
7] s3 C r,
7] s3 B r,
10] s3 A r,
s3 S r;
s3 D r;
s3 E r;
s3 F r,

w J J 4

:7] s3 .S n;
:7] s3 D n;
:7] s3 E n;

s3 F;
:9] s3 CO;

/* stage 4 */

reg
reg
reg
reg
reg

reg
reg
reg
reg

wire
wire
wire

wire
wire

O J J U

(
[
(
[

R R

(
[
[
(

5
27
7
1

s4 X r,
] s4 P r,
] s4d C r,
] s4 B r,
0] s4 A r,

s4 S r;
s4 D r;
s4 E r;
s4 F r,

SO O O

:9] s4_ S n;
:9] s4 D n;
:9] s4 E n;

s4 F;
:11] s4 CO;

s3 X n;
s3 P n;
s3 C n;
s3 B n;
s3 A n;

s3 F n;

s4 X n;
s4 P n;
s4 C n;
s4 B n;
s4 A n;

s4 F n;
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/* stage 5 */

reg [1:11] s5 S r;

reg [1:11] s5 D r;

reg [1:11] s5 E r;

reg [1:5] s5 F r, s5 F n;

wire [1:11] s5 S n;
wire [1:11] s5 D n;
wire [1:11] s5 E n;

/*** Stage O ***/

always @ (posedge clk, posedge rst) begin
if (rst) begin

sO X r <= 1'bx;

sO P r <= 5'bx;

sO C r <= T7'bx;

sO B r <= 7'bx;

sO A r <= 10'bx;

end else begin

sO X r <= X;

sO P r <= P
sO C r <=2¢;
sO B r <= B;
sO A r <=A
end

end

.
14

4

always @* begin

sl X n = s0 X r ;

sl P n[2:5] = s0 P r[2:5] ;
sl C n[4:7] = s0 C r[4:7] ;
sl B n[4:7] = s0 B r[4:7] ;
sl A n[3:10] = s0 A r[3:10] ;
sl F n[1:1] = {s0 CO[1]} ;
end

/* control cell of row 1 (X,P,CO0 / F) */
cc ccl(sO X r, sO P r[(1], sO0 _CO[1], sO_F);

/* arithmetic cells of row 1 (A,B,C,X,F,Cl/S,D,E,C0) */

ac acll(.A(1'b0), .B(s0O B r[l1l]), .C(s0O_C r[l]), .X(s0 X r),
.F(s0_F), .Cl(s0_CO[2]), .S(s1_S n[l]), .D(s1l D n[1l]),
.E(s1 E n[1]), .CO(sO _CO[1]) )

ac acl2(.A(sO A r[l1l]), .B(sO B r[2]), .C(sO C r[2]),
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X(s0 X r), .F(sO_F), 1(s0 CO[ 1), .S(s1 S n[2]),
D(sl D n[2]), .E(sl_E_n[2]), 0(s0 CO[2]) ) ;

ac acl3(.A(sO0O A r[2]), .B(SO B r[ 1), (sO_C_r[B]),
X(s0 X r), .F(sO_F), 1(s0_ X r), S(sl S n[3]),
D(sl_D n[3]), .E(sl_E_n[3]), 0(s0 CO[ 1) )

VAR stage 1 * k% /
always @ (posedge clk, posedge rst) begin
if(rst) begin

sl X r <= 1'bx;
sl P r <= 4'bx;
sl C r <= 4'bx;
sl B r <= 4'bx;
sl A r <= 8'bx;
sl S r <= 3'bx;
sl D r <= 3'bx;
sl E r <= 3'bx;
sl F r <= 1'bx;
end else begin

sl X r <= sl X n;
sl P r <= sl P n;
sl Cr <= sl C n;
sl B r <= sl B n;
sl A r <= sl An;
sl S r <= sl S n;
sl D r <= sl D n;
sl E r <= sl E n;
sl F r <= sl F n;
end

end

always @* begin

s2 X n = sl X r ;

s2 P n[3:5] = sl P r[3:5] ;

s2 C n[5:7] = sl C r[5:7] ;

s2 B n[5:7] = sl B r[5:7] ;

s2 A n[5:10] = sl A r[5:10] ;

s2 F n[l:2] = {sl F r[l1:1], sl CO[1]} ;

/* control cell of row 2 (X,P,CO0 / F) */
cc cc2(sl X r, s1 P r(2], sl CO[1], sl F);

/* arithmetic cells of row 2 (A,B,C,X,F,Cl1/S,D,E,CO) */



ac ac2l(.A(sl S r[1]), B(1'b0),
X(sl X r), .F(sl F), .Cl (sl CO[ ])
D(s2 D n[l]), .E(s2 E n[l]), .CO(sl CO[

ac ac22(.A(sl S r[2]), B(sl D r[ 1), (sl_
X(sl X r), .F(sl F), .C1 (sl CO[3])
D(s2 D n[2]), .E(s2 E n[2]), .CO(sl CO[ ]

ac ac23(.A(sl S r[3]), B(sl D r[ 1), .C(sl
X(sl X r), .F(sl F), .C1 (sl CO[4]), .S
D(s2 D n[3]), .E(s2 E n[3]), .CO(s1l CO[3

ac ac24(.A(sl A r[3]), B(sl D r[ 1), .C(sl
X(sl X r), .F(sl F), .C1 (sl CO[S]) .S
D(s2 D n[4]), .E(s2 E n[4]), .CO(sl CO[4

ac ac25(.A(sl A r[4]), .B(sl B r[ 1), .C(sl
X(sl X r), .F(sl F), .Cl(sl _ X ), .S
D(s2 D n[5]), .E(s2 E n[5]), .CO(sl CO[5

VAt stage 2 * Kk [

always @ (posedge clk, posedge rst) begin

if (rst) begin

s2 X r <= 1'bx;

s2 P r <= 3'bx;

s2 C r <= 3'bx;

s2 B r <= 3'bx;

s2 A r <= 6'bx;

s2 S r <= 5'bx;

s2 D r <= 5'bx;

s2 E r <= 5'bx;

s2 F r <= 2'bx;

end else begin

s2 X r <= s2 X n;

s2 P r <= s2 P n;

s2 C r <= s2 C n;

s2 B r <= s2Z2 B n;

s2 A r <= s2 A n;

s2 S r <= s2 S n;

s2 D r <= s2 D n;

s2 E r <= 82 E n;

s2 F r <= sZ_F_n,

end

end

always @* begin

s3 X n = s2 X r ;

s3 P n[4:5] = s2 P r[4:5] ;
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C(1'p0),
S(s2 S n[l]),

]

)

) .

4



263

s3 C n[6:7] = s2 C r[6:7] ;

s3 B n[6:7] = s2 B r[6:7] ;

s3 A n[7:10] = s2 A r[7:10] ;

s3 F n[l:3] = {s2 F r[l:2], s2 CO[1]} ;
end

/* control cell of row 3 (X,P,CO0 / F) */
cc cc3(s2 X r, s2 P r[3], s2 CO[1], s2 F);

/* arithmetic cells of row 3 (A,B,C,X,F,Cl/S,D,E,C0) */

ac ac3l(.A(s2 S r[1l]), .B(1'bO), C(1'b0),
X(s2 X r), .F(s2 F), .Cl(s2 CO[ ]) S(s3 S nl[l]),
D(s3 D n[l]), .E(s3 E n[1]), .CO(s2 CO[ 1))

ac ac32(.A(s2 S r[2]), .B(s2 D r[ 1), .C(s2 E r[1l]),
X(s2 X r), .F(s2 F), .Cl(s2 CO[3]) S(s3 S nl[2]),
D(s3 D n[2]), .E(s3 E n[2]), .CO(s2 CO[2]));

ac ac33(.A(s2 S r[3]), .B(s2 D r[ 1), .C(s2 E r[2]),
X(s2 X r), .F(s2 F), .Cl(s2 CO[4]) .S5(s3_ S n[3]),
D(s3 D n[3]), .E(s3 E n[3]), .CO(s2 CO[3]))

ac ac34(.A(s2 S r[4]), .B(s2 D r[ 1), .C(s2 E r[3]),
X(s2 X r), .F(s2 F), .Cl(s2 CO[5]) S(s3 S nl4]),
D(s3 D n[4]), .E(s3 E n[4]), .CO(s2 CO[4]))

ac ac35(.A(s2 S r[5]), .B(sZ D r[ 1), .C(s2 E r[4]),
X(s2 X r), .F(s2 F), 1(s2 CO[6]) .S5(s3 .S n[5]),
D(s3 D n[5]), .E(s3_E_n[5]), 0(s2 CO[5]));

ac ac36(.A(s2 A r[5]), .B(S2 D r[ 1), .C(s2 E r[5]),
X(s2 X r), .F(s2 F), 1(s2 CO[7]) .S5(s3_S nl[6]),
D(s3 D nf[6]), .E(s3_E_n[6]), 0(s2 CO[6]));

ac ac37(.A(s2 A rf[e6]), .B(S2 B r[ 1), .C(s2 C r[5]),
X(s2 X r), .F(s2 F), 1(s2 X _r), .S(s3_S n[7]),
D(s3 D n[7]), .E(s3_E_n[7]), 0(s2 CO[7]));

/KK stage 3 * kK /
always @ (posedge clk, posedge rst) begin
if (rst) begin

s3 X r <= 1'bx;
s3 P r <= 2'bx;
s3 C r <= 2'bx;
s3 B r <= 2'bx;
s3 A r <= 4'bx;
s3 S r <= T7'bx;
s3 D r <= T7'bx;
s3 E r <= 7'bx;
s3 F r <= 3'bx;



end else begin

s3 X r
s3 P r
s3 C r
s3 B r
s3 A r
s3 S r
s3 D r
s3 E r
s3 F r
end

end

= s3 X n;
= s3 P n;

s3 C n;
s3 B n;

= s3 A n;

s3 S n;
s3 D n;

= s3 E n;
= s3 F n;

always @* begin
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s4 X n = s3 X r ;

s4 P n[5:5] = s3 P r[5:5] ;

s4 C n[7:7] = s3 C r[7:7] ;

s4 B n[7:7] = s3 B r[7:7] ;

s4 A n[9:10] = s3 A r[9:10] ;

s4 F n[l:4] = {s3 F r[l1:3], s3 CO[1]} ;

end

/* control cell of row 4 (X,P,C0 / F) */

cc cc4(s3 X r, s3 P r[4], s3 CO[1], s3 F);

/* arithmetic cells of row 4 (A,B,C,X,F,Cl/S,D,E,C0) */

ac ac4l(.A(s3_s rl[l]), B(l bO) .C(1'b0),
X(s3 X r), .F(s3 F), 1(s3 CO[ 1), .S(s4_S n[1l]),
D(s4 D n[l]), E(S4_E_D[1]), 0(s3 CO[ 1))

ac ac42(.A(s3_ S r[2]), B(sB D r[ 1), .C(s3_E r[1]),
X(s3 X r), .F(s3_F), (53 CO[B]) .S(s4 S n[2]),
D(s4 D n[2]), E(S4_E_D[2]), 0(s3_CO[2])):

ac ac43(.A(s3_S r[3]), B(S3 D r[ 1), .C(s3_E r[2]),
X(s3 X r), .F(s3_F), (53 CO[4]) .S(s4 S n[3]),
D(s4 D n[3]), .E(s4 E_D[3]), 0(s3 _CO[3]))

ac ac44(.A(s3_S rf[4]), B(S3 D r[ 1), .C(s3_E r[3]),
X(s3 X r), .F(s3_F), (53 CO[5]) .S(s4 S nl4]),
D(s4 D n[4]), .E(s4 E_H[4]), 0(s3_CO[4]));

ac ac45(.A(s3_S r[5]), B(s3 D r[ 1), .C(s3_E r[4]),
X(s3 X r), .F(s3_F), (53 CO[6]) .S(s4 S n[5]),
D(s4 D n[5]), E(s4_E_n[5]), 0(s3_CO[5]));

ac ac46(.A(s3_ S r[6]), B(s3 D r[ 1), .C(s3_E r[5]),
X(s3 X r), .F(s3_F), (53 CO[7]) .S(s4 S n[6]),
D(s4 D n[6]), .E(s4_E_n[6]), 0(s3_CO[6]));
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ac ac47(.A(s3 S r[7]), .B(s3 D r[6]), .C(s3 E r[6]),
.X(s3 X r), .F(s3 F), .Cl(s3 CO[8]), .S(s4 S n[7]),
.D(s4 D n[7]), .E(s4 E n[7]), .CO(s3 CO[7]));

ac ac48(.A(s3 A r[7]), .B(s3 D r([7]), .C(s3 E r[7]),
.X(s3 X r), .F(s3 F), .Cl(s3 CO[9]), .S(s4 S n[8]),
.D(s4 D n[8]), .E(s4 E n[8]), .CO(s3_CO[8]));

ac ac49(.A(s3 A r[8]), .B(s3 B r[6]), .C(s3 C r[e6]),
.X(s3 X r), .F(s3 F), .Cl(s3 X r), .S(s4 S n[9]),
.D(s4 D n[9]), .E(s4 E n[9]), .CO(s3 _CO[9]));

/*** Stage 4 ***/
always @ (posedge clk, posedge rst) begin
if (rst) begin
s4 X r <= 1'bx;
s4d P r <= 1'bx;
s4 C r <= 1'bx;
s4 B r <= 1'bx;
s4 A r <= 2'bx;
s4 S r <= 9'bx;
s4 D r <= 9'bx;
s4 E r <= 9'bx;
s4 F r <= 4'bx;
end else begin
s4 X r <= s4 X n;
s4 P r <= s4 P n;
s4d C r <= s4 C n;
s4 B r <= s4 B n;
s4d A r <= s4 A n;
s4 S r <= s4 S n;
s4 D r <= s4 D n;
s4 E r <= s4 E n;
s4d F r <= s4 F n;
end

end

always @* begin
s5 F n[1:5] = {s4 F r[1:4], s4 CO[1]} ;
end

/* control cell of row 5 (X,P,C0 / F) */
cc ccb(s4 X r, s4 P r[5], s4 CO[1], s4 F);

/* arithmetic cells of row 5 (A,B,C,X,F,Cl/S,D,E,C0) */
ac ac5l(.A(s4 S r[l]), .B(1'b0O), .C(1'b0),
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X(s4 X r), .F(s4 F), .Cl (s4 CO[ 1), .
D(s5 D n[l]), .E(s5 E n[l1l]), .CO(s4 CO[1
ac acb52(.A(s4 S r[2]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), .Cl(s4 CO[B])
D(s5 D n[2]), .E(s5 E n[2]), .CO(s4 CO[
ac ac53(.A(s4 S r[3]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(sd4 F), .Cl(s4 CO[4])
D(s5 D n[3]), .E(s5 E n[3]), .CO(s4 CO[
ac acS54(.A(s4 S rf[4]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(sd4 F), .Cl(s4 CO[5])
D(s5 D n[4]), .E(s5 E n[4]), .CO(s4 CO[
ac ac55(.A(s4 S r[5]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), .C1(s4 CO[6]) .
D(s5 D n[5]), .E(s5 E n[5]), .CO(s4 CO[
ac ac56(.A(s4 S rf[e]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), .C1(s4 CO[7]) .
D(s5 D n[6]), .E(s5 E n[6]), .CO(s4 CO[
ac ac57(.A(s4 S r[7]), B(s4 D r[ 1), .C(s
X(s4 X 1), (s4 F), .C1(s4 CO[8])
D(s5 D n[7]), .E(s5 E n[7]), .CO(s4 _CO[
ac ac58(.A(s4 S r([8]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), .C1(s4 CO[9]),.
D(s5 D n[8]), .E(s5 E n[8]), .CO(s4 CO[
ac ac59(.A(s4 S r[9]), B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), .Cl(s4 CO[l 1),
D(s5 D n[9]), .E(s5 E n[9]), .CO(s4 CO[
ac acba(.A(s4 A r[9]), .B(s4 D r[ 1), .C(s
X(s4 X r), .F(s4 F), Cl(s4 _Cof[111),
D(s5 D n[10]), E(s5 E n[10]), .CO (
ac acbb(.A(s4 A r[10]), .B(s4 B r[7]), .C(s
X(s4 X r), .F(s4_F), Cl(s4 X 1), .
D(s5 D n[11]), .E(sS_E_n[ll]), CO (
/*** stage 5 (output) ***/
always @ (posedge clk, posedge rst) begin

if (rst) begin

sS S r <= 11'bx;
s5 D r <= 11"'bx;
sS E r <= 11"'bx;
sS F r <= 5'bx;
end else begin
s5 S r <= s5 S n;
sS D r <= s5 D n;
s E r <= s5 E n;

S(s5 S n
1))
E r[1]
(s5 S n
1))
E r[2]
(s5 S n
1))
_E r[3]
(s5 S n
1))
4 E r[4]
S(s5 S n
51))7
4 E r[5]
S(s5 S n
61));
_E rf[e]
(s5 S n
1))
4 E r[7]
S(s5 S n
81));
4 E r[8]
.S (s5
91)):
4 E r[9]
S(s5
s4 CO[10
4 C r[7]
S(s5 S n
s4 CO[11
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sS F r <= s5 F n;
end
end

always @* begin
F =385 F r;

S =85 S r;

end

endmodule

module gpcadOp
(

input wire clk, rst,
input wire [1:0] op,
input wire [9:0] dinO,
input wire [6:0] dinl,
output reg [10:0] dout
);
// op[l:0] din0[9:0] dinl[6:0] dout[10:0]
(TBD)
//
// sq 00 P[1:5] 7'bx S[1:11]
(X=1'b0, B=7'b0011111, C=7"'"b0100000, P=din0[4:0], A=10'b0)
// sqr 01 A[1:10] 7'bx {6'bx, F[1:5]}

(X=1'bl, B=7'b0011111, C=7'b0100000, P=5'b0, A=din0[9:01])
// mult 10 B[1:7], C[1:7] {2'bx, P[1:5]} S[1:11]
(X=1'b0, B=C=din0[6:0], P=dinl[4:0], A=10'bO)
// div 11 A[10:1] B[7:1], C[7:1] {7'bx, F[2:5]}
(X=1'bl, B=C=dinl[0:6], P=5'b0, A=din0[0:9])

/* input */

reg X3
reg [1:5] pP;
reg [1:7] B, C;
reg [1:10] A;

/* output */
wire [1:5] F;
wire [1:11] S;

/* operation */
reg [1:0] op_ r [0:5];

/* original circuit */
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gpca inst gpca (clk, rst,
X, P, C, B, A,
F, S);

/* operation delay */
always @ (posedge clk, posedge rst) begin

f(rst) begin
op r[0] <= 2'bx;
op r[l] <= 2'bx;
op r[2] <= 2'bx;
op r[3] <= 2'bx;
op rl[4] <= 2'bx;
op r[5] <= 2'bx;
end else begin
op r[0] <= op;
op r[l] <= op r[0];
op r[2] <= op r[l];
op r[3] <= op r[2];
op r[4] <= op r[3];
op r[5] <= op rl[4];
end
end

/* multiplexer (input) */
always @* begin

case (op)
2'b00: begin

X = 1'b0;

: = din0O[4:07];
= 7'b0011111;
7'b0100000;

P[1:5]
B[1:7]
Cl[l:7]

10

All ] = 10'bO0;

end

2'b01: begin

X = 1'bl;

P[1:5] = 5'b0;
B[1l:7] = 7'b0011111;
Cl1:7] = 7'b0100000;
A[1:10] = din0[9:0];
end

2'b10: begin

X = 1'b0;

P[1l:5] dinl[4:0];

B[1:7] = din0[6:07];
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Cl1l:7] = din0O[6:0];

A[1:10] = 10'bO;

end

2'bll: begin

X = 1'bl;

P[1:5] = 5'b0;

B[1:7] = {dinl[0], dinl[1l], dinl([2], dinl[3],
dinl([5], dinl[6]};

Cl1l:7] = {dinl1[0], dinl[1l], dinl([2], dinl[3],
dinl[5], dinl[6]};

A[1:10] = {din0[0], dinO[1], din0O[2], dinO[37],
dinO[5], dinO[6], dinO[7], dinO[8], dinO([9]};
end

default: begin

X = 1'bx;

P[1:5] = 5'bx;

B[l:7] = 7'bx;

Cl1:7] = 7'bx;

A[l1:10] = 10'bx;

end

endcase

end

/* multiplexer (output) */

always @* begin

case(op r[5])

2'b00: begin

dout[10:0] = S[1:117];

end

2'b01: begin

dout[10:0] = {6'b0, F[1:5]};

end

2'b10: begin

dout[10:0] = S[1:117];

end

2'bll: begin

dout[10:0] = {7'b0, F[5], F[4], F[3]1, F[2]1};
end

default: begin

dout[10:0] = 11'bx;

end

endcase

end

endmodule

dinl[4
dinl[4

dinO[4

1,
1,

1,
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APPENDIX D Script for Cadence Encounter RTL Compiler (rc.cmd)

set attribute hdl search path {./}

set attribute lib search path {./}

set attribute library [list
/opt/cds/1lib/UofU Digital v1 2/UofU Digital vl 4.1ib]
set attribute information level 6

set attribute ungroup true

set attribute write vlog unconnected port style none
read hdl -v2001 simple.v

elaborate simple

synthesize -to mapped

write hdl -mapped > nl.v

d
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APPENDIX E Script for Cadence Encounter (encounter.cmd)

set global _enable mmmc by default flow
SCTE: :mmmc_default

suppressMessage ENCEXT-2799

win

set conf gxconf file NULL

set conf gxlib file NULL

set defHierChar /

set init gnd net gnd!

set init pwr net wvdd!

set init mmmc file mmmc.tcl

set init lef file
/opt/cds/1ib/UofU Digital vl 2/UofU Digital vl 4.lef

set 1sgOCPGainMult 1.000000

set init verilog nl.v

set init top cell simple

create rc corner -name typical \

-preRoute res {1.0} \

-preRoute cap {1.0} \

-preRoute clkres {0.0} \

-preRoute clkcap {0.0} \

-postRoute res {1.0} \

-postRoute cap {1.0} \

-postRoute xcap {1.0} \

-postRoute clkres {0.0} \

-postRoute clkcap {0.0}

create library set -name typical -timing
{/opt/cds/1ib/UofU Digital vl 2/UofU Digital vl 4.lib}
create constraint mode -name typical -sdc files {typical.sdc}
create delay corner -name typical -library set ({typical}
-rc_corner {typical}

create analysis view -name typical -constraint mode {typical}
-delay corner {typical}

init design

floorPlan -site core -r 1 0.4 30 30 30 30
saveDesign floorplan.enc

set sprCreateleStripeNets {}

set sprCreateleStripelayers {}
set sprCreateleStripeWidth 10.0
set sprCreateleStripeSpacing 4.0



272

set sprCreateleStripeThreshold 1.0

set sprCreateleStripeNets {}

set sprCreateleStripelayers {}

set sprCreateleStripeWidth 10.0

set sprCreateleStripeSpacing 4.0

set sprCreateleStripeThreshold 1.0

set sprCreateleRingNets {}

set sprCreateIeRingLayers {}

set sprCreateleRingWidth 1.0

set sprCreatelIeRingSpacing 1.0

set sprCreateIeRingOffset 1.0

set sprCreateleRingThreshold 1.0

set sprCreatelIeRingJogDistance 1.0

addRing -center 1 -stacked via top layer metal3 -around core
-Jjog distance 1.5 -threshold 1.5 -nets {gnd! vdd!}
-stacked via bottom layer metall -layer {bottom metall top
metall right metal2 left metal2} -width 9 -spacing 1.8 -offset
1.5

set sprCreateleStripeNets {}

set sprCreateleStripelayers {}

set sprCreateleStripeWidth 10.0

set sprCreateleStripeSpacing 4.0

set sprCreateleStripeThreshold 1.0

addStripe -block ring top layer limit metal3
-max_ same layer jog length 5.0 -snap wire center to grid Grid
-padcore ring bottom layer limit metall -set to set distance

100 -stacked via top layer metal3
-padcore ring top layer limit metal3 -spacing 0.9
-merge stripes value 1.5 -layer metal?

-block ring bottom layer limit metall -width 1.5 -nets {gnd!
vdd!} -stacked via bottom layer metall
saveDesign power.enc

globalNetConnect vdd! -type tiehi -module {}
globalNetConnect gnd! -type tielo -module {}

sroute -connect { DblockPin padPin padRing corePin }
-layerChangeRange { metall metal3 } -blockPinTarget
{ nearestRingStripe nearestTarget } -padPinPortConnect
{ allPort oneGeom } -checkAlignedSecondaryPin 1 -blockPin
uselef -allowJogging 1 -crossoverViaBottomLayer metall
-allowLayerChange 1 -targetViaTopLayer metal3
-crossoverViaToplayer metal3 -targetViaBottomlLayer metall

-nets { gnd! vdd! }
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setPlaceMode -fp false
placeDesign -prePlaceOpt

setOptMode -fixCap true -fixTran true -fixFanoutLoad false
optDesign -preCTS

createClockTreeSpec -file Clock.ctstch

clockDesign -specFile Clock.ctstch -outDir clock report
-fixedInstBeforeCTS

setOptMode -fixCap true -fixTran true -fixFanoutLoad false
optDesign -postCTS

setNanoRouteMode -quiet -timingEngine {}
setNanoRouteMode -quiet -routeWithTimingDriven 1
setNanoRouteMode -quiet -routeWithSiPostRouteFix 0
setNanoRouteMode -quiet -drouteStartIteration default
setNanoRouteMode -quiet -routeTopRoutinglLayer default
setNanoRouteMode -quiet -routeBottomRoutingLayer default
setNanoRouteMode -quiet -drouteEndIteration default
setNanoRouteMode -quiet -routeWithTimingDriven true
setNanoRouteMode -quiet -routeWithSiDriven false
routeDesign -globalDetail

setDelayCalMode -engine aae -SIAware false
setOptMode -fixCap true -fixTran true -fixFanoutLoad false
optDesign —-postRoute

getFillerMode -quiet
addFiller -cell FILL8 FILL4 FILL2 FILL -prefix FILLER

verifyConnectivity -type all -error 1000 -warning 50

setVerifyGeometryMode -area { 0 0O 0 O } -minWidth true
-minSpacing true -minArea true -sameNet true -short true
-overlap false —offRGrid false —offMGrid true -mergedMGridCheck
true —-minHole true -implantCheck true -minimumCut true -minStep
true -viaEnclosure true —antenna false —insuffMetalOverlap true
-pinInBlkg false -diffCellViol true -sameCellViol false
-padFillerCellsOverlap true -routingBlkgPinOverlap true
-routingCellBlkgOverlap true -regRoutingOnly false
-stackedViasOnRegNet false -wireExt true -useNonDefaultSpacing
false -maxWidth true -maxNonPreflength -1 -error 1000 -warning
50

verifyGeometry
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saveDesign final.enc

defOut -floorplan -netlist -routing simple.def
saveNetlist -flat -replaceTieConnection nlopt.v
# then one may need to add 1'b0/0'b0 manually
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APPENDIX F Multi-Mode Multi-Corner Script (mmmc.tcl)

create rc corner -name typical \

-preRoute res {1.0} \

-preRoute cap {1.0} \

-preRoute clkres {0.0} \

-preRoute clkcap {0.0} \

-postRoute res {1.0} \

-postRoute cap {1.0} \

-postRoute xcap {1.0} \

-postRoute clkres {0.0} \

-postRoute clkcap {0.0}

create library set -name typical -timing
{/opt/cds/1lib/UofU Digital vl 2/UofU Digital vl 4.lib}
create constraint mode -name typical -sdc files {typical.sdc}
create delay corner -name typical -library set {typical}
-rc_corner {typical}

create analysis view -name typical -constraint mode {typical}
-delay corner {typical}

set analysis view -setup {typical} -hold {typical}
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APPENDIX G Synopsys Design Constraints (typical.sdc)

set sdc_version 1.6
create clock [get ports clk] -period 100 -waveform {0 50}



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

277

REFERENCES
Kamal, A.K et al., "A generalized pipeline array," IEEE Trans. Comput., vol.
23, pp. 533-536, May. 1974.
J Bhaskar, A Verilog HDL Primer, 3rd ed. Allentown, PA: Star Galaxy
Publishing, Jan. 2005.
Kai Hwang, Computer Arithmetic: Principles, Architecture and Design.
Hoboken, NJ: John Wiley & Sons, Apr. 1979.
Kai Hwang, Advanced Computer Architecture: Parallelism, Scalability,
Programmability, 1st ed. New York City, NY: McGraw-Hill, Dec. 1992,
Peter M. Kogge, The Architecture of Pipelined Computers. Boca Raton, FL:
CRC Press, Jan. 1981.
Agrawal, Dharma P., "High-speed arithmetic arrays," IEEE Trans. Comput., vol.
28, pp. 215-224, Mar. 1979.
Agrawal, Dharma P., "Optimum array-like structures for high-speed
arithmetic,” in IEEE 3rd. Symp. on Comput. Arithmetic (ARITH), Dallas, TX,
Nov. 1975, pp. 208-219.
Partha P. Banerjee and Arif Ghafoor, “Design of a pipelined optical binary
processor”, Appl. Optics, vol. 27, 1988, pp. 4766-4770.
Harpreet Singh et al., "On simulation and design implementation of generalized
pipeline cellular array ," in Int. Conf. on Inform. Sci., Electron. and Elect. Eng.
(ISEEE), Sapporo, Apr. 2014, pp. 1761-1765.

Na Gong, "TM-RF: aging-aware power-efficient register file design for modern



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

278

microprocessors,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 23,
pp. 1196-1209, Jun. 2015.

Hassan Rabah et al., "FPGA implementation of orthogonal matching pursuit for
compressive sensing reconstruction,” IEEE Trans. Very Large Scale Integr.
(VLSI) Syst., vol. 23, pp. 2209-2220, Sep. 2015.

Goel, S., "Design of robust, energy-efficient full adders for
deep-submicrometer design using hybrid-CMOS logic style,” IEEE Trans. Very
Large Scale Integr. (VLSI) Syst., vol. 14, pp. 1309-1321, Jan. 2007.

Montoye, R.K., "An 18 ns 56-bit multiply-adder circuit,” in IEEE Int.
Solid-State Circuits Conf (ISSCC), San Francisco, CA, Feb. 1990, pp. 46-47.
SN74ACT8847 64-Bit Floating Point Unit, Texas Instruments, Dallas, TX.
Stephen Brown, Zvonko Vranesic, Fundamentals of Digital Logic with VHDL
Design, 3rd ed. New York: McGraw-Hill, Apr. 2008.

Stephen Brown, Zvonko Vranesic, Fundamentals of Digital Logic With Verilog
Design, 3rd ed. New York: Mcgraw-Hill, Feb. 2013.

Neil Weste, David Harris, CMOS VLSI Design: A Circuits and Systems
Perspective, 4th ed. Boston: Addison-Wesley, 2011.

Jan M. Rabaey, Anantha Chandrakasan, Borivoje Nikolic, Digital Integrated
Circuits, 2nd ed. Upper Saddle River: Prentice Hall, Jan. 2003.

Cadence Help User Guide, Product Version 2.0, Cadence Design Systems, Inc.,
San Jose, CA, 2012.

Cadence Application Infrastructure User Guide, Product Version 6.1.5,



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

279

Cadence Design Systems, Inc., San Jose, CA, 2012.

Paul Franzon, Rhett Davis, "NCSU electronic design automation (EDA)
tutorial,” Dept. Comput. Elect. Eng., North Carolina State Univ., Raleigh, NC,
2012.

Nabil Abu-Khade, "From Verilog to MOSIS," Dept. Comput. Elect. Eng.,
Wayne State Univ., Detroit, MI, Nov. 2004.

William Gibb, Bowei Zhang, "Cadence tutorial,” Dept. Comput. Elect. Eng.,
Washington, DC, Spring 2011.

Erik Brunvand, Digital VLSI Chip Design with Cadence and Synopsys CAD
Tools, 1st ed. Boston, MA: Addison-Wesley, Feb. 2009.

Ronald W. Williams, "An undergraduate VLSI CMOS circuit design
laboratory," IEEE Trans. Edu., IEEE Trans. Edu., vol. 34, no 1, Feb. 1991.
Mark S. Nixon, "On a programmable approach to introducing digital design,"”
IEEE Trans. Edu., vol. 40, no. 3, Aug. 1997.

Etienne Sicard, "A VLSI design system for teaching introduction to
microelectronics,” IEEE Trans. Edu., vol. 35, no. 4, Nov. 1992.

Chyi-Shyong Lee et al., "A project-based laboratory for learning embedded
system design with industry support,” IEEE Trans. Edu., vol. 53, no. 2, May
2010.

Jests Manuel Ganez-de-Gabriel et al., "Mobile robot lab project to introduce
engineering students to fault diagnosis in mechatronic systems," IEEE Trans.

Edu., vol. 58, no. 3, Aug. 2015..



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

280

MOSIS FAQs: MOSIS Educational Program (MEP), the MOSIS Service,
Marina del Rey, CA, Nov. 2015.

Command Reference for Encounter RTL Compiler, Product Version 12.1,
Cadence Design Systems, Inc., San Jose, CA, Nov. 2012.

Yudi Xie, Harpreet Singh, "The VLSI implementation of digital design
projects,” Dept. Comput. Elect. Eng., Wayne State Univ., Detroit, MI, Nov.
2015 [Online]. Available: http://ece.eng.wayne.edu/~singhweb/

EDI System Text Command Reference, Product Version 12.0, Cadence Design
Systems, Inc., San Jose, CA, 2012.

EDI System Menu Reference, Product Version 12.0, Cadence Design Systems,
Inc., San Jose, CA, 2012.

MOSIS Scalable CMOS (SCMOS) Design Rules, Revision 8.00, The MOSIS
Service, Marina del Rey, CA, May. 20009.

Virtuoso Layout Suite XL User Guide, Product Version 6.1.5, Cadence Design
Systems, Inc., San Jose, CA, May. 2012.

How To Submit A Design To MOSIS, The MOSIS Service, Marina del Rey, CA,
Nov. 2015.

Yier Jin, "Taping out your chip,” Dept. Comput. Elect. Eng., Univ. of Central
Florida, Orlando, FL, May. 2014.

Kenney, J. F. and Keeping, E. S. (1962) "Linear Regression and Correlation.”
Ch. 15 in Mathematics of Statistics, Pt. 1, 3rd ed. Princeton, NJ: Van Nostrand,

pp. 252-285.



[40]

[41]

[42]

[43]

[44]

[45]

281

ModelSim User’s Manual, Software Version 10.1c, Mentor Graphics
Corporation, Wilsonville, OR, 2012.

S. Brown, “FPGA architectural research: A survey,” IEEE Des. Test. Compult.,
vol. 13, no. 4, pp. 9-15, Winter 1996.

Quartus Il Handbook Version 13.1, Altera Corporation, San Jose, CA, Nov.
2013.

Mohamed Ibrahim, "How pipelining improves cpu performance,” Digital
Internals, Feb. 2009.

Hennessy, Patterson, Computer Architecture: A Quantitative Approach, 5th ed.
Philadelphia, PA: Elsevier, Sep. 2011.

3164/3364 64-Bit Floating-Point Data Path Unit, Weitek Corporation, Berlin,

Germany.



282

ABSTRACT
THE DESIGN AND VLSI IMPLEMENTATION OF DIGITALARITHMATIC

PROCESSORS -
A CASE STUDY OF AGENERALIZED PIPELINE CELLULAR ARRAY

by
YUDI XIE
December 2015

Advisor: Dr. Harpreet Singh
Major: Computer Engineering
Degree: Master of Science

A generalized pipeline array appeared in IEEE transaction in 1974. The array
appeared in a few textbooks on computer arithmetic. From time to time, a number of
papers appeared which reflected the modifications of this array. The objective of this
thesis is to present the design and VLSI implementation of this array, which can add,
subtract, multiply, divide, square and square root of binary numbers. In this thesis, we
suggest a step-by-step procedure by which the design can be sent to MOSIS and to get
the fabricated chip back. The array has been extended from 5 rows to 7 rows so that the
extended operations can be performed. In particular, a procedure is developed by which
the design and the implementation methodologies are suitable for 40 pin and 500 nm
technologies. An algorithm has been developed by which one can predict and advance the
maximum size and performance of the array. In addition, to increase data processing
throughput, the extension of pipelining is conducted based on the original design. It is
hoped that the design and implementation done here will go a long way in the

development of advanced processors.
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