PCIl Express
Base Specification
Revision 1.0

April 29, 2002




REVISION | REVISION HISTORY DATE
1.0 Initial release. 4/29/02

PCI-SIG disclaims all warranties and liability for the use of this document and the
information contained herein and assumes no responsibility for any errors that may appear
in this document, nor does PCI-SIG make a commitment to update the information
contained herein.

Contact the PCI-SIG office to obtain the latest revision of the specification.

Questions regarding the PCI Express Base Specification or membership in PCI-SIG may be
forwarded to:

Membership Services

wWww.pcisig.com

E-mail: administration@pcisig.com

Phone: 1-800-433-5177 (Domestic Only)
503-291-2569

Fax: 503-297-1090

Technical Support
techsupp@pcisig.com

DISCLAIMER

This draft Specification is being provided to you for review purposes pursuant to
Article 15.2 of the Bylaws of PCI-SIG. This draft Specification is subject to
amendment until it is officially adopted by the Board of Directors of PCI-SIG. The
Board of Directors may, at its discretion, initiate additional review periods, in which
case you will be notified of the same. Pursuant to Article 14 of the Bylaws, this draft
Specification is to be considered PCI-SIG Confidential until adopted by the Board of
Directors.

All product names are trademarks, registered trademarks, or servicemarks of their respective
owners.

Copyright © 2002 PCI-SIG



PCI EXPRESS BASE SPECIFICATION, REV 1.0

Contents
PREFACE ...ttt et b et e st b e e et eneenne s 17
OBJECTIVE OF THE SPECIFICATION ...etiiutieeitteeessesesseesessseeesssesssseeesnsesesssssssssssssssessssessnnes 18
DOCUMENT ORGANIZATION ...tcutirieesteetesseessessesseessessesseessessssssesssesseessesssessssssesnsesseessens 18
DOCUMENTATION CONVENTIONS. ...cutteeiueeeaseresseeessesessesessesssssesssssesssssesssseessnsesssssesens 19
TERMS AND ABBREVIATIONS ....coiutitirieesteesesseesteessesseesseesesseessessessesssesnsessesssessesssesssenns 20
REFERENCE DOCUMENTS ...utttiiiittitesiittee s ssiseeeesssseea s ssssaeeesssseeesssssseeesssssessssnssnssssnssnnens 25
1. INTRODUCTION ..ottt sr e sne e 27
1.1. A THIRD GENERATION I/O INTERCONNECT ...cceeiiueeiteerieesreeeeeesseesseessessneenseens 27
1.2, PCIEXPRESS LINK .coitiitiiiesieeiesee sttt st be et s sse s sneenne s 29
1.3.  PCI EXPRESS FABRIC TOPOLOGY ....cceveiiiieeiiieesreeessesesssesssssessnssessseessnseesssenens 30
1.3.1. ROOE COMPIEX ....cveeieieecieee ettt et st ne e sne e 31
1.3.2. ENAPOINES. ...t 32
1.3.3. SIVITCI .. s 33
1.34. PCI EXPress-PCl Bridge.......cooveierieieeeseesie e 34
1.4. PCIl EXPRESS FABRIC TOPOLOGY CONFIGURATION ....ccueeiuirieesreeiesieesseeeesneennens 34
15. PCI EXPRESS LAYERING OVERVIEW ...ccccuuieitieiiieeesreeesssesessseessseeessnessnsessssesans 35
151, TranSaCtion LAYEN .......ccccceiieeiieeesieie e e eseesee e eae e se e ns 36
152 Data LINK LAYEN ....c.ooieieieeiesiesieee ettt st st 36
1.5.3. o 01V Tor= | I Y RS 37
154. Layer FUNCLIONS AN0 SENVICES........coiiieeieeie et 37
1.6. ADVANCED PEER-TO-PEER COMMUNICATION OVERVIEW ....cooviiiiriieieeeenieenens 41
2. TRANSACTION LAYER SPECIFICATION ...ooooiiieieeieeee e 43
2.1. TRANSACTION LAYER OVERVIEW ...c.utiiiiiieieeiesieestesne et e e sne s sneenne e sns 43
2.2. ADDRESS SPACES, TRANSACTION TYPES, AND USAGE ......ccccveeviiieeiieee e 44
2.2.1. MEMONY TraNSACLIONS.......ccueeeerieeiereeseesieseeseeseeseesaeesseeeesreesseeseesseeseens 44
2.2.2. [/O TranSACLIONS.........eciuiieie ettt e 45
2.2.3.  Configuration TranSaCliONS ........cecverueereereerieseeseesee e see e ee e eneeseeses 45
224 MESSAgE TraNSACLIONS.........ceeeieeierie et see e be e s see e 45
2.3. PACKET FORMAT OVERVIEW ...uciiuiiriieiinieenieseesieeste s sne s s sne e e nne e sns 47
24.  TRANSACTION DESCRIPTOR ....cciiiitiriiiieesieeesteeesiesssssesssssessseessnneesssesssnsesssnsens 438
2t T O V< Y 1= 1 S 48
24.2.  Transaction Descriptor —Transaction ID Field........c.cccccevvvevivcceeieeennen, 48
2.4.3.  Transaction Descriptor — Attributes Field..........ccevveeeviecce e, 50
24.4.  Transaction Descriptor — Traffic Class Field..........cccocceeviiiiicciecceei, 51
2.5,  TRANSACTION ORDERING ....ccutrterueesteeresseestesssesseessessesseessesssesseessesnsesseessesnssses 52
2.6. VIRTUAL CHANNEL (VC) MECHANISM .....ctiiiieiiiieiteesieesieesteesteesneesseesreesnee e 56
2.6.1.  Virtual Channel Identification (VC ID) .....ccccoooirirerieienene e 58
2.6.2.  VC SUPPOIt OPLIONS .....veeevieitieeieeitieeieestee st e siesereesseesseesseesaseesseesnseenseeas 58
2.6.3. TCLOVC MaAPPING ..vtviriiriiriieiesiesie sttt st ee s e e snes 59



PCI EXPRESS BASE SPECIFICATION, REV 1.0

264,  VC ANU TC RUIES.....cceiieeeieeee ettt st 60
2.7.  TRANSACTION LAYER PROTOCOL - PACKET DEFINITION AND HANDLING ......... 61
2.7.1.  Transaction Layer Packet Definition RUlES...........cccceieiiiiiiiiiiicnee 61
2.7.2.  TLP Digest RUIES.......cceiiriiieie ittt 65
2.7.3.  TLPswith Data Payloads - RUIES............cceiirieiininiseeeeeeeee e 66
2.7.4. REQUESES. ...t 67
2.7.5.  COMPIELIONS......cceiiiiriiitiitieie sttt b e sresne b sae e 76
2.7.6. Handling of Recaived TLPS.........c.ccoovreieece et 78
2.8, IMIESSAGES....ciitiiitieeteerite et e sttt e bt e st e et e s ettt e st e bt et e e nae e eae e e be e neebe e eare e neeeanan 88
2.8.1. BaseliNE MESSAQES.........ceeiuiieeciecie ettt 88
2.8.2.  Advanced Switching Support Message Group .........ccccoeeerereeneesesesennens 98
2.9.  ORDERING AND RECEIVE BUFFER FLOW CONTROL ...ccuveuiiuieieniesiesiesiesiesiessennenns 99
29.1. Overview and DEfINITIONS.........cocviieiineniere e 99
2.9.2. FIOW CONtrol RUIES ..o 100
2.10. DATA INTEGRITY eeiiiiiieiieeesiee ettt et sse e e s sse e ene e e sne e e sne e e sne e 109
22 10 50 TR 1 11 o L8 1 o o O PTRR RS 109
2.10.2.  ECRC RUIES......ooeiitieie ettt sttt sre e e nneas 109
2.11. ERROR FORWARDING ....c.vitiiisiieieeeeieseestestessessessesseeeensessessessessessessessesneenes 113
2.11.1.  Error Forwarding Usage Model ..o 113
2.11.2. RulesFor Use of Data POISONING .......ccccoveveiieiieiesiese e e eee e 114
2.12. COMPLETION TIMEOUT MECHANISM ...cutiiiiiieiiesieesieesee et e e sne e 114
2.13. TRANSACTION LAYER BEHAVIOR IN DL_DOWN STATUS ....occeiirierienieniennn 115
2.14. TRANSACTION LAYER BEHAVIOR IN DL_UP STATUS ..ot 116
3. DATALINK LAYER SPECIFICATION ....ooiiiiiiiiiineeeeeee e 117
3.1. DATALINK LAYER OVERVIEW ...uooiiiiiiieiiiesieeseeessesseeesseasnesssessnnsessessnsessseens 117
3.2.  DATA LINK CONTROL AND MANAGEMENT STATE MACHINE.......ccvcerverieriennnn. 119
3.2.1 Data Link Control and Management State Machine Rules..................... 120
3.3, FLOW CONTROL INITIALIZATION PROTOCOL ....covviivirierieeieeiesie e 121
3.3.1L Flow Control Initialization State Machine Rules.............cccooevereieennns 123
3.4. DATALINK LAYER PACKETS (DLLPS) ..ooiuieiiciee et 125
34.1. Data Link Layer Packet RUIES............cccoviieeneniineese e 125
3.5, DATA INTEGRITY .eoiuiiiiriisiisiesiestesiesieeee e st st st st bt et ste st sae b sae e sneens 130
35.1L INEFOTUCTION ...ttt s nee s 130
3.5.2. LCRC, Sequence Number, and Retry Management (TLP Transmitter).. 130
3.5.3. LCRC and Sequence Number (TLP ReCEIVEY) .....cccvveriireriineeeeeeens 142
4. PHYSICAL LAYER SPECIFICATION ...oooiiiiiesireneeeeee e 149
4.1, INTRODUCTION....ciitttiutasueesureasteeaseeasseessseaseessssaaseessssanseessesansesssessnsesssessnsesssenns 149
4.2,  LOGICAL SUB-BLOCK ......ccceiiiiriiriirieniinesieee et nnens 149
4.2.1. SYMBOl ENCOTING......eiivieiieiiieciie ettt st nree s 150
4.2.2. Framing and Application of Symbolsto Lanes.........ccccccevvveeveeieceennen, 153
4.2.3. Data SCrambling .......ccooeeeiiecieccee e 156
4.24. LinkInitialization and TraiNing........ccccceoerenerenenieeeerese s 157
4.2.5. Link Training and Status State Maching (LTSSM) ....coocveeevieecieeecieeee e 180
4.2.6.  Link Training and Status State DesCriptions...........cccovevererenesenerennens 183
4.2.7. Clock Tolerance CompenSsation ...........cc.eeieeiieeiieeieeeieesee e see e 195



PCI EXPRESS BASE SPECIFICATION, REV 1.0

4.2.8.  ComplianCe PatterN.........cccoveieeiieieierese e 197
4.3.  ELECTRICAL SUB-BLOCK ....cciitiitiitiriininieiesiesie e sie s siesseenee st ssesseseessessesnens 198
43.1. Electrical SUb-BIock REQUITEMENLS.........ccooeeieriereeeseeee e 198
4.3.2. Electrical Sgnal SoecifiCations.........cccocceeveeieiieese e 201
4.3.3. Differential Transmitter (Tx) Output Specifications..........c.ccoveeeeereennens 206
4.3.4. Differential Receiver (Rx) Input Specifications.............ccccceeveeieeneceenen, 211
SOFTWARE INITIALIZATION AND CONFIGURATION ....cccccevvrirniienenns 215
51,  CONFIGURATION TOPOLOGY ...ueruerieruerueeieseessessessessessessesssessessessessessessessessessenns 215
5.2.  PCl EXPRESS CONFIGURATION MECHANISMS......cccitiieeaieaneeeniesseeesieesseeseeens 216
5.2.1. PCI 2.3 Compatible Configuration Mechanism...........c.ccccceeveervernreenne 217
52.2. PCI Express Enhanced Configuration Mechanism...........c.ccoceovrenennene 218
5.2.3. Root Complex Register BIOCK.........cccvcvvieeriee e 218
5.3. CONFIGURATION TRANSACTION RULES ......cciiiiiiieiienieeniee e 219
5.3.1. DEVICE NUMDEY ......ceieeietiee ettt naenneas 219
5.3.2. Configuration Transaction AAdressiNg........ccooeveeevreereereeseeseeseseeseeens 219
5.3.3.  Configuration Request Routing RUIES...........ccevveeiieene i 220
5.3.4. Generating PCI Special Cycles using PCI Configuration Mechanism#1
221
5.4. CONFIGURATION REGISTER TYPES.....cccciiiiieiiieieenieeseeesiee e seeesnee e saee 221
55.  PCI-COMPATIBLE CONFIGURATION REGISTERS......cccererieierieniesieseesiesieseeneans 222
55.1.  Type0/1 Common Configuration SPACE .........cceveeerreerierieeneeneeee e 223
55.2.  TypeO Configuration Space Header ..........cccovveereeceseereceeseee e 228
55.3.  Typel Configuration Space Header ..........cccoovveeiirinncnneneneee e 229
5.6. PCl POWER MANAGEMENT CAPABILITY STRUCTURE.......cccurerieriereerreriesennenns 232
5.7. MSI CAPABILITY STRUCTURE.......cettteiteesueeasteaseeassessseesseessesssesssssssesssessseeas 234
5.8.  PCI EXPRESS CAPABILITY STRUCTURE ......cststertesterterieseeeeseessessessessessessesnens 234
5.8.1 PCI Express Capability List Register (Offset 00N) .......cccccvveeierieniennnnns 235
5.8.2. PCI Express Capabilities Register (Offset 02h)........cccccvevvviveieeiesieennen, 235
5.8.3. Device Capabilities Register (Offset 04h)........coceveeiininnieieeereeeen, 237
5.8.4. Device Control Register (Offset 08h)..........cccccvvieereriesieeie e 241
5.8.5. Device Satus Register (Offset OAN) ........cooerienieieeeee e 244
5.8.6. Link Capabilities Register (Offset OCh)........ccocovinireriiiererene e 246
5.8.7. Link Control Register (Offsat 10h)........cccoviriiieniinieeeee e 248
5.8.8. Link Status Register (OffSet 12N) ...c.ovveieeeieceeseee e 250
5.8.9. Sot Capabilities Register (Offset 14h)........ccooovieeiiiiiiieeeeeeeee e 251
5.8.10. SJot Control Register (OffSet 18N)......cccceveeieieeriee e 253
5.8.11. SJot Satus Register (Offset TAN) .....ccooieeiirereeree e 255
5.8.12. Root Control Register (Offset 1Ch).......ccovvvevieieeie e 256
5.8.13. Root Satus Register (Offset 20N) .......cccevieiiieiiiieiee e 257
5.9.  PCl EXPRESS EXTENDED CAPABILITIES. ....eccuerteestereesreenseseessessseseessesssesseessens 258
5.9.1 Extended Capabilitiesin Configuration Space...........ccccceeveviveieeccieennnnne 259
5.9.2. Extended Capabilities in the Root Complex Register Block................... 259
5.9.3. PCI Express Enhanced Capability Header ............cccoeceevieiieeiieccieecnenne 259
5.10. ADVANCED ERROR REPORTING CAPABILITY ..cccvieitiieieesieeseeesieeseeesies e 260
5.10.1. Advanced Error Reporting Enhanced Capability Header (Offset 00h)..261
5.10.2. Uncorrectable Error Status Register (Offset 04h) .......cccooeveniienininnns 262



PCI EXPRESS BASE SPECIFICATION, REV 1.0

5.10.3. Uncorrectable Error Mask Register (Offset 08h) ..........ccccevinirininennens 263
5.10.4. Uncorrectable Error Severity Register (Offset OCh) ........cccccevvevivenenee. 264
5.10.5. Correctable Error Status Register (Offset 10N) .......ccceveverenerenineenns 265
5.10.6. Correctable Error Mask (Offset 14h) ......ccccveeeveeie i 265
5.10.7. Advanced Error Capabilities and Control Register (Offset 18h) ........... 266
5.10.8. Header Log Register (Offset 1Ch) .....ccovvievieeiiiiesece e 267
5.10.9. Root Error Command Register (Offset 2Ch)........ccceieieneninineneneees 268
5.10.10. Root Error Status Register (Offset 30N)......ccccvevevceeveeveceecece e 269
5.10.11. Error Source Identification Register (Offsat 34h).......cccccevvveninennene 270
5.11. VIRTUAL CHANNEL CAPABILITY wocuteuieieriesiesiessessesiesesseeseessesseseessessessessessens 271
5.11.1. Virtual Channel Enhanced Capability Header ............ccooeviniiininennns 272
5.11.2. Port VC Capability ReEQISIEr 1 .....c.cccueiieiieee e 273
5.11.3. Port VC Capability REGISIEr 2 ......coiiiiiiieieeeeeeee e 275
511.4. Port VC Control REJISLES .......cccuveiieiieiieeseesie et eee et 276
5.11.5. PoOrt VC SatuUS REQISIEN .......eoiieiesieeieeie ettt 277
5.11.6. VC Resource Capability REQISIEN ........cceveeieiieiece e 277
5.11.7. VC Resource Control REQISIEN ........cccuveereriienieneeie e 279
5.11.8. VC Resource SatuS REGISLEN .......ccceevirieiieie et 281
5.11.9. VCArbitration Table........coooiiiiieiiie s 282
511.10.  Port Arbitration Table..........ccoceriririiiinceeeee e 283
5.12. DEVICE SERIAL NUMBER CAPABILITY ...ciiitiiiieenieeeieesieesseesieeseeessessneeseeens 285
5.12.1. Device Serial Number Enhanced Capability Header (Offset 00h)......... 285
5.12.2.  Serial Number Register (Offset 04h)........ccoooeiiieriiieeeeeeeeeeeee 286
5.13. POWER BUDGETING CAPABILITY ..uviiiiiiiesiesiesiesiesiesee e sneens 287
5.13.1. Power Budgeting Enhanced Capability Header (Offset OOh)................. 287
5.13.2. Data Sdlect Register (Offset 04h).......cccvveeveeirceeecee e 288
5.13.3. Data Register (OffSet 08h) .........ccoceeiiriiieniinieneee s 289
5.13.4. Power Budget Capability Register (Offset OCh)........cccccevvrceeniernrnenee. 291
POWER MANAGEMENT ..ottt s 293
6.1, OVERVIEW .eotiiiieiieiiste sttt sttt st bbbttt nb et st b e st st se e enes 293
6.1.1. Satement of REQUITEMENES........ccoiiiiieecie e s 294
6.2.  LINK STATE POWER MANAGEMENT ....cotitiriesientesiesieeeseesse st st sse e eneenes 294
6.3. PCI-PM SOFTWARE COMPATIBLE MECHANISMS.....ccueiiiieieerieeniee e seee e 299
6.3.1. Device Power Management Sates (D-States) of a Function.................. 299
6.3.2. PM Software Control of the Link Power Management Sate.................. 302
6.3.3. Power Management Event Mechanisms...........cccceccvvveveccesecseceeseenn, 307
6.4. NATIVE PClI EXPRESS POWER MANAGEMENT MECHANISMS.....ccceriueerieerneenne 316
6.4.1.  Active-Sate Power Management ..........ccceveerenieereeieeseesieseeseeeseeseeneens 316
6.5.  AUXILIARY POWER SUPPORT ...ccuutiitiiriteasteeseeesieeseeesseesseessesssesssesssesssessnseenns 332
6.5.1.  Auxiliary Power ENabling........ccccccoviriiniiiiein e 332
6.6. POWERMANAGEMENT SYSTEM MESSAGESAND DLLPS.......ccooiiiiiiiiiee 333
6.6.1. Power Management System MESSageS........covvuvrierrereiieeneesieesiesseeeneeens 333
6.6.2. Power Management DLLPS ..o 334
PClI EXPRESS SYSTEM ARCHITECTURE......ccccoveireeeceee e 335

7.1. INTERRUPT SUPPORT ...tieeeeeeteteeeeeeaeseeeessaaaassssaeseesssnaasseseesseesssnassesesssennnnnnnns 335



PCI EXPRESS BASE SPECIFICATION, REV 1.0

7.1.1. Rationale for PCI Express Interrupt Model ...........ccooeveiinininineeeeee, 335
7.1.2.  PCI Compatible INTX EMUlation ..........ccccceveieiieiiee e 336
7.1.3. INTx Emulation Software Model ............ccooeeviieneninneseee e 336
7.1.4. Message Signaled Interrupt (MS) SUPPOIt .....cceevveevievierece e 336
7.1.5. MS SOftware MOGEL ...........cooieeieeeee e 337
7.1.6. PME SUPPOIT ...ttt st nane e nsne e e 337
7.1.7. PME SOftware MOl ..........ooeoieiieeceeeseee e 338
7.1.8. PME Routing Between PCI Express and PCI Hierarchies..................... 338
7.2. ERROR SIGNALING AND LOGGING.....ccciiitiiiiieriei ettt 338
7.2.1. S 010 0 PSPPI 338
7.2.2. Error ClassifiCation ..........ccooveeieeienieseese e 339
7.2.3.  Error SgNalinNg ....cccooeeeeiieece e 340
7.2.4. [T g o] g oo (o 1 oo [P SRTRS 343
7.25.  Error Listing and RUIES..........ccceiieiieeeciese e 344
7.2.6. Real and Virtual PCI Bridge Error Handling.........c.ccooevevviieienieneenens 346
7.3, VIRTUAL CHANNEL SUPPORT ....utiuiiuieieiestestesiessessessessesseessessessessessessessessessennes 347
7.3.1. INtroduction @Nd SCOPE. ......ccvevviieiriiriieieee e 347
7.3.2.  Supported TC/VC ConfigurationS..........ccceceereeresieeseeseeseeseeseesseesseeneens 348
7.3.3.  VC AIDIIatiON. .. .coiiiiiieee e neeas 350
7.34. [SOCHIrONOUS SUPPOIT ...t 356
7.4. DEVICE SYNCHRONIZATION STOP MECHANISM ....ccceiiiieieenieeniee e 359
7.5, LOCKED TRANSACTIONS ...ccutstirueruereeeeeessessessessessessessessesssesssssessessessessessessennes 360
75.1. g1 o0 ot o] o PR ORR 360
7.5.2. Initiation and Propagation of Locked Transactions - Rules................... 360
7.5.3. Switchesand LOCK - RUIES.........c.ooeiiiriieeececee s 361
7.5.4. PCI Express/PCI Bridges and Lock - RUles.........cccoovevvecececciecieceen, 362
7.5.5. Root Complex and Lock - RUIES........c.co e 362
7.5.6. Legacy ENAPOINES........cccviieieeie e nne s 363
75.7. PCI EXPress ENAPOINES........ccoveieiieririesee e see e esee e e 363
7.6. PCl EXPRESS RESET -RULES......ccitiiiiiiesiisie sttt st 363
7.7.  PCl EXPRESSNATIVE HOT PLUG SUPPORT ....cccueiiiieiieeeieesieesee e seee e 366
7.7.1. PCI Express Hot Plug Usage Model ...........ccooveieieeii e 366
71.7.2. EVENE BENAVION ..ot 371
7.7.3. Registers Grouped by Device ASSOCIAtioN .........ccccveeereereesieeseeseeseeneens 371
1.7.4. IMESSAGES ...ttt et 376
7.75.  PCI Express Hot Plug Interrupt/Wake Sgnal LOgIiC .......ccccevveieeneennens 377
7.7.6.  TheOperating System Hot Plug Method............ccooeiiniiiniinieeee, 379
7.8. POWER BUDGETING CAPABILITY ..ooteieiereisiesiesiesiessesesesssesseseessessessessessesseenes 380
7.8.1. System Power Budgeting Process Recommendations............cccccvevuenee. 380
7.9. SLOT POWER LIMIT CONTROL ..uttrutiiteeieeeesieesteseesseessessesseessesnesseessessesseessens 381
A. ISOCHRONOUSAPPLICATIONSAND SUPPORT ....ccccoceverirnrrenrsie e 383
AL INTRODUCTION . ...iiuteiteeriateesteseesseessessesseessesssesseessesssesseessesssesseessesnsesseessesnnesses 383
A.2. ISOCHRONOUS CONTRACT AND CONTRACT PARAMETERS ......covivieiierieeieeene 385
A.2.1.  Isochronous Time Period and Isochronous Virtual Timedlot ................. 386
A2.2.  Isochronous Payload SZe........ccccoiiiieiie i 386
A.2.3.  Isochronous Bandwidth AllOCAtioN..........ccceevereeieeieseere e 387



PCI EXPRESS BASE SPECIFICATION, REV 1.0

A.2.4.  1sochronous Transaction LAENCY ........c.cceererereeieeneeniesiesiesie e 388
A.25.  An Example lllustrating Isochronous Parameters..........ccoccevveviveeennenne. 389
A.3.  ISOCHRONOUS TRANSACTION RULES.......oiiiiiiieiiieieeriee e 390
A4, TRANSACTION ORDERING ....teetirueertearesseesteseesseessessesseessessesseessesssesseessessnssees 390
A.5.  ISOCHRONOUS DATA COHERENCY ....cuceiiueerieereeesueaseeassesssessseessesssesssesssessnns 390
A.B. FLOW CONTROL ..euteeteeueisieesteeiesieesseesesseessesssesseessesssesseessesssesseessesnsesseessesnnssees 391
A.7.  TOPOLOGY RESTRICTIONS. ... cetiiiteieiteeerteeesseeaaseesssseessnsesssnsessaseessseesssessssess 391
A.8.  TRANSFER RELIABILITY .utiitieieiiesieetesieesteeeesieessessessee b s s sseensesseessesnnenes 392
A.9. CONSIDERATIONS FOR BANDWIDTH ALLOCATION ....eeiiuerrreeieeseeeseesseeessessnnes 393
A9.1.  Isochronous Bandwidth of PClI EXpress Links.........ccccceceveeieieesieenenne 393
A.9.2.  Isochronous Bandwidth of Endpoint DeVICes...........coovverereneneneeenne. 394
A.9.3.  Isochronous Bandwidth of SMItChES..........c.ccoceieiiiiniiinsn, 394
A.9.4.  Isochronous Bandwidth of Root COMpPIEX.........ccceeereriienininieeeeee 394
A.10. CONSIDERATIONS FOR PCl EXPRESS COMPONENTS.....coveiieeieeeesieeseesee e 394
A.10.1. APCI Express Endpoint Device as a ReqUESEES ..........cooevvrerereneeenne. 394
A.10.2. APCI Express Endpoint Device asa Completer ..........ccceevvvverieecenrnenne 395
AL0.3.  SIWITCHES. ... 396
A.10.4.  ROOL COMPIEX.....iiieitieieiieesieeeeseesteeeesteeeesseesseesseseesreensesseesseesesseesseenes 397
B. SYMBOL ENCODING ..ottt sre e 399
C. PHYSICAL LAYER APPENDIX ...ttt 409
C.1.  DATA SCRAMBLING ...eeitetttiaiueaateasteesteasseeaseassessseessesasesssesssesssesssesssessnsesnns 409



PCI EXPRESS BASE SPECIFICATION, REV 1.0

Figures
FIGURE 1-1: PCl EXPRESS LINK ..uutttiiiiiiiiisitireeieieeeiesssisssereesssssssssssssssesssssssssssssssseesssssssns 29
FIGURE 1-2. EXAMPLE TOPOLOGY ..ceiiiiiiiiiiurirreieieseseisssstseeeessssssssssssssesessssssssssssssesessssenns 31
FIGURE 1-3: LOGICAL BLOCK DIAGRAM OF A SWITCH ..vvvviieiiiiiiiiiireieeieeesesessvsseeeeeeseseeans 33
FIGURE 1-4: HIGH-LEVEL LAYERING DIAGRAM .....uuuuuiuiuininiiininnnsnsnsnssnssssssssssssssssssssssssanes 35
FIGURE 1-5. PACKET FLOW THROUGH THE LAYERS .....uttiiiiiieiiiiiiiirreeeeee e sssnnrseeeeeeseeennns 36
FIGURE 1-6: ADVANCED PEER-TO-PEER COMMUNICATION .....covictvreireieeeeeseivreeeeeee s e e 41
FIGURE 2-1. LAYERING DIAGRAM HIGHLIGHTING THE TRANSACTION LAYER....ccccveeernnns 43
FIGURE 2-2: GENERIC TRANSACTION LAYER PACKET FORMAT ....utttiiiiiee e ieriieeeee e 47
FIGURE 2-3. TRANSACTION DESCRIPTOR ....uutvteeiieeiiiiiisrireeeeeesssisissssseeeessssissssssssseeessssanns 48
FIGURE 2-4: TRANSACTION ID ...utttiiiiiii ittt bbrr e s s s abbae e e s e s s 48
FIGURE 2-5. ATTRIBUTES FIELD OF TRANSACTION DESCRIPTOR ....vvvveiieeeiiiiinnineeeeeeseeennns 50
FIGURE 2-6: VIRTUAL CHANNEL CONCEPT — AN [LLUSTRATION ...utvtiiiieeeiiiinrieeeeeeeeeeenans 57
FIGURE 2-7: VIRTUAL CHANNEL CONCEPT — SWITCH INTERNALS (UPSTREAM FLOW)..... 57
FIGURE 2-8: AN EXAMPLE OF TC/V C CONFIGURATIONS......uuuiiiiirrieeeiireeeeesirreesssssseessans 60
FIGURE 2-9. REQUEST HEADER FORMAT FOR 32B ADDRESSING OF MEMORY ......cccccceunnu. 68
FIGURE 2-10: REQUEST HEADER FORMAT FOR 64B ADDRESSING OF MEMORY ................ 68
FIGURE 2-11: REQUEST HEADER FORMAT FOR /O TRANSACTIONS......vveeiireeeireeeeireeeennens 68
FIGURE 2-12: REQUEST HEADER FORMAT FOR CONFIGURATION TRANSACTIONS ............ 68
FIGURE 2-13: REQUEST HEADER FORMAT FOR MSG REQUEST ......vvvieeieeeeiiecnrrneeeeeeeeeennns 69
FIGURE 2-14: REQUEST HEADER FORMAT FOR M SGD REQUEST .....cccceviuieeeeiiieee e 69
FIGURE 2-15; REQUEST HEADER FORMAT FOR M SGAS REQUEST ...vvvvviveeeiiicirrireeeeee e 69
FIGURE 2-16: REQUEST HEADER FORMAT FOR MSGASD REQUEST .....cccceeeevieeeeeeireeene 69
FIGURE 2-17: COMPLETION HEADER FORMAT .ciiiiiiiiiiitiiieiee e e e e esnirreeeeee s s e sssnsrnseeesesssennns 76
FIGURE 2-18:; COMPLETER D ..ttt ittt bbrre e s s saaban e e e s e s s 77
FIGURE 2-19: FLOWCHART FOR HANDLING OF RECEIVED TLPS....ccovvevieeiiiiiiieeeeeee e 79
FIGURE 2-20: FLOWCHART FOR SWITCH HANDLING OF TLPS.....cccciiieiei e 80
FIGURE 2-21. FLOWCHART FOR HANDLING OF RECEIVED REQUEST ...cceveeviiiiirireeeeeeeeeenns 82
FIGURE 2-22: INTX COLLAPSING IN A DUAL-HEADED BRIDGE ......uvvviiieiiiiiiciiiieeeeeee e 92
FIGURE 2-23: PAYLOAD DEFINED MESSAGE........ccttiiiitiieeeiitiieeeesseeeeessseeeesssneeessnssseeesans 96
FIGURE 2-24: RELATIONSHIP BETWEEN REQUESTER AND ULTIMATE COMPLETER ........... 99
FIGURE 2-25; CALCULATION OF 32B ECRC FOR TLP END TO END DATA INTEGRITY

[ (O 1 =0 ) 112
FIGURE 3-1: LAYERING DIAGRAM HIGHLIGHTING THE DATA LINK LAYER ....vvveeeeeeeeenn, 117
FIGURE 3-2: DATA LINK CONTROL AND MANAGEMENT STATE MACHINE.......ueeevveeeennne. 119
FIGURE 3-3. FLOWCHART DIAGRAM OF FLOW CONTROL INITIALIZATION PROTOCOL .... 122
FIGURE 3-4: DLLP TYPE AND CRC FIELDS...ctiiiiiiiiictiieeieie ettt sesssbseeee e s 126
FIGURE 3-5; DATA LINK LAYER PACKET FORMAT FOR ACK AND NAK .....cccevviuveeeeennnenn. 127
FIGURE 3-6: DATA LINK LAYER PACKET FORMAT FOR INITFCL ...ovvviieiiiiiiirieeeeeeceee 127
FIGURE 3-7: DATA LINK LAYER PACKET FORMAT FORINITFC2 .....cooveivieeeccreee e, 127
FIGURE 3-8. DATA LINK LAYER PACKET FORMAT FOR UPDATEFC..........occcvvvveeeeeeees 127
FIGURE 3-9: PM DATA LINK LAYER PACKET FORMAT w.vvviiiiii ittt 127
FIGURE 3-10: VENDOR SPECIFIC DATA LINK LAYER PACKET FORMAT ....ccccvvviveeeeeeeeens 128
FIGURE 3-11: DIAGRAM OF CRC CALCULATION FORDLLPS......ccvveeeveeiiiieieeeeee e, 129



PCI EXPRESS BASE SPECIFICATION, REV 1.0

FIGURE 3-12: TLPwITH LCRC AND SEQUENCE NUMBER APPLIED. ......cccceeeeeireeeeenreeen. 130
FIGURE 3-13: TLP FOLLOWING APPLICATION OF SEQUENCE NUMBER AND RESERVED BITS
................................................................................................................................. 132
FIGURE 3-14: CALCULATION OF LCRC ... ..ottt 134
FIGURE 3-15: RECEIVED DLLP ERROR CHECK FLOWCHART .....cccuvvieiieeeeeieetreeeeeee e 139
FIGURE 3-16: ACK/NAK DLLP PROCESSING FLOWCHART .....ccviiiitiieciteee et 140
FIGURE 3-17: RECEIVE DATA LINK LAYER HANDLINGOF TLPS..uvvviiiieiiiiieeeeeee, 145
FIGURE 4-1: HIGH LEVEL LAYERING DIAGRAM HIGHLIGHTING PHYSICAL LAYER......... 149
FIGURE 4-2: CHARACTER TO SYMBOL MAPPING.......ccotttreiiieeiiiiiiiriereiee e s s sssssvsseeesesseesans 150
FIGURE 4-3: BIT TRANSMISSION ORDER ON PHYSICAL LANES- X1 EXAMPLE................ 151
FIGURE 4-4: BIT TRANSMISSION ORDER ON PHYSICAL LANES - X4 EXAMPLE................ 151
FIGURE 4-5; TLP WITH FRAMING SYMBOLSAPPLIED .....ccciiivreeeeiitreeeeesnreeeeesnseeesesnseeens 154
FIGURE 4-6.: DLLPWITH FRAMING SYMBOLSAPPLIED w.eeeiiieiiiiitrreeieeeeeesssssvseeeeeeseeesnns 155
FIGURE 4-7: FRAMED TLP ON A XL LINK .cvviiiieiriieeccieee e ccireee e evree e senvree e nnreee s 155
FIGURE 4-8. FRAMED TLP ON A X2 LINK ..uuutiiiiieiiiieciiirreiee e eseirrree e e e ssssvsneee e s 156
FIGURE 4-9: FRAMED TLP ON A X4 LINK ..uvviiiiiiriiee et cctreee e evreee s eenaree e s nnreeeas 156
FIGURE 4-10: LFSR WITH SCRAMBLING POLYNOMIAL ..vvviiiiiiiiiiiiriiriieeeeesesvvseeeeeeseeenans 157
FIGURE 4-11: WIDTH NEGOTIATION, SIMPLIFIED STATE MACHINE, DOWNSTREAM
COMPONENT (PART L) c.iiiiiiieiieeiesiie sttt s e bt esseeseeeneesneenneas 170
FIGURE 4-12: WIDTH NEGOTIATION, SIMPLIFIED STATE MACHINE, DOWNSTREAM
COMPONENT (PART 2) c.iitieiiesieeie et sie sttt st ee s sse e se e e saeeneesseesseensesneensens 171
FIGURE 4-13: WIDTH NEGOTIATION, SIMPLIFIED STATE MACHINE, UPSTREAM
COMPONENT (PART L) c.iiiiiiiisiieie e stee ettt e e e eesseesneensesneeneeas 172
FIGURE 4-14: WIDTH NEGOTIATION, SIMPLIFIED STATE MACHINE, UPSTREAM
COMPONENT (PART 2) c.tiitiiiiesieeie ittt ettt s st saeesbestesseesseensesneensens 173
FIGURE 4-15: WIDTH NEGOTIATION EXAMPLE ....uvviiiiitiiieeccireee e ccveee e eree e evre e 174
FIGURE 4-16: LINK WIDTH NEGOTIATION; STEPS 1,2 ..uuvtiiiiiii it eeirreeee e 176
FIGURE 4-17: LINK WIDTH NEGOTIATION; STEPS 3, 4...ooeeiicrreeeeecreeee e eevree e 177
FIGURE 4-18: LINK WIDTH NEGOTIATION; STEPS S5, B..uvveiiiiiiiiiiiiriieiiee e 179
FIGURE 4-19: MAIN STATE DIAGRAM FOR LINK TRAINING AND STATUS STATE MACHINE
................................................................................................................................. 183
FIGURE 4-20: DETECT SUB-STATE MACHINE......ccuuttiiiitieeeeeeireeeeeireeeessinseeessensseeesensseeens 184
FIGURE 4-21: POLLING SUB-STATE IMACHINE .....coiiiiittiriiiiee e e seirrerer e e s sssssbsseees e s s s sans 186
FIGURE 4-22: CONFIGURATION SUB-STATE MACHINE........cciitiieeiirreeeecitreeeeeerreeeeesnveeens 188
FIGURE 4-23: RECOVERY SUB-STATE MACHINE.......cccottttiiiieeiieiiiriireee e s sesssrsseeesesssesans 189
FIGURE 4-24: LOS SUB-STATE MACHINE ......uvtieiiiieieeeiitreee e eetreeeeessreeeessnreeesssnsseeesennsseens 191
FIGURE 4-25: L1 SUB-STATE MACHINE.....cutttiiiieii ittt i e e s sissrere e e s e s sssssbssseesssssesans 192
FIGURE 4-26: L2 SUB-STATE MACHINE......cccttteiiitiieeeeitreeeeeetreeeeessseeeesssseeesssssseeesssssseens 193
FIGURE 4-27: LOOPBACK STATE MACHINE ....cctiiiiiiiiiittireieie e e e e seibsrerre e e s s s sssssbsseeesesssesans 195
FIGURE 4-28: SAMPLE DIFFERENTIAL SIGNAL ...cccuvveeeeiitieeeeeetreeeeessveeeessisseeessesseeesssssseess 202
FIGURE 4-29: SAMPLE TRANSMITTED WAVEFORM SHOWING -3.5 DB DE-EMPHASIS
AROUND A 0.5V COMMON MODE-.......ccciiiitiieeiiiriieeeiteeeeeeireeeeseiaseeeeesaseeessnnnnesesns 203
FIGURE 4-30: A 30 KHzZ BEACON SIGNALING THROUGH A 75 NF CAPACITOR............. 205
FIGURE 4-31: BEACON, WHICH INCLUDESA 2 NS PULSE THROUGH A 75 NF CAPACITOR
................................................................................................................................. 205

10



PCI EXPRESS BASE SPECIFICATION, REV 1.0

FIGURE 4-32: MINIMUM TRANSMITTER TIMING AND VOLTAGE OUTPUT COMPLIANCE

s ol = 107Ny T RO 209
FIGURE 4-33: COMPLIANCE TEST/MEASUREMENT LOAD .....ccvviiiicieie e 210
FIGURE 4-34: MINIMUM RECEIVER EYE TIMING AND VOLTAGE COMPLIANCE

S o = [Ny () 214
FIGURE 5-1: PCl EXPRESS ROOT COMPLEX DEVICE MAPPING .....ccvvvveeetvieeeccvreeeeeciveenn. 216
FIGURE 5-2: PCIl EXPRESS SWITCH DEVICE MAPPING ...cciviiiiiiiiirieeeeee e sevreeeee e e 216
FIGURE 5-3; PCl EXPRESS CONFIGURATION SPACE LAYOUT...ccciiiiiieeecireee et 217
FIGURE 5-4: COMMON CONFIGURATION SPACE HEADER..........cocectvtieeiee e eeerrreeee e 223
FIGURE 5-5; TYPE O CONFIGURATION SPACE HEADER........cccuviieiictieeeeectreee e ecvree e 228
FIGURE 5-6: TYPE 1 CONFIGURATION SPACE HEADER.....cciiiiiiiiiittieeeee e sevreeeee e 229
FIGURE 5-7: PCl POWER MANAGEMENT CAPABILITY STRUCTURE.......cccvveeeiinreeeeenvennn. 232
FIGURE 5-8: POWER MANAGEMENT CAPABILITIES ....uvtriiiieeiieiiiirrereieeesssssssssseresesssesnns 232
FIGURE 5-9: POWER MANAGEMENT STATUS/CONTROL ....ccvveeiitieeiireeeereeesreeessveesssreeeenns 233
FIGURE 5-10: PCl EXPRESS CAPABILITY STRUCTURE.....ccttiiiiiiiiitrrereieeesssssssrssseesesssesans 234
FIGURE 5-11: PCIl EXPRESS CAPABILITY LIST REGISTER......cvvieeiitiieeectreee e ccvreeeeennveens 235
FIGURE 5-12: PCl EXPRESS CAPABILITIESREGISTER ...vvvviiiiiiiiiiiirrieeiee e sessvseeee s e s 235
FIGURE 5-13. DEVICE CAPABILITIESREGISTER ....vvtiiiiitiiieiccireieeciteee e cireee e eenreeesennneeeas 237
FIGURE 5-14: DEVICE CONTROL REGISTER....cttiiiiiiiiiittrreieie e e eessiirreeeee s s s s sssssbssesesesssesans 241
FIGURE 5-15. DEVICE STATUSREGISTER......teiiiiiiiieeeiitieeeeectreeeeesteeeeeeinreeessensseeessnnseeens 244
FIGURE 5-16: LINK CAPABILITIESREGISTER....ciiiiiiiiiittrereieieeeiessiirrereeee s s s sssssbssesesesssesans 246
FIGURE 5-17: LINK CONTROL REGISTER......uveiiiiiriieeeiitieieeeitreeeeesreeeeessseeessensseeesennseeens 248
FIGURE 5-18: LINK STATUSREGISTER.....cccutttiiieeeiiieittrreie e e e s e ssisssereees s s s sssssbssesesasssesnns 250
FIGURE 5-19: SLOT CAPABILITIES REGISTER ....cccvvieeiitieeeeeitreeeeesireeeeesnseeessssnseeesssnsseeas 251
FIGURE 5-20: SLOT CONTROL REGISTER.....uttiiiiiiiiiiiiitiiriiei e eseibrrie s sssssbsseee s e s ans 253
FIGURE 5-21: SLOT STATUS REGISTER......ccitttieieitreeeeeeitreeeeestreeesassseeessssseesssssssesssssssseens 255
FIGURE 5-22: ROOT CONTROL REGISTER....uutttiiiiiiiiiiiitiriiii e sseibrrir e s sssssbsseee s e s s s sans 256
FIGURE 5-23: ROOT STATUS REGISTER.......ccuvtteiiittieeeeiitreeeeeetreeesessseeeesssseeessssssesessnsseeeas 257
FIGURE 5-24: PCl EXPRESS EXTENDED CONFIGURATION SPACE LAYOUT ...vvvveeeieeeinnns 258
FIGURE 5-25: PCIl EXPRESS ENHANCED CAPABILITY HEADER ....cccveeeecivieee e 259
FIGURE 5-26: PCl EXPRESS ADVANCED ERROR REPORTING EXTENDED CAPABILITY

STRUCTURE ..ttt itcttteeeeeittteeeestreeseesatseeesaassesesaabseeessasbseessassesesaasbaeesssassasessassenesanssnnens 260
FIGURE 5-27: ADVANCED ERROR REPORTING ENHANCED CAPABILITY HEADER............ 261
FIGURE 5-28: UNCORRECTABLE ERROR STATUS REGISTER .....ccceiivieeeeeireeeeeerreeeeeenveenns 262
FIGURE 5-29: UNCORRECTABLE ERROR MASK REGISTER.........ccovuvririiiee i ieirreeeee e 263
FIGURE 5-30: UNCORRECTABLE ERROR SEVERITY REGISTER......ccccveeeeiitreeeeeevreeeeeenveenn 264
FIGURE 5-31: CORRECTABLE ERROR STATUSREGISTER........cioieitrtiriieee e seisrseeeee e e 265
FIGURE 5-32: CORRECTABLE ERROR MASK REGISTER ....cccovitvieeeiiirreeeecnreeeseenseeesennseeens 265
FIGURE 5-33: ADVANCED ERROR CAPABILITIESAND CONTROL REGISTER .....cceevveeernnns 266
FIGURE 5-34: HEADER LOG REGISTER ......ccitttieiitteieeectieee e eeitreeeeesireeeessnreeesssnsseeesenreeeas 267
FIGURE 5-35: ROOT ERROR COMMAND REGISTER.......uuttriiiiieiiiiiiiriieiiee s sssssssseeesesssennns 268
FIGURE 5-36: ROOT ERROR STATUS REGISTER .....uetiiiiitiiieeiitreeeeeireeeeesnseeesssssseeesassseeens 269
FIGURE 5-37: ERROR SOURCE IDENTIFICATION REGISTER .......ccovitttiriieee e eeirrieeee e 270
FIGURE 5-38: PCIl EXPRESS VIRTUAL CHANNEL CAPABILITY STRUCTURE.......ccevveeernnnn. 271
FIGURE 5-39: VIRTUAL CHANNEL ENHANCED CAPABILITY HEADER.........cccvvvvvereeeeeeens 272
FIGURE 5-40: PORT VC CAPABILITY REGISTER L.....titiiiiiee ettt sevrsee e 273

11



PCI EXPRESS BASE SPECIFICATION, REV 1.0

FIGURE 5-41: PORTVC CAPABILITY REGISTER 2......tttriiiiee et sevvsee e 275
FIGURE 5-42: PORT VC CONTROL REGISTER.......cvttiiiitiiieeiiireeeeesreeeessnseeesssnsseeesennseeeas 276
FIGURE 5-43:; PORTVC STATUSREGISTER ....cttiiiiiiiiitttreieiee e e sseiirrereee e s s s ssssssssesesesssesans 277
FIGURE 5-44: VC RESOURCE CAPABILITY REGISTER ....veviiiiiriieeiitreeeeeeiieee e eenreeesesnveeeas 277
FIGURE 5-45: VC RESOURCE CONTROL REGISTER .....utttiiiiiieiiiiiiriirieee e e e ssssvseeeee e s e e 279
FIGURE 5-46: VC RESOURCE STATUS REGISTER ....ccciiitiiieiiiireeeeeiiveeeeeenreeeseennseessesaseeens 281

FIGURE 5-47: STRUCTURE OF AN EXAMPLE VC ARBITRATION TABLE WITH 32-PHASES.283
FIGURE 5-48: EXAMPLE PORT ARBITRATION TABLE WITH 128 PHASESAND 2-BIT TABLE

EEN T RIES ..t b s s b s b s b s b s s s s s s s s s s ssssasasssssssssssssssssssssnsnsssnsnnns 284
FIGURE 5-49:; PCIl EXPRESS DEVICE SERIAL NUMBER CAPABILITY STRUCTURE ............ 285
FIGURE 5-50: DEVICE SERIAL NUMBER ENHANCED CAPABILITY HEADER .....vvvveeeeeeennne. 285
FIGURE 5-51: SERIAL NUMBER REGISTER....uttttiiiiiiiiiitiireieieeeseiisssseeeeesesssssssssssseesssssenns 286
FIGURE 5-52: PCIl EXPRESS POWER BUDGETING CAPABILITY STRUCTURE .....ceeeveeeeennnns 287
FIGURE 5-53: POWER BUDGETING ENHANCED CAPABILITY HEADER ........cccvvvvveeeeeeeeens 287
FIGURE 5-54: POWER BUDGETING DATA REGISTER......uuuuuuuuuruininrnrnnnsnsnnsnasssssasssssnssssnanes 289
FIGURE 5-55; POWER BUDGET CAPABILITY REGISTER ..vvviiiieiiiiiiiriieeeeeesesesisnrseeeeeesesennns 291
FIGURE 6-1: LINK POWER MANAGEMENT STATE TRANSITIONS....uutttiieeeiiieirreeereeeeeeenans 297
FIGURE 6-2: ENTRY INTO L1 LINK STATE ...uttttiiiiiiiiiiiiirreieee e e eseirreeeeeeesesesnnrssseesesssennns 303
FIGURE 6-3: EXIT FROM L1 LINK STATE INITIATED BY UPSTREAM COMPONENT............ 306
FIGURE 6-4: A CONCEPTUAL PME CONTROL STATE MACHINE ....vvvvieieeeeiiciirreeeeeeee e, 313
FIGURE 6-5: L1 TRANSITION SEQUENCE ENDING WITH A REJECTION ......ccevevevreeeeennneee. 324
FIGURE 6-6. L1 SUCCESSFUL TRANSITION SEQUENCE ....eceiiieeiiiiitrrrreeeeeeesesnsrseeeeeesssennns 324
FIGURE 6-7: EXAMPLE OF L1 EXIT LATENCY COMPUTATION .....uvvriiriieeeeeieirreeeeeeeeeeenns 326
FIGURE 6-8. EXAMPLE OF PME MESSAGE ADDRESSING IN A PCl EXPRESS-TO-PCI

BRIDGE ...ttt b s s b s b s b s b s b s s s s s as s s s s b s s abbrabababababnbabarannrnnnnnnnnns 334
FIGURE 7-1. ERROR CLASSIFICATION.....ciiititttteeeeeseiisisrrreeeeesssessssssseseesesssesssssssseesesssennns 339
FIGURE 7-2: AN EXAMPLE OF SYMMETRICAL TC TOVC MAPPING....c.ccoiiiviririeeeeeee e 349
FIGURE 7-3. AN EXAMPLE OF ASYMMETRICAL TC TOVC MAPPING .......occcvvvvveeeeeeeeenns 350
FIGURE 7-4: AN EXAMPLE OF TRAFFIC FLOW ILLUSTRATING INGRESS AND EGRESS....... 351
FIGURE 7-5. AN EXAMPLE OF DIFFERENTIATED TRAFFIC FLOW THROUGH A SWITCH.... 351
FIGURE 7-6. SWITCH ARBITRATION STRUCTURE.......cccttttiiiieeiiiiiiirrereeee s s s ssssssssseesesssesnns 352
FIGURE 7-7: VC ID AND PRIORITY ORDER — AN EXAMPLE......cccciititieeeee e 34
FIGURE 7-8. HOT PLUG LOGIC ..utttiiiiiiiiii ittt ettt ssibbree s e s s s snabane e e s s s s s ans 378
FIGURE A-1. AN EXAMPLE SHOWING ENDPOINT-TO-ROOT-COMPLEX AND PEER-TO-PEER

COMMUNICATION MODELS ..ottt sibrree s s st aee e e s s s s s s ssbbasae e s e s s s s snannrens 384
FIGURE A-2. Two BAsic BANDWIDTH RESOURCING PROBLEMS. OVER-SUBSCRIPTION

AND CONGESTION L.uuutvttiiiiieiiiiisssstreiesssssssssrsseeesssssssssssssresessssssssssssstessssssssssssseesens 385
FIGURE A-3:. A SIMPLIFIED EXAMPLE ILLUSTRATING PCl EXPRESS |SOCHRONOUS

PARAMETERS ..ottt ettt e e s s s bbb e e e e e e s s s e s b bbb e e e s e e s s e s bbb b b e e e e e s s s saaabbaneneseas 389
FIGURE A-4. AN EXAMPLE OF PCI EXPRESS TOPOLOGY SUPPORTING |SOCHRONOUS

F AN = = I 07y 1] NS T 392
FIGURE C-1: SCRAMBLING SPECTRUM FOR DATA VALUEOF O....cccvveeeeerrieee e, 415

12



PCI EXPRESS BASE SPECIFICATION, REV 1.0

Tables
TABLE 2-1: TRANSACTION TYPES FOR DIFFERENT ADDRESS SPACES.......ccvvveieieeeeerivnnee 44
TABLE 2-2. ORDERING ATTRIBUTES ..eiiiiiuttieeeitteeeeiitreeesessseeesssssessssssssesssasssesessssssessssnnnes 51
TABLE 2-3: CACHE COHERENCY MANAGEMENT ATTRIBUTE ..uvvtiriieeeeiiisrireeeereeeeesesssnes 51
TABLE 2-4 DEFINITION OF TC FIELD ENCODINGS.....tttiiiiiiiieicirrieeeee e 52
TABLE 2-5. ORDERING RULES SUMMARY TABLE ....cvvtiiiiiiiieeecireee e ceirreeesenireee e snnee e e s 53
TABLE 2-6: TC TOVC MAPPING EXAMPLE ..ccccoi ittt ssbaee e e e s saaaes 59
TABLE 2-7: TD AND EP FIELD VALUES. ....coiiiiittiee ettt ettteee et e esivae e e s snnaee e 63
TABLE 2-8: FMT[1:0] AND TYPE[4:0] FIELD ENCODINGS ......ccemiruieieieieniesieniesiesieeeeneas 63
TABLE 2-9: MESSAGE ROUTING.......uttiiiiiiiieeeitieee e eitteeeseiareeeessareesssnssseessesseeessssnsessssnnns 65
TABLE 2-10: MSG CODES......uttttiiiiiiiiiiiiirteriiee e e e sesisbssere s e s s s s ssssbssassessssssssssbssseesasssssanssssens 73
TABLE 2-11; MSGD CODES .....ueiiiiiitiieiiiieie e e ettt e eitree e s eiabeeesesbreessessaseessesreeesasnsseesssnnens 76
TABLE 2-12: SWITCH MAPPING FOR INTX veeiiiiiiiiiiiiiiiieie e cesirreeee e sesvveeee e 91
TABLE 2-13: POWER MANAGEMENT SYSTEM MESSAGES .....cccoiitvieeeiitireeeeeireeeeesnneee e 93
TABLE 2-14: ERROR MESSAGES.......coiicettteiiiee et e seiitttee s s e s s s s s sssataseee s s s s sssssbsssessessssssnsnssens 94
TABLE 2-15; HOT PLUG SIGNALING MESSAGES........ccuveeiiiiriieeesireeeeessreeesessseeesessseesssnnnns 97
TABLE 2-16: FLOW CONTROL CREDIT TYPES .....ccctttiiiiee i eeseitrieiie e e esassreeee e e s s sssanes 100
TABLE 2-17: TLP FLOW CONTROL CREDIT CONSUMPTION .....ccevvereeeitreeeeesrreeeeennrseeenns 101
TABLE 2-18: MINIMUM FLOW CONTROL ADVERTISEMENTS....utttiiiieiiiiirrreereeeeeeesnsssnens 102
TABLE 2-19: UPDATEFC TRANSMISSION LATENCY GUIDELINESBY LINK WIDTH AND

MAX PAYLOAD (SYMBOL TIMES) ..ceiteeiiauiestesinsieesieseesseestesessseessesesssesssessesssesssens 108
TABLE 2-20: MAPPING OF BITSINTO ECRC FIELD......vviiiiiiviee et eccireee e eeiraeee e 110
TABLE 3-1: DLLP TYPE ENCODINGS.....tttiiiiiiiiiictiiiieiee e ceitrrrere s sabbrrere e 125
TABLE 3-2. MAPPING OF BITSINTO CRC FIELD ..cccoicuvieeeectriee ettt svre e eenraee e 129
TABLE 3-3: MAPPING OF BITSINTOLCRC FIELD ..uuvviiiiiiiii it 133
TABLE 3-4: REPLAY _TIMER LimMITSBY LINK WIDTH AND MAX_PAYLOAD_SIZE

(SymBOL TIMES) TOLERANCE: 0% / +1009%0.......ccieiiierienieeieneesieeee e seeesee e e 136
TABLE 3-5: ACK TRANSMISSION LATENCY LIMIT AND ACKFACTORBY LINK WIDTH AND

MAX PAYLOAD (SYMBOL TIMES) ..ceiteiiiiuiesieeinsieesieseesseestessessseessesesssesssessesssessenns 147
TABLE 4-1. SPECIAL SYMBOLS ..ccciiiuteieeeitreeeeeitteeeseisseeesestseesssssssesesssssesssssssssssssnsssseesans 152
TABLE4-2. TSL ORDERED-SET .iiiiiiiiiitttttiieeesiisssisbssereiessssssssssssssessssssssssssssssesssssssssssssens 159
TABLE 4-3. TS2 ORDERED-SET ....cccuttiiiiitrieeeiirreeeseisseeesessseessssssesssssssesssssssssssssssssssesans 160
TABLE 4-4: DIFFERENTIAL TRANSMITTER (TX) OUTPUT SPECIFICATIONS......ccccerveeuenne 206
TABLE 4-5: DIFFERENTIAL RECEIVER (RX) INPUT SPECIFICATIONS.....covieerveeeesreeneeeneeees 211
TABLE5-1: CONFIGURATION ADDRESS MAPPING.....cutiiiiiiiiiiitrireiee e s ssssssrsereeessssssssssens 218
TABLE 5-2: REGISTER (AND REGISTER BIT-FIELD) TYPES.....cccesiieiereereerieeeesieesee e e 221
TABLE 5-3: COMMAND REGISTER .....cccctttttiiiiiiiiiiiitirriri e s e ssssbbsreee s s s s s ssasbsssresasssssssssssens 224
TABLE5-4: STATUSREGISTER ...ccciiiutiieeiitreeeeiitreeeseisseeesessseessssssseessasssesssssssssssssasssssesans 225
TABLE 5-5. SECONDARY STATUSREGISTER .....coicitttiiiiiei e ceitrreeee s eesarbrree e 230
TABLE 5-6. BRIDGE CONTROL REGISTER....cccciiittiieiiiieieeeitreee s eeirreeeseisseeessssseeesssnsseeenns 231
TABLE 5-7: POWER MANAGEMENT CAPABILITIES .uvvitiiieiiiiiisrirreieeessssssssissereeesssssssssssens 232
TABLE 5-8: POWER MANAGEMENT STATUS/CONTROL .....uvviieiiiiveeeeeeireeeessseeeesssveeeseans 233
TABLE 5-9: PCl EXPRESS CAPABILITY LISTREGISTER.......cccctteeeieee e 235
TABLE 5-10: PCIl EXPRESS CAPABILITIESREGISTER ..cooeeiiiieciteieiiee e eessireeee e e 236

13



PCI EXPRESS BASE SPECIFICATION, REV 1.0

TABLE5-11: DEVICE CAPABILITIESREGISTER......uttiiiiieiiiiiecrtiriiee e esirrrere e 237
TABLE 5-12: DEVICE CONTROL REGISTER.......ccittiteiiitrieeeeitreeesesrreeessisseeesssssseesssssssseesans 241
TABLE5-13: DEVICE STATUS REGISTER ..eeeiiiiiiiiiitireiriiee e s s sssisrssere s s s s sssssssssresssssssesssssens 245
TABLE5-14: LINK CAPABILITIESREGISTER.....cuvtiiiiiriieeiitreeeeisrreeessisreesssssseesssssssesesans 246
TABLE5-15. LINK CONTROL REGISTER ...tviiiiiiiiiicitriiiiiee e e e seirrrreee s e s s s esassssere e e s s s ssssasens 248
TABLE5-16: LINK STATUSREGISTER ....ccttiiiiiitireeeiiitreieeestreeesesssseeessssseessssssssesssssssssesns 250
TABLES5-17: SLOT CAPABILITIESREGISTER .....coocttteiieiee e setreeeee e ssbssere e s aaases 251
TABLE5-18:; SLOT CONTROL REGISTER.....ueiiiiiitiieiiitreieeeirrieesesirreeessisseeesssssseesssessseeesans 253
TABLEB5-19: SLOT STATUS REGISTER....utttiiiiiiiiiictirtiriiee s e sssssrseeee s s s s sssssbsssresassssssssssens 255
TABLE 5-20: ROOT CONTROL REGISTER ....uciiiiiuirieeiiitreieeeitreeesesirseeessssreeessssseesssssssssesans 257
TABLE 5-21: ROOT STATUS REGISTER ..uvtttiiiiiiiiiiittieeeiiesssssssssrssssessssssssssssssssssssssssssssens 258
TABLE 5-22: PCl EXPRESS ENHANCED CAPABILITY HEADER .....vveviiiivieeeeciieeecccivveeeeans 259
TABLE 5-23: ADVANCED ERROR REPORTING ENHANCED CAPABILITY HEADER............. 261
TABLE 5-24: UNCORRECTABLE ERROR STATUS REGISTER ...ccccocvviieiiitrieeeesrreeeeeisvaeeeens 262
TABLE 5-25. UNCORRECTABLE ERROR MASK REGISTER......ccovvveeieieeiiesirrrereeee e sensssens 263
TABLE 5-26: UNCORRECTABLE ERROR SEVERITY REGISTER.....ccvvtiiiirieeeeirieeeeecreeeeeans 264
TABLE 5-27: CORRECTABLE ERROR STATUS REGISTER......ccccittteeieeee e issrirrereee e 265
TABLE 5-28: CORRECTABLE ERROR MASK REGISTER .....cccvviieiiiirieeeeeitreeeeestreeeeeenvreeeens 266
TABLE 5-29: ADVANCED ERROR CAPABILITIESREGISTER......utvtiiieieiiieriirreeeeee e 266
TABLE 5-30: HEADER LOG REGISTER ......uvviiiiiiiteeeiiitteeeeeetreeeseevaeeesessseeesssssseesssessseeenans 267
TABLE 5-31: ROOT ERROR COMMAND REGISTER ...uuviiiiiiiiiiiitiireiee e sesirreeee e e 268
TABLE 5-32: ROOT ERROR STATUSREGISTER ...vveiiiiitviieiiiireee e ccirreeeeeitreeeeesrreeeeennrneeeens 269
TABLE 5-33: ERROR SOURCE IDENTIFICATION REGISTER .....cvvviiiieieeiiesiireeeeeee e 270
TABLE 5-34: VIRTUAL CHANNEL ENHANCED CAPABILITY HEADER.......cccovcveeeeeivrenenns 272
TABLE 5-35. PORTVC CAPABILITY REGISTER L ...uttiiiiiiiiii it 273
TABLE 5-36: PORT VC CAPABILITY REGISTER 2....coicuveeeeeciriee e eereeeeeesireeesestneeesennsaeeeens 275
TABLE 5-37: PORTVC CONTROL REGISTER......cocetttiiiiii e ieitteriie e eessrvree e e 276
TABLE 5-38; PORT VC STATUSREGISTER .....cicttiieictreieeestreee s eeirreeeseiareeesssnreeessnnraeeeens 277
TABLE 5-39: VC RESOURCE CAPABILITY REGISTER...cciiiiiiiiiittireiee e eesirrreee e s s sssssses 278
TABLE 5-40: VC RESOURCE CONTROL REGISTER .....uvviiiiitiiieccirreeeeecireeeeestreeeesenraeeeens 279
TABLE 5-41: VC RESOURCE STATUS REGISTER ....uuttiiiiiiiiiiiiiriireies e e sssasssseresessssssssssens 282
TABLE 5-42: DEFINITION OF THE 4-BIT ENTRIESIN THE VC ARBITRATION TABLE......... 283
TABLE 5-43 LENGTH OF THEVC ARBITRATION TABLE.......iiccttteiiee e eesiirreeee e 283
TABLE 5-44; LENGTH OF PORT ARBITRATION TABLE ...eeciitvieeeeitreeeeeitreeeeesrreeeeesnraeeeens 284
TABLE 5-45. DEVICE SERIAL NUMBER ENHANCED CAPABILITY HEADER ...ccccceeeernnnnnee. 285
TABLE 5-46: SERIAL NUMBER REGISTER ....cccciiittiieiiireieeeiireeesesseeeessssreeessssseesssssssseesans 286
TABLE 5-47: POWER BUDGETING ENHANCED CAPABILITY HEADER .....cccvvvveeeeeeeeiinnee 288
TABLE 5-48; POWER BUDGETING DATA REGISTER......ceiiiiitiieeiiiireeeeeitreeeeesrreeeesenraeeeens 289
TABLE 5-49: POWER BUDGET CAPABILITY REGISTER .....cooivvtttiriiei e sesiirrere e sssssens 291
TABLE 6-1. SUMMARY OF PCl EXPRESS LINK POWER MANAGEMENT STATES............... 298
TABLE 6-2. RELATION BETWEEN POWER MANAGEMENT STATES OF LINK AND

(0001 1= 0 N = N S TSRO 302
TABLE 6-3: ENCODING OF THE ACTIVE STATE LINK PM SUPPORT FIELD ....cceveeeeiinnnnneee. 327
TABLE 6-4: DESCRIPTION OF THE SLOT CLOCK CONFIGURATION FIELD ...vvvveeeeeeeeienniee 327
TABLE 6-5. DESCRIPTION OF THE COMMON CLOCK CONFIGURATION FIELD ..........uuuueee. 328
TABLE 6-6: ENCODING OF THE LOSEXIT LATENCY FIELD ....vvvvieiieeeeeeeeiieeeeeeee e 328

14



PCI EXPRESS BASE SPECIFICATION, REV 1.0

TABLE 6-7: ENCODING OF THE L1 EXIT LATENCY FIELD ....occtttieieee e 329
TABLE 6-8. ENCODING OF THE ENDPOINT LOS ACCEPTABLE LATENCY FIELD................ 329
TABLE 6-9: ENCODING OF THE ENDPOINT L1 ACCEPTABLE LATENCY FIELD ................. 330
TABLE 6-10: ENCODING OF THE ACTIVE STATE LINK PM CONTROL FIELD...........c.uuu.... 330
TABLE 6-11: POWER MANAGEMENT SYSTEM MESSAGESAND DLLPS......vveveeiiiiee 333
TABLE 7-1. ERROR MESSAGES........ciitiiitttttieeeeeiiiiiitreeeeeesssssssssssesssssssssssssssssesssssssasssssens 341
TABLE 7-2: PHYSICAL LAYER ERROR LIST cooiiiiiictttteieiee ettt 344
TABLE 7-3. DATA LINK LAYER ERROR LIST ....coiiiittiieiiee e ccirriee e esirrrene e 344
TABLE 7-4. TRANSACTION LAYER ERROR LIST ..ovviiiiiiiiiiieieeeeeeeeee e 345
TABLE 7-5. ELEMENTS OF THE STANDARD USAGE MODEL ......uvvviiiiiiiiiiiiiireeeeee e 367
TABLE 7-6. ATTENTION INDICATOR STATES.....iiictttteriieeiiesesisrsseres e s s sssssssssrssesssssssssssens 368
TABLE 7-7. POWER INDICATOR STATES ..uutttiiiiiiiiiiitieeiieeeseissnsrsseeesesssessssssssseessssssnssnssens 369
TABLE 7-8. EVENT BEHAVIOR ceiiiiiiiicttteeiee ettt e s e abbssese s s s s s e sasbbsase e s s s s s snnnsrens 371
TABLE A-1: ISOCHRONOUS BANDWIDTH RANGES AND GRANULARITIES.....ccvveeeeiiinnnnee. 387
TABLE A-2: MAXIMUM NUMBER OF VIRTUAL TIMESLOTS ALLOWED FOR DIFFERENT PCI
EXPRESS LINKSAT 2.5 GHZ.....viteeiee ettt 393
TABLE B-1: 8B/10B DATA SYMBOL CODES.......c.ceeiiiiitiiieeiiiiieeseireeeessisseesssssseessssssaneesans 399
TABLE B-2: 8B/10B SPECIAL CHARACTER SYMBOL CODES......cccciuieiiteeeireeecireeesveeesnnens 407

15



16

PCI EXPRESS BASE SPECIFICATION, REV 1.0



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Preface

Traditional multi-drop, parallel bus technology is approaching its practical performance
limits. Itis clear that balancing system performance requires I/O bandwidth to scale with
processing and application demands. There is an industry mandate to re-engineer I/O
connectivity within cost constraints. PCI Express comprehends the many I/O requitements
presented across the spectrum of computing and communications platforms, and rolls them
into a common scalable and extensible 1/O industry specification. Alongside these
increasing performance demands, the enterprise server and communications markets have
the need for improved reliability, security, and quality of service guarantees. This
specification will therefore be applicable to multiple market segments.

Technology advances in high-speed, point-to-point interconnects enable us to break away
from the bandwidth limitations of multi-drop, parallel buses. The PCI Express basic
physical layer consists of a differential transmit pair and a differential receive pair. Dual
simplex data on these point-to-point connections is self-clocked and its bandwidth increases
linearly with interconnect width and frequency. PCI Express takes an additional step of
including a message space within its bus protocol that is used to implement legacy “side-
band” signals. This further reduction of signal pins produces a very low pin count
connection for components and adapters. The PCI Express Transaction, Data Link, and
Physical Layers are optimized for chip-to-chip and board-to-board interconnect applications.

An inherent limitation of today’s PCI-based platforms is the lack of support for isochronous
data delivery, an attribute that is especially important to streaming media applications. To
enable these emerging applications, PCI Express adds a virtual channel mechanism. In
addition to use for support of isochronous traffic, the virtual channel mechanism provides
an infrastructure for future extensions in supporting new applications. By adhering to the
PCI Software Model, today’s applications are easily migrated even as emerging applications
are enabled.

Key PCI Express architectural attributes include:
e (Continuation of the PCI Software Model
e Serial, differential, low-voltage signaling

e Layered architecture enabling physical layer attachment to copper, optical, or
emerging physical signaling media

e Predictable, low latency suitable for applications requiring isochronous data delivery
e Robust data integrity and error handling in support of highly reliable systems

e Embedded clocking scheme using 8 bit/10 bit encoding

e High bandwidth per pin

e Bandwidth scalability through Lane width and frequency

e Hot attach and detach capability

e Aggressive power management capabilities
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Objective of the Specification

This specification describes the PCI Express architecture, interconnect attributes, bus
management, and the programming interface required to design and build systems and
peripherals that are compliant with the PCI Express specification.

The goal is to enable such devices from different vendors to inter-operate in an open
architecture. The specification is intended as an enhancement to the PCI architecture
spanning multiple market segments; Clients (Desktops and Mobile), Servers (Standard and
Enterprise), Embedded and Communication devices. The specification allows system OEM:s
and peripheral developers adequate room for product versatility and market differentiation
without the burden of carrying obsolete interfaces or losing compatibility.

Document Organization

The PCI Express specification is organized as a Base Specification and a set of companion
documents. At this time, the PCI Express Base Specification and the PCI Express Card
Electromechanical Specification are being published. As the PCI Express definition evolves,
other companion documents will be published.

The PCI Express Base Specification contains the technical details of the architecture,
protocol, Link layer, physical layer, and software interface. The PCI Express Base
Specification is applicable to all.

The PCI Express Card Electromechanical Specification focuses on information necessary to
implementing an evolutionary strategy with the current PCI desktop/server mechanicals as
well as electricals. The mechanical chapters of the specification contains definition of
evolutionary PCI Express card edge connectors while the electrical chapters cover auxiliary
signals, power delivery, and add-in card interconnect electrical budget.
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Documentation Conventions

Capitalization

Some terms are capitalized to distinguish their definition in the context of this document
from their common English meaning. Words not capitalized have their common English
meaning. When terms such as “memory write” or “memory read” appear completely in
lower case, they include all transactions of that type.

Register names and the names of fields and bits in registers and headers are presented with
the first letter capitalized and the remainder in lower case.

Numbers and Number Bases

Hexadecimal numbers are written with a lower case “h” suffix, e.g., OFFFFh and 80h.
Hexadecimal numbers larger than four digits are represented with a space dividing each
group of four digits, as in 1E FFFF FFFFh. Binary numbers are written with a lower case
“b” suffix, e.g., 1001b and 10b. Binary numbers larger than four digits are written with a
space dividing each group of four digits, as in 1000 0101 0010b.

All other numbers are decimal.

Reference Information

Reference information is provided in various places to assist the reader and does not
represent a requirement of this document. Such references are indicated by the abbreviation
“(ref).” For example, in some places, a clock that is specified to have a minimum period of
400 ps also includes the reference information maximum clock frequency of “2.5 GHz
(ref).” Requirements of other specifications also appear in various places throughout this
document and are marked as reference information. Every effort has been made to
guarantee that this information accurately reflects the referenced document; however, in case
of a discrepancy, the original document takes precedence.

Implementation Notes

Implementation Notes should not be considered to be part of this specification. They are
included for clarification and illustration only. Implementation Notes within this document
are enclosed in a box and set apart from other text.
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Terms and Abbreviations

8b/10b
Advertise (Credits)

asserted

attribute

core features

Beacon

Bridge

x8
x1
XN
Character
cold reset
Completer

Completer ID

Completion

Configuration Space

conventional PCI
component

Data Link Layer

DLLP or

The data encoding schemel used in the PCI Express Physical Layer.

The term Advertise is used in the context of Flow Control to refer to the
act of a Receiver sending information regarding its Flow Control Credit
availability by using a Flow Control Update Message.

The active logical state of a conceptual or actual signal.

Transaction handling preferences indicated by specified Packet header
bits and fields (for example, non-snoop).

A set of required features that must be supported by a device for it to be
considered compliant to the PCI Express Specification.

30 kHz-500 MHz signal used to exit L2.

A device which virtually or actually connects a PCI/PCI-X segment or
PCI Express Port with an internal component interconnect or another
PCI/PCI-X segment or PCI Express Port. A Bridge must include a
software configuration interface as described in this document.

Refers to a Link or Port with eight Physical Lanes.
Refers to a Link or Port with one Physical Lane.

Refers to a Link with “N” Physical Lanes.

An 8 bit quantity treated as an atomic entity; a Byte.

A “Power Good Reset” following the application of power.
The logical device addressed by a Request.

The combination of a Completer's Bus Number, Device Number, and
Function Number which uniquely identifies the Completer of the Request.

A Packet used to terminate, or to partially terminate, a Sequence is
referred to as a Completion. A Completion always corresponds to a
preceding Request, and in some cases includes data.

One of the four address spaces within the PCI Express architecture.
Packets with a Configuration Space address are used to configure a
device.

Protocol conforming to the PCI Local Bus Specification, Rev. 2.3.
A physical device (a single package).

The intermediate layer of the PCI Express architecture that sits between
the Transaction Layer and the Physical Layer.

Data Link Layer Packet Packet generated in the Data Link Layer to support Link management

functions.

11BM Journal of Research and Development, Vol 27, #5, Sept 1983 “A DC-Balanced, Partitioned-Block
8B/10B Transmission Code” by Widmer and Franaszek.
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Data Payload

deasserted

device

Downstream

DFT
DWORD, DW

egress

Egress Port

Electrical Idle

Electrical Idle Exit

Endpoint
Error Recovery,

Error Detection

Flow Control

FCP or

Flow Control Packet

function

header

Hierarchy

PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Some Packets include information following the header that is destined
for consumption by the logical device receiving the Packet (for example,
Write Requests or Read Completions). This information is called a Data
Payload.

The term deasserted refers to the inactive logical state of a conceptual or
actual signal.

A logical device, corresponding to a PCI device configuration space.
May be used to refer to either a single or multi-function device.

Downstream refers either to the relative position of an
interconnect/system element (Link/device) as something that is farther
from the Root Complex, or to a direction of information flow, i.e., when
information is flowing away from the Root Complex. The Ports on a
Switch which are not the Upstream Port are Downstream Ports. All Ports
on a Root Complex are Downstream Ports. The Downstream
component on a Link is the component farther from the Root Complex.

Acronym for Design for Testability.

Four bytes of data on a naturally aligned four-byte boundary (i.e., the
least significant two bits of the address are 00b).

Refers to direction. Means outgoing, i.e., transmitting direction.

Transmitting port, i.e., the port that sends outgoing traffic. Typically used
as a reference to the role that port of the Switch has in the context of a
transaction or more broadly in the context of traffic flow.

State of the output driver where both lines, D+ and D-, are driven to the
DC common mode voltage.

When a receiver currently in Electrical Idle detects a signal at its input
port.

A PCI Express device with a Type 00h Configuration Space header.

Refers to the mechanisms for ensuring integrity of data transfer,
including the management of the transmit side retry buffer(s).

A method for communicating receive buffer information from a Receiver
to a Transmitter to prevent receive buffer overflow and allow Transmitter
compliance with ordering rules.

DLLP used to send Flow Control information from the Transaction Layer
in one component to the Transaction Layer in another component.

A logical function corresponding to a PCI function configuration space.
May be used to refer to one function of a multi-function device, or to the
only function in a single-function device.

A set of fields that appear at the front of a Packet that contain the
information required to determine the characteristics and purpose of the
Packet.

The Hierarchy defines the 1/O interconnect topology supported by the
PCI Express Architecture.
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Hierarchy Domain

Host Bridge

hot reset

ingress

Ingress Port

I/O Space

isochronous

invariant

Lane

Layer

Link

LinkUp

Logical Bus

logical device

Logical Idle

Malformed Packet

Memory Space

Message
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A PCI Express Hierarchy is segmented into multiple fragments by the
Root Complex that sources more than one PCI Express interface. These
sub-hierarchies are called Hierarchy Domains.

A Host Bridge is a part of a Root Complex which connects a host CPU or
CPUs to a PCI Express Hierarchy.

A reset propagated in-band across a Link using a Physical Layer
Mechanism.

Refers to direction. Means incoming, i.e., receiving direction.

Receiving port, i.e., the port that accepts incoming traffic. Typically used
as a reference to the role that port of the Switch has in the context of a
transaction or more broadly in the context of traffic flow.

One of the four address spaces of the PCI Express architecture.
Identical to the I/O space defined in PCI.

Refers to data associated with time-sensitive applications, such as audio
or video applications.

An invariant field of a TLP Header contains a value which cannot legally
be modified as the TLP flows through the PCI Express fabric.

A set of differential signal pairs, one pair for transmission and one pair
for reception. A by-N Link is composed of N Lanes.

Unit of distinction applied to the PCI Express Specification to clarify the
behavior of key elements of the interface. The use of the term Layer is
not intended to imply a specific implementation.

A dual-simplex communications path between two components. The
collection of two Ports and their interconnecting Lanes.

Status from the Physical layer to the Link layer indicating both ends of
the Link are connected.

The logical connection among a collection of devices that have the same
bus number in Configuration Space.

An element of a PCI Express system that responds to a unique device
number in Configuration Space. As for physical devices in PCI 2.3,
logical devices either include a single function or are multi-function
devices. Furthermore, the term “logical device” is often used when
describing requirements that apply individually to all functions within the
logical device. Unless otherwise specified, logical device requirements
in this specification apply to single function logical devices and to each
function individually of a multi-function logical device.

A period of one or more symbol times when no information: TLPs,
DLLPs, or any special symbol is being transmitted or received. Unlike
electrical idle, during logical idle the idle character is being transmitted
and received.

A TLP which violates TLP formation rules.

One of the four address spaces of the PCI Express architecture.
Identical to the memory space defined in PCI.

A Packet with a Message Space type.



Message Signaled
Interrupt, MSI

Message Space

naturally aligned

Packet

PCI bus

PCI Software Model

Phantom Function
Number, PEN

Physical Lane

Physical Layer

Port

PPM

QWORD, QW

Receiver
Receiving Port

reserved

Request

Requester
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An optional feature that enables a device to request service by writing a
system-specified DW of data to a system-specified address using a
Memory Write semantic Request.

One of the four address spaces of the PCI Express architecture.

Used in reference to a data payload which is some power of two in
length (L), indicates that the starting address of the data payload equals
an integer multiple of L.

A fundamental unit of information transfer consisting of a header that, in
some cases, is followed by a Data Payload.

The PCI Local Bus, as specified in the PCI 2.3 and PCI-X 1.0a
specifications.

The software model necessary to initialize, discover, configure, and use
PCI device, as specified in PCI 2.3, PCI-X 1.0a, and PCI BIOS
specifications.

An unclaimed function number that may be used to expand the number
of outstanding transaction identifiers by logically combining the PFN with
the Tag identifier to create a unique transaction identification tuple.

See Lane.

The layer of the PCI Express architecture that directly interacts with the
communication medium between the two components.

In a logical sense, an interface associated with a component, between
that component and a PCI Express Link. In physical terms, a group of
transmitters and receivers physically located on the same chip that
define a Link.

Parts per Million —Applied to frequency, this is the difference, in
millionths of a Hertz, between some stated ideal frequency, and the
measured long-term average of a frequency.

Sixty-four bits (eight bytes) of data on a naturally aligned eight-byte
boundary (i.e., the least significant three bits of the address are 000b).

The component receiving Packet information across a Link.
A Port on which a Packet is received.

The contents, states, or information are not defined at this time. Using
any reserved area (for example, packet header bit-fields, configuration
register bits) in the PCI Express Specification is not permitted. Any use
of the reserved areas of the PCI Express Specification will result in a
product that is not PCI Express-compliant. The functionality of any such
product cannot be guaranteed in this or any future revision of the PCI
Express Specification.

A Packet used to initiate a Sequence is referred to as a Request. A
Request includes some operation code, and, in some cases, it includes
address and length, data, or other information.

A logical device that first introduces a Sequence into the PCI Express
domain.
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Requester ID

Root Complex

Root Port

Sequence

Standard Hot-Plug
Controller (SHPC)

Split Transaction

Switch

Symbol

Symbol Time

Tag

TBD

Transaction Descriptor

TLP or
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The combination of a Requester's Bus Number, Device Number, and
Function Number that uniquely identifies the Requester. In most cases,
a PCI Express bridge or Switch forwards Requests from one interface to
another without modifying the Requester ID. A bridge from a bus other
than PCI Express (including a PCI bus operating in conventional mode)
must store the Requester ID for use when creating a Completion for the
Request.

An entity that includes a Host Bridge and one or more Root Ports.

A PCI Express Port, on a Root Complex, that maps a portion of the PCI
Express interconnect Hierarchy through an associated virtual PCI-PCI
Bridge.

A single Request and zero or more Completions associated with carrying
out a single logical transfer by a Requester.

A PCI hot-plug controller compliant with SHPC 1.0.

A single logical transfer containing an initial transaction (the Split
Request) that the target (the completer or a bridge) terminates with Split
Response, followed by one or more transactions (the Split Completions)
initiated by the completer (or bridge) to send the read data (if a read) or a
completion message back to the requester.

A Switch connects two or more Ports to allow Packets to be routed from
one Port to another. To configuration software, a Switch presents the
appearance of an assemblage of PCI-to-PCI Bridges.

A 10 bit quantity produced as the result of 8b/10b encoding.

The period of time required to place a Symbol on a Lane (ten times the
Unit Interval).

A number assigned to a given Non-posted Request to distinguish
Completions for that Request from other Requests.

To be defined by PCI-SIG.

An element of a Packet header that, in addition to Address, Length, and
Type, describes the properties of the Transaction.

Transaction Layer Packet

Transaction Layer

Transceiver

Transmitter

Unsupported Request,

UR
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A Packet generated in the Transaction Layer to convey a Request or
Completion.

The outermost layer of the PCI Express architecture that operates at the
level of transactions (for example, read, write).

The physical transmitter and receiver pair on a single chip.

The component sending Packet information across a Link is the
Transmitter.

A Request Packet that specifies some action or access to some space
that is not supported by the Target.



Unit Interval, Ul

Upstream

variant

warm reset
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Given a data stream of 1010. pattern, the Unit Interval is the value
measured by averaging the time interval between voltage transitions,
over a time interval long enough to make all intentional frequency
modulation of the source clock negligible.

Upstream refers either to the relative position of an interconnect/system
element (Link/device) as something that is closer to the Root Complex,
or to a direction of information flow, i.e., when information is flowing
towards the Root Complex. The Port on a Switch which is closest
topologically to the Root Complex is the Upstream Port. The Port on an
Endpoint or Bridge component is an Upstream Port. The Upstream
component on a Link is the component closer to the Root Complex.

A variant field of a TLP Header contains a value which is subject to
possible modification according to the rules of this specification as the
TLP flows through the PCI Express fabric.

A reset caused by driving “Power Good” inactive and then active, but
without cycling the supplied power.

Reference Documents

PCI Express Card Electromechanical Specification, Rev. 1.0

PCI Local Bus Specification, Rev. 2.3

PCI-X Addendum to the PCI Local Bus Specification, Rev. 1.0a

PCT Hot-Plug Specification, Rev. 1.1

PCI Standard Hot-Plug Controller and Subsystem Specification, Rev. 1.0
PCI-t0-PCI Bridge Architecture Specification, Rev. 1.1

PCI Power Management Interface Specification, Rev. 1.1

Adpanced Configuration and Power Interface Specification, Rev. 2.0
Guidelines for 64-bit Global Identifier (EUI-64) Registration Authority

25



26

PCI EXPRESS BASE SPECIFICATION, REV. 1.0



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

1. Introduction

This chapter presents an overview of the PCI Express architecture and key concepts. PCI
Express is a high performance, general purpose 1/O Interconnect defined for a wide variety
of future computing and communication platforms. Key PCI attributes, such as its usage
model, load-store architecture, and software interfaces, are maintained, whereas its
bandwidth-limiting, parallel bus implementation is replaced by a highly scalable, fully serial
interface. PCI Express takes advantage of recent advances in point-to-point interconnects,
Switch-based technology, and packetized protocol to deliver new levels of performance and
features. Power Management, Quality Of Service(QoS), Hot Plug/Hot Swap suppott, Data
Integrity, and Error Handling are among some of the advanced features supported by PCI
Express.

1.1. A Third Generation I/O Interconnect

The high-level requirements for this third generation I/O interconnect are as follows:
e Supports multiple market segments and emerging applications:

e Unifying I/O architecture for desktop, mobile, workstation, server,
communications platforms, and embedded devices

e Ability to deliver low cost, high volume solutions:
e Cost at or below PCI cost structure at the system level
e Support multiple platform interconnect usages:
e  Chip-to-chip, board-to-board via connector or cabling
e New mechanical form factors:
e Mobile, PCl-like form factor and modular, cartridge form factor
e PCI compatible software model:

e Ability to enumerate and configure PCI Express hardware using PCI system
firmware implementations with no modifications

e Ability to boot existing operating systems with no modifications
e Ability to support existing I/O device drivers with no modifications

e Ability to configure/enable new PCI Express functionality by adopting the PCI
configuration paradigm
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e Performance:

e Low-overhead, low-latency communications to maximize application payload
bandwidth and Link efficiency

e High-bandwidth per pin to minimize pin count per device and connector
interface

e Scalable performance via aggregated Lanes and signaling frequency
e Advanced features:

e Comprehend different data types and ordering rules

¢ Power management and budgeting
e Ability to identify power management capabilities of a given function
e Ability to transition a function into a specific power state
e Ability to receive notification of the current power state of a function
e Ability to propagate an event to wake the system

e Ability to sequence device power-up to allow graceful platform policy in
power budgeting.

e Ability to support differentiated services, i.e. different qualities of service (QoS)

e Ability to create end-to-end isochronous (time-based, injection rate control)
solutions

e Ability to have dedicated Link resources per QoS data flow to improve fabric
efficiency / effective performance in the face of head-of-line blocking

e Ability to configure fabric QoS arbitration policies within every component
e Ability to tag end-to-end QoS with each packet

e Hot Plug and Hot Swap support
e Ability to support existing PCI hot-plug and hot-swap solutions

e Ability to support native hot-plug and hot-swap solutions (no side-band
signals required)

e Ability to support a unified software model for all form factors
e Multi-hierarchy and advanced peer-to-peer communications

e Ability to support vendor-specific and PCI Express-standard peer-to-peer
communications messaging

e Ability to Cross Link multiple hierarchies to support peer-to-peer
communications across large fabric topologies
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e Data Integrity

e Ability to support Link-level data integrity for all types of transaction and
Data Link packets

e Ability to support end-to-end data integrity for high availability solutions
e Frror Handling
e Ability to support PCI error handling

e Ability to support advanced error reporting and handling to improve fault
isolation and recovery solutions

e Process Technology Independence

e Ability to support different DC common mode voltages at transmitter and
receiver

e FHase of Testing

e Ability to test electrical compliance via simple connection to test equipment

1.2. PCIl Express Link

A Link represents a dual-simplex communications channel between two components. The
fundamental PCI Express Link consists of two, low-voltage, differentially driven signal pairs:
a transmit pair and a receive pair as shown in Figure 1-1.

Packet

Component A Component B

Packet

OM13750

Figure 1-1: PCI Express Link

The primary Link attributes are:

e The basic Link — PCI Express Link consists of dual unidirectional differential Links,
implemented as a transmit pair and a receive pair. A data clock is embedded using
the 8b/10b-encoding scheme to achieve very high data rates.
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e Signaling rate — Once initialized, each Link must only operate at one of the
supported signaling levels. For this version of the specification, there is only one
signaling rate, which provides an effective 2.5 Gigabits/second/Lane/direction
of raw bandwidth. The data rate is expected to increase with the technology
advances in future.

e Lanes — A Link must support at least one Lane — each Lane represents a set of
differential signal pairs (one pair for transmission, one pair for reception). To
scale bandwidth, a Link may aggregate multiple Lanes denoted by xN where N
may be any of the supported Link widths. For example, an x8 Link represents an
aggregate bandwidth of 20 Gigabits / second of raw bandwidth in each direction.
This version of the Physical Layer supports x1, x2, x4, x8, x12, x106, and x32
Lane widths.

e Initialization - During hardware initialization, each PCI Express Link is set up
following a negotiation of Lane widths and frequency of operation by the two
agents at each end of the Link. No firmware or operating system software is
involved.

e Symmetry — Each Link must support a symmetric number of Lanes in each
direction, i.e., an x16 Link indicates there are 16 differential signal pairs in each
direction.

1.3. PCIl Express Fabric Topology

A fabric is composed of point-to-point Links that interconnect a set of components — an
example fabric topology is shown in Figure 1-2. This figure illustrates a single fabric
instance called a hierarchy — composed of a Root Complex (RC), multiple Endpoints (I/O
devices), a Switch, and PCI Express-PCI Bridge all interconnected via PCI Express Links.
Each of the components of the topology are mapped in a single flat address space and can
be addressed by PCI-like load store accesses.
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Figure 1-2: Example Topology

Root Complex

A Root Complex (RC) denotes the root of an I/O hierarchy that connects the
CPU/memory subsystem to the I/O.

As illustrated in the previous figure, a Root Complex may support one or more PCI
Express Ports. Each interface defines a separate I/O hierarchy domain. Each
hierarchy domain may be composed of a single I/O Endpoint or a sub-hierarchy
containing one or more Switch components and 1/O Endpoints.

The capability to route peer-to-peer transactions between hierarchy domains through
a Root Complex is optional and implementation dependent. For example, an
implementation may incorporate a real or virtual switch internally within the Root
Complex to enable full peer-to-peer support in a software transparent way.

A Root Complex must support generation of configuration requests as a Requester.

A Root Complex is permitted to support the generation of I/O requests as a
Requester.

A Root Complex must not support Lock semantics as a Completer.

A Root Complex is permitted to support generation of Locked Requests as a
Requester.
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1.3.2. Endpoints

“Endpoint” refers to a type of device that can be the Requester or Completer of a PCI
Express transaction either on its own behalf or on behalf of a distinct non-PCI Express
device (other than a PCI device or Host CPU), e.g., a PCI Express attached graphics
controller or a PCI Express-USB interface. Endpoints are classified as either legacy or PCI
Express Endpoints. The specific rules for each are described in Sections 1.3.2.1 and 1.3.2.2.

1.3.2.1. Legacy Endpoint Rules

e A Legacy Endpoint must be a device with a Type 00h Configuration Space header.
e A Legacy Endpoint must support Configuration Requests as a Completer

e A Legacy Endpoint may support I/O Requests as a Completer.

e A Legacy Endpoint may generate I/O Requests.

e A Legacy Endpoint may support Lock memory semantics as a Completer if that is
required by the device’s legacy software support requirements.

e A Legacy Endpoint must not issue a Locked Request.

1.3.2.2. PCI Express Endpoint Rules

e A PCI Express Endpoint must be a device with a Type 00h Configuration Space
header.

e A PCI Express Endpoint must support Configuration Requests as a Completer
e A PCI Express Endpoint must not require I/O resoutces claimed through BAR(s).
e A PCI Express Endpoint must not generate I/O Requests.

e A PCI Express Endpoint must not support Locked Requests as a Completer or
generate them as a Requestor. PCI Express-compliant software drivers and
applications must be written to prevent the use of lock semantics when accessing a
PCI Express Endpoint.
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A Switch is defined as a logical assembly of multiple “virtual” PCI-to-PCI bridge devices as

illustrated in Figure 1-3. All Switches are governed by the following base rules (advanced

Switch components will support additional capabilities beyond those described below).
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Figure 1-3: Logical Block Diagram of a Switch

e Switches appear to configuration software as two or more logical PCI-to-PCI

Bridges.

e A Switch forwards transactions using PCI bridge mechanisms, e.g. address based

routing.

e A Switch may only forward peer-to-peer transactions between two downstream

ports.

e [Except as noted in this document, a Switch must forward all types of TLPs
(Transaction Layer Packets) between any set of ports.

e Locked Requests must be supported as specified in Section 7.2. Switches are not
required to support downstream Ports as initiating ports for Locked requests.

e Each enabled Switch Port must comply with the flow control specification within

this document.

e Fach Switch must comply with the Link-level data integrity specification within this

document.
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A Switch is not allowed to split a packet into smaller packets, e.g. a single packet with
a 256-byte payload must not be divided into two packets each of 128 bytes payload.

Arbitration between Ingress Ports (inbound Link) of a Switch may be implemented
using round robin or weighted round robin when contention occurs on the same
Virtual Channel. This is described in more detail later within the specification.

PCIl Express-PCI Bridge

A PCI Express to PCI/PCI-X Bridge has one PCI Express Port, and one or multiple
PCI/PCI-X bus interfaces.

A PCI Express to PCI/PCI-X Bridge must support all required PCI and/or PCI-X
transactions on its PCI interface.

Locked Requests must be supported as specified in Chapter 7. PCI Express-PCI
Bridges must not generate (propagate) Locked Requests from PCI to PCI Express,
but are required for deadlock prevention to support Locked Requests from PCI
Express to PCI.

The PCI Express Port of PCI Express-PCI Bridge must comply with the flow
control specification within this document.

The PCI Express Port of PCI Express-PCI Bridge must comply with the Link-level
data integrity specification within this document.

PCIl Express Fabric Topology Configuration

The PCI Express Configuration model supports two mechanisms:

PCI compatible configuration mechanism: The PCI compatible mechanism
supports 100% binary compatibility with PCI 2.3 or later aware operating systems
and their corresponding bus enumeration and configuration software.

xpress enhance urati echanism: The enhanced mechanism is
PCI Expr nhanced configuration mechanism: Th h d hanism i
provided to increase the size of available configuration space and to optimize access
mechanisms.

Each PCI Express Link is mapped through PCI-to-PCI Bridge structure and has a
logical PCI bus associated with it. A PCI Express Link is represented using a PCI-to-
PCI Bridge structure and may either be a PCI Express Root Complex port, a Switch
upstream port, or a Switch downstream port. The Root Port is a PCI-to-PCI bridge
structure that originates a PCI Express Hierarchy domain from a PCI Express Root
Complex. Logical devices are mapped into configuration space such that each will
respond to a particular device number.
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1.5. PCIl Express Layering Overview

This document specifies the architecture in terms of three discrete logical layers: the
Transaction Layer, the Data Link Layer, and the Physical Layer. Each of these layers is
divided into two sections: one that processes outbound (to be transmitted) information
and one that processes inbound (received) information, as shown in Figure 1-4.

The fundamental goal of this layering definition is to facilitate the reader’s understanding
of the specification. Note that this layering does not imply a particular PCI Express

implementation.
4 N\ 4 N\
Transaction Transaction
\\ J \\§ J
4 N\ 4 N\
Data Link Data Link
S J N\ J

Physical 1 ( Physical

Logical Sub-block Logical Sub-block
Electrical Sub-block Electrical Sub-block

___ RX ™ ) U RX ™ )
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Figure 1-4: High-Level Layering Diagram

PCI Express uses packets to communicate information between components. Packets are
formed in the Transaction and Data Link Layers to carry the information from the
transmitting component to the receiving component. As the transmitted packets flow
through the other layers, they are extended with additional information necessary to handle
packets at those layers. At the receiving side the reverse process occurs and packets get
transformed from their Physical Layer representation to the Data Link Layer representation
and finally (for Transaction Layer Packets) to the form that can be processed by the
Transaction Layer of the receiving device. Figure 1-5 shows the conceptual flow of
transaction level packet information through the layers.
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Figure 1-5: Packet Flow Through the Layers

Note that a simpler form of packet communication is supported between two Data Link
Layers (connected to the same Link) for the purpose of Link management.

1.5.1. Transaction Layer

The upper layer of the architecture is the Transaction Layer. The Transaction Layer’s
primary responsibility is the assembly and disassembly of Transaction Layer Packets (TLP).
TLP are used to communicate transactions, such as read and write, as well as certain types of
events. The Transaction Layer is also responsible for managing credit-based flow control
for TLP.

Every request packet requiring a response packet is implemented as a split transaction. Each
packet has a unique identifier that enables response packets to be directed to the correct
originator. The packet format supports different forms (memory, I/O, configuration, and
message) of addressing depending on the type of the transaction. The Packets may also have
attributes such as “no-snoop,” and “relaxed-ordering” which may be used to optimally route
these packets through the system.

The transaction layer supports four address spaces: it includes the three PCI address spaces
(memory, 1/0O, and configuration) and adds a Message Space. This specification uses the
Message Signaled Interrupt concept as a primary method for interrupt processing and uses
Message Space to support all prior side-band signals, such as interrupts, power-management
requests, and so on, as in-band Message transactions. You could think of PCI Express
Message transactions as “virtual wires” since their effect is to eliminate the wide array of
sideband signals currently used in a platform implementation.

1.5.2. Data Link Layer

The middle layer in the stack, the Data Link Layer, serves as an intermediate stage between
the Transaction Layer and the Physical Layer. Responsibilities of Data Link Layer include
Link management, error detection, and error correction.

The transmission side of the Data Link Layer accepts TLP assembled by the Transaction
Layer, calculates and applies data protection code and TLP sequence number, and submits
them to Physical Layer for transmission across the Link. The receiving Data Link Layer is
responsible for checking the integrity of received TLP and for submitting them to the
Transaction Layer for further processing. On detection of TLP error(s), this layer is
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responsible for requesting retransmission of TLP until information is correctly received, or
the Link is determined to have failed.

The Data Link Layer also generates and consumes packets that are used for Link
management functions. To differentiate these packets from those used by the Transaction
Layer (TLP), the term Data Link Layer Packet (DLLP) will be used when referring to
packets that are generated and consumed at the Data Link Layer.

1.5.3. Physical Layer

The Physical Layer includes all circuitry for interface operation, including driver and input
buffers, parallel-to-serial and serial-to-parallel conversion, PLL(s), and impedance matching
circuitry. It includes also logical functions related to interface initialization and maintenance.
The Physical Layer exchanges information with the Data Link Layer in an implementation-
specific format. This layer is responsible for converting information received from Data
Link Layer in to an appropriate serialized format and transmitting it across the PCI Express
Link at a frequency and width compatible with the remote device.

The PCI Express architecture has “hooks” to support future performance enhancements via
speed upgrades and advanced encoding techniques. The future speeds, encoding techniques
or media may only impact the physical layer definition.

1.5.4. Layer Functions and Services

1.54.1. Transaction Layer Services

The Transaction Layer, in the process of generating and receiving TLP, exchanges Flow
Control information with its complementary Transaction Layer on the other side of the
Link. Itis also responsible for supporting both software and hardware-initiated power
management.

Initialization and configuration functions require the Transaction Layer to:
e Store Link configuration information generated by the processor or management device

e Store Link capabilities generated by Physical Layer hardware negotiation of width

A Transaction Layer’s Packet generation and processing services require it to:
e Generate TLP from device core Requests
e Convert received Request TLP into Requests for the device core

e Convert received Completion Packets into a payload, or status information, deliverable
to the core

e (Capability to generate “no-snoop required” transactions
e Detect unsupported TLP and invoke appropriate mechanisms for handling them

e Transaction level support for the switching and advanced communication applications

37



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

e If end-to-end data integrity is supported, generate the end-to-end data integrity CRC and
update the TLP header accordingly.

Flow control services:
e The Transaction Layer tracks flow control credits for TLP across the Link.

e Transaction credit status is periodically transmitted to the remote Transaction Layer
using transport services of the Data Link Layer.

e Remote Flow Control information is used to throttle TLLP transmission.

Ordering rules:
e PCI/PCI-X compliant producer consumer ordering model

e [xtensions to support relaxed ordering

Power management services:
e ACPI/PCI power management, as dictated by system software.

e Hardware-controlled autonomous power management minimizes power during full-on
power states.

Virtual Channels and Traffic Class:

e The combination of Virtual Channel mechanism and Traffic Class identification
is provided to support differentiated services and QoS support for certain class
of applications.

e Virtual Channels: Virtual Channels provide a means to support multiple
independent logical data flows over a given common physical resources of the
Link. Conceptually this involves multiplexing different data flows onto a single
physical Link.

e Traffic Class: The Traffic Class is a Transaction Layer Packet label that is
transmitted unmodified end-to-end through the fabric. At every service point
(e.g. Switch) within the fabric, Traffic Class labels are used to apply appropriate
servicing policies. Packets with different labels do not have ordering
requirements among each other and that allows independent traffic flows that are
not subject of global blocking conditions.
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1.5.4.2. Data Link Layer Services

The Data Link Layer is responsible for reliably exchanging information with its counterpart
on the opposite side of the Link.

Initialization and power management services:

e Accept power state Requests from Transaction Layer and convey to the Physical
Layer

e Convey active/reset/disconnected/power managed state to the Transaction Layer

Data protection, error checking, and retry services:
e CRC generation
e Transmitted TLP storage for Data Link level retry
e Frror checking
e TLP acknowledgment and retry messages
e Error indication for error reporting and logging

e Link ACK timeout mechanism

1.5.4.3. Physical Layer Services

Interface initialization, maintenance control, and status tracking:
e Reset/Hot Plug control/status
e Interconnect power management
e Width and Lane mapping negotiation

e DPolarity reversal

Symbol and special ordered-set generation:
e 8-bit/10-bit encoding/decoding.

e Embedded clock tuning and alignment

Symbol transmission and alignment:
e Transmission circuits
® Reception circuits
e [FElastic buffer at receiving side

e Multi-Lane de-skew (for widths > x1) at receiving side
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System DFT mechanism(s):

e Loop-back mode

1.54.4. Inter-Layer Interfaces

1.54.4.1. Transaction/Data Link Interface

The Transaction to Data Link interface provides:

Byte or multi-byte data to be sent across the Link
o Local TLP-transfer handshake mechanism

o TLP boundary information

Requested power state for the Link

The Data Link to Transaction interface provides:

Byte or multi-byte data received from the PCI Express Link
TLP framing information for the received byte
Actual power state for the Link

Link status information

1.5.4.4.2. Data Link/Physical Interface

The Data Link to Physical interface provides:

Byte or multi-byte wide data to be sent across the Link
o Data transfer handshake mechanism

o TLP and DLLP boundary information for bytes

Requested power state for the Link

The Physical to Data Link interface provides:
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Byte or multi-byte wide data received from the PCI Express Link
TLP and DLLP framing information for data

Indication of errors detected by the Physical Layer

Actual power state for the Link

Connection status information
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1.6. Advanced Peer-to-Peer Communication

Overview

Advanced peer-to-peer communication is an optional functionality used to support peer-to-
peer communications across one or more hierarchies that constitute a single fabric instance.
Figure 1-6 shows an example of a fabric with multiple hierarchies.
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Figure 1-6: Advanced Peer-to-Peer Communication

The primary attributes/requirements are:

e Push-only communications paradigm — Endpoints use a “mailbox’ approach to

exchange control and data packets.

OM13755

e Optional support for multicast packet replication within advanced Switch components.
Multicast allows an Endpoint to inject a single packet into the fabric targeted at a
multicast group identifier and have the advanced Switch components replicate this

packet to all participating Endpoints. This eliminates the need for the injecting

Endpoint having to know all of the participating Endpoints within the multicast group.

e Uses a 16-bit global address space extender to uniquely identify an Endpoint port or a

multicast group within an I/O fabric. A global address is referred to as a Route

Identifier.

e Each hierarchy defines an individual partition within the fabric.

o Atany given time, one Root Complex (RC) controls a partition.

o Multiple partitions may be collapsed into a single partition by assigning ownership of
the partition to one of the active RC. For example, dual-redundant fabrics that are
inter-linked such that either RC may take over for the other should one RC fail.

41



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Cross-Link devices are used to facilitate non-tree enumeration and peer-to-peer
communications. Software, using Cross-Link devices connected between Switches,
establishes peer-to-peer connections between PCI Express agents residing either within
the same hierarchy, or between agents that reside within different PCI Express
hierarchies.

Communication between two hierarchies is not allowed until both the hierarchies are
initialized and configured. At this point, communications software can configure the
Links between the hierarchies (contained within advanced Switch components). During
this step, RIDs are assigned.

RC, Switches, and Endpoints that support advanced peer-to-peer communication must
support all mandatory PCI Express functionality to ensure interoperability with base RC,
Switches, and Endpoints.

A Switch that supports advanced peer-to-peer communication must translate RID
forwarded packets to address-based routed packets if the attached RC or Endpoint does
not support advanced peer-to-peer communication.

The scope of the information provided in this base specification is limited to providing
definition of basic primitives required to support advanced PCI Express packet switching
applications. Detailed description of typical usage models, and operation of the capabilities
enabled by these optional features are beyond the scope of this document and will be
described in a separate document, called Advanced PCI Express Packet Switching Specification, a
companion specification to the PCI Express Base Specification.
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2. Transaction Layer Specification

2.1. Transaction Layer Overview
e N N
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Figure 2-1: Layering Diagram Highlighting the Transaction Layer

One of the primary goals of the PCI Express Architecture is to maximize the efficiency of
communication between devices. To this end, the Transaction Layer implements:

e A pipelined full split-transaction protocol

e Mechanisms for differentiating the ordering and processing requirements of
Transaction Layer Packets (TLPs)

o (Credit-based flow control which eliminates wasted Link bandwidth due to retries

e Optional support for data poisoning and end-to-end data integrity detection.
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The Transaction Layer comprehends the following:
e TLP construction and processing

e Association of PCI Express transaction-level mechanisms with device resources
including:

o Flow Control
o Virtual Channel management

e Rules for ordering and management of TLPs
o Including Traffic Class differentiation

This chapter specifies the behaviors associated with the Transaction Layer.

2.2. Address Spaces, Transaction Types, and Usage

Transactions form the basis for information transfer between a Requester and Completer.
Four address spaces are defined within the PCI Express architecture, and different
Transaction types are defined, each with its own unique intended usage, within each address
space as shown in Table 2-1.

Table 2-1: Transaction Types for Different Address Spaces

Address Space Transaction Types Basic Usage

Memory Read Transfer data to/from a memory-mapped
Write location.

I/0 Read Transfer data to/from an I/O-mapped location
Write

Configuration Read Device configuration/setup
Write

Message Baseline From event signgling mechanism to general
Vendor—defined purpose messaging
Advanced Switching

2.2.1. Memory Transactions

Memory Transactions include the following types:
e Read Request/Completion

o Write Request

Memory Transactions use two different address formats:
e Short Address Format: 32-bit address
e Long Address Format: 64-bit address
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Details about the rules associated with usage of these two address formats and the associated
Transaction Layer Packet (TLLP) formats are outlined in Section 2.7.

2.2.2. I/O Transactions

PCI Express supports 1/O Space for compatability with legacy devices which require their
use. Future revisions of this specification are expected to depreciate the use of I/O Space.
I/0O Transactions include the following types:

e Read Request/Completion

e Write Request/Completion

I/O Transactions use a single address format:

o Short Address Format: 32-bit address

Details about the rules associated with 1/O address, and the associated TLP formats are
outlined in Section 2.7.

2.2.3. Configuration Transactions

Contfiguration Transactions are used to access configuration registers of PCI Express
devices. Mechanisms for generating these Transactions are platform specific.

Configuration Transactions include the following types:
e Read Request/Completion

e Write Request/Completion

Details about the rules associated with configuration address and the associated Packet
formats are outlined in Section 2.7.

2.2.4. Message Transactions

The Message Transactions, or simply Messages, support two primary usage models:
e In-band communication of events between PCI Express devices

e Peer-to-peer communication between PCI Express devices

These two usage models map to two different groups of Messages in PCI Express. The first
group supports the first usage model. The second group, which is associated with Advanced
Switching support supports the second usage model.
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In the terms of how Message Requests are routed, this specification differentiates between
the following two routing mechanisms:

e Implied Routing — without specific address/routing information contained within
Message packet header

e Destination is the other component on the Link or
e Destination is the Root Complex.
e Message is broadcast from the Root Complex to all downstream devices.

e Explicit Routing — with specific address/routing information contained within
Message packet header

e Destination is another device within local PCI Express hierarchy or

e Destination is a device within a different PCI Express hierachy

Note that the explicit routing mechanism is used by the Messages that are defined
for support of advanced switching applications.

PCI Express provides support for vendor-defined messages using specific reserved codes
given in this document. The definition of specific vendor-defined messages is outside the
scope of this document.

2.2.4.1. Types of Messages

Messages defined within the PCI Express specification include the following types of
Messages:

e System Management Message Group
o Interrupt Signaling

Error Signaling

Power Management

Locked Transaction Support

Payload Defined

Vendor Specific Messages

0O O O O O O

Hot Plug Signaling
e Advanced Switching Support Message Group
o Data Packet Messages

o Signal Packet Messages
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2.2.4.2. Vendor-defined Messages

This specification establishes a standard framework within which vendors can specify their
own Vendor-defined Messages tailored to fit the specific requirements of their platforms
(see Sections 2.8.1.5 and 2.8.1.7).

Note that these Vendor-defined messages are not guaranteed to be interoperable with
components from different vendors.

2.3. Packet Format Overview

Transactions consist of Requests and Completions, which are communicated using packets.
Figure 2-2 shows a high level view of a Transaction Layer Packet, consisting of a header, for

some types of packets, a data payload, and an optional TLP digest. The following sections
of this chapter will define the detailed structure of packet headers.

Byte 0 >
Header
Byte J > Data Byte 0
= . Data g
(included when applicable) -
Byte K > Data Byte K+3
Byte K+4 > TLP Digest (optional)
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Figure 2-2: Generic Transaction Layer Packet Format

Depending on the type of a packet, the header for that packet will include some of the
following types of fields:

e Format of the packet
e Type of the packet
e Length for any associated data

e Transaction Descriptor, including:
o Transaction ID
o Attributes
o Traffic Class

e Address/routing information
e Byte enables
e Message encoding

e Completion status
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2.4. Transaction Descriptor

2.4.1. Overview

The Transaction Descriptor is a mechanism for carrying Transaction information between
the Requester and the Completer. Transaction Descriptors are composed of three fields:

e Transaction ID — identifies outstanding Transactions
e Attributes field — specifies characteristics of the Transaction

e Traffic Class (TC) field — associates Transaction with type of required service

Figure 2-3 shows the fields of the Transaction Descriptor. Note that these fields are shown
together to highlight their relationship as parts of a single logical entity. The fields are not
contiguous in the packet header.

Transaction ID

N

15:0 7:0 1.0 2:0
Requester ID Tag Attributes  Traffic
Class
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Figure 2-3: Transaction Descriptor

2.4.2. Transaction Descriptor dransaction ID Field

The Transaction ID Field consists of two major sub-fields: Requester ID and Tag as shown
in Figure 2-4.

Requester ID Tag

— N

7:0 4:0 2:0 7:0
Bus Number Device Function
Number Number
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Figure 2-4: Transaction ID
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e Tag[7:0] is a 8-bit field generated by each Requestor, and it must be unique for all
outstanding Requests that require a Completion for that Requester

O By default, the maximum number of outstanding Requests per
device/function shall be limited to 32, and only the lower 5 bits of the Tag
field are used with the remaining 3 required to be all 0’s

o If the Extended Tag Field Enable bit (see Section 5.8.4) is set, the maximum
is increased to 256, and the entire Tag field is used

o Receiver/Completer behavior is undefined if multiple Requests are issued
non-unique Tag values

e For Requests which do not require Completion (Posted Requests), the value in the
Tag[7:0] field is undefined and may contain any value

o For Posted Requests, the value in the Tag[7:0] field must not affect Receiver
processing of the Request

e Requester ID and Tag combined form a global identifier for each Transaction within
a Hierarchy.

e Transaction ID is included with all Requests and Completions.

e The Requester ID field is a 16-bit value that is unique for every PCI Express

function.

e TFunctions must capture the Bus and Device Numbers supplied with all
Configuration Requests (Type 0) completed by the function and supply these
numbers in the Bus and Device Number fields of the Requester ID for all Requests
initiated by the device/function.

o Note that the Bus Number and Device Number may be changed at run time,
and so it is necessary to re-capture this information with each and every
Configuration Request.

o Exception: The assignment of bus numbers to the logical devices within a
Root Complex may be done in an implementation specific way.

Example: When a device (or function of a multi-function device) receives a Type 0
Configuration Read or Write Request, the device comprehends that it is the intended
recipient of the Request because it is a Type 0 Request. The routing information
fields of the Request include the recipient’s Bus Number and Device Number values

(Figure 2-12). These values are captured by the device and used to generate the
Requester ID field.

e Prior to the initial Configuration Write to a device, the device is not permitted to
initiate Requests.

o Exception: Logical devices within a Root Complex are permitted to initiate
Requests prior to software initiated configuration for accesses to system boot
device(s).

o Note that this rule and the exception are consistent with the existing PCI
model for system initialization and configuration.
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e Fach function associated with a logical device must be designed to respond to a
unique Function Number for Configuration Requests addressing that logical device.
Note: Fach logical device may contain up to eight logical functions.

e A Switch must forward Requests without modifying the Transaction ID

e A PCI Express-PCI-X Bridge operating in conventional PCI mode as well as a PCI
Express-PCI Bridge must forward Requests initiated on PCI using the Bus Number,
Device Number, and Function Number associated with the Bridge to form the
Requester ID.

Implementation Note: Increasing Outstanding Requests

To increase the maximum possible number of outstanding Requests requiring Completion
beyond 256, a single function device may, if the Phantom Function Number Enable bit is set
(see Section 5.8.4), use Function Numbers 1-7 to logically extend the Tag identifier, allowing
up to a 8-fold increase in the maximum number of outstanding Requests

Unclaimed function numbers are termed “Phantom Function Numbers (PFN).”

2.4.3. Transaction Descriptor —Attributes Field

The Attributes Field is used to provide additional information that allows modification of
the default handling of Transactions. These modifications apply to different aspects of
handling the Transactions within the system, such as:

e Ordering

e Hardware coherency management (snoop)

Note that attributes are hints that allow for optimizations in the handling of traffic. Level of
support is dependent on target applications of particular PCI Express peripherals and
platform building blocks.

Attributes

N

b

Relaxed Snoop
Ordering Not
Required

OM13759

Figure 2-5: Attributes Field of Transaction Descriptor
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2.4.3.1. Relaxed Ordering Attribute

Table 2-2 defines the states of the Relaxed Ordering attribute field. This Attribute is

discussed in Section 2.5.

Table 2-2: Ordering Attributes

Ordering : .
Attribute Ordering Type Ordering Model
0 Default Ordering PCI Producer/Consumer-based Ordering Model
1 Relaxed Ordering PCI-X Relaxed Ordering Model
2.4.3.2. “Snoop Not Required” Attribute

Table 2-3 defines the states of the “Snoop Not Required” attribute field. Note that the
“Snoop Not Required” attribute does not alter Transaction ordering.

Table 2-3: Cache Coherency Management Attribute

Snoop Not Required Cache Coherency
Attribute Management Type Coherency Model
0 Default Hardware enforced cache coherency
expected
1 Snoop Not Required Hardware enforced cache coherency
not expected
2.4.4. Transaction Descriptor —Traffic Class Field

The Traffic Class (TC) is a 3-bit field that allows differentiation of transactions into eight

traffic classes.

Together with the PCI Express Virtual Channel support, the TC mechanism is a
fundamental element for enabling differentiated traffic servicing. Every PCI Express
Transaction Layer Packet uses TC information as an invariant label that is carried end to end

within the PCI Express fabric. As the packet traverses across the fabric, this information is

used at every Link and within each Switch element to make decisions with regards to proper
servicing of the traffic. A key aspect of servicing is the routing of the packets based on their
TC labels through corresponding Virtual Channels. (Section 2.6 covers the details of the VC

mechanism.)
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Table 2-4 defines the TC encodings:

Table 2-4 Definition of TC Field Encodings

TC Field Value Definition

000 TCO: Best Effort service class (General Purpose 1/0O)
(Default TC — must be supported by every PCI Express device)

001 -111 TC1-TC7: Differentiated service classes
(Differentiation based on Weighted-Round-Robin and/or Priority)

It is up to the system software to determine TC labeling and TC/VC mapping in order to
provide differentiated services that meet target platform requirements. For example, for a
platform that supports isochronous data traffic, TC7 is reserved for isochronous
transactions and TC7 must be mapped to the VC with the highest weight/priority. See
Section 7.3.4 for details on isochronous support.

The concept of Traffic Class applies only within the PCI Express interconnect fabric.
Specific requirements of how PCI Express TC service policies are translated into policies on
non-PCI Express interconnects or within Root Complex or Endpoints is outside of the
scope of this specification.

2.5. Transaction Ordering

Table 2-5 defines the ordering requirements for PCI Express Transactions. The rules
defined in this table apply uniformly to all types of Transactions on PCI Express including
Memory, I/O, Configuration, and Messages. The ordering rules defined in this table apply
within a single Traffic Class (T'C). There is no ordering among transactions within different
TCs. Note that this also implies that there is no ordering required between traffic that flows
through different Virtual Channels since transactions with the same T'C label are not allowed
to be mapped to multiple VCs on any PCI Express Link.

For Table 2-5, the columns represent a first issued Transaction, and the rows represent a
subsequently issued Transaction. The table entry indicates the ordering relationship between
the two Transactions. The table entries are defined as follows:

e Yes—the second Transaction must be allowed to pass the first to avoid deadlock.
(When blocking occurs, the second Transaction is required to pass the first
Transaction. Fairness must be comprehended to prevent starvation.)

e Y /N-there ate no requirements. The second Transaction may optionally pass the
first Transaction or be blocked by it.

e No-—the second Transaction must not be allowed to pass the first Transaction. This
is required to support Producer-Consumer strong ordering model.
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Table 2-5: Ordering Rules Summary Table

Posted Request Non-Posted Request Completion
Memory Write or Read I/0O or Read 1/0 or
Row Pass Column? Message Request | Request Configuration Completion Configuration
(Col 2) (Col 3) Write Request (Col 5) Write
(Col 4) Completion
(Col 6)
Memory Write a) No Yes Yes a) YIN a) Y/N
3 @ | or Message
5 ] Request b) Y/N b) Yes b) Yes
g 2 | (RowA)
Read Request No Y/N Y/N Y/N YIN
B . | RowB)
%3
g 2| oor No Y/IN YIN YIN YIN
c & | Configuration
§ Write Request
(Row C)
Read a) No Yes Yes a) YIN YIN
Completion
E (Row D) b)Y/N b) No
= |woor YN Yes Yes YIN YIN
g Configuration
O Write
Completion
(Row E)

Explanation of entries in Table 2-5:

A2a

A2b

A3, Ad

A5, A6 a

A5, A6 Db

B2, C2

A Memory Write or Message Request with the Relaxed Ordering Attribute bit
clear (‘0’) must not pass any other Memory Write or Message Request.

A Memory Write or Message Request with the Relaxed Ordering Attribute bit
set (‘1) is permitted to pass any other Memory Write or Message Request.

and I/O or Configuration Write Requests to avoid deadlocks.

A Memory Write or Message Request must be allowed to pass Read Requests

Endpoints, Switches, and Root Complex may allow Memory Write and

Message Requests to pass Completions or be blocked by Completions.

PCI Express to PCI Bridges and PCI Express to PCI-X Bridges, when

operating PCI segment in conventional mode, must allow Memory Write and
Message Requests to pass Completions traveling in the PCI Express to PCI
direction (Primary side of Bridge to Secondary side of Bridge) to avoid

deadlock.

These Requests cannot pass a Memory Write or Message Request. This

preserves strong write ordering required to support Producer/Consumer usage

model.
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B3,B4,  Read Requests and I/O or Configuration Write Requests are permitted to be
C3. C4 blocked by or to pass other Read Requests and 1/O or Configuration Write
’ Requests.

B5,B6,  These Requests are permitted to be blocked by or to pass Completions.

C5, Co

D2a If the Relaxed Ordering attribute bit is not set, then a Read Completion cannot
pass a previously enqueued Memory Write or Message Request.

D2b If the Relaxed Ordering attribute bit is set, then a Read Completion is
permitted to pass a previously enqueued Memory Write or Message Request.

D3,D4, Completions must be allowed to pass Read and I/O or Configuration Write

E3, E4 Requests to avoid deadlocks.

D5a Read Completions associated with different Read Requests are allowed to be
blocked by or to pass each other.

D5b Read Completions for one Request (will have the same Transaction ID) must
return in address order.

Do Read Completions are permitted to be blocked by or to pass I/O or
Configuration Write Completions.

E2 1/0O or Configuration Write Completions are permitted to be blocked by or to
pass Memory Write and Message Requests. Such Transactions are actually
moving in the opposite direction and, therefore, have no ordering relationship.

E5, E6 I/0 or Configuration Write Completions ate permitted to be blocked by or to
pass Read Completions and other 1/O or Configuration Write Completions.

Additional Rules:
o PCI Express Switches are permitted to allow a Memory Write or Message Request

with the Relaxed Ordering bit to set pass any previously posted Memory Write or
Message Request moving in the same direction. Switches must forward the Relaxed
Otrdering attribute unmodified. The Root Complex is also permitted to allow data
bytes within the Request to be written to system memory in any order. (The bytes
must be written to the correct system memory locations. Only the order in which
they are written is unspecified). PCI Express-PCI-X Bridge devices must forward
the Relaxed Ordering attribute unmodified but must treat all transactions as if the
Relaxed Ordering attribute bit is not set.

Note: This maintains compatibility with PCI-X relaxed ordering usage models and
corresponding rules. For more details, refer to the PCI-X Addendum to the PCI 1ocal
Bus Specification, Rev 1.0a.
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o For Root Complex and Switch, Memory Write combining (as defined in the PCI
Specification) is prohibited.

Note: This is required so that devices can be permitted to optimize their receive
buffer and control logic for Memory Write sizes matching their natural expected
sizes, rather than being required to support the maximum possible Memory Write
payload size.

. Combining of Memory Read Requests, and/or Completions for different Requests is
prohibited.
. The “Snoop Not Required” bit does not affect the required ordering behavior.

Note: Main memory writes from the CPU accepted by the Root Complex are
architecturally part of the system memory image; the Root Complex must ensure
coherency for subsequent device reads from main memory.

Implementation Note: Large Memory Reads vs. Multiple Smaller Memory Reads

Note that the rule associated with entry D5b in Table 2-5 ensures that for a single Memory
Read Request serviced with multiple Completions, the Completions will be returned in
address order. However, the rule associated with entry D5a permits that different
Completions associated with distinct Memory Read Requests may be returned in a different
order than the issue order for the Requests. For example, if a device issues a single Memory
Read Request for 256B from location 1000h, and the Request is returned using two
Completions (see Section 2.7.6.2.1) of 128B each, it is guaranteed that the two Completions
will return in the following order:

1" Completion returned: Data from 1000h to 107Fh.
2" Completion returned: Data from 1080h to 10FFh.

However, if the device issues two Memory Read Requests for 128B each, first to location
1000k, then to location 1080h, the two Completions may return in either order:

1" Completion returned: Data from 1000h to 107Fh.

2™ Completion returned: Data from 1080h to 10FFh.
—or—

1" Completion returned: Data from 1080h to 10FFh.

2™ Completion returned: Data from 1000h to 107Fh.
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2.6. Virtual Channel (VC) Mechanism

The PCI Express Virtual Channel (VC) mechanism provides support for carrying
throughout the PCI Express fabric traffic that is differentiated using TC labels. The
foundation of VCs are independent fabric resources (queues/buffers and associated control
logic). These resources are used to move information across PCI Express Links with fully
independent flow-control between different VCs. This is key to solving the problem of
flow-control induced blocking where a single traffic flow may create a bottleneck for all
traffic within the system.

Traffic is associated with VCs by mapping packets with particular TC labels to their
corresponding VCs. The PCI Express VC mechanism allows flexible mapping of TCs onto
the VCs. In the simplest form, TCs can be mapped to VCs on a 1:1 basis. To allow
petformance/cost tradeoffs, PCI Express provides the capability of mapping multiple TCs
onto a single VC. Section 2.6.3 covers details of TC to VC mapping,.

A Virtual Channel is established when one or multiple TCs are associated with physical VC
resource designated by VC ID. This process is controlled by the PCI Express configuration
software as described in Sections 5.11 and 7.3.

Supportt for TCs and VCs beyond default TCO/VCO pair is optional. The association of
TCO with VCO is fixed, i.e. “hardwired”, and must be supported by all PCI Express
components. Therefore the baseline TC/VC setup does not require any VC-specific
hardware or software configuration. In order to ensure interoperability, PCI Express
components that do not implement the optional PCI Express Virtual Channel Capability
Structure must obey the following rules:

o A Requester must only generate requests with TCO label. (Note that if it initiates
requests with a TC label other than TCO, the requests may be treated as illegal by the
component on the other side of the Link that implements the extended VC
capability and applies TC filtering.)

o A Completer must accept requests with TC label other than TCO0, and must preserve
the TC label, i.e., any completion that it generates must have the same TC label as
the label of the request.

o A Switch must map all TCs to VCO and must forward all transactions regardless of
the TC label.

A PCI Express Endpoint or Root Complex that intends to be a Requester to issue requests
with TC label other than TCO must implement the PCI Express Virtual Channel Capability
Structure, even if it only supports the default VC. This is required in order to enable
mapping of TCs beyond the default configuration. It must follow the TC/VC mapping
rules according to the software programming of the VC Capability Structure.

Figure 2-6 illustrates the concept of Virtual Channel. The enlarged area shows VC resources
in one direction (Switch to RC). Conceptually, traffic that flows through VCs is muxed onto
a common physical Link resource on the transmit side and de-muxed into separate VC paths
on the receive side.

56



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

[ [1
V) A

single Link

with 2 VC's Y| |
, Y \A Y
S [ | [ I

Component | | Component| | Component| | Component| | Component

C D E A B

~—> Default VC (VCO)

-€----- » Another VC
OM13760

Figure 2-6: Virtual Channel Concept — An Illustration

Internal to the Switch every Virtual Channel requires dedicated physical resources

(queues/buffers and control logic) that support independent traffic flows inside the Switch.

Figure 2-7 shows conceptually the VC resources within the Switch (shown in Figure 2-06)
that are required to support traffic flow in the upstream direction.
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>
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Figure 2-7: Virtual Channel Concept — Switch Internals (Upstream Flow)
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2.6.1. Virtual Channel Identification (VC ID)

A PCI Express Port can support up to eight Virtual Channels. These VCs are uniquely
identified using the Virtual Channel Identification (VC ID) mechanism.

Note that TLPs do not include VC ID information. The association of TLPs with VC ID
for the purpose of Flow Control accounting is done at each Port of the Link using TC to VC
mapping as discussed in Section 2.6.3.

All PCI Express Ports that support more than VCO must provide the VC Capability
Structure according to the definition in Section 5.11. Providing this extended structure is
optional for Ports that support only the default TCO/VCO configuration. PCI Express
configuration software is responsible for configuring Ports on both sides of the Link for a
matching number of VCs. This is accomplished by scanning the PCI Express hierarchy and
using VC Capability registers associated with ports (that support more than default VCO) to
establish number of VCs for the Link. Rules for assigning VC ID for VC hardware
resources are as follows:

e VCID assignment must be unique per PCI Express Port — Same VC ID cannot be
assigned to different VC hardware resources within the same Port.

e VCID assighment must be the same (matching in the terms of numbers of VCs and
their IDs) for the two PCI Express Ports on both sides of a PCI Express Link.

e VCID 0 is assigned and fixed to the default VC.

e Fora PCI Express Port that supports the VC Capability Structure, the first VC hardware
resource must be the default VC.

e VCID assignment must be in increasing order (but not necessarily contiguous) for a PCI
Express Port that supports multiple VCs.

2.6.2. VC Support Options

To simplify the interoperability when configuring number of supported VCs per Link, the
PCI Express specification limits the set of valid VC configuration options to: 1, 2, 4, and 8.
Other VC configurations such as 3, 5, 6, and 7 are not allowed.

58



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

2.6.3. TC to VC Mapping

Every Traffic Class that is supported must be mapped to one of the Virtual Channels. The
mapping of TCO to VCO is fixed.

The mapping of TCs other than TCO is system software specific. However, the mapping
algorithm must obey the following rules:

e One or multiple TCs can be mapped to a VC
e One TC must not be mapped to multiple VCs in any PCI Express Port.

e TC/VC mapping must be identical for PCI Express Ports on both sides of a PCI
Express Link.

e Forany two TCs (TCb > TCa), TCb must be mapped to the same VC as TCa or be

mapped to a VC with higher VC ID. It is not allowed to map TCb on a VC with a lower
VC ID than the one TCa is mapped to.

Table 2-6 provides an example of TC to VC mapping.

Table 2-6: TC to VC Mapping Example

Supported VC Configurations | TC/VC Mapping Options

VCO TC(0-7)/vCO

VCO0, VC1 TC(0-6)/VCO, TC7/VC1

VCO0-VC3 TC(0-1)/VCO, TC(2-4)/VC1, TC(5-6)/VC2,
TC7/VC3

VCO0-VC7 TCI[0:7])/VC[0:7]

Notes on conventions:

e TCn/VCk = TCn mapped to VCk
e TC(n-m)/VCk = all TCs in the range n-m mapped to VCk (i.e., to the same VC)

e TC[n:m]/VC[n:m] =TCn/VCn, TCn,,/ VCn,, ..., TCm/VCm
Figure 2-8 provides a graphical illustration of TC to VC mapping in several different Link

configurations. For additional considerations on TC/VC mapping including symmetrical
and asymmetrical mapping within PCI Express Switches, refer to Section 7.3.
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Figure 2-8: An Example of TC/VC Configurations

2.6.4. VC and TC Rules

Here is a summary of key rules associated with the TC/VC mechanism:

e All PCI Express devices must support general purpose I/O Traffic Class, i.e., TCO
and must implement the default VCO.

e Fach Virtual Channel (VC) has independent Flow Control.
® There are no ordering relationships required between different TCs
e There are no ordering relationships required between different VCs

e A Switch’s peer-to-peer capability applies to all Virtual Channels supported by the
Switch.

e Transactions with TC that is not mapped to any enabled VC in a PCI Express
Ingress Port are treated as malformed transaction by the receiving device.

e For Switches, transactions with TC that is not mapped to any of enabled VCs in the
target Egress Port are treated as illegal transaction.

60



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

e Fora Root Port, transactions with a TC that is not mapped to any of enabled VCs in
the target RCRB are treated as illegal transaction.

e Switches must support independent TC/VC mapping configuration for each port.

e Root Complex must support independent TC/VC mapping configuration for each
RCRB and the associated Root Ports.

For more details on the VC and TC mechanisms, including configuration, mapping, and
arbitration, refer to Chapter 7.3.

2.7. Transaction Layer Protocol - Packet Definition
and Handling

PCI Express uses a packet based protocol to exchange information between the Transaction
Layers of the two components communicating with each other over the Link. PCI Express

supports the following basic transaction types: Memoty, I/O, Configuration, and Messages.
Two addressing formats for Memory Requests are supported: 32 bit and 64 bit.

Transactions are carried using Requests and Completions. Completions are used only where
required, for example, to return read data, or to acknowledge Completion of I/O and
Configuration Write Transactions. Completions are associated with their corresponding
Requests by the value in the Requester ID field of the Packet header.

2.7.1. Transaction Layer Packet Definition Rules

e All Transaction Layer Packets (TLPs) must start with one of the headers defined in
this section.

o Some TLPs include data following the header as determined by the Fmt[1:0]
tield specified in the TLP header.

e TLP data must be four-byte naturally aligned and in increments of four-Byte Double

Words (DW).
e All TLP headers include the following fields:
o Fmt[1:0] — Specifies global Format of TLP:
= (00 - 3DW header, no data
= 01 -4DW header, no data
= 10 - 3DW header, with data
= 11 - 4DW header, with data
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Type[4:0] — See Table 2-8 for type encodings

* Both Fmt[1:0] and Type[4:0] must be decoded to determine specifics
of TLP format.

Length[9:0] — Length of data payload in DW
= 000000 0001 = 1DW
00 0000 0010 = 2DW

11 1111 1111 = 1023DW
00 0000 0000 = 1024DW
Permitted Fmt[1:0] and Type[4:0] tield values are shown in Table 2-8.

= All other encodings are reserved.

TD - '1" indicates presence of TLP “digest” in the form of a single DW at the
end of the TLP (see Figure 2-2)

EP -

= [ TD="1", EP ='0' means TLP digest is used for data poisoning;
EP="1" means TLP digest is used for and end-to-end CRC (ECRC)
field

= IfTD=0’, EP='0" means TLP is not poisoned, EP="1" means TLP is
poisoned

® Thus, the combination of TD and EP is interpreted as shown in
Table 2-7
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Table 2-7: TD and EP Field Values

TD EP | TLPD Digest End-to-End Error Digest Value | Comments
Data Integrity | Forwarding
0 0 Not present No No N/A
Poisoned data
0 1 Not present No Yes N/A See
Section 2.11
FFFFFFFFh Poisoned data
1 0 Present No Yes ) Not poisoned
Otherwise data
Valid ECRC
See No errors
1 1 |Present Yes Yes Section 2.10
FFFFFFFFh2 | Poisoned data
Otherwise ECRC error

Different types of TLPs are discussed in more detail in the following sections.

Table 2-8: Fmt[1:0] and Type[4:0] Field Encodings

TLP Type Fmt Type Description
[1:0]3 [4:0]
MRd 00 0 0000 Memory Read Request
01
MRdLk 00 0 0001 Memory Read Request—-Locked
01
MWr 10 0 0000 Memory Write Request
11
IORd 00 00010 I/0 Read Request
IOWTr 10 00010 I/0O Write Request
CfgRdO 00 00100 Configuration Read Type 0
Cfgwr0 10 00100 Configuration Write Type 0
CfgRd1 00 00101 Configuration Read Type 1
Cfgwrl 10 00101 Configuration Write Type 1

2 Note that FFFFFFFFh cannot occur as a valid ECRC value.

3 Requests with two Fmt[1:0] values shown can use either 32b (the first value) or 64b (the second value)
Addressing Packet formats.
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TLP Type

Fmt

[1:0]3

Type
[4:0]

Description

Msg

01

1 Orararg

Message Request — The sub-field r[2:0]
specifies Message routing mechanism —
See Table 2-9

MsgD

11

1 Orarqrg

Message Request with data payload — The
sub-field r[2:0] specifies Message routing
mechanism — See Table 2-9

MsgAS

01

1 1nyn4ng

Message for Advanced Switching —The sub-
field n[2:0] specifies the message type:

1n,n.ng— Signaling Packet Messages

A detailed description of message types
and message headers will be presented in a
separate document entitled Advanced PCI
Express Packet Switching Specification.
This is a companion specification to the PCI
Express Base Specification.

MsgASD

11

1 1c,cqCo

Message for Advanced Switching — The
sub-field c[2:0] specifies the message type:

1c,cic9— Data Packet Messages

A detailed description of message types
and message headers will be presented in a
separate document entitled Advanced PCI
Express Packet Switching Specification.
This is a companion specification to the PCI
Express Base Specification.

Cpl

00

01010

Completion without Data — used for 1/0 and
Configuration Write Completions, and
Memory Read Completions with Completion
Status other than Successful Completion”

CplD

10

01010

Completion with Data — used for Memory,
I/0, and Configuration Read Completions

CplLk

00

01011

Completion for Locked Memory Read
without Data — used only in error case

CplIDLk

10

01011

Completion for Locked Memory Read —
otherwise like CplD

All encodings not shown above are
Reserved
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Table 2-9: Message Routing

r[2:0] Description

000 Routed to Root Complex

001 Routed by Address

010 Routed by ID4

011 Broadcast from Root Complex

100 Local - Terminate at Receiver
101-111 Reserved - Terminate at Receiver

2.7.2. TLP Digest Rules
e Forany TLP, a value of ‘1’ in the TD field indicates the presence of the TLP Digest
field at the end of the TLP

o The presence or absence of the TLP Digest field must be checked for all
TLPs

o A TLP with a ‘1" in the TD field but without a TLP Digest, or a TLP with a
TLP Digest but without a “1” in the TD field, is a Malformed TLP

® This is a reported error associated with the Receiving Port (see
Section 7.2)

e Forany TLP with a TLP Digest field, a value of ‘1’ in the EP field indicates that the
TLP Digest field is used for an end-to-end CRC (ECRC)

o The presence or absence of the ECRC must be checked for all TLPs
e If the device at the ultimate destination of the TLP-

o supports neither data poisoning nor ECRC checking, the device must ignore
the TLP Digest

o supports data poisoning but not ECRC checking, the device interprets the
value in the TLP Digest field according to Section 2.11

o supports ECRC checking, the device interprets the value in the TLP Digest
field as an ECRC value, according to the rules in Section 2.10.2

4 Similar to a Completion or a Configuration Request.
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TLPs with Data Payloads - Rules

Length is specified as a number of naturally aligned DW

Length[9:0] is reserved for all Messages except those which explicitly refer to a Data
Length

o See Message Code table in Section 2.7.4.4.

The data payload of a TLP must not exceed the length specified by the value in the
Max_Payload_Size field of the Link Command Register (see Section 5.8.7).

o Note: Max_Payload_Size applies only to TLPs with data payloads; Memory
Read Requests are not restricted in length by Max_Payload_Size. The size of
the Memory Read Request is controlled by the Length field

o Receivers must check for violations of this rule. If a Receiver determines that
a TLP violates this rule, the TLP is a Malformed TLP

® This is a reported error associated with the Receiving Port (see
Section 7.2)

For TLPs, that include data, the value in the Length field and the actual amount of
data included in the TLP must be equal.

o Receivers must check for violations of this rule. If a Receiver determines that
a TLP violates this rule, the TLP is a Malformed TLP

= This is a reported error associated with the Receiving Port (see
Section 7.2)

Requests must not specify an Address/Length combination which causes a Memory
Space access to cross a 4K boundary.

o Receivers may optionally check for violations of this rule. If a Receiver
implementing this check determines that a TLP violates this rule, the TLP is
a Malformed TLP

= If checked, this is a reported error associated with the Receiving Port
(see Section 7.2)

Note: The Length specified in the Length field applies only to data — the
Transaction Digest is not included in the Length

When a data payload is included in a TLP, the first Byte of data following the header
corresponds to the Byte address closest to zero and the succeeding Bytes are in
increasing Byte address sequence.

o Example: For a 16B write to location 100h, the first byte following the
header would be the byte to be written to location 100h, and the second byte
would be written to location 101h, and so on, with the final byte written to
location 10Fh.
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Implementation Note: Maintaining Alignment in Data Payloads

Section 2.7.6.2.1 discusses rules for forming Read Completions respecting certain natural
address boundaries. Memory Write performance can be significantly improved by respecting
similar address boundaries in the formation of the Write Request. Specifically, forming
Write Requests such that natural address boundaries of 64 or 128 Bytes are respected will
help to improve system performance.

2.7.4. Requests

Requests include a Request header which for some types of Requests will be followed by
some number of DW of data. The rules for each of the fields of the Request header are
defined in the following sections.

2.7.4.1. Address Field Rules

Two Address formats are specified, a 32b format and a 64b format. Figure 2-9 shows the
Request header format for 32b Addressing and Figure 2-10 shows the Request header
format for 64b Addressing.

e Memory Read Requests and Memory Write Requests can use either format.

o For Addresses below 4 GB, Requesters must use the 32b format.
e /0O Read Requests and 1/O Write Requests use the format shown in Figure 2-11.

e Configuration Read Requests and Configuration Write Requests use the format
shown in Figure 2-12.

e Msg and MsgD Requests use the format shown in Figure 2-13
e MsgAS and MsgASD Requests use the format shown in Figure 2-15

e All PCI Express Agents must decode all address bits in the header - address aliasing
is not allowed.

Implementation Note: Prevention of Address Aliasing

For correct software operation, full address decoding is required even in systems where it
may be known to the system hardware architect/designer that fewer than 64 bits of address
are actually meaningful in the system.
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+0 +1 +2 +3
7 6|5 4|3|2 1|0 7 6|5|4 3(2|1|0(7|6 5|4 3|2 1|0 7|6|5 4|3|2|1|0

Byte 0 > |R )I(cht] Type R TC Reserved B E Atrr [ R Length
Byte 4 > Requester ID Tag LastDW | 1stDwW
Byte 8 > Address[31:2] R

OM13763

Figure 2-9: Request Header Format for 32b Addressing of Memory

+0 +1 +2 +3
7 6|5 4|3|2 1|0 7 6|5|4 3|2|1(0|7|6 5|4 3|2 l|0 7|6|5 4|3|2|l|0
Byte 0 > [R )'(: mi Type R TC Reserved g E Attr | R Length
Byte 4 > Requester ID Tag Laggw ISEEW
Byte 8 > Address[63:32]
Byte 12 > Address[31:2] R

OM13764

Figure 2-10: Request Header Format for 64b Addressing of Memory

+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 716 5|4 3|2 1|0 7|6|5|4|3|2|1|0
Fmt TC T|E| Attr Length
Byte0>R|x"0| ™pe |R|g g g|Reserved|piplo 0| Rloooo0000001
Byte 4 > Requester ID Tag I(_)asBDV(\)/ Bg 1SEEW
Byte 8 > Address[31:2] R
OM13765
Figure 2-11: Request Header Format for I/O Transactions
+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 716 5|4 3|2 1|0 7|6|5|4|3|2|1|0
> Fmt TC T|E| Attr Length
Byte0>R|,"g| e |Rig g g|Reserved Ipipl0 0] Rloo00000001
Last DWBE| 1st DW
Byte 4 > Requester ID Tag 0000 BE
Device Function Ext.Reg. ! Register
Byte 8> Bus Number Number | Number Reserved Address ! Address R

OM13766

Figure 2-12: Request Header Format for Configuration Transactions



Byte 0 >
Byte 4 >
Byte 8 >

Byte 12 >

Byte 0 >
Byte 4 >
Byte 8 >

Byte 12 >

Byte 0 >
Byte 4 >
Byte 8 >

Byte 12 >
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+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 7|6 5|4 3|2 1|O 7|6|5|4|3|2|1|0
Fmt T|E| Attr Length - Reserved
Rlo 1| e |R| TC |Reserved 5o 0l R 10000000000
Requester ID Tag Message Code
Address[63:32]/Reserved
Address[31:2])/Reserved R
OM13767
Figure 2-13: Request Header Format for Msg Request
+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 716 5|4 3|2 1|0 7|6|5|4|3|2|1|0
R Em{ Type R| TC |Reserved g E (’;\t% R Length
Requester ID Tag | Message Code
Address[63:32])/Reserved
Address[31:2])/Reserved R

OM14296

Figure 2-14: Request Header Format for MsgD Request

+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 7|6 5|4 3|2 1|0 7|6|5|4|3|2|1|0
Fmt T|E Length—Reserved
R01 Type R| TC ReservedDPAttr R 0000D0000ODO

Reserved for MsgAS

(A detailed description of message types and message headers
will be included in a separate document, called the

— Advanced PCI Express Packet Switching Specification, a —

companion specification to the PCI Express Base Specification.)

OM13768

Figure 2-15: Request Header Format for MsgAS Request

Byte 0 >
Byte 4 >
Byte 8 >

Byte 12 >

+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 716 5|4 3|2 1|0 7|6|5|4|3|2|1|0
Fmt T|E
RIT Type R| TC |Reserved | |pg|Atr| R Length

Reserved for MsgASD

(A detailed description of message types and message headers
will be included in a separate document, called the

— Advanced PCI Express Packet Switching Specification, a —

companion specification to the PCI Express Base Specification.)

OM14298

Figure 2-16: Request Header Format for MsgASD Request
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2.7.4.2. First/Last DW Byte Enable Rules

The first DW Byte Enables[3:0] Field contains byte enables for the first DW of any
Memory Read or Write Request, and for the only DW of an 1/O or Configuration
Request.

o If there is only one DW for a Memory Request, this byte enable field is used.

o If the Length field for a Request indicates a length of greater than 1DW, this
field must not be inactive (must not equal 0000b)

The Last DW Byte Enables[3:0] Field contains byte enables for the last DW of any
Memory Read or Write Request.

o If the Length field for a Request indicates a length of 1DW, this field must
be inactive (must equal 0000b).

o If the Length field for a Request indicates a length of greater than 1DW, this
field must not be inactive (must not equal 0000b).

These fields are never used with Msg, MsgD, MsgAS, or MsgASD Requests
o Note that these fields ovetlap the Message Code/Dest RID[7:0] fields

For each bit of the Byte Enables Fields:

o avalue of ‘0’ indicates that the corresponding Byte of Data must not be
written or, if non-prefetchable, must not be read at the Completer.

o avalue of ‘1’ indicates that the corresponding Byte of Data must be written
or read at the Completer.

If a Read Request of 1 DW specifies that no Bytes ate enabled to be read (17 DW
Byte Enables|3:0] field = b’0000), the corresponding Completion must specify a
Length of 1 DW, and include a data payload of 1 DW

o The contents of the data payload are unspecified and may be any value

Receiver/Completer behavior is undefined for a TLP violating the Byte Enables
rules specified in this section.

Receivers may optionally check for violations of the Byte Enables rules specified in
this section. If a Receiver implementing such checks determines that a TLP violates
one or more Byte Enable rules, the TLP is a Malformed TLP

o If Byte Enable rules are checked, a violation is a reported error associated
with the Receiving Port (see Section 7.2)

Implementation Note: Zero Length Read

A Memory Read Request of 1 DW with no Bytes enabled, or “zero length Read,” may be
used by devices as a type of “flush” Request. For a Requester, the “flush” semantic allows a
device to ensure that previously issued Posted Writes have been completed at their PCI
Express destination.
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The “flush” semantic has wide application, and all Completers must implement the
functionality associated with this semantic. Because a Requester may use the “flush”
semantic without comprehending the characteristics of the Completer, Completers must
ensure that zero length reads do not have side-effects. This is really just a specific case of
the rule that in a non-prefetchable space, non-enabled Bytes must not be read at the
Completer. Note that the “flush” applies only to traffic in the same Traffic Class as the zero
length Read.

e Of the first DW Byte Enables|[3:0] Field:
o Bit 0 corresponds to Byte O of the first DW of data.
o Bit 1 corresponds to Byte 1 of the first DW of data.
o Bit 2 corresponds to Byte 2 of the first DW of data.
o Bit 3 corresponds to Byte 3 of the first DW of data.
e  Of the last DW Byte Enables[3:0] Field:
o Bit 0 corresponds to Byte 0 of the last DW of data.
o Bit 1 corresponds to Byte 1 of the last DW of data.
o Bit 2 corresponds to Byte 2 of the last DW of data.
o Bit 3 corresponds to Byte 3 of the last DW of data.

Figure 2-9, Figure 2-10, Figure 2-11, and Figure 2-12 show the Byte Enable fields for
Memory, I/O, and Configuration Requests.

2.7.4.3. Rules for Tag, Requester ID, Traffic Class, and Attribute
Fields

e The Tag[7:0] field contains the Tag as described in Section 2.4.2.

e The Requester ID[15:0] field contains the Requester ID as described in Section 2.4.2.

e The TC|2:0] field contains the Traffic Class identification as described in
Section 2.4.4.

e The Attr[1:0] field contains the Transaction Descriptor attribute as described in
Section 2.4.3.

Figure 2-9, Figure 2-10, Figure 2-11, Figure 2-12, Figure 2-13, and Figure 2-15 show these
fields.
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2.7.4.4. Message Space Rules

72

Message codes and support requirements are defined in Table 2-10

All devices must fully decode all Messages to distinguish supported Messages from
unsupported Messages (aliasing is not permitted).

Message Requests are posted and do not require Completion.

Message Requests follow the same ordering rules as Memory Write Requests.
Except as noted, the Address field is Reserved

Except as noted, the Attr(Attribute) field is set to 00b

Except as noted, Messages use Traffic Class = 0

o Receivers must check for violations of this rule. If a Receiver determines that
a TLP violates this rule, the TLP is a Malformed TLP

® This is a reported error associated with the Receiving Port (see
Section 7.2)

Message Codes in the range 10000000 — 11111111 are reserved for Vendor Specific

use

Receipt of an unsupported Message is an Unsupported Request

o An Unsupported Request is a reported error associated with the Receiving
device/function (see Section 7.2)

o Note that many Messages are specified to be simply discarded by the
Receiver without effect — such Messages are not considered Unsupported
Requests, and are, therefore, not errors

Example: A PCI Express Endpoint receiving an Unlock Message.
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Table 2-10: Msg Codes

Name Code[7:0] | Routing Support® Req | Description/Comments
: 6
r[2:0] RIEI|s B |'P
Clp |w|r
Unlock 0000 0000 | 011 t |r r | BD Unlock Completer
ERR_COR 0011 0000 | 000 roft t |B Signal detection of a
BD correctable error
BDF
ERR_NONFATAL 0011 0001 | 00O rof|t t |B Signal detection of an
BD uncorrectable error
BDF
ERR_FATAL 0011 0011 | 00O roft t |B Signal detection of a fatal
BD error
BDF
PM_Active_State Nak 0001 0100 | 100 t |r |tr|r |B Power Management
related — see Chapter 6
PM_PME 0001 1000 | 000 If PME BDF | Power Management
supported: related — see Chapter 6
t
PME_Turn_Off 0001 1001 | 011 t |r r | BDF | Power Management
related — see Chapter 6

5 Abbreviations:
RC = Root Complex

Sw = Switch (only used with “Link” routing)

Ep = Endpoint

Br = PCI Express/PCI Bridge

r = Supports as Receiver

t = Supports as Transmitter

Note that Switches must support passing Messages on all legal routing paths. Only Messages specifying
Local (0100b) routing or a reserved field value are terminated locally at the Receiving Port on a Switch.

6 The Requester ID includes sub-fields for Bus Number, Device Number and Function Number. Some
Messages are not associated with specific Devices or Functions in a component, and for such Messages
these fields are Reserved; this is shown in this column using a code. Some messages can be used in more
than one context, and therefore more than one code may be listed. The codes in this column are:

B = Bus Number included; Device Number and Function Number are Reserved
BD = Bus Number and Device Number included; Function Number is Reserved
BDF = Bus Number, Device Number, and Function Number are included
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Name Code[7:0] | Routing Support Req Description/Comments
r[2:0] RIE [slB ID
Clp |wir
PME_TO_Ack 0001 1011 | 00O r |t t | BDF | Power Management
(Note: Switch related — see Chapter 6
handling is
special)
Assert_INTA 0010 0000 | 100 All: B Assert INTA virtual signal
r | | | Note: These Messages
A are used for PCl 2.3
As Required: compatible INTx
t t emulation
Assert_INTB 0010 0001 | 100 All: B Assert INTB virtual signal
]
As Required:
[t [ ]t
Assert INTC 0010 0010 | 100 All: B Assert INTC virtual signal
| ] ]
As Required:
[t | ]t
Assert_INTD 0010 0011 | 100 All: B Assert INTD virtual signal
]
As Required:
HEE
Deassert INTA 0010 0100 | 100 All: B De-assert INTA virtual
r | | | signal
As Required:
[t ]t
Deassert INTB 0010 0101 | 100 All: B De-assert INTB virtual
r | | | signal
As Required:
[t [ ]t
Deassert INTC 0010 0110 | 100 All: B De-assert INTC virtual
r | | | signal
As Required:
L
Deassert INTD 0010 0111 | 100 All: B De-assert INTD virtual
r | | | signal
As Required:
[t ]t
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Name

Code[7:0]

Routing
r[2:0]

Support

RIE|S |B
Clp |w|r

Req
ID

Description/Comments

Attention_Indicator_On

0100 0001

100

t r tr [r

Required for
Hot Plug
Support

BDF

Attention Indicator On

Attention_Indicator_Blink

0100 0011

100

t [r | |r

Required for
Hot Plug
Support

BDF

Attention Indicator Blink

Attention_Indicator_Off

0100 0000

100

t [r | |r

Required for
Hot Plug
Support

BDF

Attention Indicator Off

Power_Indicator_On

0100 0101

100

t |r |u|r

Required for
Hot Plug
Support

BDF

Power Indicator On

Power_Indicator_Blink

0100 0111

100

t |r |u|r

Required for
Hot Plug
Support

BDF

Power Indicator Blink

Power_Indicator_Off

0100 0100

100

t |r [u|r

Required for
Hot Plug
Support

BDF

Power Indicator Off

Attention_Button_Pressed

0100 1000

100

rle |r [

Required for
Hot Plug
Support

BDF

Attention Button Pressed

Vendor Specific

1000 0000
to
1111 1111

000 to
1007

See note.

See

note.

Codes in this range are
reserved for vendor
definition.

Note: Implementation specific.

7 Any value in this range is permitted.
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Table 2-11: MsgD Codes

Name Code[7:0] | Routing Support Req ID | Description/Comments
r[2:0] RIEIs |B
Clp [w]|r
Set_Slot Power_Limit 0101 0000 | 100 t |r |tr |r | BDF Set Slot Power Limit in
Upstream Port
Payload_Defined 0111 1111 | 00O to See note. See See Section 2.8.1.5
100 note.
Vendor Specific 1000 0000 | 000 to See note. See Codes in this range are
to 100 note. reserved for vendor
1111 11121 definition.

Note: Implementation specific.

2.7.5. Completions

All Read Requests and Non-Posted Write Requests require Completion. Completions
include a Completion header that, for some types of Completions, will be followed by some
number of DW of data. The rules for each of the fields of the Completion header are
defined in the following sections.

Figure 2-17 shows the format of a Completion header.

+0 +1 +2 +3
7 6|5 4|3|2|1|0 7 6|5|4 3|2|1|0 716 5|4 3|2 1|0 7|6|5|4|3|2|1|0

Byte 0> (R )'fmé Type R| TC |Reserved 5 E Attr | R Length
Compl.
Byte 4 > Completer ID Reserved Reserved Status
Byte 8 > Requester ID Tag Reserved R

OM13769

Figure 2-17: Completion Header Format

2.7.5.1. Rules for Completers

e The Completion Status[2:0] field indicates the status for a Completion:
000b — Successful Completion (SC)

001b — Unsupported Request (UR)

010b — Configuration Request Retry Status (CRS)

100b — Completer Abort (CA)

All others Reserved

0O O O O ©O
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Rules for determining the value in the Completion Status[2:0] field are in
Section 2.7.6.2

The Completer ID[15:0] field is a 16-bit value that is unique for every PCI Express
function (see Figure 2-18)

Functions must capture the Bus and Device Numbers supplied with all
Configuration Requests (Type 0) completed by the function, and supply these
numbers in the Bus and Device Number fields of the Completer ID for all
Completions generated by the device/function.

o Ifa function must generate a Completion prior to the initial device
Configuration Request, 0’s must be entered into the Bus Number and Device
Number fields

o Note that Bus Number and Device Number may be changed at run time,
and so it is necessary to re-capture this information with each and every
Configuration Request.

o Exception: The assignment of bus numbers to the logical devices within a
Root Complex may be done in an implementation specific way.

In some cases, a Completion with the UR status may be generated by a
multi-function device without associating the Completion with a specific function
within the device — in this case, the Function Number field is Reserved, and is set to
all ‘0’s
o Example: A multi-function device receives a Read Request which does not
target any resource associated with any of the functions of the device — the
device generates a Completion with UR status and sets a value of all ‘0’s in
the Function Number field of the Completer 1D

Completer ID
7:0 4:0 2:0
Bus Number Device Function
Number Number

OM13770

Figure 2-18: Completer ID

Completion headers must supply the same values for the Requester ID, Tag, Attribute
and Traffic Class as were supplied in the header of the corresponding Request.

Note: Prior to system initialization, Requester ID values may not be established. It is
required that all Requests made prior to system initialization be initiated by the Root
Complex, as all Completions will be routed to the Root Complex.

The Completion ID field is not meaningful prior to the software initialization and
configuration of the completing device (using at least one Configuration Write Request),
and the Requestor must ignore the value returned in the Completer ID field.
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e A Completion including data must specify the actual amount of data returned in that
Completion, and must include the amount of data specified.

o Itis a TLP formation error to include more or less data than specified in the
Length field, and the resulting TLP is a malformed TLP.

Note: This is simply a specific case of the general rule requiring TLP data payload
length match the value in the Length field.

2.7.6. Handling of Received TLPs

2.7.6.1. Handling of Received TLPs — Rules

This section describes how all Received TLPs are handled when they are delivered to the
Receive Transaction Layer from the Receive Data Link Layer, after the Data Link Layer has
validated the integrity of the received TLP. The rules are diagramed in the flowchart shown
in Figure 2-19.

e Values in Reserved fields must be ignored by the Receiver.

e All Received TLPs which fail the required (and implemented optional) checks of TLP
formation rules described in this section, or which use undefined Type field values, are
Malformed TLPs (MP) and must be discarded without updating Receiver Flow Control
information

o This is a reported error associated with the Receiving Port (see Section 7.2)

e If the value in the Type field is a defined value, update Receiver Flow Control tracking
information (see Section 2.9)

e If the value in the Type field indicates the TLP is a Request, handle according to Request
Handling Rules, otherwise, the TLP is a Completion — handle according to Completion
Handling Rules (following sections)

78



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Start

Ignoring
Reserved Fields*, Does
TLP follow formation
rules?

Y

TLP is Malformed:
eDiscard TLP —>
*Report Malformed Packet

Is value in
Type field
Defined?

Y

Update Flow
Control tracking

Is TLP a Request? See rules for

Completion Handling

‘ TLP is a Completion-

TLP is a Request-
See rules for Request Handling

*TLP Header fields which are marked Reserved are not checked at the Receiver

OM13771

Figure 2-19: Flowchart for Handling of Received TLPs

Switches must process both TLPs which address resources within the Switch as well as TLPs
which address resources residing outside the Switch. Switches handle all TLPs which address
internal resources of the Switch according to the rules above. TLPs which pass through the
Switch, or which address the Switch as well as passing through it, are handled according to
the following rules (see Figure 2-20):

e If the value in the Type field indicates the TLP is not a Msg or MsgD Request, the TLP
must be routed according to the Switch routing rules

e Switches route Completions using the information in the Requester ID field of the
Completion.

e If the value in the Type field indicates the TLP is a Msg or MsgD Request, route the

Request according to the routing mechanism indicated in the r[2:0] sub-field of the Type
field

o If the value in r[2:0] indicates the Msg/MsgD terminates at the Receiver, or if the
Message Code field value is defined and corresponds to a Message which must
be comprehended by the Switch, the Switch must process the message according
to the Message processing rules
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Start

ISTLP a No
Msg or MsgD
Request? l
Yes Route TLP to egress Port
according to routing rules
Propagate to egress Port(s)
according to r[2:0] sub-field
of Type field
End

'

Is Message (also)
directed to Receiving
Port of Switch?

End

Is value in
Message Code

Yes .
Process Message according to )
field defined? Message handling rules

\

Unsupported Request —»

OM13772

Figure 2-20: Flowchart for Switch Handling of TLPs

2.7.6.2. Request Handling Rules

This section describes how Received Requests are handled, following the initial processing
done with all TLPs. The rules are diagramed in the flowchart shown in Figure 2-21.

e If the Request Type is not supported by the device, the Request is an Unsupported
Request, and is reported according to Section 7.2

o If the Request requires Completion, a Completion Status of UR is returned (see
Section 2.7.5)

e If the Request is a Message, and the Message Code specifies an undefined or
unsupported value, the Request is an Unsupported Request, and is reported according to
Section 7.2

o If the Message Code is a supported value, process the Message according to the
corresponding Message processing rules

If the Request is not a Message, and is a supported Type, specific implementations may be
optimized based on a defined programming model which ensures that certain types of
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(otherwise legal) Requests will never occur. Such implementations may take advantage of
the following rule:

e If the Request violates the programming model of the device, the device may optionally
treat the Request as a Completer Abort, instead of handling the Request normally

o If the Request is treated as a Completer Abort, this is a reported error associated
with the device/function (see Section 7.2)

o If the Request requires Completion, a Completion Status of CA is returned (see
Section 2.7.5)

Implementation Note: Optimizations Based on Restricted Programming Model

When a device’s programming model restricts (vs. what is otherwise permitted in PCI
Express) the characteristics of a Request, that device is permitted to “Completer Abort” any
Requests which violate the programming model. Examples include unaligned or wrong-size
access to a register block and unsupported size of request to a memory space.

Generally, devices are able to assume a restricted programming model when all
communication will be between the device’s driver software and the device itself. Devices
which may be accessed directly by operating system software or by applications which may
not comprehend the restricted programming model of the device (typically devices which
implement “legacy” capabilities) should be designed to support all types of Requests which
are possible in the existing usage model for the device. If this is not done, the device may
fail to operate with existing software.

e Otherwise (supported Request Type, not a Message), process the Request

o If the Completer is permanently unable to process the Request due to a device-
specific error condition the Completer must, if possible, handle the Request as a
Completer Abort

o This is a reported error associated with the Receiving device/function, if
the error can be isolated to a specific device/function in the component,
or to the Receiving Port if the error cannot be isolated (see Section 7.2)

o For Configuration Requests only, following reset it is possible for a device to
indicate that it is temporarily unable to process the Request — in this case, the
Configuration Request Retry Status Completion Status is used (see Section 7.6)

o In the process of servicing the Request, the Completer may determine that the
(otherwise acceptable) Request must be handled as an error, in which case the
Request is handled according to the type of the error

o Example: A PCI Express/PCI Bridge may initially accept a Request
because it specifies a memory range mapped to the secondary side of the
Bridge, but the Request may Master Abort or Target Abort on the PCI
side of the Bridge. From the PCI Express perspective, the status of the
Request in this case is UR (for Master Abort) or CA (for Target Abort).
If the Request requires Completion on PCI Express, the corresponding
Completion Status is returned.
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If the Request is a type which requires a Completion to be returned, generate a
Completion according to the rules for Completion Formation (see Section 2.7.5)
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o The Completion Status is determined by the result of handling the Request

No

Start

:

Is Request Type

Unsupported
Request

Does Request require
a Completion?

|

End

Send Completion:
e Completion Status = UR

End

Is value in
Message Code
field defined?

Unsupported

Req

uest

Process Message
according to Message
Handling Rules
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End

!

End

Supported?

Request Type = Msg?

Optional

Does Request violate
Device programming
model?

Process Request according to
Request handling rules
(determine Completion Status,

if applicable)

!

Does Request require
a Completion?

‘ Send Completion ’

!

End

End

Does Request
require a
Completion?

Send Completion:
e Completion Status = CA

!

End

Figure 2-21: Flowchart for Handling of Received Request

End
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Implementation Note: Configuration Retry Status

Some devices require a lengthy self-initialization sequence complete before they are able to
setvice Configuration Requests (common with intelligent I/O solutions on PCI). PCI/PCI-
X architecture has specified a 2% (PCI) or 2*° (PCI-X) clock “recovery time” following reset
to provide the required self-initialization time for such devices. PCI Express “softens” the
need for this time based recovery period by implementing a Configuration Request Retry
Completion Status. A device in receipt of a Configuration Request may respond with a
Configuration Request Retry Completion Status to effectively stall the Configuration
Request until such time that the subsystem has completed local initialization and is ready to
communicate with the host. Note that is only legal to respond with a configuration retry
completion status in response to a Configuration Request. Sending this Completion Status
in response to any other Request type will result in the generation of an error condition
(Malformed TLP — see Section 7.2).

A Root Complex in receipt of a Configuration Request Retry Completion Status in response
to its Configuration Request may choose to re-issue the Configuration Request as a new
Request on PCI Express or complete the Request to the host as a failed transaction. Root
Complex implementations may further choose to only allow a fixed number of
Configuration Request/Retry Completion Status loops before determining that something is
wrong with the target of the Request and taking appropriate action. When used in systems
including PCI Express to PCI/PCI-X bridges, the Root Complex must comprehend the
limit T ., for PCI/PCI-X agents.

The net result is that existing enumeration and configuration code will not see the lower
level retry protocol semantics that are kept at the hardware level. The CPU will only see
latency associated with the initial Configuration Request. See Section 7.6 for more
information on reset.

2.7.6.2.1. Data Return for Read Requests

e Individual Completions for Memory Read Requests may provide less than the full
amount of data Requested so long as all Completions for a given Request when
combined return exactly the amount of data Requested in the Read Request.

o Completions for different Requests cannot be combined.

o 1/0 and Configuration Reads must be completed with exactly one Completion.

o The Completion Status for a sub-Completion corresponds only to the status
associated with the data returned with that sub-Completion

* A sub-Completion with status other than Successful Completion, or for a
Configuration Read only, Configuration Retry Status, terminates the
Completions for a single Read Request

e In this case, the value in the Length field is undefined, and must
be ignored by the Receiver
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e Completions must not include more data than permitted by the Max_Payload_Size
parameter, calculated as a naturally aligned boundary.
o Receivers must check for violations of this rule — TLPs in violation are
Malformed TLPs

o This is a reported error associated with the Receiving Port (see Section 7.2)

Note: This is simply a special case of the rules which apply to all TLPs with data
payloads

e Read Requests may be completed with one, or in some cases, multiple Completions

e There is a parameter, R, which determines the naturally aligned address boundaries on
which a Read Request may be serviced with multiple Completions
o For a Root Complex, R is 64B or 128B
® This value is reported through a configuration register (see Section 5.8)
Note: Bridges and Endpoints may implement a corresponding command bit
which may be set by system software to indicate the R value for the Root
Complex, allowing the Bridge/Endpoint to optimize its behavior when the
Root Complex’s R is 128B.
o For all other system elements, R is 128B
e Completions for Requests which do not cross the naturally aligned address boundaries at
integer multiples of R Bytes must include all data specified in the Request

e Requests which do cross the address boundaries at integer multiples of R Bytes may be
completed using more than one Completion, but the data must not be fragmented
except along the address boundaries.

o The first Completion must start with the address specified in the Request, and
must end at one of the following:
® the address specified in the Request plus the length specified by the
Request (i.e. the entire Request)
® an address boundary between the start and end of the Request at an
integer multiple of R Bytes
o The final Completion must end with the address specified in the Request plus
the length specified by the Request
o All Completions between, but not including, the first and final Completions must
be an integer multiple of R Bytes in length
® Receivers may optionally check for violations of R. If a Receiver implementing this
check determines that a Completion violates this rule, it must handle the Completion
as a Malformed TLP
o This is a reported error associated with the Receiving Port (see Section 7.2)

Multiple Memory Read Completions for a single Read Request must return data in
increasing address order.

84



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

When a Read Completion is generated with a Completion Status other than “Successful

Completion™

o No data is included with the Completion

® The Cpl (or CplLk) encoding is used instead of CplD (or CplDLKk)

o This Completion is the final Completion for the Request.

* The Completer must not transmit additional Completions for this
Request.

Example: Completer split the Request into four parts for
servicing; the second Completion had a Completer Abort
Completion Status; the Completer terminated servicing for the

Request, and did not Transmit the remaining two Completions.
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Implementation Note: Restricted Programming Model

When a device’s programming model restricts (vs. what is otherwise permitted in PCI Express)
the size and/or alignment of Read Requests directed to the device, that device is permitted to
use a Completer Abort Completion Status for Read Requests which violate the programming
model. An implication of this is that such devices, generally devices where all communication
will be between the device’s driver software and the device itself, need not necessarily implement
the buffering required to generate Completions of length R. However, in all cases, the
boundaries specified by R must be respected for all reads which the device will Complete with
Successful Completion status.

Examples:

1: Memory Read Request with Address of 1 0000h and Length of COh Bytes (192 decimal)
could be completed by a Root Complex with an R value of 64 Bytes with one of the following
combinations of Completions (Bytes):

192 —or—

128, 64 —or—

64, 128 —or—

04, 64, 64

2: Memory Read Request with Address of 10000h and Length of COh Bytes (192 decimal) could
be completed by a Root Complex with an R value of 128 Bytes in one of the following
combinations of Completions (Bytes):

192 —or—

128, 64

3: Memory Read Request with Address of 10020h and Length of 100h Bytes (256 decimal)
could be completed by a Root Complex with an R value of 64 Bytes in one of the following
combinations of Completions (Bytes):

256 —or—

32, 224 —or—

32, 64, 160 —or—

32, 64, 64, 96 —or—

32, 64, 64, 64, 32 —or—

32, 64, 128, 32 —or—

32,128, 96 —or—

32,128, 64, 32 —ot—

96, 160 —or—

906, 128, 32 —or—

96, 64, 96 —or—

906, 64, 64, 32 —or—

160, 96 —or—

160, 64, 32 —or—

224,32

4: Memory Read Request with Address of 10020h and Length of 100h Bytes (256 decimal)
could be completed by an Endpoint in one of the following combinations of Completions
(Bytes):

256 —or—

96, 160 —or—

96, 128, 32 —otr—

224,32

86




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

2.7.6.3. Completion Handling Rules

e When a device receives Completion which does not correspond to any of outstanding
Requests issued by that device, the Completion is called an “Unexpected Completion.”
e Receipt of an Unexpected Completion is an error and must be handled according to the
following rules:
o The Agent receiving an Unexpected Completion must discard the Completion.

o An Unexpected Completion is a reported error associated with the Receiving
Port (see Section 7.2)

Note: Unexpected Completions are assumed to occur mainly due to Switch
misrouting of the Completion. The Requester of the Request may not receive a
Completion for its Request in this case, and the Requester’s Completion Timeout
mechanism (see Section 2.12) will terminate the Request.

e Completions with a Completion Status other than Successful Completion, or
Configuration Request Retry Status (in response to Configuration Request only) must
cause the Requester to:

o Free any Flow Control credits and other resources associated with the Request.

o Report the error according to the rules in Section 7.2.

e Completions with a Configuration Request Retry Status in response to a Request other
than a Configuration Request are Malformed TLPs
o This is a reported error associated with the Receiving Port (see Section 7.2)

e Completions with a Reserved Completion Status value are treated as if the Completion
Status was Unsupported Request (UR)
o This is a reported error associated with the Receiving device/function,
normally the same as the Requestor (see Section 7.2)

e When a Read Completion is received with a Completion Status other than “Successful
Completion”:
o No data is included with the Completion

= The Cpl (or CplLk) encoding is used instead of CplD (CplDLKk)
o This Completion is the final Completion for the Request.

* The Requester must consider the Request terminated, and not expect
additional Completions.

e Handling of partial Completions Received earlier is
implementation specific.

Example: The Requester received 32B of Read data for a 128B Read Request it
had issued, then a Completion with the Completer Abort Completion Status.
The Requester then must free the internal resources which had been allocated for
that particular Read Request.
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Implementation Note: Read Data Values with UR Completion Status

Some system configuration software depends on reading a data value of all ‘1’s when a
Configuration Read Request is terminated as an Unsupported Request, particularly when
probing to determine the existence of a device in the system. A Root Complex intended for
use with software that depends on a read-data value of all ‘1’s must synthesize this value
when UR Completion Status is returned for a Configuration Read Request.

2.8. Messages

The PCI Express specification defines the following Messages:
e Baseline Message Group

o Interrupt Signaling

Power Management

Error Signaling

Locked Transaction Support
Slot Power Limit Support
Payload Defined

Vendor Specific Messages

0 O O O O O O

Hot Plug Signaling
e Advanced Switching Support Message Group
o Data Packet Messages

o Signal Packet Messages

2.8.1. Baseline Messages

2.8.1.1. Interrupt Signaling - Rules

e MSIs follow the rules defined for PCI.

e MSIs are expressed as Memory Werites, and follow rules for Packet formation,
Flow Control, and Data Integrity in the same way as Memory Writes

e MSIs enforce data consistency by pushing ahead of them any previously posted
write data using the same TC (as required by the ordering rules in Section 2.5).

e When MSIs are not enabled, interrupts are signaled using the Assert INTx and
Deassert_INTx messages
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e Assert INTx/Deassert INTx messages ate only issued Upstream (towards the
Root Complex)

o Receivers may optionally check for violations of this rule. If a Receiver
implementing this check determines that an
Assert_INTx/Deassert_INTx violates this rule, it must handle the TLP
as a2 Malformed TLP

® This is a reported error associated with the Receiving Port (see
Section 7.2)

e The following have no effect, but are not errors:

o For a particular <’ (A, B, C or D), receipt of an Assert_INTx message
following an earlier Assert INTx without a Deasssert_INTx message
between

o Fora particular <’ (A, B, C or D), receipt of a Deassert_INTx message
following an earlier Deassert_INTx without an Asssert_INTx message
between

e All Assert INTx and Deassert_INTx interrupt messages must use the default
Traffic Class designator (TCO) Receivers must check for violations of this rule. If
a Receiver determines that a TLP violates this rule, it must handle the TLP as a
Malformed TLP

o This is a reported error associated with the Receiving Port (see
Section 7.2)

Implementation Note: Synchronization of Data Traffic and Interrupts

All Assert_INTx and Deassert_INTx interrupts Requests must use T'CO, which ensures that
the classic ordering behavior expected in legacy hardware is maintained. MSIs may use the
TC that is most appropriate for the device's programming model. This is generally the same
TC as is used to transfer data; for legacy I/O, TCO is used.

If a device uses more than one TC, it must explicitly ensure that proper synchronization is
maintained between data traffic and interrupt message(s) not using the same TC. Methods
for ensuring this synchronization are implementation specific. One option is for a device to
issue a zero length Read (as described in Section 2.7.4.2) using each additional TC used for
data traffic prior to issuing the MSI. Other methods are also possible. Note, however, that

platform software (e.g., a device driver) is generally only capable of issuing transactions using
TCO.

The Assert_INTx/Deassert_INTx message pairs constitute four “virtual wires” for each of
the legacy PCI interrupts designated A, B, C, and D. The above rules for INTx messaging
apply to all PCI Express compliant components, and facilitate the logical emulation of level-
sensitive interrupt lines. A set of four virtual INTx wires is associated with each and every
PCI Express Link in a hierarchy, and the components at both ends of each Link must track
their logical state. Further rules apply to Switches, Bridges and Root Complexes to enable
proper emulation of level-sensitive PCI interrupts.
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Rules for Assert INTx/Deassert INTx specific to Switches and Bridges:

Components providing multiple Downstream Links must track the state of the
four “virtual wires” embodied in the Assert INTx/Deassert_INTx pairs
independently for each of its Downstream Links, and present a “collapsed” set
of Assert INTx/Deassert INTx pairs on its Upstream Link following the rules
outlined above

o Collapsing of Downstream virtual wire state onto Upstream virtual wire
state must follow the mapping rules provided below.

In the event that a Downstream Link goes to the DI,_Down status (due to
surprise removal, hardware failure, software-initiated reset, etc.), the “virtual
wites” embodied in the Assert INTx/Deassert INTx pairs associated with that
Link must be de-asserted. If that results in de-assertion of any Upstream
Assert_INTx/Deassert_INTx “virtual wires,” then the appropriate
Deassert_INTx message(s) must be sent Upstream.

Rules for Assert INTx/Deassert_INTx specific to the Root Complex:

The Root Complex must track the state of the four “virtual wires” embodied in
the Assert_INTx/Deassert INTx pairs independently for each of its
Downstream Links, and map these virtual signals to system interrupt resources.

o0 Details of mapping to system interrupt resources are beyond the scope of
this specification

In the event that a Link attached to the Root Complex goes to the DI._Down
status, the “virtual wires” embodied in the Assert INTx/Deassert_INTx pairs
associated with that Link must be de-asserted, and any associated system
interrupt resource request must also be discarded.

Within a Switch or below a Bridge, there are typically multiple devices (the virtual PCI
bridges for each Downstream Port in the case of a Switch) which must have their associated
INTx states mapped to the Upstream Port. The following rules describe how this mapping
must be done.
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Table 2-12: Switch Mapping for INTx

Dev # of P2P Representing
Switch Downstream Port

INTx Message from
Downstream PCI Express
Link

Mapping to INTx
Message on Upstream
PCI Express Link

INTA INTA

INTB INTB
0,4,8,12,16,20,24,28

INTC INTC

INTD INTD

INTA INTB

INTB INTC
1,5,9,13,17,21,25,29

INTC INTD

INTD INTA

INTA INTC

INTB INTD
2,6,10,14,18,22,26,30

INTC INTA

INTD INTB

INTA INTD

INTB INTA
3,7,11,15,19,23,27,31

INTC INTB

INTD INTC

e DPCI Express-PCI/X Bridges must collapse the INTA-INTD pins from each of their
Downstream PCI/X buses into just four INTx “virtual wires” on their Upstream Port.

o The mapping between the INTx pin on PCI/X bus and the corresponding INTx

messages on PCI Express is based on the device number of the PCI/X device
requesting the interrupt. The mapping is essentially the same as for switches
(shown in Table 2-12) except that the “device numbers” column represents the

PCI/X device numbers.

© Multi-headed PCI Express-PCI/X bridges will collapse the interrupts across the

multiple PCI/X buses following the same rules as described for switches. For
example, a dual-headed PCI Express-PCI-X bridge would collapse the INTA

pins from its two Downstream PCI/X buses as shown in Figure 2-22.
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Figure 2-22: INTx Collapsing in a Dual-Headed Bridge

e All internal devices integrated within a Switch or Bridge follow the same mapping rules
for interrupt collapsing as described for Switches above.

o Mapping is based on the device number of the integrated device and is shown in
Table 2-12, with the modification that the device number represents the device
number of the integrated device.

o The Bridge/Switch consolidates interrupts from their Downstream Ports/Links
and the internal integrated devices following all of the rules stated above and
creates just four INTx “virtual wires” for its Upstream Port

Note that the Requester ID of an Assert_INTx/Deassert INTx Message will correspond to
the Transmitter of the message on that Link, and not necessarily to the original source of the
interrupt.

Implementation Note: System Interrupt Mapping

Note that system software (including BIOS and operating system) needs to comprehend the
remapping of legacy interrupts (INTx mechanism) in the entire topology of the system
(including hierarchically connected Switches and subordinate PCI Express/PCI Bridges) to
establish proper correlation between PCI Express device interrupt and associated interrupt
resources in the system interrupt controller. The remapping described by Table 2-12 is
applied hierarchically at every Switch. In addition, PCI Express/PCI and PCI/PCI Bridges
perform a similar mapping function.
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Power Management Group

This Message group is used to support PCI Express power management. Table 2-13
summarizes the list of Messages that belong to this group.

Table 2-13: Power Management System Messages

Message Parameters Comments

PM_Active_State Nak None Terminate at Receiver

PM_PME None Sent Upstream by PME-requesting
component. Propagates
Upstream.

PME_Turn_Off None Broadcast Downstream

PME_TO_Ack None Sent Upstream by Endpoint. Sent
Upstream by Switch when received
on all Downstream Ports.

Notes:

e Address field for all these messages is reserved.

e The Length Field is reserved for all Power Management Messages.

e All power management system messages must use the default Traffic Class
designator (T'CO).

For more details on the usage of Power Management Messages, refer to Chapter 6.

2.8.1.3.

Error Messages are used to signal errors that occur on specific transactions and errors that

Error Signaling/Logging Group

are not necessarily associated with a particular transaction (e.g., Link training fails). These
Messages are initiated by the agent that detected an error.

All Error Messages must use the default Traffic Class Designator (TCO).
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Table 2-14: Error Messages

Error Message Description

ERR_COR This Message is issued when the component or device detects a
correctable error on the PCI Express interface. The Root
Complex is the ultimate recipient for this Message.

ERR_NONFATAL This Message is issued when the component or device detects a
non-fatal, uncorrectable error on the PCI Express interface. The
Root Complex is the ultimate recipient for this Message.

ERR_FATAL This Message is issued when the component or device detects a
fatal, uncorrectable error on the PCI Express interface. The Root
Complex is the ultimate recipient for this Message.

The initiator of the message is identified with the Requester ID of the message header. The
Root Complex translates these error messages into platform level events. Refer to
Section 7.2 for details on uses for these messages.

2.8.1.4. Messages for Support of Locked Transactions

The PCI Express specification defines the Unlock Message to support Lock Transaction
sequences. The following rules apply to Unlock Message:

e The Unlock Message must use the default Traffic Class designator (T'CO)

See Section 7.5 for details on implementing support for Lock Transaction sequences.

2.8.1.5. Slot Power Limit Support

The Set_Slot_Power_Limit message includes a one DW data payload. This message is used
to convey a slot power limitation value from a Downstream Port (of a Root Complex or a
Switch) to an Upstream Port of component (Endpoint, Switch or a PCI Express-PCI
Bridge) attached to the same Link. The data payload is copied from the Slot Capabilities
Register of the Downstream Port and is written into the Device Capabilities Register of the
Upstream Port on the other side of the Link. Bits 9:8 of the data payload map to the Slot
Power Limit Scale field and Bits 7:0 map to the Slot Power Limit Value field. This message is
sent automatically by the Downstream Port (of a Root Complex or a Switch) when one of
the following events occurs:

o OnaConfiguration Write to the Slot Capabilities Register (see Section 5.8.9) when the
Data Link Layer reports DL_Up status.

o Anytimewhen Link transitions from anon-DL_Up status to a DL_Up status (see
Section 2.14).

The component on the other side of the Link (Endpoint, Switch or PCI Express-PCI
Bridge) that receives Set_Slot_Power_Limit message must copy the values in the data
payload into the Device Capabilities Register associated with the component’s Upstream
Port. PCI Express components that are targeted exclusively for integration on the system
planar (e.g. motherboard) as well as components that are targeted for integration on a
card/module where power consumption of the entire card/module is below the lowest
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power limit specified for the card/module form-factor (as defined in the corresponding
electromechanical specification) are permitted to hardwire the value “0” in the Slot Power
Limit Scale and Slot Power Limit Value fields of the Device Capabilities Register, and are
not required to copy the Set_Slot_Power limit payload into that register.

For more details on Power Limit control mechanism see Section 7.9.

2.8.1.6. Payload Defined Message

The Payload_Defined Message allows expansion of PCI Express messaging capabilities,
cither as a general extension to the PCI Express specification or a vendor-specific extension.
Such extensions are not covered specifically in this document. This section defines the rules
associated with this Message generically.

e The Payload_Defined Message includes at least 1 DW of data (see Figure 2-23)
o The DW of data immediately following the Header includes two 16 bit fields:

e Vendor ID (same value as used in Configuration Space Header — see
Section 5.5)

e the value 0000h is reserved for non-vendor-specific
extensions

e Message Sub-Type
o There may be additional data following this 1 DW

o The value in the Length field must correspond to the size of the entire data
payload associated with the TLP, including the required DW and any
additional data payload

e Receivers silently discard Payload_Defined Messages which they are not designed to
receive — this is not an error condition.
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Figure 2-23: Payload_Defined Message

2.8.1.7. Vendor Specific Message

Vendor specific Messages use the Code values 128 to 255.

® Receivers silently discard Payload_Defined Messages which they are not designed to
receive — this is not an error condition.

2.8.1.8. Hot Plug Signaling Messages

The Hot plug Signaling Messages are virtual signals between Switches/Root Ports that
support Hot plug Event signaling and devices on cards that support Removal Request
functionality (doorbell mechanism) on the card. The Messages are defined to replicate the
events and registers defined for doorbell mechanisms wired directly to the Switch/Root
Port. For more information see Section 7.7.

Note that only devices on cards that support Remove request functionality (doorbell
mechanism) on the card and the switch ports/root ports that support such cards are
required to implement the hot plug signaling messages.
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Table 2-15: Hot Plug Signaling Messages

Message

Description

Attention_Indicator_On

This message is issued by the Switch/Root Port when the
Attention Indicator Control is set to 01b. The end device
receiving the message will terminate the message and initiate
appropriate action for to cause the Attention Indicator located
on the card to turn on. If no indicators are present on the card,
the message is discarded. For more implementation
information see Section 7.7.

Attention_Indicator_Blink

This message is issued by the Switch/Root Port when the
Attention Indicator Control is set to 10b. The end device
receiving the message will terminate the message and initiate
appropriate action for to cause the Attention Indicator located
on the card to blink. If no indicators are present on the card, the
message is discarded. For more implementation information
see Section 7.7.

Attention_Indicator_Off

This message is issued by the Switch/Root Port when the
Attention Indicator Control is set to 11b. The end device
receiving the message will terminate the message and initiate
appropriate action for to cause the Attention Indicator located
on the card to turn off. If no indicators are present on the card,
the message is discarded. For more implementation
information see Section 7.7.

Power_Indicator_On

This message is issued by the Switch/Root Port when the
Power Indicator Command is set to 01b. The end device
receiving the message will terminate the message and initiate
appropriate action for to cause the Power Indicator located on
the card to turn on. If no indicators are present on the card, the
message is discarded. For more implementation information
see Section 7.7.

Power_Indicator_Blink

This message is issued by the Switch/Root Port when the
Power Indicator Control is set to 10b. The end device receiving
the message will terminate the message and initiate appropriate
action for to cause the Power Indicator located on the card to
blink. If no indicators are present on the card, the message is
discarded. For more implementation information see

Section 7.7.

Power_Indicator_Off

This message is issued by the Switch/Root Port when the
Power Indicator Command is set to 11b. The end device
receiving the message will terminate the message and initiate
appropriate action for to cause the Power Indicator located on
the card to turn off. If no indicators are present on the card, the
message is discarded. For more implementation information
see Section 7.7.
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Message Description

Attention_Button_Pressed This message is issued by a device in a slot that implements an
Attention Button on the card to signal the Switch/Root Port to
generate the Attention Button Pressed Event. The Switch
Switch/Root Port terminates the message and sets the Attention
Button Pressed register to 1b which may result in an interrupt
being generated. For more implementation information see
Section 7.7.

All Endpoint devices must be able to handle the Attention and Power Indicator messages
even if the device does not implement the indicators. All down stream ports of switches and
root ports must be able to handle the Attention_Button_Pressed message.

2.8.2. Advanced Switching Support Message Group

The Messages that belong to this group can be divided into the following two types:
e Data Packet Messages:
o Unicast, Data Packet
O Multicast, Data Packet
e Signaling Packet Messages:
o Signaling Packet, without interrupt
Null signaling Packet, interrupt to Host in the destination Hierarchy
Null signaling Packet, interrupt to destination device

Signaling Packet, with interrupt to Host in the destination Hierarchy

0O O O O

Signaling Packet, with interrupt to destination device

A detailed description of message types and message headers will be presented in a separate
document entitled Adpvanced PCI Express Packet Switching Specification. This is a companion
specification to the PCI Express Base Specification.
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2.9. Ordering and Receive Buffer Flow Control

2.9.1. Overview and Definitions

Flow Control (FC) is used to prevent overflow of receiver buffers and to enable compliance
with the ordering rules defined in Section 2.5. Note that the Flow Control mechanism is
used by the Requester to track the queue/buffer space available in the Agent across the Link
as shown in Figure 2-24. That is, Flow Control is point-to-point (across a Link) and not
end-to-end. Flow Control does not imply that a Request has reached its ultimate Completer.

Requester Intermediate Ultimate
Component(s) Completer

OM13776

Figure 2-24: Relationship between Requester and Ultimate Completer

Flow Control is orthogonal to the data integrity mechanisms used to implement reliable
information exchange between Transmitter and Receiver. Flow Control can treat the flow
of TLP information from Transmitter to Receiver as perfect, since the data integrity
mechanisms ensure that corrupted and lost TLPs are corrected through retransmission (see
Section 3.5).

Each Virtual Channel maintains an independent Flow Control credit pool. The FC
information is conveyed between two sides of the Link using DLLP packets. The VC ID
field of the DLLP is used to carry the Virtual Channel Identification that is required for
proper flow-control credit accounting.

Flow Control is handled by the Transaction Layer in cooperation with the Data Link Layer.
The Transaction Layer performs Flow Control accounting functions for Received TLPs and
“gates” TLP Transmissions based on available credits for transmission.

Note: Flow Control is a function of the Transaction Layer and therefore the following types
of information transmitted on the interface are not associated with Flow Control Credits:
LCRC, Packet Framing Symbols, other Special Symbols, and Data Link Layer to Data Link
Layer inter-communication packets. An implication of this fact is that these types of
information must be processed by the receiver at the rate they arrive (except as explicitly
noted in this specification).

Also, any TLPs transferred from the Transaction Layer to the Data Link and Physical Layers
must have first passed the Flow Control “gate.” Thus, both Transmit and Receive Flow
Control mechanisms are unaware if the Data Link Layer transmits a TLP repeatedly due to
errors on the Link.
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2.9.2. Flow Control Rules

In this and other sections of this specification, rules are described using conceptual
“registers” that a PCI Express device could use in order to implement a PCI Express
compliant design. This description does not imply or require a particular implementation
and is used only to clarify the requirements.

¢ Flow Control information is transferred using Flow Control Packets (FCPs), which
are a type of DLLP (see Section 3.4)

e The unit of Flow Control credit is 16 Bytes for Data
e For headers, the unit of Flow Control credit is one header
e TFach Virtual Channel has independent Flow Control

e Flow Control distinguishes three types of TLPs (note relationship to ordering rules —
see Section 2.5):

o Posted Requests (P) — Messages and Memory Writes
o Non-Posted Requests (NP) — All Reads, I/O, and Configuration Writes
o Completions (CPL) — Associated with corresponding NP Requests

e In addition, Flow Control distinguishes the following types of TLP information
within each of the three types:

o Headers (H)
o Data (D)

e Thus, there are six types of information tracked by Flow Control for each Virtual
Channel, as shown in Table 2-16.

Table 2-16: Flow Control Credit Types

Credit Type Applies to This Type of TLP Information
PH Posted Request Headers

PD Posted Request Data payload

NPH Non-Posted Request Headers

NPD Non-Posted Request Data payload

CPLH Completion Headers

CPLD Completion Data payload

e TLPs consume Flow Control credits as shown in Table 2-17.

100



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Table 2-17: TLP Flow Control Credit Consumption

TLP Credit Consumed?
Memory, 1/0, Configuration Read Request | 1 NPH unit
Memory Write Request 1 PH + n PD units®
I/O, Configuration Write Request 1 NPH + 1 NPD

Note: size of data written is never more than
one (aligned) DW

Message Requests without data 1 PH unit

Message Requests with data 1 PH + n PD units
Memory Read Completion 1 CPLH + n CPLD units
I/O, Configuration Read Completions 1 CPLH unit + 1 CPLD unit
I/0, Configuration Write Completions 1 CPLH unit

e Components must implement independent Flow Control for all Virtual Channels
that are supported by that component.

¢ Flow Control is initialized autonomously by hardware only for the default Virtual

Channel (VC0)

o VCO is initialized when the Data Link Layer is in the DI_Init state following
reset (see Sections 3.2 and 3.3)

e When other Virtual Channels are enabled by software, each newly enabled VC will
follow the Flow Control initialization protocol (see Section 3.3)

O Software enables a Virtual Channel by setting the VC Enable bits for that
Virtual Channel in both components on a Link (see Section 5.11)

* For a multi-function device, a given VC is enabled when the VC
Enable bit is set for any function; enabling the same VC in additional
functions enables those functions to use the VC, but the VC is
initialized only once

Note: It is possible for multiple VCs to be following the Flow Control
initialization protocol simultaneously — each follows the initialization protocol as
an independent process

e Software disables a Virtual Channel by clearing the VC Enable bits for that Virtual
Channel in both components on a Link
o For a multi-function device, the VC Enable bit must be clear for all functions

o Disabling a Virtual Channel for a component resets the Flow Control
tracking mechanisms for that Virtual Channel in that component

8 Each Header credit implies the ability to accept a TLP Digest along with the corresponding TLP.

9 For all cases where “n” appears, n = Roundup(DataLen/FC unit size).
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e InitFC1 and InitFC2 FCPs are used only for Flow Control initialization (see
Section 3.3)

e An InitFC1, InitFC2, or UpdateFFC FCP which specifies a Virtual Channel which is
not enabled is discarded without effect

e During FC initialization for any Virtual Channel, including the default VC initialized
as a part of Link initialization, Receivers must initially advertise VC credit values
equal to or greater than those shown in Table 2-18.

o Components may optionally check for violations of this rule. If a component
implementing this check determines a violation of this rule, the violation is a
Flow Control Protocol Error (FCPE)

= If checked, this is a reported error associated with the Receiving Port
(see Section 7.2)

Table 2-18: Minimum Flow Control Advertisements

Credit Type Minimum Advertisement
PH 1 unit — credit value of 01h
PD Largest possible setting of the Max_Payload_Size for the

component divided by FC Unit Size.

Example: If the largest Max_Payload_Size value supported
is 1024B, the smallest permitted initial credit value would

be 040h.
NPH 1 unit — credit value of 01h
NPD 1 unit — credit value of 01h
CPLH Switch and PCI Express to PCI-X Bridge (PCI-X mode

only): 1 FC unit — credit value of 01h

Root Complex, Endpoint, and PCI Express to PCI Bridge:
“infinite” FC units — initial credit value of all ‘0’s10

CPLD Switch and PCI Express to PCI-X Bridge (PCI-X mode
only): Largest possible setting of the Max_Payload_Size for
the component divided by FC Unit Size, or the size of the
largest Read Request the component will ever generate,
whichever is smaller.

Root Complex, Endpoint, and PCI Express to PCI Bridge:
“infinite” FC units — initial credit value of all ‘0's

e If an “infinite” credit advertisement has been made for CPL during initialization, no
Flow Control updates (UpdateFC) are sent for CPL following initialization

o Components may optionally check for violations of this rule. If a component
implementing this check determines a violation of this rule, the violation is a
Flow Control Protocol Error (FCPE)

10 This value is interpreted as infinite by the Transmitter, which will, therefore, never throttle.
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= If checked, this is a reported error associated with the Receiving Port
(see Section 7.2)

A TLP using an uninitialized VC is a Malformed TLP
o This is a reported error associated with the Receiving Port (see Section 7.2)

For each type of information tracked, there are two quantities tracked for Flow
Control TLP Transmission gating:

o CREDITS_CONSUMED

= Count of the total number of FC units consumed by TLP
Transmissions made since Flow Control initialization.

= Set to all ‘O’s at Interface Initialization

* Incremented for each TLP the Transaction Layer allows to pass the
Flow Control gate for Transmission

e Size of increment corresponds to the number of credits
consumed by the information committed to be sent

e Incremented as shown:
CREDITS_CONSUMED :=
(CREDITS_CONSUMED + Increment) mod 2"

Where Increment is the size in FC credits of the
corresponding part of the TLP sent, and [Field Size] is 8 for
PH, NPH, and CPLH and 12 for PD, NPD and CPLD

o CREDIT_LIMIT

® The limit for total number of FC units which have been advertised by
the Receiver since Flow Control initialization

= Undefined at Interface Initialization

= Set to the value indicated during Flow Control initialization
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* For each FC update received,

e if CREDIT_LIMIT is not equal to the update value, set
CREDIT_LIMIT to update value

e Optionally, check the update value validity by evaluating the
equation:

(update value - CREDIT_LIMIT) mod 275"
> 2[Field Sizc]/z

If the equation evaluates as true, the violation is a Flow
Control Protocol Error

o If checked, this is a reported error associated with the
Receiving Port (see Section 7.2)

Note: In accordance with this rule, the largest permitted initial value,
change in value, or advertised total for any PH, NPH or CPLH credit
value is 128. The largest permitted initial value, change in value, or
advertised total for any PD, NPD or CPLD credit value is 2048.

e The Transmitter gating function must determine if sufficient credits have been
advertised to permit the transmission of a given TLP. If the Transmitter does not
have enough credits to transmit the TLP, it must block the transmission of the TLP,
possibly stalling other TLPs that are using the same Virtual Channel. The
Transmitter must follow the ordering and deadlock avoidance rules specified in
Section 2.5, which require that certain types of TLPs must bypass other specific
types of TLPs when the latter are blocked. Note that TLPs using different Virtual
Channels have no ordering relationship, and must not block each other.

e The Transmitter gating function test is performed as follows:

o For each required type of credit, the number of credits required is calculated
as:

CREDITS_REQUIRED =
(CREDITS_CONSUMED + <credit units required>)) mod 2" %

o Unless CREDIT_LIMIT was specified as “infinite” during Flow Control
initialization, the Transmitter is permitted to Transmit a TLP if, for each type
of information in the TLP, the following equation is satisfied:

(CREDIT_LIMIT - CREDITS_REQUIRED) mod 245
<= 2[Field Size] / 2

If CREDIT_LIMIT was specified as “infinite” during Flow Control
initialization, then the gating function is unconditionally satisfied for that

type of credit.

Note that some types of Transactions require more than one type of credit.
(For example, Memory Write requests require PH and PD credits.)
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When accounting for credit use and return, information from different TLPs is never
mixed within one credit.

When some TLP is blocked from Transmission by a lack of FC Credit, Transmitters
must follow the ordering rules specified in Section 2.5 when determining what types
of TLPs must be permitted to bypass the stalled TLP.

The return of FC credits for a Transaction must not be interpreted to mean that the
Transaction has completed or achieved system visibility.

o Flow Control credit return is used for receive buffer management only, and
Agents must not make any judgment about the Completion status or system
visibility of a Transaction based on the return or lack of return of Flow
Control information.

When a Transmitter sends a nullified TLP (with inverted LCRC and using EDB as
the end Symbol), the Transmitter does not modify CREDITS_CONSUMED for
that TLP (see Section 3.5.2.1)

For each type of information tracked, the following quantities are tracked for Flow
Control TLP Receiver accounting:

o CREDITS_ALLOCATED

= Count of the total number of credits granted to the Transmitter since
Initialization

= Initially set according to the buffer size and allocation policies of the
Recetver

® This value is included in the InitFC and UpdateFC DLLPs (see
Section 3.4)

= Incremented as the Receiver Transaction Layer makes additional
receive buffer space available by processing Received TLPs

e Increment size corresponds to the size of the space made
available

e Incremented as shown:
CREDITS_ALLOCATED :=
(CREDITS_ALLOCATED + Increment) mod o [Field Siz]

Where [Field Size] is 8 for PH, NPH and CPLH and 12 for
PD, NPD, and CPLD
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o CREDITS_RECEIVED (Optional — for optional error check described
below)

= Count of the total number of FC units consumed by valid TLPs
Received since Flow Control initialization

= Set to all ‘O’s at Interface Initialization

* Incremented for each Received TLP according to the number of FC
units of the given type consumed by the Received TLP, provided that
TLP:

e passes the Data Link Layer integrity checks
® is not malformed

e does not consume more credits than have been allocated (see
following rule)

If a Receiver implements the CREDITS_RECEIVED counter, then when a nullified
TLP (with inverted LCRC and using EDB as the end Symbol) is received, the
Receiver does not modify CREDITS_RECEIVED for that TLP (see Section 3.5.2.1)

A Receiver may optionally check for Receiver Overflow errors (TLPs exceeding
CREDITS_ALLOCATED), by checking the following equation:

(CREDITS_ALLOCATED - CREDITS_RECEIVED) mod 2" %
S= pFdsiel /o
If the check is implemented and this equation evaluates as true, the Receiver must:
o discard the TLP(s) without modifying the CREDITS_RECEIVED
O de-allocate any resources which it had allocated for the TLP(s)

If checked, this is a reported error associated with the Receiving Port (see
Section 7.2)

Note: Following a Receiver Overflow error, Receiver behavior is undefined, but it is
encouraged that the Receiver continues to operate, processing Flow Control updates
and accepting any TLPs which do not exceed allocated credits.
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For NPH, NPD, PH and, if non-infinite, CPLH types, an UpdateFC FCP must be
scheduled for Transmission each time the following sequence of events occurs:

o all advertised FC units for a particular type of credit are consumed by TLPs
received

O one or more units of that type are made available by TLPs processed

For PD and, if non-infinite, CPLD types, when the number of available credits is less
than Max_Payload_Size, an UpdateFC FCP must be scheduled for Transmission
each time one or more units of that type are made available by TLPs processed

UpdateFC FCPs may be scheduled for Transmission more frequently than is
required

When the Link is Active, Update FCPs for each enabled type of FC credit must be
scheduled for transmission at least once every 10 us
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Implementation Note: Flow Control Update Frequency

For components subject to receiving streams of TLPs, it is desirable to implement receive
buffers larger than the minimum size required to prevent Transmitter throttling due to lack
of available credits. Likewise, UpdateFC FCPs must be returned such that the time required
to send, receive and process the UpdateFC is sufficient. Table 2-19 shows recommended
values for the frequency of transmission based on Link Width and Max_Payload_Size values.

The values are calculated as a function of the largest TLP payload size and Link width. The
values are measured at the Port of the TLP Receiver, starting with the time the last Symbol
of a TLP in received to the first Symbol of the UpdateFC DLLP being transmitted. The

values are calculated using the formula:

(Max_ Payload _ Sze+TLPOverhead )* UpdateFactor

. +InternalDelay
LinkWidth

where

Max_Payload_Size The value in the Max_Payload_Size field of the Link
Command Register

TLP Overhead Represents the additional TLLP components which consume
Link bandwidth (Header, LCRC, framing Symbols) and is
treated here as a constant value of 24 Symbols

UpdateFactor Used to balance Link bandwidth efficiency and receive
buffer sizes — the value varies according to
Max_Payload_Size and Link width, and is included in

Table 2-19
LinkWidth The operating width of the Link
InternalDelay Represents the internal processing delays for received TLPs

and transmitted DLLPs, and is treated here as a constant
value of 11 Symbol Times

Table 2-19: UpdateFC Transmission Latency Guidelines by Link Width and Max
Payload (Symbol Times)

Link Operating Width
x1 X2 x4 x8 x12 x16 x32
128B 223 117 64 58 49 39 25
UF=14 | UF=14 | UF=14 UF=25 | UF=3.0 | UF=3.0 | UF=3.0
Q 256B 403 207 109 98 81 63 37
(%) UF=14 | UF=14 | UF=14 UF=25 | UF=3.0 | UF=3.0 | UF=3.0
-%' 512B 547 279 145 78 100 78 44
o UF=10 | UF=10 | UF=1.0 UF=10 | UF=20 | UF=20 | UF=20
z 1024B 1059 535 273 142 185 142 76
°-| UF=10 | UF=10 | UF=1.0 UF=10 | UF=20 | UF=20 | UF=20
s 2048B 2083 1047 529 270 356 270 140
= UF=10 | UF=10 | UF=1.0 UF=10 | UF=2.0 | UF=20 | UF=20
4096B 4131 2071 1041 526 697 526 268
UF=10 | UF=10 | UF=1.0 UF=10 | UF=20 | UF=20 | UF=2.0
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2.10. Data Integrity

2.10.1. Introduction

The basic data reliability in PCI Express is achieved within the Link Layer, which uses a 32-
bit CRC (LCRC) code to detect errors in TLPs on a Link-by-Link basis, and applies a Link-
by-Link retransmit mechanism for error recovery. A TLP is a unit of data and transaction
control that is created by a data-source at the “edge” of the PCI Express domain (such as an
Endpoint or Root Complex), potentially routed through intermediate components (i.e.,
Switches) and consumed by the ultimate PCI Express recipient. As a TLP passes through a
Switch, the Switch may need to change some control fields without modifying other fields
that should not change as the packet traverses the path. Therefore, the LCRC is regenerated
by Switches. Data corruption may occur internally to the Switch, and the regeneration of a
good LCRC for corrupted data masks the existence of errors. To ensure end-to-end data
integrity detection in systems that require high data reliability, a Transaction Layer end-to-
end 32-bit CRC (ECRC) can be placed in the TLP Digest field at the end of a TLP. The
ECRC covers all fields that do not change as the TLP traverses the path (invariant fields).
The ECRC is generated by the Transaction Layer in the source component, and checked in
the destination component. A Switch that supports ECRC checking checks ECRC on TLPs
that are destined to a destination within the Switch itself. On all other TLPs a Switch must
preserve the ECRC (forward it untouched) as an integral part of the TLP.

2.10.2. ECRC Rules

The capability to generate and check ECRC is reported to software, and the ability to do so
is enabled by software (see Section 5.8.3).

e If a device is enabled to generate ECRC, it must calculate and apply ECRC for all
TLPs originated by the device

e Switches must pass TLPs with ECRC unchanged from the Ingress Port to the
Egress Port

e If a device reports the capability to check ECRC, it must support Advanced Error
Reporting (see Section 7.2)

e Ifa device is enabled to check ECRC, it must do so for all TLPs received by the
device including ECRC

o Note that it is still possible for the device to receive TLPs without ECRC,
and these are processed normally — this is not an error

Note that a Switch may perform ECRC checking on TLPs passing through the Switch.
ECRC Errors detected by the Switch are reported in the same way any other device would
report them, but do not alter the TLPs passage through the Switch.
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A 32b ECRC is calculated for the entire TLP (header and data payload) using the following
algorithm and appended to the end of the TLP (see Figure 2-2):

110

The ECRC value is calculated using the following algorithm (see Figure 2-25).
The polynomial used has coefficients expressed as 04C1 1DB7h
The seed value (initial value for ECRC storage registers) is FFFF FFFFh

All invariant fields of the TLP header and the entire data payload (if present) are
included in the ECRC calculation, all bits in variant fields must be set to ‘1” for
ECRC calculations.

o Bit 0 of the Type field is variant
o The EP field is variant
o all other fields are invariant

ECRC calculation starts with bit 0 of Byte 0 and proceeds from bit O to bit 7 of each
Byte of the TLP

The result of the ECRC calculation is complemented, and the complemented result
bits are mapped into the 32b TLP Digest field as shown in Table 2-20.

Table 2-20: Mapping of Bits into ECRC Field

ECRC Result Bit Corresponding Bit Position in the
32b TLP Digest Field
0 7
1 6
2 5
3 4
4 3
5 2
6 1
7 0
8 15
9 14
10 13
11 12
12 11
13 10
14 9
15
16 23
17 22
18 21




How the Receiver makes use of the end-to-end data integrity check provided through
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ECRC Result Bit

Corresponding Bit Position in the
32b TLP Digest Field

19 20
20 19
21 18
22 17
23 16
24 31
25 30
26 29
27 28
28 27
29 26
30 25
31 24

The 32b ECRC value is placed in the TLP Digest field at the end of the TLP (see

Figure 2-2)

For TLPs including a TLP Digest field used for an ECRC value, receivers which

support end-to-end data integrity checking, check the ECRC value in the TLP Digest

field by:

o applying the same algorithm used for ECRC calculation (above) to the
received TLP, not including the 32b TLP Digest field of the received TLP

O comparing the calculated result with the value in the TLP Digest field of the

received TLP

the ECRC is beyond the scope of this document.
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Figure 2-25: Calculation of 32b ECRC for TLP End to End Data Integrity Protection
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Implementation Note: Protection of TD Bit Inside Switches

It is of utmost importance that Switches insure and maintain the integrity of the TD bit in
TLPs that they receive and forward (i.e., by applying a special internal protection
mechanism), since corruption of the TD bit will cause a tandem device to misinterpret the
presence or absence of the TLP digest field.

Similarly, it is highly recommended that Switches provide internal protection to other variant
fields in TLPs that they receive and forward, as the end-to-end integrity of variant fields is
not sustained by the ECRC.

Implementation Note: Data Link Layer Does Not Have Internal TLP Visibility

Since the Data Link Layer does not process the TLP header (it determines the start and end
of the TLP based on indications from the Physical Layer), it is not aware of the existence of
the TLP Digest field, and simply passes it to the Transaction Layer as a part of the TLP.

2.11. Error Forwarding

Error Forwarding (also known as data poisoning), is enabled in PCI Express by either
modifying the value placed in the TLP Digest field or by setting the proper value in the TD
and EP fields. The rules for doing this are specified below Here are some examples of cases
where Error Forwarding might be used:

e [Example #1: A read from main memory encounters uncorrectable error
e Example #2: Parity error on a PCI write to main memory

e [Example #3: Data integrity error on an internal data buffer or cache.

2.11.1. Error Forwarding Usage Model

e Frror Forwarding is only used for Read Completion Data or Write Data, never for
the cases when the etror is in the “headet” (tequest phase, address/command, etc.).
Requests/Completions with header errors cannot be forwarded in general since true
destination cannot be positively known and, therefore, forwarding may cause direct
or side effects such as data corruption, system failures, etc.

e Used for controlled propagation of error through the system, system diagnostics, etc.

® Does not cause Link Layer Retry — Poisoned TLPs will be retried only if there are
transmission errors on PCI Express as determined by the TLP error detection
mechanisms in the Data Link Layer. The Poisoned TLP may ultimately cause the
originator of the request to re-issue it (at the Transaction Layer of above) in the case
of read operation or to take some other action. Such use of Error Forwarding
information is beyond the scope of this specification.
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2.11.2. Rules For Use of Data Poisoning

e Support for TLP poisoning in a Transmitter is optional.

e Data Poisoning applies only to the data within a Write Request (Posted or Non-
Posted) or a Read Completion.

e Poisoning of a TLP is indicated using one of the following two mechanisms:

o TD field = ‘1: The value used for the TLP Digest field is the “stomp code”
of all ‘1’s

o TD field = ‘0’ and EP field = ‘1°

e If a Transmitter supports data poisoning , TLPs that are known to the Transmitter
to include bad data must use one of the two poisoning mechanism defined above.
The Receiver must consider all the information within a poisoned TLP to be affected

o If applying Error Forwarding, the Receiver must cause all data from the
indicated TLP to be tagged as bad (“poisoned”).

e Receipt of a poisoned TLP is a reported error associated with the Receiving
device/function (see Section 7.2)

Note: For some applications it may be desirable for the Receiver to use data marked
corrupt — such use is not forbidden. How the Receiver makes use of the information that a
TLP is poisoned is beyond the scope of this document.

2.12. Completion Timeout Mechanism

In any split transaction protocol, there is a risk associated with the failure of a Requester to
receive an expected Completion. To allow Requesters to attempt recovery from this
situation in a standard manner, the Completion Timeout mechanism is defined. This
mechanism is intended to be activated only when there is no reasonable expectation that the
Completion will be returned, and should never occur under normal operating conditions.
Note that the values specified here do not reflect expected service latencies, and must not be
used to estimate typical response times.

The PCI Express elements that are capable of initiating Requests that invoke Completions
must implement Completion Timeout mechanism. An exception is made for Configuration
Requests (see below). This mechanism is activated for each Request which requires
Completion when the Request is transmitted. Since PCI Express Switches do not
autonomously initiate Requests (that need Completion), the requirement for Completion
Timeout support is limited only to Root Complex, PCI Express-PCI Bridges, and Endpoint
devices.

The PCI Express Specification defines the following range for the min/max acceptable
timer values for the Completion Timeout mechanism:

e The Completion Timeout timer must not expire (i.e., cause timeout event) in less than
10 ms.

e The Completion Timeout timer must expire if a Request is not completed in 50 ms.
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A Completion Timeout is a reported error associated with the Requestor device/function
(see Section 7.2).

Note: A Memory Read Request for which there are multiple Completions must be
considered “completed” only when all Completions have been received by the Requester. If
some, but not all, requested data is returned before the Completion Timeout timer expires,
the Requestor is permitted to keep or to discard the data which was returned prior to timer
expiration.

Configuration Requests have special requirements (see Sections 2.7.6.2 and 7.6). Because of
these special requirements, the support and timer values for a Completion Timeout for
Configuration Requests are implementation specific.

2.13. Transaction Layer Behavior in DL_Down Status

DL_Down status indicates that there is no connection with another component on the Link,
or that the connection with the other component has been lost and is not recoverable by the
Physical or Data Link Layers. This section specifies the Transaction Layer’s behavior when
the Data Link Layer reports DL._Down status to the Transaction Layer, indicating that the
Link is non-operational.

For a Root Complex, or any Port on a Switch other than the one closest to the Root
Complex, DI._Down status is handled by:

e returning all internal logic to the state specified for Link initialization

e forming completions for any Requests submitted by the device core for Transmission,
returning “Unsupported Request” Completion Status, then discarding the Requests

o 'This is a reported error associated with the device/function for the (virtual)
Bridge associated with the Port (see Section 7.2)

o Requests already being processed by the Transaction Layer, for which it may not
be practical to return Completions, are discarded

Note: This is equivalent to the case where the Request had been Transmitted
but not yet Completed before the Link status became DL._Down

= These cases are handled by the Requester using the Completion
Timeout mechanism

Note: The point at which a Request becomes “uncompletable” is implementation
specific

e discarding all Completions submitted by the device core for Transmission

For a Port on an Endpoint, and the Port on a Switch or Bridge which is closest to the Root
Complex, DL._Down status is handled as a Link reset by:

e returning all internal logic to the state specified for Link initialization
e discarding all TLPs being processed
e (for Switch and Bridge) propagating Link Reset to all other Ports
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2.14. Transaction Layer Behavior in DL_Up Status

DI_Up status indicates that a connection has been established with another component on
the associated Link. This section specifies the Transaction Layer’s behavior when the Data
Link Layer reports entry to the DL._Up status to the Transaction Layer, indicating that the
Link is operational. These behaviors relate to Slot Power Limit support.

For a Downstream Port on a Root Complex or a Switch:

e When transitioning from a non-DL_Up Status to a DL,_Up Status, the Port must initiate
the transmission of a Set_Slot_Power_Limit message to the other component on the
Link to convey the value programmed in the Slot Power Limit Scale and Value fields of
the Slot Capabilities register.

116



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

3. DataLink Layer Specification

The Data Link Layer acts as an intermediate stage between the Transaction Layer and the
Physical Layer. Its primary responsibility is providing a reliable mechanism for exchanging
Transaction Layer Packets (TLPs) between the two components on a Link.

3.1. Data Link Layer Overview
@ Described in Text

4 N 4 N\

Transaction Transaction

N\ J Y,

(, O (", O

@ Data Link @ @ Data Link @

g J g J

Physical Physical

Logical Sub-block
Electrical Sub-block

Logical Sub-block

Electrical Sub-block
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TX

___ RX ™ ) (__ RX

OM13778

Figure 3-1: Layering Diagram Highlighting the Data Link Layer

The Data Link Layer is responsible for reliably conveying Transaction Layer Packets (TLPs)
supplied by the Transaction Layer across a PCI Express Link to the other component’s
Transaction Layer. Services provided by the Data Link Layer include:

Data Exchange:

e Accept TLPs for transmission from the Transmit Transaction Layer and convey
them to the Transmit Physical Layer

e Accept TLPs received over the Link from the Physical Layer and convey them to the
Receive Transaction Layer
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Error Detection and Retry:
e TLP Sequence Number and LCRC generation
e Transmitted TLP storage for Data Link Layer Retry
e Data integrity checking for TLPs and Data Link Layer Packets (DLLPs)
e Acknowledgement and Retry DLLPs
e Error indications for error reporting and logging mechanisms

e Link Acknowledgement Timeout replay mechanism

Initialization and power management services:

e Track Link state and convey active/reset/disconnected state to Transaction Layer

Data Link Layer Packets (DLLPs) are:

e used for Link Management functions including TLP acknowledgement, power
management, and conveyance of Flow Control information.

e transferred between Data Link Layers of the two directly connected components on
a Link

DLLPs are sent point-to-point, between the two components on one Link. TLPs are routed
from one component to another, potentially through one or more intermediate components.

Data Integrity checking for DLLPs and TLPs is done using a CRC included with each packet
sent across the Link. DLLPs use a 16b CRC and TLPs (which can be much longer) use a
32b LCRC. TLPs additionally include a sequence number, which is used to detect cases
where one or more entire TLPs have been lost.

Received DLLPs which fail the CRC check are discarded. The mechanisms which use
DLLPs may suffer a performance penalty from this loss of information, but are self-
repairing such that a successive DLLP will supercede any information lost.

TLPs which fail the data integrity checks (LCRC and sequence number), or which are lost in
transmission from one component to another, are re-sent by the transmitter. The
transmitter stores a copy of all TLPs sent, re-sending these copies when required, and purges
the copies only when it receives a positive acknowledgement of error-free receipt from the
other component. If a positive acknowledgement has not been received within a specified
time period, the transmitter will automatically start re-transmission. The receiver can request
an immediate re-transmission using a negative acknowledgement.

The Data Link Layer appears as an information conduit with varying latency to the
Transaction Layer. On any given individual Link all TLPs fed into the Transmit Data Link
Layer (1 and 3) will appear at the output of the Receive Data Link Layer (2 and 4) in the
same order at a later time, as illustrated in Figure 3-1. The latency will depend on a number
of factors, including pipeline latencies, width and operational frequency of the Link,
transmission of electrical signals across the Link, and delays caused by Data Link Layer
Retry. Because of these delays, the Transmit Data Link Layer (1 and 3) can apply
backpressure to the Transmit Transaction Layer, and the Receive Data Link Layer (2 and 4)
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communicates the presence or absence of valid information to the Receive Transaction
Layer.

3.2. Data Link Control and Management State
Machine

The Data Link Layer tracks the state of the Link. It communicates Link status with the
Transaction and Physical Layers, and performs Link Management through the Physical
Layer. The Data Link Layer contains a Link Control and Management State Machine to
perform these tasks. The states for this machine are described below, and are shown in
Figure 3-2.

States:

e DI._Down — Physical Layer reporting Link is non-operational or Port is not
connected

e DL _Init — Physical Layer reporting Link is operational, initialize Flow Control for
the default Virtual Channel

e DI._Active — Normal operation mode

Reset \

OM13779

Figure 3-2: Data Link Control and Management State Machine
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3.2.1. Data Link Control and Management State Machine
Rules

Rules per state:
e DI Inactive

o Initial state following PCI Express hot, warm, or cold reset (see
Section 7.0)

o Upon entry to DI_Inactive
® Resetall Data Link Layer state information to default values

® Discard the contents of the Data Link Layer Retry Buffer (refer
Section 3.5)

o While in DI, Inactive:

* Report DI._Down status to the Transaction Layer as well as to the
rest of the Data Link Layer

Note: This will cause the Transaction Layer to discard any
outstanding transactions and to terminate internally any attempts to
transmit a TLP. For a Port on a Root Complex or at the “bottom” of
a Switch, this is equivalent to a “hot remove.” For Port on an
Endpoint or at the “top” of a Switch, having the Link go down is
equivalent to a hot reset (see Section 2.13).

=  Discard TLP information from the Transaction and Physical Layers
® Do not generate or accept DLLPs

o Exit to DL_Init if:

® Indication from the Transaction Layer that the Link is not disabled by
software and the Physical Layer reports Physical LinkUp = 1

e DI, Init
o While in DI,_Init:

= Initialize Flow Control for the default Virtual Channel, VCO, following
the Flow Control initialization protocol described in Section 3.3

® Report DL._Down status while in state FC_INIT1; DL_Up status in
state FC_INIT2

o Exit to DL_Active if:

* Flow Control initialization completes successfully, and the Physical Layer
continues to report Physical LinkUp = 1

o Terminate attempt to initialize Flow Control for VCO and Exit to
DL _Inactive if:

= Physical Layer reports Physical LinkUp = 0
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e DI, Active
o DI_Active is referred to as the normal operating state
o While in DI._Active:

= Accept and transfer TLP information with the Transaction and Physical
Layers as specified in this chapter

® Generate and accept DLLPs as specified in this chapter
® Report DI._Up status to the Transaction and Data Link Layers
o Exit to DL_Inactive if:

= Physical Layer reports Physical LinkUp = 0

3.3. Flow Control Initialization Protocol

Before starting normal operation following power-up or interconnect Reset, it is necessary to
initialize Flow Control for the default Virtual Channel, VCO (see Section 7.6). In addition,
when additional Virtual Channels (VCs) are enabled, the Flow Control initialization process
must be completed for each newly enabled VC before it can be used (see Section 2.6). This
section describes the initialization process which is used for all VCs. Note that since VCO is
enabled before all other VCs, no TLP traffic of any kind will be active prior to initialization
of VCO. However, when additional VCs are being initialized there will typically be TLP
traffic flowing on other, already enabled, VCs. Such traffic has no direct effect on the
initialization process for the additional VC(s).

There are two states in the VC initialization process. These states are:
e FC_INIT1
e FC_INIT2

The rules for this process are given in the following section. Figure 3-3 shows a flowchart of
the process.
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Start resend timer
Once started, continues to run
while process is active

| Transmit InitFC1-P for VCx |

|Transmit InitFC1-NP for VCx|

Received
InitFC1 or InitFC2
DLLP for VCx

|Transmit InitFC1-Cpl for VCx |

Yes

Timer roll-over?

Record indicated

FC unit value for

VCx and set Flag

according to type:
P, NP or Cpl

Flags set £
for all types
(P, NP and Cpl)

State: FC_INIT1

Y

Start resend timer
Once started, continues to run
while process is active

| Transmit InitFC2-P for VCx |

[ Transmit InitFC2-NP for VCx|

Received
any InitFC2 DLLP,
UpdateFC DLLP or
any TLP for VCx?2

|Transmit InitFC2-Cpl for VCx|

Timer roll-over?

Set Flag

End

State: FC_INIT2
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Figure 3-3: Flowchart Diagram of Flow Control Initialization Protocol
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3.3.1. Flow Control Initialization State Machine Rules

e Rules for state FC_INIT1:
o Entered when initialization of a VC (VCx) is required
=  Entrance to DIL._Init state
®=  When a VC is enabled by software (see Section 5.11)
o While in FC_INIT1:
* Transaction Layer must block transmission of TLPs using VCx

* Transmit the following uninterrupted sequence of three successive
InitFC1 DLLPs for VCx in the following pattern:

e InitFC1 — P (first)
e InitFC1 — NP (second)
e InitFC1 — Cpl (third)
= Repeat this InitFC1 DLLP transmission sequence as follows:

e For VC0, transmit continuously at the maximum rate possible
on the Link (resend timer value is 0)

e For VCs other than VCO, repeat the sequence when no other
TLPs or DLLPs are available for Transmission, but no less
frequently than at an interval of 8 ps (-0% / +100%),
measured from the start of transmission of the preceding
sequence

= Process received InitFC1 and InitFC2 DLLPs:
e Record the indicated FC unit values

e Set Flag FI1 once FC unit values have been recorded for each
of P, NP and Cpl

o Exit to FC_INIT2 if:

= Flag FI1 has been set indicating that FC unit values have been
recorded for each of P, NP and Cpl or VCx
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Rules for state FC_INIT?2:
o While in FC_INIT?2:

* Transmission of TLPs using VCx by the Transaction Layer is
permitted

* Transmit the following uninterrupted sequence of three successive
InitFC2 DLLPs for VCx in the following pattern:

e InitFC2 — P (first)
e InitFC2 — NP (second)
e InitFC2 — Cpl (third)
® Repeat this InitFC2 DLLP transmission sequence as follows:

e For VCO, transmit continuously at the maximum rate possible
on the Link (resend timer value is 0)

e For VCs other than VCO, repeat the sequence when no other
TLPs or DLLPs are available for Transmission, but no less
frequently than at an interval of 8 ps (-0% / +100%),
measured from the start of transmission of the preceding
sequence

= Process received InitFC1 and InitFC2 DLLPs:
e Ignore the indicated FC unit values
e Set flag FI2 on receipt of any InitFC2 DLLP or VCx

= Set flag FI2 on receipt of any TLP on VCx, or any UpdateFC DLLP
for VCx

o Signal completion and exit if:

= TFlag FI2 has been set

Violations of Flow Control initialization protocol are Data Link Layer Protocol
Errors (DLLPE). Checking for such errors in FC initialization protocol is optional.
If checking is implemented, any detected error is a reported error associated with the
Port (see Section 7.2)



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

3.4. Data Link Layer Packets (DLLPS)

The following DILLPs are used to support Link data integrity mechanisms:

e Ack DLLP: TLP Sequence number acknowledgement; used to indicate successful

receipt of some number of TLPs

e Nak DLLP: TLP Sequence number negative acknowledgement; used to initiate a
Data Link Layer Retry

e InitFC1, InitFC2 and UpdateFC DLLPs: For Flow Control

e Plus additional DLLPs used for Power Management

3.4.1. Data Link Layer Packet Rules

All DLLPs include the following fields:

e DLLP Type - Specifies the type of DLLP. The defined encodings are shown in

Table 3-1.

e 16b CRC
See Figure 3-4.

Table 3-1: DLLP Type Encodings

Encodings DLLP Type

0000 0000 Ack

0001 0000 Nak

0010 0000 PM_Enter_L1

0010 0001 PM_Enter_L23

0010 0010 PM_Active_State_Request_L0Os

0010 0011 PM_Active_State_Request L1

0010 0100 PM_Request_Ack

0011 0000 Vendor Specific — Not used in normal operation

0100 O0v,v1vg

InitFC1-P (v[2:0] specifies Virtual Channel)

0101 Ov,Vv41vg

InitFC1-NP

0110 Ov,vqVvg InitFC1-Cpl
1100 Ov,vyVvg InitFC2-P
1101 Ov,vyvg InitFC2-NP
1110 Ov,vyvg InitFC2-Cpl
1000 Ov,vyVvg UpdateFC-P

1001 Ov,vyvg

UpdateFC-NP

1010 0Ov,vyvg

UpdateFC-Cpl

All other encodings

Reserved
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e For Ack and Nak DLLPs (see Figure 3-5):
o The AckNak_Seq_Num field is used to indicate what TLPs are affected

o Transmission and Reception is handled by the Data Link Layer according to
the rules elsewhere in this chapter.

e For InitFC1, InitFC2, and UpdateFC DLLPs:

o The HdrFC field contains the credit value for Headers of the indicated type
(P, NP, or Cpl)

o The DataFC field contains the credit value for payload Data of the indicated
type (P, NP, or Cpl)
o0 The packet formats are shown in Figure 3-6, Figure 3-7, and Figure 3-8

o Transmission is triggered by the Data Link Layer when initializing Flow
Control for a Virtual Channel (see Section 3.3), and following Flow Control
initialization by the Transaction Layer according to the rules in Section 2.9

o0 Checked for integrity on reception by the Data Link Layer, then the
information content of the DLLP is passed to the Transaction Layer

Note: InitFC1 and InitFC2 DLLPs are used only for VC initialization
e Power Management (PM) DLLPs (see Figure 3-9):

o Transmission is triggered by the component’s power management logic
according to the rules in Chapter 6

o Checked for integrity on reception by the Data Link Layer, then passed to
the component’s power management logic

e Vendor Specific (see Figure 3-10)

+0 +1 +2 +3
7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0

Byte 0 > DLLP Type

Byte 4 > 16b CRC

OM14303

Figure 3-4: DLLP Type and CRC Fields
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+0
7|6|5|4|3|2|1|0

+1
7|6|5|4|3|2|1|0

7|6|5|4

+2
3|2|1|o

+3
7|6|5|4|3|2|1|0

0000 0000 - Ack

Reserved

AckNak_Seq_Num

Byte 0 >

Byte 4 >

0001 0000 - Nak

16b CRC

OM13781

Figure 3-5: Data Link Layer Packet Format for Ack and Nak

+0 +1 +2 +3
7|6|5|4 3 2|1|0 7|6 5|4|3|2|1|0 7|6 5|4 3|2|1|0 7|6|5|4|3|2|1|0
> | Giolike |of VIZOL| R HdrFC R DataFC
Byte 0 0110 - Cpl -VC ID ' ata
Byte 4 > 16b CRC
OM13782
Figure 3-6: Data Link Layer Packet Format for InitFC1
+0 +1 +2 +3
7/6|5|a|321[o|7[o]s]a|2]2]1]o|7|s|s| | | |1 0| |6 5 |32 o
1100-P v[2:0]
Byte 0 > ﬂ%_ggl Ol vep| R HdrFC R DataFC
Byte 4 > 16b CRC
OM13783
Figure 3-7: Data Link Layer Packet Format for InitFC2
+0 +1 +2 +3
7|6|5|4 3 2|1|o 7|6 5|4|3|2|1|o 7|6 5|4 3|2|1|0 7|6|5|4|3|2|1|0
1000 R |o| VI2:0]
Byte 0 > 1695 - &1 Ol veip| R HdrFC R DataFC
Byte 4 > 16b CRC

+0 +1 +2 +3
7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0
Byte0>[0 01 0 0 x x X Reserved
Byte 4 > 16b CRC

OM13784

Figure 3-8: Data Link Layer Packet Format for UpdateFC

OM14304

Figure 3-9: PM Data Link Layer Packet Format
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+0 +1 +2 +3
7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0

Byte0>|0 01 10000 {defined by vendor}

Byte 4 > 16b CRC

OM14305

Figure 3-10: Vendor Specific Data Link Layer Packet Format
The following are the characteristics and rules associated with Data Link Layer Packets

(DLLPs):

e DLLPs are differentiated from TLPs when they are presented to, or received from,
the Physical Layer.

e DLLP data integrity is protected using a 16b CRC
e The CRC value is calculated using the following rules (see Figure 3-11):

o The polynomial used for CRC calculation has coefficients expressed as
100Bh

o The seed value (initial value for CRC storage registers) is FFFFh

o CRC calculation starts with bit 0 of Byte 0 and proceeds from bit 0 to bit 7
of each Byte

o Note that CRC calculation uses all bits of the DLLP, regardless of field type,
including reserved fields. The result of the calculation is complemented, then
placed into the 16b CRC field of the DLLP as shown in Table 3-2.
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Table 3-2: Mapping of Bits into CRC Field

CRC Result Bit Corresponding Bit Position in the
16b CRC Field

0 7

1 6

2 5

3 4

4 3

5 2

6 1

7 0

8 15

9 14

10 13

11 12

12 11

13 10

14 9

15 8
N|-H|O|O
gle|eld

wan | B & &[0 lbit

ola|a | | order
| | a|w
| d] d|©
[apal el N

15 14 13

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

OM13785

Figure 3-11: Diagram of CRC Calculation for DLLPs
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3.5. Data Integrity

3.5.1. Introduction

The Transaction Layer provides TLP boundary information to Data Link Layer. This allows
the Data Link Layer to apply a Sequence Number and Link CRC (LCRC)error detection to
the TLP. The Receive Data Link Layer validates received TLPs by checking the Sequence
Number, LCRC code and any error indications from the Receive Physical Layer. In case of
error in a TLP, Data Link Layer Retry is used for recovery.

The format of a TLP with the Sequence Number and LCRC code applied is shown in
Figure 3-12.

+0 +1 +2 +3
7|6|5|4|3|2|1]0|7]6|s|4|s|2|1]0|7|6|5|4|3]2|1]0|7|6|5|a|3]2]a|
Reserved TLP Sequence Number {TLP Header}
+(N-3) +(N-2) +(N-1)
1|07||||||| 7|6]s|4[s[2]2]o][e[s 432
- LCRC

OM13786

Figure 3-12: TLP with LCRC and Sequence Number Applied

3.5.2. LCRC, Sequence Number, and Retry Management
(TLP Transmitter)

The TLP transmission path through the Data Link Layer (paths labeled 1 and 3 in

Figure 3-1) prepares each TLP for transmission by applying a sequence number, then
calculating and appending a Link CRC (LCRC) which is used to ensure the integrity of TLPs
during transmission across a Link from one component to another. TLPs are stored in a
retry buffer, and are re-sent unless a positive acknowledgement of receipt is received from
the other component. If repeated attempts to transmit a TLP are unsuccessful, the
transmitter will determine that the Link is not operating correctly, and instruct the Physical
Layer to retrain the Link. If Link retraining fails, the Physical Layer will indicate that the
Link is no longer up, causing the DLCMSM to move to the DI_Inactive state.

The mechanisms used to determine the TLP LCRC and the Sequence Number and to
support Data Link Layer Retry are described in terms of conceptual “counters” and “flags”.
This description does not imply nor require a particular implementation and is used only to
clarify the requirements.
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3.5.2.1. LCRC and Sequence Number Rules (TLP Transmitter)

The following counters and timer are used to explain the remaining rules in this section:

e The following 12 bit counters are used:

o NEXT_TRANSMIT_SEQ — Stores the packet sequence number applied to
TLPs

e Setto all ‘0’s in DL_Inactive state

o ACKD_SEQ - Stores the sequence number acknowledged in the most
recently received Ack or Nak DLLP.

e Setto all ‘1’s in DL_Inactive state

e The following 2 bit counter is used:

o REPLAY_NUM - Counts the number of times the Retry Buffer has been
re-transmitted

= Set to all ‘0’s in DL_Inactive state
e The following timer is used:
o REPLAY_TIMER - Counts time since last Ack or Nak DLLP received

= Started at the start of any TLP transmission or retransmission, if not
already running

= Restarts for each Ack/Nak DLLP received while there are
unacknowledged TLPs outstanding, if, and only if, the received Ack
or Nak DLLP acknowledges some TLP in the retry buffer

e Note: This ensures that REPLAY_TIMER is reset only when
forward progress is being made

® Resets and holds when there are no outstanding unacknowledged
TLPs

The following rules describe how a TLP is prepared for transmission before being passed to
the Physical Layer:

e The Transaction Layer indicates the start and end of the TLP to the Data Link Layer
while transferring the TLP

o The Data Link Layer treats the TLP as a “black box” and does not process
or modify the contents of the TLP
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e Fach TLP is assigned a 12 bit sequence number when it is accepted from the
Transmit side of Transaction Layer

o Upon acceptance of the TLP from the Transaction Layer, the packet
sequence number is applied to the TLP by:

® prepending the 12 bit value in NEXT_TRANSMIT_SEQ to the TLP

* prepending four Reserved bits to the TLP, preceding the sequence
number (see Figure 3-12)

o If the equation:
(NEXT_TRANSMIT_SEQ — ACKD_SEQ) mod 4096 >= 2048

is true, the Transmitter must cease accepting TLPs from the Transaction Layer
until the equation is no longer true

o Following the application of NEXT_TRANSMIT_SEQ to a TLP accepted
from the Transmit side of Transaction Layer, NXT_TRANSMIT_SEQ is
incremented:

NEXT_TRANSMIT_SEQ := NEXT_TRANSMIT_SEQ + 1) mod 4096

+0
SCONEERE

+1 +2
7|6|5|4|3|2|1|0 7|6|5|4|3|2|1|0

Reserved TLP Sequence Number [TLP Header]

+3
7|6|5|4|3|2|1(".

OM13787

Figure 3-13: TLP Following Application of Sequence Number and Reserved Bits

e TLP data integrity is protected during transfer between Data Link Layers using a 32b
LCRC

e The LCRC value is calculated using the following algorithm (see Figure 3-14)
o The polynomial used has coefficients expressed as 04C1 1DB7h
O The seed value (initial value for LCRC storage registers) is FFFF FFFFh

o The LCRC is calculated using the TLP following sequence number
application (see Figure 3-13)

o LCRC calculation starts with bit O of Byte O (bit 8 of the TLP sequence
number) and proceeds from bit O to bit 7 of each successive Byte.

* Note that LCRC calculation uses all bits of the TLP, regardless of
field type, including reserved fields

o The result of the LCRC calculation is complemented, and the complemented
result bits are mapped into the 32b LCRC field as shown in Table 3-3.
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Table 3-3: Mapping of Bits into LCRC Field

LCRC Result Bit

Corresponding Bit Position in the
32b LCRC Field

0 7
1 6
2 5
3 4
4 3
5 2
6 1
7 0
8 15
9 14
10 13
11 12
12 11
13 10
14 9
15

16 23
17 22
18 21
19 20
20 19
21 18
22 17
23 16
24 31
25 30
26 29
27 28
28 27
29 26
30 25
31 24

o The 32b LCRC field is appended to the TLP following the bytes received

from the Transaction Layer (see Figure 3-12)
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Calculation of LCRC

Figure 3-14
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To support cut-through routing of TLPs, a Transmitter is permitted to modify a transmitted
TLP to indicate that the receiver must ignore that TLP (“nullify” the TLP).

e A Transmitter is permitted to nullify a TLP being transmitted; to do this in a way
which will robustly prevent misinterpretation or corruption, the Transmitter must do
both of the following:

o use the remainder of the calculated LCRC value without inversion

o indicate to the Transmit Physical Layer that the final framing Symbol must
be EDB instead of END

e When this is done, the Transmitter does not increment NEXT_TRANSMIT_SEQ

The following rules describe the operation of the Data Link Layer Retry Buffer, from which
TLPs are re-transmitted when necessary:

e Copies of Transmitted TLPs must be stored in the Data Link Layer Retry Buffer

e If the Transmit Retry Buffer contains TLPs for which no Ack or Nak DLLP has
been received, and (as indicated by REPLAY_TIMER) no Ack or Nak DLLP has
been received for a period exceeding the time indicated in Table 3-4, the Transmitter:

o blocks acceptance of new TLPs from the Transmit Transaction Layer
o completes transmission of the TLP currently being transmitted, if any

o starts re-transmitting TLPs from the Retry Buffer, starting with the oldest
TLP in the buffer and continuing in original transmission order

O stops re-transmission from the Retry Buffer and increments
REPLAY_NUM, if all entries in the Retry Buffer have been re-transmitted

o Re-enables acceptance of new TLPs from the Transmit Transaction Layer

This is a reported error associated with the Port (see Section 7.2).

e If REPLAY_NUM rolls over from “11” to “00” (indicating the Retry Buffer has
been re-transmitted four times without receiving an Ack or Nak), the Transmitter
signals the Physical Layer to retrain the Link. This is a reported error associated with
the Port (see Section 7.2).

o Note that Data Link Layer state, including the contents of the Retry Buffer,
are not reset by this action unless the Physical Layer reports Physical LinkUp
= 0 (causing the Data Link Control and Management State Machine to
transition to the DL _Inactive state)
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Table 3-4 defines the threshold values for the REPLAY TIMER timer. The values are
specified according to the largest TLP payload size and Link width.

The values are measured at the Port of the TLP Transmitter, from last Symbol of TLP to
First Symbol of TLP retransmission. The values are calculated using the formula (note — this
is simply three times the Ack Latency value — see Section 3.5.3.1):

(Max_ Payload _Size+TLPOverhead )* AckFactor
LinkWidth

where

Max_Payload_Size

TLP Overhead

AckFactor

LinkWidth

InternalDelay

+Internal Del ayj *3

is the value in the Max_Payload_Size field of the Link
Command Register

represents the additional TLLP components which consume
Link bandwidth (Header, LCRC, framing Symbols) and is
treated here as a constant value of 24 Symbols

is used to balance Link bandwidth efficiency and retry
buffer size — the value varies according to
Max_Payload_Size and Link width, and is included in
Table 3-5

is the operating width of the Link

represents the internal processing delays for received TLPs
and transmitted DLLPs, and is treated here as a constant
value of 11 Symbol Times

Table 3-4: REPLAY_TIMER Limits by Link Width and Max_Payload_Size (Symbol
Times) Tolerance: -0% / +100%

Link Operating Width
x1 X2 x4 x8 x12 x16 x32
128B 669 351 192 174 147 117 75

-§ 2568 1209 621 327 294 243 189 111
c'gl 5128 1641 837 435 234 300 234 132
E‘ 1024B 3177 1605 819 426 555 426 228
gél 2048B 6249 3141 1587 810 1068 810 420
= 40968 12393 6213 3123 1578 2091 1578 804
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Implementation Note: Recommended Priority of Scheduled Transmissions

When multiple DLLPs of the same type are scheduled for transmission but have not yet
been transmitted, it is possible in many cases to “collapse” them into a single DLLP. For
example, if a scheduled Ack DLLP transmission is stalled waiting for another transmission
to complete, and during this time another Ack is scheduled for transmission, it is only
necessary to transmit the second Ack, since the information it provides will supercede the
information in the first Ack.

In addition to any TLP from the Transaction Layer (or the Retry Buffer, if a retry is in
progress), Multiple DLLPs of different types may be scheduled for transmission at the same
time, and must be prioritized for transmission. The following list shows the preferred
priority order for selecting information for transmission. Note that the priority of the
vendor specific DLLP is not listed, as this is completely implementation specific, and there is
no recommended priority. Note that this priority order is a guideline, and that in all cases it
is a fairness mechanism is highly recommended to ensure that no type of traffic is blocked
for an extended or indefinite period of time by any other type of traffic. Note that the Ack
Latency value and REPLAY_TIMER limit specify requirements measured at the Port of the
component, and the internal arbitration policy of the component must ensure that these
externally measured requirements are met.

1) completion of any transmission (TLP or DLLP) currently in progress (highest priority)
2) Nak DLLP transmissions

3) Ack DLLP transmissions scheduled for transmission as soon as possible due to
receipt of a duplicate TLP —OR—
expiration of the Ack latency timer (see Section 3.5.3.1)

4) FC DLLP transmissions required to satisfy Section 2.9

5) Retry Buffer re-transmissions

0) TLPs from the Transaction Layer

7) FC DLLP transmissions other than those required to satisfy Section 2.9

8) All other DLLP transmissions (lowest priority)
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Since Ack/Nak and Flow Control DLLPs affect TLPs flowing in the opposite direction
across the Link, the TLP transmission mechanisms in the Data Link Layer are also
responsible for Ack/Nak and Flow Control DLLPs received from the other component on
the Link. These DLLPs are processed according to the following rules (see Figure 3-15):
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If the Physical Layer indicates a Receiver Error, discard any DLLP currently being
received and free any storage allocated for the DLLP. Note that reporting such
errors to software is done by the Physical Layer (and so are not reported by the Data
Link Layer).

For all received DLLPs, the CRC value is checked by:

o applying the same algorithm used for calculation (above) to the received
DLLP, not including the 16b CRC field of the received DLLP

o comparing the calculated result with the value in the CRC field of the
received DLLP

= if not equal, the DLLP is corrupt

o A corrupt received DLLP is discarded, and is a reported error associated with
the Port (see Section 7.2).

A recetved DLLP which is not corrupt, but which uses unsupported DLLP Type
encodings is discarded without further action. This is not considered an error.

Non-zero values in Reserved fields are ignored.

Receivers must process all DLLPs received at the rate they are received
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Start

Did
Physical Layer
indicate any receive errors
for this DLLP

Yes

Y

Calculate CRC using
received DLLP, Discard DLLP
not including CRC field

! !

End

Calculated CRC
equal to received value?

No

\]

Error: Bad DLLP;
Discard DLLP

Process DLLP

Y

o-

End
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Figure 3-15: Received DLLP Error Check Flowchart

Received FC DLLPs are passed to the Transaction Layer

Received PM DLLPs are passed to the component’s power management control
logic
For Ack and Nak DLLPs, the following steps are followed (see Figure 3-106):

o If the AckNak_Seq_Num does not specify the Sequence Number of an
unacknowledged TLP, or of the most recently acknowledged TLP, the DLLP
1s discarded

= If the DLLP is an Ack DLLP, this is a DL Layer Protocol Error
which is a reported error associated with the Port (see Section 7.2).
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o If the AckNak_Seq_Num does not specify the Sequence Number of the

most recently acknowledged TLP, then the DLLP acknowledges some TLPs
in the retry buffer:

® Purge from the retry buffer all TLPs from the oldest to the one
corresponding to the AckNak_Seq_Num

* Load ACKD_SEQ with the value in the AckNak_Seq_Num field
=  Reset REPLAY NUM and REPLAY TIMER
If the DLLP is a Nak, initiate a replay (see below)

If REPLAY_TIMER expires due to a failure to make progress on

unacknowledged TLPs, initiate a replay. This is a reported error associated
with the Port (see Section 7.2).

Start

l

Yes Error: DL
Layer Protocol

(NEXT_TRANSMIT_SEQ*
AckNak_Seq_Num) mod
4096 <= 20487

Is DLLP an Ack?

\
»| Discard DLLP

End

TLPs are acknowledged:

» Purge retry buffer of TLP matching AckNak_Seq_Num,
and all older TLPs in the retry buffer.

e Load AckD_SEQ with AckNak_Seq_Num

¢ Reset REPLAY_NUM and REPLAY_TIMER to O

AckNak_Seq_Num =
ACKD_SEQ?

No [Nak]

Initiate Replay of all
unacknowledged TLPs
from the retry buffer

Is DLLP an Ack?

End |-

OM13790

Figure 3-16: Ack/Nak DLLP Processing Flowchart
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The following rules describe the operation of the Data Link Layer Retry Buffer, from which
TLPs are re-transmitted when necessary:

e Copies of Transmitted TLPs must be stored in the Data Link Layer Retry Buffer

When a replay is initiated, either due to reception of a Nak or due to REPLAY_TIMER
expiration, the following rules must be followed:

e Ifall TLPs transmitted have been acknowledged, terminate replay, otherwise
continue

e Increment REPLAY NUM
e Complete transmission of any TLP currently being transmitted

e Retransmit unacknowledged TLPs, starting with the oldest unacknowledged TLP
and continuing in original transmission order

o Once all unacknowledged TLPs have been re-transmitted, return to normal
operation

o Ifany Ack or Nak DLLPs are received during a replay, the transmitter is
permitted to complete the replay without regard to the Ack or Nak DLLP(s),
or to skip retransmission of any newly acknowledged TL.Ps

® Once the transmitter has started to resend a TLP, it must complete
transmission of that TLP in all cases

o Ack and Nak DLLPs received during a replay must be processed, and may be
collapsed

= Example: If multiple Acks are received, only the one specifying the
latest Sequence Number value must be considered — Acks specifying
earlier Sequence Number values are effectively “collapsed” into this
one

* Example: During a replay, Nak is received, followed by an Ack
specifying a later Sequence Number — the Ack supercedes the Nak,
and the Nak is ignored

o Note: Since all entries in the Retry Buffer have already been allocated space
in the Receiver by the Transmitter’s Flow Control gating logic, no further
flow control synchronization is necessary.
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3.5.3. LCRC and Sequence Number (TLP Receiver)

The TLP receive path through the Data Link Layer (paths labeled 2 and 4 in Figure 3-1)
processes TLPs received by the Physical Layer by checking the LCRC and sequence number,
passing the TLP to the receive Transaction Layer if OK and requesting a retry if corrupted.

The mechanisms used to check the TLP LCRC and the Sequence Number and to support
Data Link Layer Retry are described in terms of conceptual “counters” and “flags”. This
description does not imply or require a particular implementation and is used only to clarify
the requirements.

3.5.3.1. LCRC and Sequence Number Rules (TLP Receiver)

The following counter, flag, and timer are used to explain the remaining rules in this section:
e The following 12 bit counter is used:
o NEXT_RCV_SEQ - Stores the expected Sequence Number for the next TLP

= Set to all ‘0’s in DL._Inactive state

e The following flag is used:
o NAK SCHEDULED

= (Cleared when in DI, _Inactive state

e The following timer is used:

o AckNak_LATENCY_TIMER — Counts time since an Ack or Nak DLLP was
scheduled for transmission

= Set to 0 in DL._Inactive state

= Restart from 0 each time an Ack or Nak DLLP is scheduled for
transmission; Reset to 0 when all TLPs received have been
acknowledged with an Ack DLLP

= If there are initially no unacknowledged TLPs and a TLP is then
received, the AckNak_LATENCY_TIMER starts counting only
when the TLP has been forwarded to the Receive Transaction Layer

142



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

The following rules are applied in sequence to describe how received TLPs are processed,
and what events trigger the transmission of Ack and Nak DLLPs (see Figure 3-17):

e If the Physical Layer indicates a Receiver Error, discard any TLP currently being
received and free any storage allocated for the TLP. Note that reporting such errors
to software is done by the Physical Layer (and so are not reported by the Data Link
Layer).

o IfaTLP was being received at the time the receive error was indicated and
the NAK_SCHEDULED flag is clear,

= schedule a Nak DLLP for transmission
* set the NAK_SCHEDULED flag

e If the Physical Layer reports that the received TLP end framing Symbol was EDB,
and the LCRC is the logical NOT of the calculated value, discard the TLP and free
any storage allocated for the TLP. This is not considered an error.

e The LCRC value is checked by:

o applying the same algorithm used for calculation (above) to the received
TLP, not including the 32b LCRC field of the received TLP

o comparing the calculated result with the value in the LCRC field of the
received TLP

= if not equal, the TLP is corrupt - discard the TLP and free any
storage allocated for the TLP

e If the NAK_SCHEDULED flag is clear,
o schedule a Nak DLLP for transmission
o set the NAK_SCHEDULED flag
This is a reported error associated with the Port (see Section 7.2).

e If the TLP Sequence Number is not equal to the expected value, stored in
NEXT_RCV_SEQ:

o discard the TLP and free any storage allocated for the TLP
o If the TLP Sequence Number satisfies the following equation:
(NEXT_RCV_SEQ - TLP Sequence Number) mod 4096 <= 2048

the TLP is a duplicate, and an Ack DLLP is scheduled for transmission (per
transmission priority rules)
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o Otherwise, the TLP is out of sequence (indicating one or more lost TLPs):
= if the NAK_SCHEDULED flag is clear,
e schedule a Nak DLLP for transmission
e sct the NAK_SCHEDULED flag
e report TLP missing
This is a reported error associated with the Port (see Section 7.2).

e If the TLP Sequence Number is equal to the expected value stored in
NEXT_RCV_SEQ:

o The Reserved bits, Sequence Number, and LCRC are removed and the
remainder of the TLP is forwarded to the Receive Transaction Layer

® The Data Link Layer indicates the start and end of the TLP to the
Transaction Layer while transferring the TLP

e The Data Link Layer treats the TLP as a “black box” and
does not process or modify the contents of the TLP

= Note that the Receiver Flow Control mechanisms do not account for
any received TLPs until the TLP(s) are forwarded to the Receive
Transaction Layer

o NEXT_RCV_SEQ is incremented
o If set, the NAK_SCHEDULED flag is cleared
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Receive Data Link Layer Handling of TLPs

145



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

e In addition to the other requirements for sending Ack DLLPs, an Ack or Nak
DLLP must be transmitted when all of the following conditions are true:

o The Data Link Control and Management State Machine is in the DI._Active
state

o TLPs have been accepted, but not yet acknowledged by sending an
Acknowledgement DLLP

o The AckNak_LATENCY_TIMER reaches or exceeds the value specified in
Table 3-5

e Data Link Layer Acknowledgement DLLPs may be Transmitted more frequently
than required

e Data Link Layer Ack and Nak DLLPs specify the value NEXT_RCV_SEQ - 1) in
the AckNak_Seq Num field

Table 3-5 defines the threshold values for the AckNak_LATENCY_TIMER timer, which
for any specific case is called the Ack Latency. The values are specified according to the
largest TLP payload size and Link width. The values are measured at the Port of the TLP
Receiver, starting with the time the last Symbol of a TLP is received to the first Symbol of
the Ack/Nak DLLP being transmitted. The values are calculated using the formula:

(Max_ Payload _Size+TLPOverhead)* AckFactor
LinkWidth

+InternalDelay

where

Max_Payload_Size is the value in the Max_Payload_Size field of the Link
Command Register

TLP Overhead represents the additional TLP components which consume
Link bandwidth (Header, LCRC, framing Symbols) and is
treated here as a constant value of 24 Symbols

AckFactor is used to balance Link bandwidth efficiency and retry

buffer size — the value varies according to
Max_Payload_Size and Link width, and is defined in

Table 3-5
LinkWidth is the operating width of the Link
InternalDelay represents the internal processing delays for received TLPs

and transmitted DLLPs, and is treated here as a constant
value of 11 Symbol Times
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Table 3-5: Ack Transmission Latency Limit and AckFactor by Link Width and Max

Payload (Symbol Times)

Link Operating Width

x1 X2 x4 x8 x12 x16 x32

128B 223 117 64 58 49 39 25
AF=1.4 AF=1.4 AF=1.4 AF =25 AF =3.0 AF =3.0 AF =3.0

256B 403 207 109 98 81 63 37
N AF=14 | AF=14 | AF=14 | AF=25 | AF=3.0 | AF=3.0 | AF=30

2' 512B 547 279 145 78 100 78 44
s AF=10 | AF=10 | AF=10 | AF=10 | AF=20 | AF=20 | AF=20

E 1024B 1059 535 273 142 185 142 76
| AF=1.0 AF=1.0 AF=1.0 AF=1.0 AF=2.0 AF=2.0 AF=2.0

§ 2048B 2083 1047 529 270 356 270 140
AF=1.0 AF=1.0 AF=1.0 AF=1.0 AF=2.0 AF=2.0 AF=2.0

40968 4131 2071 1041 526 697 526 268
AF=1.0 AF=1.0 AF=1.0 AF=1.0 AF=2.0 AF=2.0 AF=2.0

Implementation Note: Retry Buffer Sizing

The Retry Buffer should be large enough to ensure that under normal operating conditions,
transmission is never throttled because the retry buffer is full. In determining the optimal
buffer size, one must consider the Ack Latency value (Table 3-5), any differences between
the actual implementation and the internal processing delay used to generate these values,
and the delays caused by the physical Link interconnect.

Note that the Ack Latency values specified ensure that the range of permitted outstanding
Sequence Numbers will never be the limiting factor causing transmission stalls.

147




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

148



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

4.  Physical Layer Specification

4.1. Introduction

The Physical Layer isolates the Transaction and Data Link Layers from the signaling
technology used for Link data interchange. The Physical Layer is divided into the Logical
and Electrical functional sub-blocks (see Figure 4-1).

(" N\ 4 N
Transaction Transaction

g J \ J

(" N\ 4 N
Data Link Data Link

\ J g J

e ) N )
Physical Physical

Logical Sub-block Logical Sub-block
Electrical Sub-block Electrical Sub-block
J

TX

___ RX ™ ) __ RX

OM13792

Figure 4-1: High Level Layering Diagram Highlighting Physical Layer

4.2. LOGICAL SUB-BLOCK

The Logical sub-block has two main sections: a Transmit section that prepares outgoing
information passed from the Data Link Layer for transmission by the Electrical sub-block,
and a Receiver section that identifies and prepares received information before passing it to
the Data Link Layer.

The Logical sub-block and Electrical sub-block coordinate the state of each transceiver
through a status and control register interface or functional equivalent. The Logical sub-
block directs control and management functions of the Physical Layer.

Receivers may optionally check for violations of the rules associated with Receiver functions
such as Symbol decoding and the like. If such checking is implemented, violations cause the
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indication of a Receiver Error to the Data Link Layer. A Receiver Error is a reported error
associated with the Port (see Section 7.2).

4.2.1. Symbol Encoding

PCI Express uses an 8b/10b transmission code. The definition of this transmission code is
identical to that specified in ANSI X3.230-1994, clause 11 (and also IEEE 802.3z, 36.2.4).
Using this scheme, eight bit Characters and one control bit are treated as three bits and five
bits mapped onto a four-bit code group and a six bit code group, respectivley. The control
bit in conjunction with the data character is used to identify when to encode one of the 12
special symbols included in the 8b/10b transmission code. These code groups are
concatenated to form a ten-bit Symbol. As shown in Figure 4-2, ABCDE maps to abcdei
and FGH maps to fghj.

Transmit Receive
TX<7:0>, Control <Z> TX<7:0>, Control <Z>
MSB ' ¢ LSB MSB ' T LSB
[7]le[s]afs]2][1]0] [7]le[s]afs]2][1]0]
# 8 bits + Control # 8 bits + Control
H,G,FE,D,C,B,AZ H,G,FE,D,C,B,AZ
8b —» 10b 10b —» 8b
Encode Decode
# 10 bits # 10 bits
j,h,g.,fled.cb,a j;h,g,fl.e,d,c,ba
MSB ' ¢ LSB MSB ' T LSB

lofsl7]efs]alsfz]a]o]  |ofsf7]e[s]a]a]2][1]o]

OM13793

Figure 4-2: Character to Symbol Mapping
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4.2.1.1. Serialization and De-serialization of Data

The bits of a Symbol are placed on a Lane starting with bit ‘a’ and ending with bit 9.
Examples are shown in Figure 4-3 and Figure 4-4.

Symbol for Symbol for Symbol for Symbol for Symbol for
Byte 0 Byte 1 Byte 2 Byte 3 Byte 4

A A

e { o eee[ oo o <Fe B TR

time=0 time = time = time = time = time =
1x Symbol Time 2x Symbol Time 3x Symbol Time 4x Symbol Time 5x Symbol Time

Figure 4-3: Bit Transmission Order on Physical Lanes - x1 Example

Symbol for: Symbol for:
Byte O Byte 4
—

2[olelale]]]o[n]ia]e]e]o]e] [ o]e]

Lane O eee

Byte 1 Byte 5

a[olclalef|]o]n]s Ja]o]c|ale] ]]s]n]
Byte 2 Byte 6

a[o]e|ale]]]o[nfiafo]c]a]e] [ 1]o]n]
Byte 3 Byte 7

"
a[olefafe]|tJojn]]afolc]d]e]i]rls]n]
| | |
time =0 time = time =
1x Symbol Time 2x Symbol Time

OM13809

Lane 1 eee

Lane 2 eee

Lane 3 eee

Figure 4-4: Bit Transmission Order on Physical Lanes - x4 Example

OM13808
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4.2.1.2. Special Symbols for Framing and Link Management (K
codes)

The 8b/10b encoding scheme used by PCI Express provides Special Symbols that are
distinct from the Data Symbols used to represent Characters. These Special Symbols are
used for various Link Management mechanisms described later in this chapter. Special
Symbols are also used to frame DLLPs and TLPs, using distinct Special Symbols to allow
these two types of Packets to be quickly and easily distinguished.

Table 4-1 shows the Special Symbols used for PCI Express and provides a brief description
for the use of each. The use of these Symbols will be discussed in greater detail in following
sections.

Table 4-1: Special Symbols

Encoding Symbol Name Description

K28.5 COM Comma Used for Lane and Link initialization
and management

K27.7 STP Start TLP Marks the start of a Transaction
Layer Packet

K28.2 SDP Start DLLP Marks the start of a Data Link Layer
Packet

K29.7 END End Marks the end of a Transaction Layer
Packet or a Data Link Layer Packet

K30.7 EDB EnD Bad Marks the end of a nullified TLP

K23.7 PAD Pad Used in Framing and Link Width and
Lane ordering negotiations

K28.0 SKP Skip Used for compensating for different
bit rates for two communicating ports

K28.1 FTS Fast Training Sequence Used within an ordered-set to exit
from LOs to LO

K28.7 Reserved

K28.3 IDL Idle Electrical Idle symbol used in the
electrical idle ordered-set

K28.4 Reserved

K28.6 Reserved

K28.7 Reserved
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4.2.2. Framing and Application of Symbols to Lanes

The Framing mechanism uses Special Symbol K28.2 “SDP” to start a DLLP and Special
Symbol K27.7 “STP” to start a TLP. The Special Symbol K29.7 “END” is used to mark the
end of either a TLP or a DLLP.

The conceptual stream of Symbols must be mapped from its internal representation, which
is implementation dependent, onto the external Lanes. The Symbols are mapped onto the
Lanes such that the first Symbol (representing Character 0) is placed onto Lane 0, the second
is placed onto Lane 1, etc. The x1 Link represents a degenerate case, and the mapping is
trivial, with all Symbols placed onto the single Lane in order.

When no packet information or special ordered-sets are being transmitted, the Transmitter is
in the Logical Idle state. During this time idle data must be transmitted. The idle data must
consist of the data byte 0 (00 Hexadecimal), scrambled according to the rules of

Section 4.2.3 and 8b/10b encoded according to the rules of Section 4.2.1, in the same way
that TLP and DLLP data characters are scrambled and encoded. Likewise, when the
Receiver is not receiving any packet information or special ordered-sets, the Receiver is in
Logical Idle and shall receive idle data as described above. During transmission of the idle
data, the skip ordered-set must continue to be transmitted as specified in Section 4.2.7.

4.2.2.1. Framing and Application of Symbols to Lanes — Rules

In this section, “placed” is defined to mean a requirement on the transmitter to put the
symbol into the proper Lane of a Link.

e TLPs must be framed by placing an STP Symbol at the start of the TLP and an END
Symbol or EDB Symbol at the end of the TLP (see Figure 4-5).

e DLLPs must be framed by placing an SDP Symbol at the start of the DLLP and an
END Symbol at the end of the DLLP.

e Logical Idle is defined to be a period of one or more Symbol times when no
information: TLPs, DLLPs or any type of Special Symbol is being
Transmitted/Received. Unlike Electrical Idle, during Logical Idle the Idle character
(O0Oh) is being transmitted and received.

o When the Transmitter is in Logical Idle, the Idle data character (0Oh) shall be
transmitted on all Lanes. This is scrambled according to the rules in
Section 4.2.3.

o Receivers must ignore incoming Logical data, and must not have any dependency
other than scramble sequencing on any specific data patterns.

e For Links wider than x1, the STP Symbol (representing the start of a TLP) must be
placed in Lane 0 when starting Transmission of a TLP from a Logical Idle Link
condition.

e For Links wider than x1, the SDP Symbol (representing the start of a DLLP) must be
placed in Lane 0 when starting Transmission of an DLLP from a Logical Idle Link
condition.
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The STP Symbol must not be placed on the Link more frequently than once per Symbol
Time.

The SDP Symbol must not be placed on the Link more frequently than once per Symbol
Time.

As long as the above rules are satisfied, TLP and DLLP Transmissions are permitted to
follow each other successively.

One STP symbol and one SDP symbol may be placed on the Link in the same symbol
time.

Note: For x8 and wider Links, this means that STP and SDP Symbols can be placed in Lane
4*N, where N is a positive integer. For example, for x8, STP and SDP Symbols can be
placed in Lanes 0 and 4; and for x16, STP and SDP Symbols can be placed in Lanes 0, 4, 8,
or 12.
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For xN Links where N is 8 or more, if an END Symbol is placed in a Lane K, where K
does not equal N-1, and is not followed by a STP or SDP Symbol in Lane K+1 (i.e.,
there is no TLP or DLLP immediately following), then PAD Symbols must be placed in
Lanes K+1 to Lane N-1.

o Example: on a x8, if END is placed in Lane 3, PAD must be placed in Lanes 4
to 7, when not followed by STP or SDP.

The EDB symbol is used to mark the end of a nullified TLP. Refer to Section 3.5.2.1 for
information on the usage of EDB.

Receivers may optionally check for violations of the rules of this section. If such
checking is implemented, violations cause the indication of a Receiver Error to the Data
Link Layer. A Receiver Error is a reported error associated with the Port (see

Section 7.2).

Symbol 0 Symbol 1 | Symbol 2

STP Reserved Packet Sequence Number coe

| Symbol (N-3) | Symbol (N-2) Symbol (N-1)

ooe LCRC Value END

OM13794

Figure 4-5: TLP with Framing Symbols Applied
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+0 +1 +2 +3
Byte 0 > Y
Byte 4 > / — ~
SDP | . | | END

Symbol0 Symboll Symbol2 Symbol3 Symbol4 Symbol5 Symbol6  Symbol 7
OM13795

Figure 4-6: DLLP with Framing Symbols Applied

STP Framing Symbol
added by Physical Layer

Reserved bits and
Sequence Number
added by

Data Link Layer

-~ TLP generated by

Transaction Layer
(XX )

LCRC added by
Data Link Layer

END Framing Symbol
added by Physical Layer
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Figure 4-7: Framed TLP on a x1 Link
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Lane 0 Lanel

STP/END Framing Symbols-
AU P e Physical Layer
ooo Sequence Number/LCRC-
Data Link Layer

TLP - Transaction Layer

OM13797

Figure 4-8: Framed TLP on a x2 Link

Lane 0 Lanel Lane?2 Lane 3

STP/END Framing Symbols-
~. L0l 1 1 Physical Layer

oo Sequence Number/LCRC-
~ e~~~ Data Link Layer

TLP - Transaction Layer
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Figure 4-9: Framed TLP on a x4 Link

4.2.3. Data Scrambling

The scrambling function can be implemented with one or many Linear Feedback Shift
Register’s (LFSR’s) on a multi-Lane Link. When there is more than one transmit LESR per
Link, these must operate in concert, maintaining the same simultaneous (see Table 4-4) value
in each LFSR. When there is more than one receive LFSR per Link, these must operate in
concert, maintaining the same simultaneous (see Table 4-5) value in each LFSR. Regardless
of how it’s implemented, the LFSRs must interact with data on a Lane-by-Lane basis as if
there was a separate LFSR as described here for each Lane within that Link. On the transmit
side, scrambling is applied to characters prior to the 8b/10b encoding. On the receive side
de-scrambling is applied to characters after 8b/10b decoding.

The LFSR is graphically represented in Figure 4-10. Scrambling or unscrambling is
performed by serially XORing the 8-bit (ID0-D7) character with the 16-bit (S0-S15) output
of the LFSR. An output of the LFSR, §15, is XORed with DO of the data to be processed.
The LFSR and data register are then serially advanced and the output processing is repeated
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for D1 through D7. The LFSR is advanced after the data is XORed. The LFSR implements
the polynomial:

GX)=X"+X"+X"+X"+1
Data scrambling rules:
e The COM character initializes the LFSR.
e The LFSR value is advanced eight serial shifts for each character except the SKP.

e All data characters (D codes) except those within a Training Sequence Ordered-sets
(TS1, TS2) and the Compliance Pattern are scrambled.

e All special characters (K codes) are not scrambled.

The initialized value of an LESR seed (S0-S15) is OFFFFh. Immediately after a COM exits
the transmit LFSR, the LFSR on the transmit side is initialized. Every time a COM enters the
receive LF'SR on any Lane of that Link, the LFSR on the receive side is initialized.

Scrambling is enabled by default. It can be disabled for diagnostic purposes by setting bit 3
in symbol 5 of the training sequence ordered-sets. If a training sequence ordered-set \is

received with this bit set in all Lanes, scrambling must be disabled until the next reset occurs.
See Table 4-2 and Table 4-3.

For more information on scrambling, see Appendix C.
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Figure 4-10: LFSR with Scrambling Polynomial
4.2.4, Link Initialization and Training

This section defines the Physical Layer control process that configures and initializes each
Link for normal operation. This section covers following functions:

e Configuring and initializing the Link.
e Supporting normal packet transfers.
e Supported state transitions when recovering from Link errors.

e Restarting a Port from low power states.
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The following are discovered and determined during the training process:
e Link width.
e Link data ratell,
e [ane reversal.

e Polarity inversion.

Training does:
e Link data rate!? negotiation.
e Bit synchronization per Lane.
e Lane polarity.
e Symbol synchronization per Lane.
e Lane ordering within a Link.
e Link width negotiation.

e [Lane-to-Lane de-skew within a multi-Lane Link.

Receivers may optionally check for violations of the Link Initialization and Training
Protocols. If such checking is implemented, any violation is a Training Error. A Training
Error is a reported error associated with the Port (see Section 7.2). A Training Error is
considered fatal to the Link.

4.2.4.1. Training Sequence Ordered-sets

Training sequences are composed of ordered-sets used for bit alignment, symbol alignment
and to exchange physical layer parameters. Training sequence ordered-sets are never
scrambled but are always 8b/10b encoded. SKP ordered-sets may be transmitted duting

training sequences but never interrupt a TS1 or TS2 ordered-set.

Any reference in the state machine section indicating that 16 ordered-sets are to be
transmitted after receiving “n” number of ordered-sets means to send at least 16 additional
ordered-sets after the reception of at least “n” ordered-sets. This is in addition to the

ordered-sets sent while waiting for “n” ordered-sets to be received.

In order for N_FTS to be valid two or more TSx ordered-sets must be received with the
same value.

Anytime two consecutive TS1 or TS2 ordered-sets are received in any state with the reset bit
set the Link Control Reset state must be entered directly.

Anytime two consecutive TS1 or TS2 ordered-sets are received in any state with the
Loopback Bit set, the Loopback state must be entered directly.

11 This specification only defines one data rate. Future revisions will define additional rates.

12 This specification defines the mechanism for negotiating the Link operational bit rate to the highest
supported operational data rate.
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Anytime two consecutive TS1 or TS2 ordered-sets are received in any state with the Disable
Bit set, the Disable state must be entered directly.

When desired, Scrambling Disable bit must be set for all TS1 and TS2 sequences to ensure
that scrambling will be disabled. If TS1 and TS2 are received with the Scrambling Disable bit
set, scrambling is disabled for that entire Lane (both directions). Scrambling remains
disabled until the Link is reset.

Skip ordered-sets may be sent between consecutive TS1 or TS2 ordered-sets. Idle data is not
allowed between consecutive TS1 or TS2 ordered-sets.

The Link control bits for Scrambling Disable, Reset, Link Disable, and Loopback Enable are

mutually exclusive, only one of these bits may be set at a time. If more than one of the
Scrambling Disable, Reset, Link Disable or Loopback Enable bits are set the behavior is

undefined.
Table 4-2: T'S1 Ordered-Set
Symbol Allowed Values Encoded Values | Description
Number
0 K28.5 COMMA code group for symbol alignment
1 0-255 D0.0 - D31.7, Link Number within component
K23.7
2 0-31 DO0.0 - D31.0, Lane Number within Port
K23.7
3 0-255 D0.0 - D31.7 N_FTS. This is the number of fast training
ordered-sets required by the receiver to
obtain reliable bit and symbol lock.
4 1 D1.0 Data Rate Identifier
Bit 0 — Reserved, setto 0
Bit 1 = 1, generation 1 (2.5 Gb/s) data rate
supported
Bit 2:7 — Reserved, setto 0
5 Bit0=0,1 DO0.0, D1.0, D2.0, | Link Control
Bit1=0,1 D4.0, Bit 0 = 0, De-assert Reset
Bit2=0,1 D8.0 Bit 0 = 1, Assert Reset
Bit3=0,1 B!t 1=0, Enable Link
) Bit 1 = 1, Disable Link
Bit4:7=0 .
Bit 2 = 0, No Loopback
Bit 2 = 1, Enable Loopback
Bit 3 = 0, Enable Scrambling
Bit 3 = 1, Disable Scrambling
Bit 4:7, Reserved
6-15 D10.2 TS1 Identifier
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Table 4-3: TS2 Ordered-Set

Symbol Allowed Values | Encoded Values | Description
Number
0 K28.5 COMMA code group for symbol alignment
1 0-255 D0.0 - D31.7, Link Number within component
K23.7
2 0-31 DO0.0 - D31.0, Lane Number within Port
K23.7
3 0-255 D0.0 - D31.7 N_FTS. This is the number of fast training
ordered-sets required by the receiver to
obtain reliable bit and symbol lock.
4 1 D1.0 Data Rate Identifier
Bit 0 — Reserved, setto 0
Bit 1 = 1, generation 1 (2.5 Gb/s) data rate
supported
Bit 2:7 — Reserved, setto 0
5 Bit0=0,1 DO0.0, D1.0, D2.0, | Link Control
Bit1=0,1 D4.0, Bit 0 = 0, De-assert Reset
Bit2=0, 1 D8.0 Bit 0 = 1, Assert Reset
) Bit 1 = 1, Disable Link
Bit4:7=0 .
Bit 2 = 0, No Loopback
Bit 2 = 1, Enable Loopback
Bit 3 = 0, Enable Scrambling
Bit 3 = 1, Disable Scrambling
Bit 4:7, Reserved
6-15 D5.2 TS2 Identifier
4.2.4.2. Lane Polarity Inversion

During the training sequence, the receiver looks at symbols 6-15 of TS1 and TS2 as the
indicator of Lane polarity inversion (D+ and D- are swapped). If Lane polarity inversion
occurs, the TS1 symbols 6-15 received will be D21.5 as opposed to the expected D10.2.
Similarly, if Lane polarity occurs, symbols 6-15 of the TS2 ordered-set will be D26.5 as
opposed to the expected D5.2. This provides the clear indication of Lane polarity inversion.

If polarity inversion is detected the receiver must invert the received data. The transmitter
must never invert the transmitted data. Support for Lane Polarity Inversion is required on
all PCI Express Lanes.
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4.2.4.3. Fast Training Sequence (FTS)

FTS is the mechanism that is used for bit and symbol synchronization when transitioning
from LOs to 0. The FTS is used by the receiver to detect the exit from Electrical Idle and
align the receiver’s bit/symbol receive circuitry to the incoming data. See Section 4.2.5 for a
description of L0 and LOs.

A single FTS training sequence is an ordered-set composed of one K28.5 (COM) symbol
and three K28.1 symbols. The maximum number of FTS ordered-sets (N_FTS) is 255,
providing a bit time synchronization of 4 * 255 * 10 * UL

After initial power up, the N_FTS value is exchanged in the TS1/TS2 training sequence.
N_FTS defines the number of FTS ordered-set that must be transmitted when transitioning
from L.Os to LLO. For the data rate in this specification, this corresponds to a bit lock time of
16 ns to 4 ps.

When transitioning from LOs to L0, the receiver shall observe the period of time from
Electrical Idle Exit to the time that the receiver obtains bit and symbol alignment. If the
N_FTS period of time expires prior to the receiver obtaining alignment on all lanes of a
Link, the receiver must transition to the Recovery state in order to recover the Link
alignment. This sequence is detailed in the LTSSM in Section 4.2.5.

4.2.4.4. Link Error Recovery

At any time the Physical Layer can be directed to enter the Recovery state, as described in
Section 3.5. Refer to Section 7.2 for more information on behavior when the physical layer
reports errors.

4.2.45. Link Reset

There are two types of reset, one at the physical layer that is platform specific (“Power Good
Reset” or cold/warm reset) and one that is passed in the Link Control Register (bit number

0 of symbol 5) in the TS1 and TS2 ordered-sets. This reset is called the Link Control Reset
or hot reset.
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42.45.1. Physical Layer Reset (“Power Good”

A Physical Layer Reset is provided by the system to the logical sub-block and is used to
properly initialize the port. This Physical Layer Reset must be asserted when the power to
the device does not meet the device specifications. This Physical Layer Reset may also be
asserted by other control agents in the device (for instance the Link Layer, the Transaction
Layer or a software mechanism) to assert reset to the Physical Layer. The following must be
met when this reset is asserted:

e The receiver terminations are disabled.

e The transmitter must hold a constant DC common mode voltage on the differential
pair using a high impedance driver. For the definition of high impedance in this
context, see Table 4-4.

4.2.4.5.2. Link Control Reset (Hot Reset)

In addition to Physical Layer Reset, a Protocol Reset is defined. This Link Control Reset
uses a reset indicator bit defined in the Link Control Register (Table 4-2, Table 4-3) that is
sent during the training sequence. An upstream device sets this bit to force a reset of all of
the downstream devices and links. Optionally a downstream device may use this reset to
reset other logic within the device. The method and mechanisms to do this is
implementation specific.

When a bridge receives a training sequence with the reset bit asserted, it must propagate that
reset onto all downstream links by transmitting the TS1 ordered-sets with the reset bit
asserted. Link Control Reset shall not propagate upstream. All other physical layer
information exchanged in those ordered-sets must be accurate and correct.

All Lanes within a multi-Lane Link transmit the TS1, TS2 ordered-sets during Link Control
Reset. When Link Control Reset is removed, each transmitter and receiver must enter
Detect.

Unless otherwise specified the terms “reset” and “power-on/reset” in this chapter refer to
the Physical Layer Reset.

4.2.4.6. Link Disable

A Link can be disabled if directed. When directed to this state the following behavior
occurs:

e The Port drives its transmitters to high impedance.
e The receiver terminations must be disabled.

e There should be no response to any received data.

When directed to disable a Link, all Lanes within a multi-Lane Link transmit a minimum of 4
and a maximum of 16 TS1 ordered-sets with the Disable Link bit set. The Link remains
disabled until directed or a physical reset occurs.
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After a physical reset or after being directed out of Link disable, the next state is Detect.

4.2.4.7. Link Data Rate Negotiation

All devices are required to initialize and configure with generation 1 data rate on each Lane.
During initialization, a field is passed in the training sequence (see Section 4.2.4) to indicate
the maximum capable data rate for the Lane. This document specifies the data rate of

2.5 Gb/s in each direction on each Lane.

4.2.4.8. Link Width and Lane Sequence Negotiation

PCI Express Links must consist of 1, 2, 4, 8, 12, 16, or 32 Lanes in parallel, referred to as x1,
x2, x4, x8, x12, x106, and x32 links respectively. All Lanes within a Link shall transmit data
based on the exact same frequency.

The negotiation process is described as a sequence of steps. The negotiation establishes
values for Link Number and Lane Number for each Lane that is part of a valid Link; each
Lane that is not part of a valid Link exits the negotiation with values of K23.7 (PAD-out of
range) for Link Number and Lane number.

During Link width and Lane sequence negotiation, the two communicating ports must
accommodate the maximum allowed Lane-Lane skew as specified by Ly gpyw 10 Table 4-5.

Optional behaviors are described to comprehend fixed configuration components and
components to be used in the implementation of advanced switching cross-links

(Section 1.6). Annex specifications to this specification may impose other rules and
restrictions that must be comprehended by components compliant to those annex
specifications; it is the intent of this specification to comprehend interoperability for a broad
range of component capabilities.

4.2.4.8.1. Required/Optional Port Behavior

The ability for a set of transceivers to become one port and form one Link or become
multiple ports and form multiple links is optional.

A xN port must be capable of forming a xN Link as well as a x1 Link (where N can be 32,
16,12, 8,4, 2,and 1). All other widths between N and 1 are optional.

Support for Lane reversal at any and all ports is optional.
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4.2.4.8.2. Steps to Negotiate the Width and Lane Ordering of Links

While in the configuration state, for Lanes that have successfully completed the bit
synchronization, polarity inversion and symbol synchronization training, components
negotiate the Link width and sequence of the Lanes within each Link via the steps of:

Step 1:

The upstream component initializes Link numbers:

An upstream component (downstream port) assigns unique Link numbers to groups of

Lanes capable of being unique links13. Indivisible groups of Lanes (those that can only
be configured as a Lane within one Link) must connect to at most one downstream
component (upstream port). The initial Link numbers are presented on each Lane to the
downstream component(s). Until indicated (step 3), Lane numbers are presented as
K23.7 (PAD-out of range). Upstream ports present their Link numbers and Lane
numbers as K23.7 (PAD-out of range).

Mechanism: The upstream component shall send out the TS1 ordered-sets with the
assigned Link numbers inserted into the Link number field (symbol 1) on the groups of
Lanes capable of being unique Links and the Lane number field (symbol 2) set to K23.7.

Example of a set of eight lanes on an upstream component capable of negotiating to
become on x8 port when connected to one downstream component or two x4 ports
when connected to two different downstream components: The upstream component
(downstream port(s)) sends out TS1 ordered-sets with the Link number set to N on four
lanes and Link number set to N+1 on the other four lanes. The Lane numbers are all set
to K23.7. The resultant number of links that are formed as well as their width(s) is
dependant upon the system configuration as well as the capabilities of the downstream
components.

Note: From this point on the rules are written to describe how each individual Link is
configured. Regardless of the number of links a component supports, each Link is
negotiated with the same rules that follow. Lanes within unique (only capable of being
configured into one Link) and aggregated (capable of being configured into more than
one) links must comply with timing rules in (Section 4.2.4.9). Independent, unique links
have independent timing and control of negotiation. Unique and aggregated links are
mapped with one and only one PCI-to-PCI bridge structure (Section 1.4).

13 The most flexible case being all Lanes could be separate x1 Links. The most restrictive case being all
Lanes as part of one Link.
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Step 2:

The upstream port (downstream component) responds with Link number
assignments:

A downstream component (upstream port) assigns the Link number (label) by
assigning a common Link number to each of its lanes connected to the upstream
component (downstream port), where the assigned Link number is selected from
one of the Link numbers the downstream component received from the upstream
component. If the downstream component is restricted as to its placement of Lane
number 014, it must select the Link number received on that Lane. If the
downstream component is restricted to Link widths other than what is presented, it
must only transition the Link number of the subset of lanes that it can support
within the Link.

Mechanism: The upstream port (downstream component) shall send out the TS1
ordered-set with the assigned common Link number inserted into the Link number
field (symbol 1) and the Lane number field (symbol 2) set to K23.7 for all lanes
within the widths supported by the port. Lanes which cannot be included due to
supported width restrictions shall continue sending TS1 ordered-sets with the Link
number and Lane number fields both set to K23.7.

Example 1: a x8 port: The upstream port (downstream component) sends out TS1
ordered-sets with the Link number set to one of the Link numbers presented from
the upstream component and the Lane number set to K23.7 on all 8 lanes. Per the
example under step 1 above, it must choose between N and N+1. If the upstream
port (downstream component) did not support Lane reversal, it must choose the
Lane number presented on its Lane 0.

Example 2: a x16 port which is not capable of becoming a x8 Link, but is capable of
being a x 4 Link: The upstream port (downstream component) sends out TS1
ordered-sets with the Link number set to the Link number presented from the
downstream port (upstream component) on the four lanes it can support within the
Link; the Lane numbers remain set to K23.7 on those for lanes. It shall send out
TS1 ordered-sets with the Link numbers and Lane numbers set to K23.7 on the
twelve remaining lanes.

Note per Step 2: There may be times when a upstream port (downstream
component) may be connected to another upstream port (downstream
component)(cross-link). The rule below defines the behavior in this situation.
Support for this behavior is optional.

Upstream port (downstream component) connected to upstream port (downstream
component):

14 A simple example of this is the port does not support Lane reversal.
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If after a minimum of 16 TS1 ordered-sets have been received on each Lane within
the perspective Link, the upstream port (downstream component) has not received a
Data Symbol for its Link number; the port may optionally assume the role of an
downstream port and transition this port to Step 1. If this feature is not supported,
it must maintain the values of K23.7 for Link and Lane number fields and exit the
negotiation.

Step 3:

The downstream port (upstream component) initializes Lane numbers:

The downstream port (upstream component) must acknowledge the assigned Link
number received from the upstream port (downstream component) by transitioning
the Link number to the assigned Link number on each Lane to the upstream port
(downstream component) as well as transitioning the Lane number fields to its
preferred Lane numbers, while maintaining Link widths consistent with the width
restrictions above. The preferred Lane numbers must be consecutive and one Lane
number must be assigned to 0. If the downstream port (upstream component) has
not received a Data Symbol for its Link number after receiving an additional 16 (or
greater) TS1 ordered-sets on all lanes in the perspective Link, all lanes of the Link
must maintain values of K23.7 for Link and ILane number fields and exit the
negotiation. If the assigned Link number does not match any of its initial Link
numbers, see note below.

Mechanism: The downstream port (upstream component) shall send out the TS1
ordered-set with Link number field (symbol 1) set to the assigned Link number and
the Lane number field (symbol 2) set to its preferred number on all lanes which
received a Link number from the upstream port (downstream component) that can
be accommodated within the Link widths that port can support. It must transition
the Link numbers and Lane numbers to K23.7 on the lanes that were previously
rejected by the upstream port (downstream component) and any additional lanes the
downstream port (upstream component) cannot accommodate within its supported
Link widths.

Note per Step 3: There may be times when a downstream port may be connected to
a downstream port. The rules below define the behavior in this situation. Support
for this behavior is optional.

Downstream port (upstream component) connected to downstream port (upstream
component):

If the downstream port (upstream component) receives an assigned Link number
that does not match any of its initial Link numbers, it may optionally compare the
received Link number to its initial Link number. If the received Link number is less,
it must transition these lanes to Step 2, assuming the role of an upstream port of a
downstream component. A downstream port (upstream component) must remain
in Step 3 if its assigned Link number was greater than the received Link number or it
does not support this feature. If after a minimum of 16 TS1 ordered-sets have been
received on each Lane within the perspective Link, the downstream port (upstream
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component) has not received a Link number that matches any of its initial Link
numbers, it must maintain the values of K23.7 for Link and Lane number fields and
exit the negotiation.

Step 4:

The upstream port (downstream component) responds with Lane number
assignments:

The upstream port (downstream component) must accommodate Link width and
Lane numbers presented by the downstream port (upstream component) if it is
possible to do so (see system designer rules below in this section). If the upstream
port (downstream component) can accept the Link width presented but not the Lane
numbers, it must acknowledge with its preferred ordering of Lane numbers at this
time. The preferred Lane numbers must be consecutive and one Lane number must
be assigned to 0. If the upstream port (downstream component) is restricted to Link
widths other than what is presented, it must only transition the Lane numbers on the
subset of lanes that can be accommodated within the Link widths that port can
support. It must transition the Link numbers and Lane numbers to K23.7 on the
lanes that cannot be accommodated within the widths that port supports.

Mechanism: If the upstream port (downstream component) has not received Data
Symbols for its Lane numbers after receiving an additional 16 or more TS1 ordered-
sets, all perspective lanes of the Link must maintain values of K23.7 for Link and
Lane number fields and exit the negotiation. If the upstream port (downstream
component) can accommodate the Lane numbers received from the downstream
port (upstream component), it shall send out the TS1 ordered-sets with Link number
field (symbol 1) set to the assigned Link number and the Lane number field (symbol
2) set to the Lane numbers assigned by the downstream port (upstream component).
Otherwise, it shall insert its preferred numbers on all lanes with Lane numbers
currently assigned by the downstream port (upstream component) that it can
accommodate within the Link widths that port can support. It must transition the
Link numbers and Lane numbers to K23.7 on the lanes that were previously rejected
by the downstream port (upstream component) and any additional lanes the
upstream port (downstream component) cannot accommodate in the Link width.

Step 5:

The downstream port (upstream component) confirms Link number and Lane
assignments:

The downstream port (upstream component) must accommodate any Lane numbers
which are consistent with all system and component rules that do not match its
preferred ordering, completing the Link width and numbering negotiation (see
system designer rules below in this section). If the upstream port (downstream
component) has assigned Lane numbers to a number of lanes resulting in Link width
that port can not support, the downstream port (upstream component) must
accommodate upstream port’s (downstream component’s) Lane 0, establishing a
Link of width 1.
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Mechanism: If the downstream port (upstream component) has not received Data
Symbols for its Lane numbers after receiving an additional 16 or more TS1 ordered-
sets, all lanes of the Link must maintain values of K23.7 for Link and Lane number
fields and exit the negotiation. If the downstream port (upstream component) is to
further reduce the width requested by the upstream port (downstream component)
to a width greater than x1, the downstream port (upstream component) must return
to step 315, Otherwise, the downstream port (upstream component) shall transition
to sending the TS2 ordered-sets with the Link number fields (symbol 1) and Lane
number fields (symbol 2) set to negotiated values. It must transition the Link
numbers and Lane numbers to K23.7 on the lanes that were previously rejected by
the upstream port (downstream component) and any additional lanes the
downstream port (upstream component) cannot accommodate in the Link width.

Step 6:

The upstream port (downstream component) confirms Link number and Lane
assignments:

Mechanism: After receiving at least one TS2 ordered-set, the upstream port
(downstream component) shall transition to sending the TS2 ordered-sets with the
Link number fields (symbol 1) and Lane number fields (symbol 2) set to negotiated
values. It must transition the Link numbers and Lane numbers to K23.7 on the
lanes that were previously rejected by the downstream port (upstream component).

Step 7:

The downstream and upstream ports (upstream and downstream components,
respectively) settle on Link number and Lane assighments:

Both ports continue sending TS2 ordered-sets. If after completing the negotiation
(steps 1 — 0), either port again transitions the L.ane numbers (should only occur if
this Link is an advanced switching cross-link (refer to Section 1.6) where both ports
have been implemented as downstream ports of upstream components), the port
may optionally silently accept the received Lane numbers as the correct labeling of
the other port’s transmitters and therefore its own receivers; otherwise, all lanes of
the Link must maintain values of K23.7 for Link and Lane number fields and exit the
negotiation. No further changes to Link number and Lane number are allowed at
this point without a complete re-training and re-configuration of the ports and
associated Link(s). Label numbers are to be retained, skipping the Link width and
Lane sequence negotiation steps unless transitioned to Link state Polling.Quiet.
When these steps are skipped, the previously negotiated Link and Lane numbers are
retained and inserted into the appropriate fields of the TS1 and TS2 ordered-sets.

15 1t is only possible to return to step 3 one time due to the limited number of Link widths allowed (x1, X2, x4,
x8, x12, x16, x32). The longest sequence of width negotiation consists of an upstream component
(downstream port), which supports x16, x8, x2, x1 connected to a downstream component (upstream port),
which supports x32, x12, x4, x1. Step 1 would attempt to create a x16 Link, step 2 a x12 Link, step 3 (first
pass) a x8 Link, step 4 (first pass) a x4 Link, step 3 (second pass) a x2 Link, step 4 (second pass) a x1 Link.
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Mechanism: At least 16 TS2 ordered-sets are sent after receiving one TS2 ordered-
set. If the received TS2 ordered-sets have Lane numbers that do not match those
transmitted in the transmitted TS2 ordered-set, the port may internally disassociate
the transmitter and receiver from the same Lane number label, associating the
receiver with the Lane number received. The transmitter association to Lane
number must not change once TS2 ordered-sets have been sent. If the receiver
cannot be associated with the Lane number received, all lanes of the Link must
maintain values of K23.7 for Link and Lane number fields and exit the negotiation.
The port returns to Config.Idle after at least 8 TS2 ordered-sets are received.

All lanes that are connected to the other port but not included in the negotiated Link
must maintain values of K23.7 for Link and Lane number fields assigned by
upstream and downstream ports.

Any lanes that fail to establish Data Symbol values for Link and Lane number fields are
inactive, and will not exchange information with the Data Link Layer. All data and control
to the Data Link Layer from active lanes shall be consistent with the agreed Lane
numbering. When negotiating Link width and Lane sequence; each downstream port
(upstream component) must transition between steps in unison across all of its lanes and
each upstream port (downstream component) must transition between steps in unison
across all of its lanes.

The following graphical flow diagrams demonstrate interoperability of components with
simplified negotiation machines. Components/ports with complex negotiation machines are
added to facilitate clarity.
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Figure 4-11: Width Negotiation, Simplified State Machine, Downstream Component
(Part 1)
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Figure 4-13: Width Negotiation, Simplified State Machine, Upstream Component
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System Designer Rules:

System designers must connect Lanes within a Link interconnected through a connector or
other suitable reference such that components are capable of labeling LLanes consistent with
consecutive Lanes of the reference, inclusive of reference Lane 0. Components with fixed
Lane ordering will interoperate with other compliant components flexible enough to also
support other labelings. A simple example of increased flexibility would be to accommodate
Lanes connected in reverse order. It is straightforward for a component to reverse Lane
order upon receiving a Lane number of 0 on its most significant Lane or failure to detect an
active in-bound Lane on its own Lane 0.

Example of Simple, Compliant Components:

Illustrated in Figure 4-15 are the transitions in the training exchange of Link and Lane
numbers between an upstream component’s 5" downstream Port that supports Link widths
of x32, x12, x4, or x1 only and a downstream component’s upstream Port that supports Link
widths of x16, x8, x2, or x1 only. This is a worst-case scenario, with negotiation occurring at
each step and the only common width is x1; at each step, the next largest Link width
supported is implicit in the next exchange in the sequence. Link number is first (above), and
Lane number second (below), with K representing the K23.7 symbol; transitions trigger the
next step in the negotiation. The upstream component’s (downstream port’s) Lane
transitions are shown in white and downstream component’s (upstream port’s) Lane
transitions are shown in gray. Only the 16 Lanes that have successfully completed the bit
synchronization, polarity reversal and symbol synchronization training are shown.

. Port Lanes
15/14|11312(11|10|9 |8 |7 |6 |54 |32 |1]|0
0 K |K |K|K |K|K | KIKKKKIK/K|K|K|K
K |K |K|K|K |K | KIKIKIKIK|K|K|K|K|K
1 5 |5 |[5|/5|5|5|5|5|5|5|5]|5
K |K |KIKIKIK|K|K|K|K|K|K
5 K K |K|K|K |K|[K|[K|[5|5|5|5|5|5|5|5
K |K |K|K |K |K | KIKKKKIK/K|K|K|K
3 K K |KIKIKIK|K|K|5|5|5]|5
K |K|KIKIK|IK|K|K|3]2]1]|0
4 K K |K |K|K |K|KIKIKIK|IK|K|K|K|5|5
K K |K |K|K K | KIKIKIKIKIK|K|K|1]|0
5 K |K|KIKIK|IK|K|K|IK|K|K |5
K |K|KIKIK|IK|IK|IKIK|K|K|O

Figure 4-15: Width Negotiation Example
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4.2.4.8.3. Port to Port Width Negotiation Example

The following text and diagrams show additional examples of two ports negotiating the
width and Lane ordering of a Link.

Configuring groups of Lanes to form single logical links is done via a negotiation process
that modifies the values of TS1 and TS2 symbols representing Link number and Lane
number for each Lane. The process can be viewed as presentation of proposals and
counter-proposals in the form of transitioning symbol values in discrete steps. Ordered-sets
are symbol synchronized across Lanes that potentially make up a single logical Link, allowing
the transitions of symbol values across Lanes to be examined together. The ordered-sets
containing each proposal are repeated until a new counter-proposal is detected via the
receipt of appropriate symbol transitions. The association of a Lane to a particular logical
Link is indicated by its final Link number symbol and its position (ordering) within the Link
is indicated by its final Lane number symbol. Lanes that have not been included in any
logical Link will have final symbol values identical to the pre-negotiation value of PAD.

Steps 1 and 2 establish the number of links an upstream component (downstream port(s)) is
attached to.

Steps 1 and 2 also begin (but not necessarily) complete establishing the width of the resultant
Link(s).
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Link Configuration

Steps 1,2
Upstream Comp Downstream Comp
Downstream Port(s) Upstream Port
Entry Entry
Config.RcvCfg _
Step 1 TS1<Link #(s), Pad> TS1<Pad, Pad>\ CONMg-RevCig

Config.RcvCfg
Step 2

Step 2 TS1<Link #, Pad>

r———-——-——-- -
1 Config.RcvCfg 14~
1 Step 3 1

Figure 4-16: Link Width Negotiation; Steps 1,2

In order to enter the configuration state, Lanes within a perspective Link have already
exchanged TS1 ordered-sets and completed the bit synchronization, polarity inversion (if
needed) and symbol synchronization functions. Prior to entering the configuration state, the
Link number and Lane number fields have been set to PAD (K23.7) and TS1 ordered-sets

are
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sent repeatedly.

Step 1:

Upon entering Config.RevrCfg, the downstream port(s) starts the Link width and Lane
ordering negotiations by sending out the TS1 ordered-set with a unique Link number on
sets of Lanes, which that component could support as unique links; the Lane numbers
continue to be set to PAD.

Step 2:

Upon receipt of the TS1 ordered-set with Link numbers (non-PADs) present in the Link
number field, the upstream port shall respond by choosing one of the Link numbers it
received. This step of returning the one Link number determines the downstream
port(s) the number of links that are to be negotiated.

The upstream port responds with a Link number only on the Lanes in which it received
a Link number and Lanes that it can support in one Link. A simple example: a port may
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be designed to support a x32 Link. Only 16 of those Lanes may have been attached, and
therefore TS1s received only on 16 Lanes. The port may not support a x16 Link, but
may support a x12 Link. In that case, the upstream port returns TS1 ordered-sets with a
Link number only on the 12 Lanes that it is capable of supporting in a x12, and with the
Link number set to PAD on the 4 remaining Lanes. This is the first counter-proposal
towards establishing the final Link width.

Additional notes on steps 1 and 2:

One method to create a cross-link Section 1.6 is to connect a downstream port to
another downstream port. One of two scenarios can occur; a.) The two ports choose
different Link numbers to begin negotiations, or b.) The two ports choose the same Link
number to begin negotiation. If a.) occurs, the rules are described as part of step 3. If
b.) occurs, the two ports will not yet be able to differentiate the Step 1 behavior of a
cross-link condition from the Step 2 behavior of a normal upstream port.

Note: If a system designer connects two (or more) downstream ports on one upstream
component that is capable of being aggregated into one Link (Link aggregation) in a
cross-link to two downstream ports on a different upstream component, the
configuration results are undefined.

Configuration

Steps 3.4
Upstream Comp Downstream Comp
Downstream Port(s) Upstream Port
Return to Step 2
See Note 4
P 4
Entry From Step 2 -
- -
-
- -
Config.RevCfg 7 -~
Step 3 Step 3 TS1<Link #, Lane #s>
See Note 1
TSi<Link #, Lane #s>
See Note 2
Config.RcvCfg

Step 4

TS1<Link #, Lane #s>
See Note 3

[}
1 Step 5 1
[}

Figure 4-17: Link Width Negotiation; Steps 3, 4

Steps 3 and 4 establish Lane ordering within each Link established in Steps 1 and 2. To find
a supported Link width common to both components, Steps 3 and 4 continue to reduce the
Link width by removing select Lanes from the negotiation; Lanes never join a Link
negotiation through these steps. Returning a Lane’s Link number to the value of PAD
indicates removal; otherwise Link numbers persist with the value assigned in Step 2.
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Step 3:

Upon receipt of TS1 ordered-sets with a Link number inserted in that field on each
Lane, the downstream port transitions to Step 3, making its first proposal for Lane
numbers within each group of Lanes with common received Link numbers.

Note 1 (Figure 4-17): In the event that a set of ports were connected to a single
upstream port, those ports would all see the same Link number returned. This is the
mechanism that allows those ports to be aggregated into one Link. If those ports are not
capable of being aggregated into one Link, the upstream component must continue
negotiation with only one of those ports and transition the Link number to PAD on
Lanes of the remaining ports, removing them from the negotiation process.

Note 2 (Figure 4-17): Components in a cross-link as described in scenario a.) above
,start negotiations by presenting different Link numbers to each other. Components
designed to comprehend the cross-link condition implement the optional compare of the
two Link numbers. The component that receives a Link number smaller than the Link
number it presented on its port assumes the role of an upstream port and transitions to
Step 2. The other component receives a Link number greater than the Link number
presented on its port remains in Step 3 to await a further Link number transition
matching its own.

Step 4:

Upon receipt of the TS1 ordered-set with Lane numbers presented in the Lane number
fields and a common Link number present in the Link number fields, the upstream port
transitions to Step 4, asserting an appropriate set of Lane numbers. The upstream port
should only counter-propose Lane numbers if it has a fixed ordering of its Lanes and the
downstream port is connected in a reversed Lane fashion; otherwise, Step 4
acknowledges the downstream port proposal.
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Configuration

Steps 5.6
Upstream Comp Downstream Comp
Downstream Port(s Upstream Port
Entry From Step 4
Config.Wait
Step 5 TS2<Link #, Lane #s>
Config.Wait
Step 5
Step 5 TS2<Link #, Lane #s> :
Config.ldle
Step 6 TS2<Link #, Lane #s>
Step 6
Config.ldle
Step 6

v

Exitto LO Exitto LO

Figure 4-18: Link Width Negotiation; Steps 5, 6

Steps 5 and 6 acknowledge the completed Link width and Lane sequence negotiation.

Step 5:

The downstream port transitions to sending TS2 ordered-sets with the Link number and
the Lane numbers inserted in the defined fields. At this time, the downstream port also
removes Lanes that have been removed from the negotiation by the upstream port.

Note 3 (Figure 4-18): If additional Lanes are removed from the negotiation as may occur
in the extreme mismatch of supported Link widths described in Step 4 of the rules, the
downstream port can only transition to TS2 if a x1 Link is to be formed. Fewer
additional Lanes removed resulting in a x2 Link require the downstream port to return to
Step 3, remaining in TS1.

Step 6:

The upstream port transitions to sending TS2 ordered-sets when it receives TS2 ordered-
sets with the agreed upon Link number and the Lane ordering it last presented to the
downstream port. At least Lane 0 is retained in this step; the upstream port removes
Lanes that have been removed from the negotiation by the downstream port.

Step 7: (not shown in Figure 4-18)

As noted earlier, there is a case where two downstream ports have been negotiating with
each other and not realizing it until this step. This can occur in a cross-link when the
two downstream ports both choose the same Link number to begin negotiation; both
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ports present their Link number in their Step 1, receiving that same Link number in Step
3. In Step 3, they both presented their preferred Llane numbers; if connected such that
these align, Step 5 will not modify Lane numbers and simply transition to sending TS2
ordered-sets. However, if one component is connected in reverse Lane fashion and
both ports support Lane reversal, Step 5 will cause both to accommodate the other. The
mechanism to observe this is when a TS2 ordered-sets arrives with Lane numbers that
do not match the Lane numbers being transmitted. The optional behavior to resolve
this conflict is to continue sending TS2 ordered-set with the agreed upon Link number
and conflicting Lane numbers. However, the Lane numbers now represent the
transmitter Lane number. The port must then disassociate its transmitter with a receiver
and reverse the ordering of the receivers to match the Lane ordering of the other port.

4.2.4.9. Lane-to-Lane De-skew

Lane-to-Lane de-skew shall be done across all Lanes within multi-Lane links. An
unambiguous de-skew mechanism is the COM symbol transmitted during training sequence
or skip ordered-sets across all Lanes within the Link (at what the transmitter believes is)
simultaneously. Other de-skew mechanisms may also be employed. The receiver must
compensate for the allowable skew between Lanes within a multi-Lane Link before
delivering the data and control to the Data Link Layer.

4.2.4.10. Lane vs. Link Training

The initialization Link training process builds unassociated Lanes on a device into associated
Lanes that form a Link. This occurs during the first state of the configuration state machine
Config.RcvrCfg where the links are configured (e.g. width negotiation and optional Lane
reversal). State machines prior to the Config.RcvrCfg operate on a per Lane basis, after
Config.RevrCfg the operations are on a Link basis.

For example, transmitted data prior to Config.RcvrCfg sends the specified data on all Lanes
of the device; after the Config.RevrCfg state the transmitter sends the specified data on all
Lanes of the configured Link.

4.2.5. Link Training and Status State Machine (LTSSM)

All timeout values specified in the Link training and status state machine (LTSSM) timeout
values are minus 0 seconds and plus 50% unless explicitly stated otherwise. All timeout
values must be set to the specified values after powetr-on/reset. All counter values must be
set to the specified values after power-on/reset.

The LTSSM states are illustrated in Figure 4-19. These states are described in following
sections.

4.25.1. Detect

The purpose of this state is to detect when a far end receiver is powered on in order to avoid
transferring common mode between the transmitter and receiver.
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4.2.5.2. Polling

The Port transmits training ordered-sets and responds to the received training ordered-sets.
In this state bit lock and symbol lock are established, Lane polarity is configured, and Lane
data rate is established.

4.2.5.3. Configuration

In Configuration both the transmitter and receiver are sending and receiving data at the
negotiated data rate. The Link configures width and Lane reversal and manages Lane-to-
Lane skew within the Link.

4.2.5.4. Recovery

In Recovery both the transmitter and receiver are sending and receiving data at the
previously negotiated data rate. The Port transmits training ordered-sets and responds to the
received training ordered-sets. In this state bit lock and symbol lock are re-established.

4.25.5. LO

L0 the normal operational state where data and control packets can be transmitted and
received.

4.2.5.6. LOs

LOs is intended as a power savings state.

LOs allows a Link to quickly enter and recover from a power conservation state without
going through the Configuration or Recovery states.

The entry to LOs occurs after receiving an Electrical Idle ordered-set.

A transmitter and receiver Lane pair on a Port are not required to both be in L0Os
simultaneously.

4.2.5.7. L1

L1 is intended as a power savings state.

The L1 state allows an additional power savings over LOs at the cost of additional resume
latency.

The receiver must be able to recover from this state within 64 ps, including reacquiring bit
and symbol synchronization.

The entry to L1 occurs after being directed by the Data Link Layer and receiving an
Electrical Idle ordered-set.
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4.2.5.8. L2
Power can be aggressively conserved in L.2. Most of the Transmitter and Receiver may be
disabled16. Main power and clocks are not guaranteed, but aux!” power is available.

An upstream port must be able to send and a downstream port must be able to receive a
wakeup signal referred to as a Beacon.18

The entry to I.2 occurs after being directed by the Data Link Layer and receiving an
Electrical Idle ordered-set.

4.2.5.9. External Loopback

Loopback is intended strictly for testing and validation purposes. When a Link is in
loopback, the symbols received are “looped back™ to the transmitter on the same Lane.
A Loopback master is the component requesting loopback.

A Loopback slave is the component looping back the data.

Loopback is entered whenever two consecutive TS1 or TS2 ordered-sets are received with
the loopback bit set.

Loopback is exited by the sending of an Electrical Idle ordered-set followed by Electrical
Idle.

4.2.5.10. Disabled
In Disabled the receiver terminators must remain enabled and the transmitter is in a high
impedance Electrical Idle.

The Receiver Detection sequence (see Section 4.3.1.8) is allowed while in the disabled state if
desired.

Disabled is entered when directed by the Data Link Layer.

4.25.11. Link Control Reset

Link Control Reset is entered when directed or when two consecutive TS1 or TS2 ordered-
sets are received with the Reset bit set.

16 The exception is the receiver termination, which must remain in a low impedance state.

17 In this context, “aux” power means a power source which can be used to drive the Beacon and Receiver
Detection circuitry.

18 A device generates beacons in order to wake a system that is in D3cold. See Section 4.3.2.4 for
information on the electrical requirements of the beacon. Refer to Chapter 6 for more information on how a
device may use the beacon as the wake mechanism.
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4.2.6. Link Training and Status State Descriptions

Initial State
or
Directed by
Data Link
Layer

Configuration
Disabled

/ Recovery

From any
State

External
Loopback

Link Control
Reset

Figure 4-19: Main State Diagram for Link Training and Status State Machine

4.2.6.1. Detect

4.2.6.1.1. Detect.Quiet

e Transmitter is in a high impedance Electrical Idle state.
e Lane number and Link Number are initialized to K23.7.
e Generation 1 data rate is selected.

e LinkUp = 0 (status is cleared).

e Next state is Detect.Active after a 64 ms timeout.
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4.2.6.1.2. Detect.Active

e The transmitter performs a high impedance Receiver Detection sequence(see
Section 4.3.1.8 for more information).

e Next state is Detect.Charge if a receiver is detected.

e Next state is Detect.Quiet if a receiver is not detected.

4.2.6.1.3. Detect.Charge

e Transmitter is in a high impedance Electrical Idle state.

e Next state is Polling after 64 ms timeout or when the operating DC common mode
voltage is stable and within specification.19

Entry

Detect
64 ms timeout Receiver
. Detected
Detect.Quiet Detect.Active |——p»| Detect.Charge
o bt —

64 ms Charge

Exit to Polling

Figure 4-20: Detect Sub-State Machine

19 The common mode being driven must meet the Absolute Delta Between DC Common Mode During LO
and Electrical Idle (Vrx-cm-pc-acTive-ipLe-DELTA) SPECcification (see Table 4-4).
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4.2.6.2. Polling

4.2.6.2.1. Polling.Quiet

e Transmitter is in Electrical Idle.

e A Receiver Detection sequence (see Section 4.3.1.8 for more information) is
performed.

o If no receiver is present, next state is Detect
e LinkUp = 0 (status is cleared).

e Next state is Polling.Configuration if a single TS1 or TS2 ordered-set or their
complement is received.

e Next state is Polling. Active after a minimum of 64 ms.

4.2.6.2.2. Polling.Active

e Transmitter sends a minimum of 1024 consecutive TS1 ordered-sets on all Lanes.

o Note: This guarantees a minimum of 64 us for the bit lock time at
generation 1 data rates.

e Next state is Polling.Configuration if a single TS1 or TS2 ordered-set or their
complement is received.

e Next state is Polling.Compliance if the transmitter has entered Polling. Active 32
consecutive times without receiving a single TS1 or TS2 ordered set and the receiver
has never detected an exit from Electrical Idle after the first time entering Polling.

o Note: The compliance mode is entered only if no signal was detected at any
receiver on a Link since the time of reset.

e Next state is Polling.Quiet if the transmitter sends 1024 TS1 ordered-sets without
receiving a single TS1 or TS2 ordered-set.

4.2.6.2.3. Polling.Compliance

e 8b/10b encoder is set to positive disparity

e Transmitter sends out the compliance pattern (see Section 4.2.8)
e Next state is Polling. Active if Electrical Idle is no longer detected at the receiver.
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4.2.6.2.4. Polling.Configuration

® Receiver inverts polarity if necessary (see Section 4.2.4.2).

e Transmitter sends TS1 ordered-sets on the Port. At least 16 TS1 ordered-sets are
sent after receiving one TS1 or TS2 ordered-set.

e Next state is Configuration if eight consecutive TS1 or TS2 ordered-sets are received
and no higher data rate is supported

o Otherwise, next state is Polling.Speed if eight consecutive TS1 or TS2
ordered-sets are received.

e Otherwise, next state is Polling. Active after a 2 ms timeout.

4.2.6.2.5. Polling.Speed

e The transmitter enters Electrical Idle for a minimum of T’y jp 1y (S€€ Table 4-4).

e Data rate is changed to highest common data rate supported in the training sequence
(see Section 4.2.4.1).

e Transmitter sends 2 minimum of 1024 consecutive TS1 ordered-sets on all lanes.

o Note: This guarantees a minimum bit lock time.
e Next state is Configuration.

Polling

Entry
64 ms timeout
7 . :
Polling.Quiet Polling.Active Polling.Compliance
No Detect 2 ms timeout
TSx TSx
received received
Polling.Configuration -1 i
TSx Polling.Speed
received

Exit to
Configuration

Figure 4-21: Polling Sub-State Machine
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4.2.6.3. Configuration

4.2.6.3.1. Config.RcvrCfg

e Transmitter sends TS1 ordered-sets on the Lanes. At least 16 TS1 ordered-sets are
sent after receiving one TS1 or TS2 ordered-set.

o Note: All lanes must have achieved bit and symbol lock by this state as
ensured by Polling.

e Link width and Lane reversal is performed as described in Section 4.2.4.8.

e Note: If some Lanes do not configure successfully they may be disabled or may be
returned to Polling.

o Note: Disabled Lanes should be re-enabled if any active Lanes within the
same Link enter Detect.

o Note: All Lanes on a configured Link must operate at the same data rate.

e Next state is Config.Idle if a receiver negotiates a valid configuration and receives
eight consecutive TS1 or TS2 ordered-sets on all configured Lanes.

Otherwise, the data rate that the Port indicates it supports is dropped down to the next
lower data rate and the next state is Polling. See Section 4.2.4.7 for information on data rate
negotiation.

4.2.6.3.2. Config.ldle

e Transmitter sends Idle data symbols on all configured Lanes. At least 16 idle data
symbols are sent after receiving one Idle data symbol.

e Receiver waits for Idle data.
e LinkUp =1 (status is set true).

e Next state is LO if eight consecutive symbol times of Idle data received on all
configured Lanes.

e Otherwise, after a minimum 2 ms timeout the data rate that the Port indicates it
supports is dropped down to the next lower data rate and the next state is Polling.
See Section 4.2.4.7 for information on data rate negotiation.
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Entry Configuration
Link
Configured _
Config.RcvrCfg > Config.ldle

2ms
timeout

8 idle
symbols

Exit to Polling

Figure 4-22: Configuration Sub-State Machine
4.2.6.4. Recovery

4.2.6.4.1. Recovery.RcvrCfg

e Transmitter sends TS2 ordered-sets on all configured Lanes. At least 16 TS2
ordered-sets are sent after receiving one TS2 ordered-set.

e Next state is Recovery.Idle if 8 consecutive TS2 ordered-sets are received on all
configured Lanes.

e Otherwise, after 2 ms an error is reported to the Data Link Layer and the next state

is Polling.

4.2.6.4.2. Recovery.ldle

e Transmitter sends Idle data (minimum of 16 symbol times) on configured Lanes.

e Receiver waits for Idle data.

e Next state is LO if eight consecutive symbol times of Idle data received on all
configured Lanes

e Otherwise, after 2 ms, an error is reported to the Data Link Layer and the next state
is Polling.
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Entry Recovery

8 consecutive

TS2 received
Recovery.RcvrCfg p-| Recovery.ldle
8 idle
2ms
2ms : symbols
timeout timeout Y

Exit to Polling

Figure 4-23: Recovery Sub-State Machine

4.2.6.5. LO

This is the normal operational state.

Transmitter and receiver are enabled in a low impedance state.
Next state is Recovery if TS1 or TS2 received.

Next state is Recovery if directed to this state.

Next state is Polling if directed to this state.

Next state is Detect if directed to this state.

Next state is LOs if receiver detects Electrical Idle ordered-set.
Next state of transmitter is L.Os if ditected to this state.

Next state is L1 if receiver detects Electrical Idle ordered-set and is directed to this
state.

Next state is L2 if receiver detects Electrical Idle ordered-set and is directed to this
state.

Next state is Link Control Reset if directed to this state.
Next state is the Disabled if directed to this state.

Next state is External Loopback if directed to this state.
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4.2.6.6. LOs

426.6.1. Receiver LOs

4.2.6.6.1.1. Rx_LOs.Entry
e Next state is Rx_L0Os.Idle after a Ty ;o vy (Table 4-4) timeout
4.2.6.6.1.2. Rx_LOs.Idle

e Next state is Rx_L0s.FTS if receiver detects an exit from Electrical Idle

4.2.6.6.1.3. Rx_LOs.FTS

e Receiver locks to incoming bit stream and acquires symbol alignment.

e Next state is Recovery if the receiver does not detect bit and symbol alignment
within the N_FTS duration on all Lanes of the Link.

e Otherwise, if bit and symbol lock is obtained the next state is LO.

4.2.6.6.2. Transmitter LOs

4.2.6.6.2.1. Tx_LOs.Entry

e Transmitter is in Electrical Idle.

e Next state is Tx_LOs.Idle after a Ty 10y (Table 4-4) timeout.

4.2.6.6.2.2. Tx_LOs.Idle

e Next state is Tx_L.0s.FTS if directed.

4.26.6.2.3. Tx_LOs.FTS

e Transmitter sends N_FTS Fast Training Sequences.
e Transmitter sends a single SKP ordered set on all configured Lanes.

e Next state is LO.
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LOs: Reciever

Entry

Tx_LOs.Entry

TTX»IDLE-SET-TO»IDLE

—P Rx_LOs.Idle

Electrical Idle

Exit

Rx_LOs.FTS

N_FTS

timeout

. Recovery
LOs: Transmitter
Electrical Idle
20 ns Exit

Tx_LOs.FTS

Figure 4-24: L0s Sub-State Machine
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4.2.6.7. L1

4.2.6.7.1. L1.Entry

e Transmitter is in Electrical Idle.

e Receiver waits for at least Electrical Idle Ty b sprropie time given in Table 4-4.
e The next state is L1.Idle after a Ty ;p; 5w (Table 4-4) timeout.
e Next state is L.1.Quiet.

4.2.6.7.2. L1.ldle

e Transmitter is in Electrical Idle.

e Next state is Recovery if directed or if the receiver detects exit from Electrical Idle.

Entry

TTX-IDLE—SET-TO-IDLE

L1.Entry >

Command
or Electrical
Idle Exit

Exit to Recovery

Figure 4-25: L1 Sub-State Machine

192



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

4.2.6.8. L2

4.2.6.8.1. L2.ldle

e Transmitter is in a high impedance Electrical Idle state for a minimum of 64 ms.
e Next state is Polling if detection of a Beacon occurs on Lane 0.

e Next state is L.2.Detect if directed to transmit a Beacon.

4.2.6.8.2. L2.Detect

e Transmitter is in a high impedance Electrical Idle state for a minimum of 64 ms. .

e A high impedance Receiver Detection sequence is performed (see Section 4.3.1.8 for
more information)

e Next state is L.2. TransmitWake if a receiver is detected.

e Next state is Detect if a receiver is not detected.

4.2.6.8.3. L2.TransmitWake

e Transmitter is in a high impedance Electrical Idle state for a minimum of 64 ms.

e The transmitter transmits the Beacon on at least Lane 0 of the Link (Refer to
Section 4.3.2.4).

e Next state is Polling if Flectrical Idle is exited on any incoming receiver Lane.

Entry

L2
Directed Detected
L2.Detect ——3| L2.TransmitWake
Transition No Detect Transition

Detected Detected

Exit to Polling

Exit to Detect

Exit to Polling

Figure 4-26: L2 Sub-State Machine
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4.2.6.9. Disabled

Entrance to and exit from this state only when directed.
Transmitter sends between 4 and 16 TS1 ordered-sets with the Disable bit set.
Transmitter then goes into a high impedance Electrical Idle state.

Next state is Detect when directed.

4.2.6.10. Loopback

This mode is intended for test and fault isolation use only, and is not a normal operational
mode. Only the entry and exit behavior is specified. All other details are implementation

specific.
4.2.6.10.1. Loopback.Active

e The Loopback Slave must receive valid 8b/10b data. If SKP ordered-sets are
received they are also looped back to the Loopback Master. SKP symbols may be
added or removed by the Loopback Slave as needed.

e The Loopback Slave re-transmitter is sending the 10 bit data as received. If the
received data was not 8b/10b valid, the transmitter sends back the special symbol
EDB control character in place of the invalid character.

o Note: The Loopback Slave must transmit the data with the same disparity as
was received.

e Next state is Loopback.Exit when an Electrical Idle ordered-set is received by the
Loopback Slave after the Electical.Idle ordered-set is transmitted back to the
Loopback Master.

e Next state is Loopback.Exit if an Electrical Idle is detected continuously for a
minimum of 1 UI at the Loopback Slave receiver.

4.2.6.10.2. Loopback.Exit
e Transmitter is in Electrical Idle
e Next state is Detect
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Entry

Electrical Idle

_ Detected _
Loopback.Active o Loopback.Exit

20 ns
timeout

Exit to
Detect

Figure 4-27: Loopback State Machine

4.2.6.11. Link Control Reset

42.6.11.1. Link Control Reset Active

e Link enters reset state and transmits a minimum of 1024 TS1 ordered-sets with the
reset bit set on all downstream ports.

e All transmitters on upstream ports transmit one Electrical Idle ordered-set, then
enter Electrical Idle.

e Next state is Polling.

4.2.7. Clock Tolerance Compensation

Skip ordered-sets (defined below) are used to compensate for differences in frequencies
between bit rates at two ends of a Link. The Receiver Physical Layer Logical sub-block must
include elastic buffering which performs this compensation. The interval between skip
ordered-set transmissions is derived from the absolute value of the Transmit and Receive
clock frequency difference specified in Table 4-4. Having worse case clock frequencies at the
limits of the tolerance specified will result in a 600 ppm difference between the transmit and
receive clocks of a Link. As a result, the transmit and receive clocks can shift one clock
every 1666 clocks.
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Rules for Transmitters

All Lanes shall transmit Symbols at the same frequency (the difference between bit rates
is O ppm within all multi-Lane links).

When transmitted, the skip ordered-set shall be transmitted simultaneously on all Lanes
of a multi-Lane Link (See Section 4.2.4.9 and Table 4-4 for the definition of
simultaneous in this context).

The transmitted skip ordered-set is: one COM Symbol followed by three consecutive
SKP Symbols

The skip ordered-set shall be scheduled for insertion at an interval between 1180 and
1538 Symbol Times.

Scheduled SKIP ordered-sets shall be transmitted if a packet or ordered-set is not already
in progress, otherwise they are accumulated and then inserted consecutively at the next
packet or ordered-set boundary.

Rules for Receivers
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Receivers shall recognize received skip ordered-set consisting of one COM Symbol
followed consecutively by one to five SKP Symbols.

Receivers shall be tolerant to receive and process SKIP ordered-sets at an average
interval between 1180 to 1538 symbol times.

Receivers shall be tolerant to receive and process consecutive SKIP ordered-sets.

e Receivers shall be tolerant to receive and process SKIP ordered-sets separated from
each other at most 5664 symbol times — measured as the distance between the
leading COM symbols.
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Compliance Pattern

During polling the compliance substate of the polling state machine may be entered (see

Section 4.2.5.3). The compliance pattern consists of the sequence of 8b/10b symbols K28.5,
D21.5, K28.5, and D10.2 repeating. Current running disparity must be set to negative before
sending the first symbol.

The compliance pattern is not entered if the receiver has previously detected an exit from
Electrical Idle.

The compliance sequence is:
Symbol K28.5 D21.5 K28.5 D10.2
Current Disparity 0 1 1 0
Pattern 0011111010 | 1010101010 | 1100000101 | 0101010101

For any given device that has multiple lanes, every fourth Lane is delayed by a total of 4
symbols. A 2 symbol delay occurs at both the beginning and end of the 4 symbol sequence,
for a total of 8 symbols.

This delay sequence on every fourth Lane is then:

‘Symbol: |

D

D

| k285 | D215 | k285 | D102 |

D

D |

Where D is 2 symbols that are the same such that disparity is preserved after sending the 2
D symbols. Example D symbols are the K28.5 and the D10.2.

After the 8 symbols are sent, the delay symbols are advanced to the next Lane and the
process is repeated. This looks like:

Lane O D D |K28.5-| D21.5 |K28.5+( D10.2 D D |K28.5-| D21.5 |K28.5+( D10.2
Lane1l |K28.5-| D21.5 (K28.5+| D10.2 |K28.5-| D21.5 |K28.5+| D10.2 D D |K28.5-|D21.5
Lane 2 |K28.5-| D21.5 [K28.5+| D10.2 | K28.5- | D21.5 |K28.5+| D10.2 [ K28.5- | D21.5 |K28.5+| D10.2
Lane 3 |K28.5-| D21.5 [K28.5+| D10.2 | K28.5- | D21.5 |K28.5+| D10.2 [ K28.5- | D21.5 |K28.5+| D10.2
Lane 4 D D |K28.5-| D21.5 |K28.5+( D10.2 D D |K28.5-| D21.5 |K28.5+( D10.2
Lane5 |K28.5-| D21.5 [K28.5+| D10.2 | K28.5- | D21.5 |K28.5+| D10.2 D D |K28.5-|D21.5
Key:

K28.5- Comma when disparity is negative, specifically: “0011111010”

K28.5+ Comma when disparity is positive, specifically: “1100000101"
D21.5 Out of phase data character, specifically: “1010101010”

D10.2 Out of phase data character, specifically: “0101010101"

D Delay Character

This sequence of delays ensures that the maximum possible interference effects of adjacent
lanes occur for when measuring the compliance pattern.

The compliance pattern is only exited if an Electrical Idle Exit condition is detected at the
receiver or if a physical reset occurs.
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4.3. Electrical Sub-Block

The Electrical sub-block contains Transmitter and a Receiver. The Transmitter is supplied
by the Logical sub-block with Symbols which it serializes and transmits onto a Lane. The
Receiver is supplied with serialized Symbols from the Lane. It transforms the electrical
signals into a bit stream which is de-serialized and supplied to the Logical sub-block along
with a Link clock recovered from the incoming serial stream.

4.3.1. Electrical Sub-Block Requirements

4.3.1.1. Clocking Dependencies

The ports on the two ends of a Link must transmit data at a rate that is within 600 parts per
million (ppm) of each other at all times. This is specified to allow bit rate clock sources with
a +/- 300 ppm tolerance.

4.3.1.1.1. Spread Spectrum Clock (SSC) Sources

The data rate can be modulated from +0% to -0.5% of the nominal data rate frequency, at a
modulation rate in the range not exceeding 30 kHz — 33 kHz. The +/- 300 ppm
requirement still holds, which requires the two communicating ports be modulated such that
they never exceed a total of 600 ppm difference. For most implementations this places the
requirement that both ports require the same bit rate clock source when the data is
modulated with an SSC.

4.3.1.2. AC Coupling

Each Lane of a Link must be AC coupled. The minimum and maximum value for the
capacitance is given in Table 4-4. The requirement for the inclusion of AC coupling
capacitors on the interconnect media is associated with the transmitter.

4.3.1.3. Interconnect

In the context of this spec, the interconnect consists of everything between the pins at a
transmitter package and the pins of a receiver package. Often, this will consist of traces on a
printed circuit board of other suitable medium, AC coupling capacitors and perhaps
connectors. Regardless of what physically makes up the interconnect, the total capacitance
of the interconnect seen by the receiver detection circuit (see Section 4.3.1.8) may not exceed
3 nF.

4.3.1.4. Termination

Low and high impedance states are defined for both the transmitter and the receiver and are
listed in Table 4-4 and Table 4-5.
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The only time the transmitter high impedance state is required is to initialize and maintain

Electrical Idle during times when a hot plug/removal or asynchronous power up event could
20

occut.

The transmitter low impedance state is required any time differential data is to be sent.

The only time the receiver must be in a high impedance state is when the receiver does not
have power. Otherwise, the receiver must always be in a low impedance state.

4.3.1.5. DC Common Mode

The receiver DC common mode is always 0 V during all states.

The transmitter DC common mode is initially established during Detect and is held at the
same value during all subsequent states.

4.3.1.6. ESD

All signal and power pins must withstand (2000 V) of ESD using the human body model
and 800 V using the charged device model without damage. Class 2 per JEDEC JESE22-
Al14-A.

This ESD protection mechanism also protects the powered down receiver from potential
common mode transients during some possible reset or surprise insertion situations.

4.3.1.7. Short Circuit Requirements

All Transmitters and Receivers must support sutptise hot insertion/removal without damage
to the component. The transmitter and receiver must be capable of withstanding sustained
short circuit to ground of D+ and D-.

4.3.1.8. Receiver Detection
The receiver detection sequence is used to avoid unwanted common mode transfers
between the receiver and transmitter.

The receiver detection can be performed in either a low or high impedance state unless
explicitly specified.

20 Any time high impedance is required it is explicitly stated in the Link Training and Status State Machine
(LTSSM).
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The behavior of the receiver detection sequence is described below.

Step 1. Transmitter is in a stable Electrical Idle state.

Step 2. The transmitter changes the common mode voltage on both D+ and D-
lines?! to a different value.

a. A receiver is detected based on the rate?? that the lines change to the new
voltage.

1. The receiver is not present if the voltage at the transmitter charges at
a rate dictated by the transmitter impedance and capacitance of the
interconnect.

i. The receiver is present if the voltage at the transmitter charges at a
rate dictated by the transmitter impedance, the series capacitor, the
interconnect capacitance, and the receiver termination.

The AC capacitance of the worst-case transmission line must not exceed 3 nF total. The
minimum and maximum AC capacitance for the AC coupling capacitors is given in
Table 4-4.

4.3.1.9. Disable/Surprise Removal Detection

Two separate events may signal that one end of a Link has either been disabled or
disconnected.

1. During LO if Electrical Idle is detected without receiving the Electrical Idle ordered-set.
The Link immediately enters Detect.

2. During Electrical Idle and certain specified times the transmitter must poll for the
presence of a powered receiver as described in Section 4.3.1.8. If a receiver is no longer
present, the Link immediately enters Detect.

4.3.1.10. Electrical Idle

Electrical idle is a steady state condition where the Transmitter and Receive voltages are held
constant. Electrical idle is primarily used in power saving and common mode initialization.

Before a transmitter enters Electrical Idle, it must send the Electrical Idle ordered-set, a
K28.5 (COM) followed by three K28.3 (IDL)(see Table 4-4). After sending the last symbol
of the Electrical Idle ordered-set the transmitter must be in a valid Electrical Idle state as
specified by Ty ipip serronis (see Table 4-4). The receiver shall use this ordered-set to enter
electrical idle.

The Receiver terminations must remain enabled in Electrical Idle. The transmitter must
meet the DC common mode specification while transitioning into and out of Electrical Idle,
which can be done in a low or high impedance state unless specifically specified.

21 The maximum change in common mode voltage can be no more than Vrx.cu-rev-petect in Table 4-4.

22 The rate of change should be at least 40x different between a receiver present and not present.
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Any time a transmitter enters Electrical Idle it must remain in electrical idle for a minimum
of Tixiprewin(see Table 4-4). The receiver should expect the Electrical Idle ordered-set
followed by a minimum amount of time in Electrical Idle (T'y p 1 sprroapis) tO arm its
Electrical Idle Exit detector.

See Section 4.3.1.9 for additional notes related to Electrical Idle.

4.3.2. Electrical Signal Specifications

A Differential Signal is defined by taking the voltage difference between two conductors. In
this specification, a differential signal or differential pair is comprised of a voltage on a
positive conductor, Vy,, and a negative conductor, V. The differential voltage (Vpp) 1s
defined as the difference of the positive conductor voltage and the negative conductor
voltage (Vi = Vi, - V). The Common Mode Voltage (V) is defined as the average or
mean voltage present on the same differential pair (Vo = [V, + Vi ]/2). This document’s
electrical specifications often refer to peak-to-peak measurements or peak measurements,
which are defined by the following equations.

® Vi, = (2*max|Vy, - Vi, |) (This applies to a symmetric differential swing)

® Vi, = (max | Voo Vo | {Vpe >V} +max|Vy, - Vi | {Vp, <V }) (This
applies to an asymmetric differential swing.)

® Vi, = (max|Vp, - Vi, ) (This applies to a symmetric differential swing)

® Vi, = (max | Voo - Vo | {Vpe>Vp }) or (max |V, - Vi | {Vp. <V }) which
ever is greater (This applies to an asymmetric differential swing.)

* Vi = (max | Vo + Vi |/2)

Note: The maximum value is calculated on a per unit interval evaluation. The maximum
function as described is implicit for all peak-to-peak and peak equations throughout the rest
of this chapter, and thus a max function will not appear in any following representations of
these equations.

In this section, DC is defined as all frequency components below F,. = 30 kHz. AC s
defined as all frequency components above F,. = 30 kHz. These definitions pertain to all
voltage and current specifications.

An example waveform is shown in Figure 4-28. In this waveform the differential peak-peak
signal is approximately 0.6 V, the differential peak signal is approximately 0.3 V and the
common mode is approximately 0.25 V.
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Sample UI

0.5000
0.4500
0.4000 -

0.3500 - \
0.3000

0.2500 N —D+

—D-
0.2000 ~
0.1500 ~

\

Volts

0.1000
0.0500 -
0.0000 \ T T
1.8 1.9 2 2.1 2.2 2.3 2.4
Figure 4-28: Sample Differential Signal
4.3.2.1. Loss

Loss (attenuation of the differential voltage swing) in this system is a critical parameter that
must be propetly considered and managed in order to ensure proper system functioning.
Failure to do so may result in a differential signal swing arriving at the Receiver that does not
meet specifications. The interconnect loss is specified in terms of the amount of attenuation
or loss it can tolerate between the Transmitter (Tx) and Receiver (Rx). The Tx is responsible
for producing the specified differential eye height at the pins of its package. Together, the
Tx and the interconnect are responsible for producing the specified differential eye height at
the Rx pins (see Figure 4-34).

The worst-case operational loss budget is calculated by taking the minimum output voltage

(Vixprerpp = 800 mV) divided by the minimum input voltage to the receiver (Vix prrgp, =
175 mV), which results in 13.2 dB. Additional headroom in loss budget can be achieved by
driving a larger differential output voltage at the transmitter.

4.3.2.2. Jitter

The jitter budget is derived assuming a maximum bit error rate (BER) of 10'% The allocation
anticipates both data dependent and random jitter contributions. The total jitter budget is
the sum of the deterministic jitter and 14 times the standard deviation RMS value of the
random jitter distribution. Total jitter is the combined peak-to-peak measured jitter from all
sources.
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4.3.2.3. De-emphasis

De-emphasis is included to minimize Inter-symbol interference (ISI) due to delta in loss
versus the primary fundamental transient frequencies (i.e., Generation 1 fundamental band =

250 MHz to 1.25 GHz).

De-emphasis must be implemented when multiple bits of the same polarity are output in
succession. Subsequent bits are driven at a differential voltage level 3.5 dB (+/-.5 dB) below

the first bit. Individual bits are always driven at the full voltage level.
The only exception pertains to transmitting the Beacon (see Section 4.3.2.4).

Note: The specified amount of de-emphasis was chosen to optimize maximum inter-
operability while minimizing complexity of managing configurable de-emphasis values.
Thus, the de-emphasis was targeted to work for the worst-case loss budget of 11-13.2 dB,
which tends to make it less optimal for the lower loss systems. The fact that is less optimal
for lower loss systems is more than offset by the fact that there is inherently more voltage

margin in lower loss systems.

4.3.2.3.1. De-emphasis Example

An example waveform representing the 10-bit symbol 243H is shown in Figure 4-29.

Sample Data Pattern
0.8000
- - \
E i 3 3 N
0.7000 ' | : . |
0.6000 - : . ; -
I d — D+
£ 0.5000 - -.D-
0.4000 _— :
\ . \ —
0.3000 [ .,
) o\ |
0.2000
0 04 08 12 16 2 24 28 32 36 4
Time in nanoseconds

Figure 4-29: Sample Transmitted Waveform Showing -3.5 dB De-emphasis Around a
0.5V Common Mode
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4.3.2.4. Beacon

All transmitter electrical specifications must be met while sending a Beacon with the
following exceptions and clarifications.

The period of the Beacon must be no greater than 33.333 ps maximum.
All Beacons must be transmitted on at least Lane 0 of multi-lane links23.
The Beacon signal must contain pulses that are 2 ns minimum.

The Beacon must be DC Balanced (i.e., any Beacon must contain an equal number
of 1’s and 0’s).

The output Beacon voltage level must be at a -6 dB de-emphasis level for Beacon
pulses with a width greater than 500 ns.

The output Beacon voltage level can range between the pre-emphasized and
corresponding -3.5 dB de-emphasized voltage levels for Beacon pulses smaller than
500 ns.

The output Beacon voltage level must be at the de-emphasis level for Beacon pulses
with a width greater than 500 ns. Otherwise, the Beacon output voltage can range
between the pre-emphasized and corresponding de-emphasized voltage levels.

A Receiver Detection sequence (Section 4.3.1.8) must occur every 100 ms, and if no
receiver is found then the Link returns to Detect.

The Lane-to-Lane Output Skew and Skip Symbol Output specifications do not
apply.

When any bridge and/or switch receives a Beacon, that component must propagate a
Beacon upstream.

4.3.2.4.1. Beacon Example

An example receiver waveform driven at the -6 dB level for a 30 kHz Beacon is shown in
Figure 4-30. An example receiver waveform using the COM character at full speed signaling
is shown in Figure 4-31 It should be noted that other waveforms and signaling are possible
other than the two examples shown below (i.e., Polling is another valid Beacon signal).

23 Lane 0 as defined after Link Width and Lane reversal negotiations are complete.
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Volts

Sample Data Pattern

0.2000
0.1500
0.1000

0.0500 — D+

0.0000 - -.D-

-0.0500
-0.1000
-0.1500

-0.2000
32.9 33.1 33.3 33.5 33.7

Time in microseconds

Figure 4-30: A 30 kHz BEACON Signaling Through a 75 nF Capacitor

Volts

Sample Data Pattern

0.2500
0.2000
0.1500
0.1000
0.0500
0.0000
-0.0500
-0.1000
-0.1500
-0.2000
-0.2500

_D+

--.D-

3 4 5 6 7 8

Time in nanoseconds

o
=
N

Figure 4-31: BEACON, Which Includes a 2 ns Pulse Through a 75 nF Capacitor
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Differential Transmitter (Tx) Output Specifications

The following table defines the specification of parameters for the differential output at all
Transmitters (Txs). The parameters are specified at the component pins.

Table 4-4: Differential Transmitter (Tx) Output Specifications

Symbol Parameter Min Nom Max Units Comments
Each Ul is 400 ps
+/-300 ppm. Ul does not
ul Unit Interval 399.88 | 400 | 400.12 ps | accountfor SSCdictated
variations.
See Note 1.
. . Vr1x- 0= 2*|V1x.0+ - V1x-D-
Differential Peak oy = 2V rcor - Voo
to Peak Measured at the package
Vix-oiFFp-p 0.800 12 v pins of the transmitter.
Output Voltage See Note 2.
) This is the ratio of the V w.piffp-p
De-Emphasized of the second and following
Differential bits after a transition divided
V1x-DE-Ratio Outout Voltage -3.0 -3.5 -4.0 dB by the V y.oifp-p0f the first bit
(Ratpo) g after a transition.
|
See Note 2.
Minimum transmitter eye
width measured in relation to
a fixed Ul at the package pins
Minimum TX of the transmitter.

Trxeve Eye Width 0.70 ul The maximum transmitter
jitter can be derived as Trx.
max-airter = 1- Trxeve= .3 Ul
See Notes 2 and 3.

Jitter is defined as the
. . measurement variation of the
Maximum time crossing points (Vrxoirrpp. =
T between the 0 V) in relation to an ideal TX
TX-EYE- J|tter median and ul. Mediaq_jitter anq t_he
MEDIAN-O-MAX- | 1 avii o <0.15 ul maximum jitter deviation from
JITTER o the median are measured at
deviation from the package pins of the
the median. transmitter.
ees Note 2 and 3.
+/D-

Trx-rise, D_ /D- TX QUIpUt 0.125 04 Ul See Notes 2 and 5.

Trx-rFALL Rise/Fall Time
Vrxemac= [Vrxos + Vrxo /2 —

AC Peak Vrx-cmpe
V1x-cM-Acp Common Mode 20 mV Vrx.emoe = DCavg) OF [Vrxp: +
Output Voltage Vrxo-/2 during LO

See Note 2.
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Symbol Parameter Min Nom Max Units Comments
|Vrx-cm-De [during Loj — VTx-cm-idie-
DCI[During Electrical Idle.]l <= 100 mV
Absolute Delta
V1x-cM-De- Between DC Vrx.emoe = DCavg) Of [Vrxp+ +
ACTIVE-IDLE- Common Mode 0 100 mV Vixol/2 [LO]
DELTA During LO and
Electrical Idle. Vionge:nee DC{avg) Of [Virxon
+ Vrx.0.|/2 [electrical idle]
See Note 2.
|Vrx-cm-pe-o+ [during L] - VTX-CM-DC-
D- [During LO.]l <=25mV
Absolute Delta
v Between DC VTx-(_:M-Dc—D+= DClavg) Of [Vrx-p+l
TXCM-DC- | common Mode 0 25 my | [during LO]
LINEDELTA | between D+ and
D-. Vrx-cm-pc-p- = DCavg) OF [Vrxo.|
[during LO]
See Note 2.
Electrical Idle Vrxidie-DiFrp = [Vx-idie-ns = Vrx-
VrxipLe-oirrp | Differential Peak 0 20 mvV weo| <=20 mV
Output Voltage See Note 2.
The amount of The total amount of common
mode voltage change that a
common mode transmitter can apply to
Vix.cmrev- | Voltage cha_nge 600 mv sense whether a low
DETECT allowed during impedance receiver is
Receiver present.
Detection. See Section 4.3.1.8.
Minimum time Minimum time a transmitter
TrxoLe-min | Spentin 50 ul must be in electrical idle after
Electrical Idle exiting.
Maximum time
to t_ransmor_] toa After sending an electrical
T valid Electrical idle ordered-set, the
TX-IDLE-SET- | |dle after 20 Ul transmitter must meet all
TO-IDLE sending an electrical idle specifications
Electrical Idle within this time.
ordered-set
Maximum time
spent in Maximum time spent in
TrxpLe-rev- | Electrical ldle 100 ms Electrical Idle before initiating
DETECT-MAX before initiating areceiver detect sequence.
a receiver detect See Section 4.3.1.8
sequence.
Differential Measured over 50 MHz to
RLrx.pirr 12 dB 1.25GHz

Return Loss

See Note 4.
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Symbol

Parameter Min Nom Max Units Comments

RLrx-cm

Measured over 50 MHz to
6 dB 1.25 GHz

See Note 4.

Common Mode
Return Loss

ZT)(—DIFF-DC

DC Differential TX DC Differential Mode Low
TX Impedance 90 100 110 Q impedance

ZTX—Match—DC

D+/D- TX TX DC impedance matching
Impedance -5 +5 Q between D+ and D- on a

Matching given Lane.

Z1x-COM-High-

IMP-DC

Transmitter
Common Mode
High Impedance
State (DC)

5k 20k Q Tx DC High Impedance.

I—TX-SKEW

Lane-to-Lane 500 Between any two Lanes
Output Skew ps within a single Transmitter.

Crx

AC Coupling All transmitters shall be AC
Capacitor 75 =00 nF coupled to the media.

Notes:
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No test load is necessarily associated with this value.

Specified at the package pins into a timing and voltage compliance test load as
shown in Figure 4-33 and measured over at least 250 Tx Uls. (also refer to the
Transmitter Compliance Eye Diagram as shown in Figure 4-32).

A Tixpye = 0.70 UI provides for a total sum of deterministic and random jitter
budget of Ty jirrpraax = 0.30 Ul for the transmitter collected over at least

250 TX Uls. The Ty pyr vmpian-o max rrrer SPecification ensures a jitter
distribution in which the median and the maximum deviation from the median is
less than half of the total TX jitter budget collected over at least 250 TX Uls. It
should be noted that the median is not the same as the mean. The jitter median
describes the point in time where the number of jitter points on either side is
approximately equal as opposed to the averaged time value.

The transmitter input impedance shall result in a differential return loss greater
than or equal to 12 dB and a common mode return loss greater than or equal to
6 dB over a frequency range of 50 MHz to 1.25 GHz. This input impedance
requirement applies to all valid input levels. The reference impedance for return
loss measurements for is 50 ohms to ground for both the D+ and D- line (i.e., as
measured by a Vector Network Analyzer with 50 ohm probes - see Figure 4-33).
Note: that the series capacitors Cy is optional for the return loss measurement.

Measured between 20-80% at Transmitter package pins into a test load as shown
in Figure 4-33 for both V. p, and Vy . The maximum rise/fall time of the
D+ and D- signals in Table 4-4 is considered relative bounds in that absolute
boundaties for the maximum rise/fall time is dictated by the Transmitter
Compliance Eye Diagram as shown in Figure 4-32.
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4.3.3.1. Transmitter Compliance Eye Diagram
Vix-pirr =0 MV /// N Vix-pirr =0 MV
(D+ D- Crossing Point) o *\. (D+ D- Crossing Point)

[Transition Bit] N
Vrx-DiFFp-p-miN = 800 mV

[De-emphasized Bit]

566 mV (3 dB) >= Vry pirrp-p-min >= 505 mV (4 dB)

’
N

~ [Transition Bit] /

2

. V1x-DIFFp-p-min = 800 MV 7

OM13816

Figure 4-32: Minimum Transmitter Timing and Voltage Output Compliance
Specification

There are two eye diagrams that must be met for the transmitter. Both eye diagrams must
aligned in time and meet the minimum 0.7 UI requirement. The different eye diagrams will
differ in voltage depending whether it is a transition bit or a de-emphasized bit. The eye

diagram must be valid for at least 250 Uls. The Tx UI must be used as a trigger for the eye
diagram.
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4.3.3.2. Compliance Test and Measurement Load

The AC timing and voltage parameters should be verified at the package pins into a
test/measurement load shown in Figure 4-33.

D+ Package
Pin
C=Cyy
\ \ Specifications
/ for Test/
Measurement
Load
)
C=Cyx
D- Package R=50 ohms R=50 ohms
Pin

Figure 4-33: Compliance Test/Measurement Load

The test load is shown at the transmitter package reference plane, but the same
Test/Measurement load is applicable to the receiver package reference plane.

Return Loss measurements do not require that C be part of the measurement test load.
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Differential Receiver (Rx) Input Specifications

The following table defines the specification of parameters for all differential
Receivers (Rxs). The parameters are specified at the component pins.

Table 4-5: Differential Receiver (Rx) Input Specifications

Symbol Parameter Min Nom Max Units Comments
The Ul is 400 ps +/-300
. ppm. Ul does not account
Ul Unit Interval 399.88 400 400.12 ps for SSC dictated variations.
See Note 6.
Differential VexoiFrpp = 2*|Vexo+ - Vo |
Input Peak to
Measured at the package
VRx-DIFFp-p Peak 0.175 1.200 v pins of the Receiver.
Voltage See Note 7.
Minimum receiver eye
width measured in relation
o to a fixed Ul at the package
M'n'mum pins of the receiver. The
TrxEVE Receiver Eye 0.4 ul maximum transmitter jitter
Width can be derived as Trxmax-
arrer = 1- Trxeve =.6 Ul
See Notes 7 and 8.
Jitter is defined as the
measurement variation of
Maximum time the crossing points (Vgrx-
between the e U
Trx-EvE-MEDIAN-0- | jittEr median <03 Ul jitter and the maximum
MAX-JITTER and maximum ' jitter deviation from the
deviation from median are measured at
- the package pins of the
the median. transmitter.
See Notes 7 and 8.
Vex-emac= |Verxo+ + Vrxo /2
AC Peak — Vrx-cm-nc
VRX—CM—ACp Common Mode 100 mV VRx-cm-DC = DC(_avg) of [Vrxo+
Input Voltage * Vaxo/2 during LO
See Note 7,
Differential Measured over 50 MHz to
RLrxoire Return Loss 15 dB 25 otz
See Note 9
Measured over 50 MHz to
Common Mode 1.25 GHz
RLrxcu Return Loss 6 dB
See Note 9
DC Differential RX DC Differential Mode
ZRX-DIFF-DC Input 90 100 110 Q impedance. See Note 10
Impedance
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Symbol Parameter Min Nom Max Units Comments
DC Input RX DC Common Mode
Common Mode impedance 50 Q +/-10%
ZRx-coM-DC Input 45 50 55 Q tolerance. See Note 10.
Impedance See Note 7.
. . . RX DC impedance
Differential Pair matching between D+ and
Z Rx-Match-DC Impedance -5 +5 Q D- on a given Lane.
Match See Note 10
o RX DC Common Mode
Initial DC Input impedance allowed when
z A Common Mode 5 50 55 Q the receiver terminations
RX-COMHNIADE | Input are first power on.
Impedance See Note 11.
Powered Down RX DC Common Mode
7 DC Input impedance when the
RX-COM-HIGH-IMP- | ~~ymymon Mode 200 k Q receiver terminations are
DC Input not powered (i.e. no
Impedance power). See Note 12
. VRx-IDLE-DET-DIFFp-p = 2*|VRx-D+
v Electrical Idle Vo] 7 Mexo
RX-IDLE-DET-DIFFp- Detect 65 175 mV " Satth )
p easured at the package
Threshold pins of the Receiver.
UneXPeCtEd VRrx-DiIFFp-p < VRX-IDLE-DET-DIFFp-
Electrical Idle »must be recognized no
Trx-pLe-eT-Dire- | Enter Detect longer than Vex.oLe oer-oree-
Threshold 10 ms enterive tO Signal an
ENTERTIME ; unexpected idle condition.
Integration
Time See Note 13.
Across all Lanes on a port.
This includes variation in
the length of a skip
ordered-set (e.g., COM
Lrx-skew Total Skew 20 ns and 1 to 5 SKP symbols) at
the rx as well as any delay
differences arising from the
interconnect itself.
Notes:
6. No test load is necessarily associated with this value.
7. Specified at the interface to the RX package pins and measured over at least
250 Uls. The test load in Figure 4-33 should be used as the RX device when
taking measurements (also refer to the Receiver Compliance Eye Diagram as
shown in Figure 4-34). If the clocks to the RX and TX are not derived from
the same clock chip the TX UI must be used as a trigger for the eye diagram.
8. A Tyrxrye = 0.40 Ul provides for a total sum of 0.60 UI deterministic and
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random jitter budget for the transmitter and interconnect collected over at
least 250 TX Uls. The Tyx pyg smpian o aaxrrrer SPecification ensures a jitter
distribution in which the median and the maximum deviation from the
median is less than half of the total .6 Ul jitter budget collected over at least




10.
11.

12.

13.
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250 TX Uls. It should be noted that the median is not the same as the mean.
The jitter median describes the point in time where the number of jitter
points on either side is approximately equal as opposed to the averaged time
value.

The receiver input impedance shall result in a differential return loss greater
than or equal to 15 dB and a common mode return loss greater than or equal
to 6 dB over a frequency range of 50 MHz to 1.25 GHz. This input
impedance requirement applies to all valid input levels. The reference
impedance for return loss measurements for is 50 ohms to ground for both
the D+ and D- line (i.e., as measured by a Vector Network Analyzer with 50
ohm probes - see Figure 4-33). Note: that the series capacitors C,y is
optional for the return loss measurement.

Impedance during all operating conditions except when in disable.

The Rx DC common mode impedance that must be present when the
receiver terminations are first enabled to ensure that the Receiver Detect
occurs properly. Compensation of this impedance can start immediately and
the (Zpx.comnc) Rx DC Common Mode Impedance must be with in the 45
ohms to 55 ohms range by the time Detect is entered.

The Rx DC common mode impedance that exists when the receiver
terminations are disabled or when no power is present. This helps ensure
that the Receiver Detect circuit will not falsely assume a receiver is enabled
when it is not.

If a receiver is not in Electrical Idle or directed to go into Electrical Idle, and
a peak-to-peak differential signal remains below the Electrical Idle threshold
for Vi ipre perpierenrerTivE 2 Surprise removal or disable has occurred.
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4.3.4.1. Receiver Compliance Eye Diagram
Vrx-piFF =0 MV Vrx-piFF = 0 MV
(D+ D- Crossing Point) (D+ D- Crossing Point)

VRX-DIFFp-p-MIN > 175 mV

|
I
|
I
]
|
I
|
I
|
I
1
I
I
|
I
|
I
» !
>

0.4 Ul = Trx.evE-MIN

G S

OM13818

Figure 4-34: Minimum Receiver Eye Timing and Voltage Compliance Specification
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5.  Software Initialization and Configuration

The PCI Express Configuration model supports two configuration space access
mechanisms:

e PCI compatible configuration mechanism

e PCI Express enhanced configuration mechanism

The PCI compatible mechanism supports 100% binary compatibility with PCI 2.3 or later
aware operating systems and their corresponding bus enumeration and configuration
software.

The enhanced mechanism is provided to increase the size of available configuration space
and to optimize access mechanisms.

5.1. Configuration Topology

To maintain compatibility with PCI software configuration mechanisms, all PCI Express
elements have a PCI-compatible configuration space representation. Fach PCI Express
Link originates from a logical PCI-PCI Bridge and is mapped into configuration space as the
secondary bus of this bridge. The Root Port is a PCI-PCI Bridge structure that originates a
PCI Express Link from a PCI Express Root Complex.

A PCI Express Switch is represented by multiple PCI-PCI Bridge structures connecting PCI
Express Links to an internal logical PCI bus. The Switch Upstream Port is a PCI-PCI
Bridge; the secondary bus of this bridge represents the switch’s internal routing logic.
Switch Downstream Ports are PCI-PCI Bridges bridging from the internal bus to buses
representing the downstream PCI Express Links from a PCI Express Switch.

A PCI Express endpoint is mapped into configuration space as a single logical device
(Device 0) with one or more logical functions.
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Root Complex PCI Compatible
Register Block Host Bridge Device

N

PCI Express Root Complex PCI-PCI Bridge

L~ representing Root
] 17

PCI Express Port
‘<— PCI Express Link

OM14299

Figure 5-1: PCI Express Root Complex Device Mapping

PCI-PCI Bridge
representing
Upstream PCI
Express Port

\_I/

PCI Express Switch PCI-PCI Bridge

representing
Downstream

I—‘ I—‘ PCI Express Port

‘<— PCI Express Link

OM14300

Figure 5-2: PCI Express Switch Device Mapping 24

5.2. PCI Express Configuration Mechanisms

PCI Express extends the configuration space to 4096 bytes per device function as compared
to 256 bytes allowed by PCI Specification Revision 2.3. PCI Express configuration space is
divided into a PCI 2.3 compatible region, which consists of the first 256 bytes of a logical
device’s configuration space and an extended PCI Express configuration space region which
consists of the remaining configuration space. The PCI 2.3 compatible region can be
accessed using either the mechanism defined in the PCI 2.3 specification or the enhanced
PCI Express configuration access mechanism described later in this section. All changes

24 Future PCI Express Switches may be implemented as a single Switch Device component (without the
PCI-PCI bridges) that is not limited by legacy compatibility requirements imposed by existing PCI software.
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made using either access mechanism are equivalent; however, software is not allowed to
simultaneously use (interleave) both PCI Express and PCI access mechanisms to access the
configuration registers of devices. The extended PCI Express region can only be accessed
using the enhanced PCI Express configuration access mechanism.25

FFFh Extended
configuration

space for PCI
Express parameters

PCI Express and capabilities
Extended (Not available on
Configuration legacy operating
Space systems)

(Not available on
legacy operating

systems)
PCI Express
Capability Structure
Capability needed by BIOS
. . FFh or by driver software on non
PCI Configuration / PCI Express aware operating
) Space u systems
(Available on legacy
operating systems 3Fh PCI 2.3 Compatible
through legacy <«—— Configuration Space
PCI mechanisms) 0 Header

OM14301

Figure 5-3: PCI Express Configuration Space Layout

5.2.1. PCI 2.3 Compatible Configuration Mechanism

The PCI 2.3 compatible PCI Express configuration mechanism supports the PCI
configuration space programming model defined in the PCI Local Bus Specification, Rev. 2.3.
By adhering to this model, systems incorporating PCI Express interfaces remain compliant
with conventional PCI bus enumeration and configuration software.

In the same manner as PCI 2.3 devices, PCI Express devices are required to provide a
configuration register space for software-driven initialization and configuration. Except for
the differences described in this chapter, the PCI Express configuration header space
registers are organized to correspond with the format and behavior defined in the PCI 2.3
Specification (Section 6.1).

The PCI 2.3 compatible configuration access mechanism uses the same Request format as
the enhanced PCI Express mechanism. For PCI compatible Configuration Requests, the
Extended Register Address field must be all zeros.

25 Accesses strictly to PCI Express extended configuration space using the enhanced PCI Express
configuration access mechanism are allowed to be interleaved with PCI 2.3 configuration access
mechanism accesses.
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5.2.2. PCI Express Enhanced Configuration Mechanism

The enhanced PCI Express configuration access mechanism utilizes a flat memory-mapped
address space to access device configuration registers. In this case, the memory address
determines the configuration register accessed and the memory data returns the contents of
the addressed register. The mapping from memory address A[27:0] to PCI Express
configuration space address is defined in Table 5-1. The base address A[63:28] is allocated
in an implementation specific manner and reported by the system firmware to the operating
system.

Table 5-1: Configuration Address Mapping

Memory Address PCI Express Configuration Space
A[27:20] Bus[7:0]
A[19:15] Device[4:0]
A[14:12] Function[2:0]
A[11:8] Extended Register [3:0]
A[7:0] Register[7:0]
5.2.2.1. Host Bridge Requirements

The PCI Express Host Bridge is required to translate the memory-mapped PCI Express
configuration space accesses from the host processor to PCI Express configuration
transactions. The use of Host Bridge PCI class code is reserved for backwards compatibility;
host bridge configuration space is opaque to standard PCI Express software and may be
implemented in an implementation specific manner that is compatible with PCI Host Bridge
Type 0 configuration space.

5.2.2.2. PCIl Express Device Requirements

Devices must support an additional 4 bits for decoding configuration register access i.e. they
must decode the Extended Register Address[3:0] field of the Configuration Request header.

5.2.3. Root Complex Register Block

Each root port is associated with a 4096 byte block of memory mapped registers referred to
as the Root Complex Register Block (RCRB). These registers are used in a manner similar
to configuration space and can include PCI Express extended capabilities and other
implementation specific registers that apply to the root complex. The structure of the RCRB
is described in Section 5.9.2.

System firmware communicates the base address of the RCRB for each Root Port to the
operating system. Multiple Root Ports may be associated with the same RCRB. The RCRB
memory-mapped registers must not reside in the same address space as the memory-mapped
configuration space.
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5.3. Configuration Transaction Rules

5.3.1. Device Number

As in conventional PCI and PCI-X, all PCI Express components are restricted to
implementing a single device number on their primary interface (Upstream Port), but may
implement up to eight independent functions within that device number. Each internal
function is selected based on decoded address information that is provided as part of the
address portion of Configuration Request packets.

Switches and Root Complexes must associate only Device 0 on the logical bus from a
Downstream Port or a Root Port. Configuration Requests targeting the Bus Number
associated with a Port specifying Device Number 0 are delivered to that Port; Configuration
Requests specifying all other Device Numbers (1-31) must be terminated with an
Unsupported Request Completion Status (equivalent to Master Abort in PCI).26

Switches, and components wishing to incorporate more than eight functions at their
upstream Port, may implement one or more Type 1 (PCI-to-PCI Bridge) configuration space
headers. This allows them to introduce an “internal bus” on which all the device numbers
may be utilized, but in this case all address information fields (bus, device and function
numbers) must be completely decoded to access the correct register. Any configuration
access targeting an unimplemented bus, device or function must return a Completion with
Unsupported Request Completion Status.

The following section provides details of the Configuration Space addressing mechanism.

5.3.2. Configuration Transaction Addressing

PCI Express Configuration Requests use the following addressing fields:

e Bus Number — PCI Express maps logical PCI Bus Numbers onto PCI Express Links
such that PCI 2.3 compatible configuration software views the configuration space
of a PCI Express Hierarchy as a PCI Hierarchy including multiple bus segments.

e Device Number — Device Number association is discussed in Section 5.3.1.

e Function Number — PCI Express also supports multi-function devices using the
same discovery mechanism as PCI 2.3.

e Ixtended Register Number and Register Number — Specify the configuration space
address of the register being accessed.

26 Fyture switch components that are implemented as a single switch device (without the PCI-PCI Bridges)
that is not limited by legacy compatibility requirements may not have this restriction. To accommodate such
future implementations, devices may not assume that device 0 is associated with their upstream port.
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5.3.3. Configuration Request Routing Rules

For PCI Express Endpoint devices, the following rules apply:

If Configuration Request Type is 1,
o Follow the rules for handling Unsupported Requests
If Configuration Request Type is 0,
O Determine if the Request addresses a valid local configuration space
= If so, process the Request

= If not, follow rules for handling Unsupported Requests

For Switches and PCI Express-PCI Bridges, the following rules apply:
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Propagation of Configuration Requests from Downstream to Upstream as well as peer-
to-peer are not supported

o Configuration Requests are initiated only by the Host Bridge
If Configuration Request Type is 0,
o Determine if the Request addresses a valid local configuration space
= If so, process the Request
= If not, follow rules for handling Unsupported Requests

If Configuration Request Type is 1, apply the following tests, in sequence, to the Bus
Number field:

o Ifin the case of a PCI Express-PCI Bridge, equal to the bus number assigned to
secondary PCI bus or, in the case of a Switch or Root Complex, equal to the bus
number and decoded device numbers assigned to one of the Root (Root
Complex) or Downstream Ports (Switch),

* Transform the Request to Type 0

* Forward the Request to that Downstream Port (or PCI bus, in the case
of a PCI Express-PCI Bridge)

o If not equal to the bus number of any of Downstream Ports or secondary PCI
bus, but in the range of bus numbers assigned to one of a Downstream Port or
secondary PCI bus,

* Forward the Request to that Downstream Port interface without
modification

o Else (none of the above) —

* The Request is invalid - follow the rules for handling Unsupported
Requests
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e PCI Express-PCI Bridges must terminate as Unsupported Requests any Configuration
Requests directed towards the PCI bus for which the Extended Register Address field is

Nnon-zero

Note: This type of access is a consequence of a programming error.

For Root Complexes:
e Configuration Requests addressing Bus 0 are processed by the Root Complex.

e Configuration Requests addressing other buses are processed according to the rules for
Switches (above)

For all types of devices:

All other configuration space addressing fields are decoded according to the PCI Local Bus
Specification.

5.3.4. Generating PCI Special Cycles using PCI
Configuration Mechanism #1

Generating PCI Special Cycles using PCI Configuration Mechanism Number One (see the
PCI Local Bus Specification, Rev. 2.3 for details), and handling of such Requests, is not required.

5.4. Configuration Register Types
Configuration register fields are assigned one of the attributes described in Table 5-2.

Table 5-2: Register (and Register Bit-Field) Types

Register Description
Attribute

Read-only register: Register bits are read-only and cannot
RO be altered by software.

Read-Write register: Register bits are read-write and may be
RW either set or cleared by software to the desired state.

Read-only status, Write-1-to-clear status register: Register
bits indicate status when read, a set bit indicating a status
RWI1C | event may be cleared by writing a 1. Writing a 0 to RW1C
bits has no effect.

Sticky bit - Read-only register: Register bits are read-only
and cannot be altered by software. Bits are not cleared by
reset and can only be reset with “Power Good Reset” (see
ROS Section 7.6). Devices that consume AUX power are not
allowed to reset sticky bits on “Power Good Reset” when
AUX power consumption (either via AUX power or PME
Enable) is enabled.
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Register Description
Attribute

Sticky bit - Read-Write register: Register bits are read-write
and may be either set or cleared by software to the desired
state. Bits are not cleared by reset and can only be reset
RWS with “Power Good Reset” (see Section 7.6). Devices that
consume AUX power are not allowed to reset sticky bits on
“Power Good Reset” when AUX power consumption (either
via AUX power or PME Enable) is enabled.

Sticky bit - Read-only status, Write-1-to-clear status register:
Register bits indicate status when read, a set bit indicating a
status event may be cleared by writing a 1. Writing a 0 to
RW1CS hits has no effect. Bits are not cleared by reset and
RW1CS | canonly be reset with “Power Good Reset” (see

Section 7.6). Devices that consume AUX power are not
allowed to reset sticky bits on “Power Good Reset” when
AUX power consumption (either via AUX power or PME
Enable) is enabled.

Hardware Initialized: Register bits are initialized by firmware
or hardware mechanisms such as pin strapping or serial
HwInit EEPROM. Bits are read-only after initialization and can only
be reset (for write-once by firmware) with “Power Good
Reset” (see Section 7.6).

Reserved and Preserved: Reserved for future RW
RsvdP implementations; software must preserve value read for
writes to bits.

Reserved and Zero: Reserved for future RW1C
RsvdZ implementations; software must use 0 for writes to bits.

5.5. PCIl-Compatible Configuration Registers

The first 256 bytes of the PCI Express configuration space form the PCI 2.3 compatibility
region. This region completely aliases the PCI 2.3 configuration space of the
device/function. Legacy PCI devices may also be accessed via enhanced PCI Express
configuration access mechanism without requiring any modifications to the device hardware
or device driver software. This section establishes the mapping between PCI 2.3 and PCI
Express for format and behavior of PCI 2.3 compatible registers.

All registers and fields not described in this section are assumed to have the exact same
definition as in PCI 2.3.
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5.5.1. Type 0/1 Common Configuration Space

Figure 5-4 details allocation for common register fields of PCI 2.3 Type 0 and Type 1
Configuration Space Headers for PCI Express devices.

31
Device ID Vendor ID
Status Command
Class Code Revision ID
BIST Header Type Mast:_:nl:l:trency Cache Line Size

Header Type Specific

Capabilities Pointer

Interrupt Pin Interrupt Line

Figure 5-4: Common Configuration Space Header

Byte
Offset

00h
04h
08h
0Ch
10h
14h
18h
1Ch
20h
24h
28h
2Ch
30h
34h
38h

3Ch

These registers are defined for both Type 0 and Type 1 Configuration Space Headers. The

PCI Express-specific interpretation of these registers is defined in this section.
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Command Register (Offset 04h)

Table 5-3 establishes the mapping between PCI 2.3 and PCI Express for PCI 2.3
configuration space Command register.

Table 5-3: Command Register

Bit Location | Register Description Attributes

2 Bus Master Enable — Controls the ability of a PCI Express RwW
agent to issue memory and I/O read/write requests. Disabling
this bit prevents a PCI Express agent from issuing any memory
or I/O read/write requests. Note that as MSI interrupt messages
are in-band memory writes, disabling the bus master enable bit
disables MSI interrupt messages as well.
Default value of this field is 0.

3 Special Cycle Enable — Does not apply to PCI Express. Must RO
be hardwired to 0.

4 Memory Write and Invalidate — Does not apply to PCI Express. RO
Must be hardwired to 0.

5 VGA Palette Snoop — Does not apply to PCI Express. Must be RO
hardwired to 0.

6 Parity Error Enable — See Section 5.5.1.7. RW
Default value of this field is 0.

7 IDSEL Stepping / Wait Cycle Control — Does not apply to PCI RO
Express. Must be hardwired to O.

8 SERR Enable — See Section 5.5.1.7. RW
This bit when set enables reporting of non-fatal and fatal errors
to the Root Complex. Note that PCI Express-specific error
register bits take precedence over this bit.
Default value of this field is 0.

9 Fast Back-to-Back Transactions Enable — Does not apply to RO
PCI Express. Must be hardwired to 0.

10 Interrupt Disable - Controls the ability of a PCI Express device RW

to generate INTX interrupt messages. When set, devices are
prevented from generating INTX interrupt messages.

Any INTx emulation interrupts already asserted must be
deasserted when this bit is set.

Default value of this field is 0.
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Status Register (Offset 06h)

configuration space Status register.

Table 5-4: Status Register

Bit Location | Register Description Attributes

3 Interrupt Status - Indicates that an INTx interrupt message is RO
pending internally to the device.
Default value of this field is O.

4 Capabilities List — Indicates the presence of an extended RO
capability list item. Since all PCI Express devices are required
to implement the PCI Express capability structure, this bit must
be set to 1.

5 66 MHz Capable — Does not apply to PCI Express. Must be RO
hardwired to 0.

7 Fast Back-to-Back Transactions Capable — Does not apply to RO
PCI Express. Must be hardwired to O.

8 Master Data Parity Error — See Section 5.5.1.7. Rwi1C
This bit is set by Requestor (Primary Side for Type 1
Configuration Space Header Device) if its Parity Error Enable bit
is set and either of the following two conditions occurs:
» Requestor receives a Completion marked poisoned
» Requestor poisons a write Request
If the Parity Error Enable bit is cleared, this bit is never set.
Default value of this field is O.

10:9 DEVSEL Timing — Does not apply to PCI Express. Must be RO

hardwired to 0.

11 Signaled Target Abort — See Section 5.5.1.7. RwW1C
This bit is set when a device (Primary Side for Type 1
Configuration Space Header device for requests completed by
the Type 1 Header device itself) completes a Request using
Completer Abort Completion Status.
Default value of this field is O.

12 Received Target Abort — See Section 5.5.1.7. RwWi1C

This bit is set when a Requestor (Primary Side for Type 1
Configuration Space Header device for requests initiated by the
Type 1 Header device itself) receives a Completion with
Completer Abort Completion Status.

Default value of this field is 0.
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Bit Location | Register Description Attributes

13 Received Master Abort — See Section 5.5.1.7. RW1C

This bit is set when a Requestor (Primary Side for Type 1
Header Configuration Space Header device for requests
initiated by the Type 1 Header device itself) receives a
Completion with Unsupported Request Completion Status.

Default value of this field is 0.

14 Signaled System Error — See Section 5.5.1.7. RW1C

This bit is set when a device sends a ERR_FATAL or
ERR_NONFATAL message.

Default value of this field is 0.

15 Detected Parity Error — See Section 5.5.1.7. RwW1C

This bit is set by a device (Primary Side for Type 1 Configuration
Space Header device) whenever it receives a poisoned TLP,
regardless of the state the Parity Error Enable bit.

Default value of this field is 0.

5.5.1.3. Cache Line Size Register (Offset 0Ch)

The cache line size register is set by the system firmware and the operating system to system
cache line size. However, note that legacy PCI 2.3 software may not always be able to
program this field correctly especially in case of hot-plug devices. This field is implemented
by PCI Express devices as a read-write field for legacy compatibility purposes but has no
impact on any PCI Express device functionality.

5.5.1.4. Master Latency Timer Register (Offset ODh)

This register is also referred to as primary latency timer for Type 1 Configuration Space
Header devices. The primary/master latency timer does not apply to PCI Express. This
register must be hardwired to 0.

5.5.1.5. Interrupt Line Register (Offset 3Ch)

As in PCI 2.3, the Interrupt Line register communicates interrupt line routing information.
The register is read/write and must be implemented by any device (or device function) that
uses an interrupt pin (see following description). Values in this register are programmed by
system software and are system architecture specific. The device itself does not use this
value; rather the value in this register is used by device drivers and operating systems.

5.5.1.6. Interrupt Pin Register (Offset 3Dh)

The Interrupt Pin is a read-only register that identifies the legacy interrupt message(s) the
device (or device function) uses; refer to Section 7.1 for further details. Valid values are 1, 2,
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3, and 4 that map to legacy interrupt messages for INTA, INTB, INTC, and INTD
respectively; a value of 0 indicates that the device uses no legacy interrupt message(s).

5.5.1.7. Error Registers

The etror control/status register bits in the Command and Status registers (see

Section 5.5.1.1 and Section 5.5.1.2 respectively) control PCI compatible error reporting for
both PCI and PCI Express devices. Mapping of PCI Express errors onto PCI errors is also
discussed in Section 7.2.5.1. In addition to the PCI compatible error control and status, PCI
Express error reporting may be controlled separately from PCI devices through the PCI
Express Capability Structure described in Section 5.8. The PCI compatible error control and
status register fields do not have any effect on PCI Express error reporting enabled through
the PCI Express Capability Structure. PCI Express devices may also implement optional
advanced error reporting as described in Section 5.10.
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5.5.2. Type 0 Configuration Space Header

Figure 5-5 details allocation for register fields of PCI 2.3 Type 0 Configuration Space Header
for PCI Express devices.

Byte
31 0 Offset

Device ID Vendor ID 00h

Status Command 04h

Class Code Revision ID 08h

Master Latency
Timer

BIST Header Type Cache Line Size 0Ch

10h
14h
18h
Base Address Registers
1Ch

20h

24h

Cardbus CIS Pointer 28h

Subsystem ID Subsystem Vendor ID 2Ch

Expansion ROM Base Address 30h

Reserved Capabilities Pointer 34h

Reserved 38h

Max_Lat Min_Gnt Interrupt Pin Interrupt Line 3Ch

Figure 5-5: Type 0 Configuration Space Header

Section 5.5.1 details the PCI Express-specific registers that are valid for all Configuration
Space Header types. The PCI Express-specific interpretation of registers specific to Type 0
PCI 2.3 Configuration Space Header is defined in this section.

5.5.2.1. Min_Gnt/Max_Lat Registers (Offset 3Eh/3Fh)

These registers do not apply to PCI Express. They must be read-only and hardwired to 0.
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5.5.8. Type 1 Configuration Space Header

Figure 5-6 details allocation for register fields of PCI 2.3 Type 1 Configuration Space Header

for PCI Express devices.

31
Device ID Vendor ID
Status Command
Class Code Revision ID
Primary Latency . .
BIST Header Type Timer Cache Line Size

Base Address Register 0

Base Address Register 1

Secondary Latency | Subordinate Bus Secondary Bus Primary Bus
Timer Number Number Number
Secondary Status I/O Limit 1/0O Base

Memory Limit

Memory Base

Prefetchable Memory Limit

Prefetchable Memory Base

Prefetchable Base Upper 32 Bits

Prefetchable Limit Upper 32 Bits

I/O Limit Upper 16 Bits

I/O Base Upper 16 Bits

Reserved

Capability Pointer

Expansion ROM Base Address

Bridge Control

Interrupt Pin

Interrupt Line

Figure 5-6: Type 1 Configuration Space Header

Section 5.5.1 details the PCI Express-specific registers that are valid for all Configuration

Byte
Offset

00h

04h

08h

0Ch

10h

14h

18h

1Ch

20h

24h

28h

2Ch

30h

34h

38h

3Ch

Space Header types. The PCI Express-specific interpretation of registers specific to Type 1
PCI 2.3 Configuration Space Header is defined in this section.

5.5.3.1. Secondary Latency Timer (Offset 1Bh)

This register does not apply to PCI Express. It must be read-only and hardwired to 0.
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Secondary Status Register (Offset 1Eh)

Table 5-5 establishes the mapping between PCI 2.3 and PCI Express for PCI 2.3
configuration space Secondary Status register.

Table 5-5: Secondary Status Register

Bit Location

Register Description

Attributes

5

66 MHz Capable — Does not apply to PCI Express. Must be
hardwired to 0.

RO

Fast Back-to-Back Transactions Capable — Does not apply to
PCI Express. Must be hardwired to 0.

RO

Master Data Parity Error — See Section 5.5.1.7.

This bit is set by the Secondary side Requestor if the

Parity Error Response bit is set and either of the following two
conditions occurs:

» Requestor receives Completion marked poisoned

» Requestor poisons a write Request

If the Parity Error Response bit is cleared, this bit is never set.

Default value of this field is 0.

Rwi1C

10:9

DEVSEL Timing — Does not apply to PCI Express. Must be
hardwired to 0.

RO

11

Signhaled Target Abort — See Section 5.5.1.7.

This bit is set when the Secondary Side for Type 1 Configuration
Space Header device (for requests completed by the Type 1
Header device itself) completes a Request using Completer
Abort Completion Status.

Default value of this field is 0.

RwW1C

12

Received Target Abort — See Section 5.5.1.7.

This bit is set when the Secondary Side for Type 1 Configuration
Space Header device (for requests initiated by the Type 1
Header device itself) receives a Completion with Completer
Abort Completion Status.

Default value of this field is 0.

RW1C

13

Received Master Abort — See Section 5.5.1.7.

This bit is set when the Secondary Side for Type 1 Configuration
Space Header device (for requests initiated by the Type 1
Header device itself) receives a Completion with Unsupported
Request Completion Status.

Default value of this field is 0.

RwW1C
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Bit Location

Register Description

Attributes

14

Received System Error — See Section 5.5.1.7.

This bit is sent when a device sends a ERR_FATAL or
ERR_NONFATAL message.

Default value of this field is 0.

Rwi1C

15

Detected Parity Error — See Section 5.5.1.7.

This bit is set by the Secondary Side for a Type 1 Configuration
Space Header device whenever it receives a poisoned TLP,
regardless of the state the Parity Error Response bit.

Default value of this field is 0.

Rwi1C

5.5.3.3.

Bridge Control Register (Offset 3Eh)

Table 5-6 establishes the mapping between PCI 2.3 and PCI Express for PCI 2.3
configuration space Bridge Control register.

Table 5-6: Bridge Control Register

Bit Location | Register Description Attributes

0 Parity Error Response Enable — See Section 5.5.1.7. RW
This bit controls the response to poisoned TLPs.
Default value of this field is O.

1 SERR Enable — See Section 5.5.1.7. RW
This bit controls forwarding of ERR_COR, ERR_NONFATAL
and ERR_FATAL from secondary to primary.
Default value of this field is O.

5 Master Abort Mode — Does not apply to PCI Express. Must be RO
hardwired to 0.

6 Secondary Bus Reset —Setting this bit triggers a warm reset on RW
the corresponding PCI Express Port and the PCI Express
hierarchy domain subordinate to the Port.
Default value of this field is O.

7 Fast Back-to-Back Transactions Enable — Does not apply to RO
PCI Express. Must be hardwired to 0.

8 Primary Discard Timer — Does not apply to PCI Express. Must RO
be hardwired to O.

9 Secondary Discard Timer — Does not apply to PCI Express. RO
Must be hardwired to 0.

10 Discard Timer Status — Does not apply to PCI Express. Must RO
be hardwired to O.

11 Discard Timer SERR Enable — Does not apply to PCI Express. RO

Must be hardwired to 0.

231




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

5.6. PCI Power Management Capability Structure

This structure is required for all PCI Express devices. Figure 5-7 details allocation of the
PCI PM Capability Structure register fields in a PCI Express Context. PCI Express devices
are required to support DO and D3 device states (refer to Section 6.1.1); PCI-PCI bridge
structures representing PCI Express ports as described in Section 5.1 are required to indicate
PME wake capability due to the in-band nature of PME messaging for PCI Express.

The PME status bit for the PCI-PCI bridge structure representing PCI Express ports,
however, is only set when the PCI-PCI bridge function is itself generating a PME. The
PME status bit is not set when the bridge is propagating a PME but the PCI-PCI bridge
function itself is not internally asserting PME.

Byte
31 0 Offset

Power Management Capabilities Next PTR Capability ID 00h

Data PN.I ControI/Stgtus Power Management Status and Control 04h
Bridge Extensions

Figure 5-7: PCI Power Management Capability Structure

31 2726 2524 2221201918 16 15 8 7 0

| | | | | | | | | Next PTR | Cap ID |
AA A AAA
PME Suppor Version
D2 Support PME Clock
D1 Support RsvdP
AUX Current

Device Specific Initialization (DSI)

Figure 5-8: Power Management Capabilities

Figure 5-8 details allocation of register fields for Power Management Capabilities register;
Table 5-7 establishes the mapping between PCI 2.3 and PCI Express for this register.

Table 5-7: Power Management Capabilities

Bit Location | Register Description Attributes
7:0 Capability ID — Must be set to 01h RO
15:8 Next Capability Pointer RO
18:16 Version — Set to 02h for this version of the specification. RO
19 PME Clock — Does not apply to PCI Express. Must be RO
hardwired to 0.
21 Device Specific Initialization RO
24:22 AUX Current RO
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Bit Location | Register Description Attributes
25 D1 Support RO
26 D2 Support RO
31:27 PME Support — Must be set for PCI-PCI bridge structures RO
representing ports on root complexes/switches.

31 24232221 16 1514 13 12 98 7 210
Data [ |[ v [| | [] Rovp]| |
AA A A A A

Power State

Bus Power/Clock

Control Enable—— —— PME Enable

B2/B3 Support Data Select
Data Scale
PME Status

Figure 5-9: Power Management Status/Control
Figure 5-9 details allocation of register fields for Power Management Status and Control
register; Table 5-8 establishes the mapping between PCI 2.3 and PCI Express for this

register.

Table 5-8: Power Management Status/Control

Bit Location | Register Description Attributes
1:0 Power State RwW
8 PME Enable RWS
12:9 Data Select RW
14:13 Data Scale RO
15 PME Status RW1CS
22 B2/B3 Support — Does not apply to PCI Express. Must be RO
hardwired to 0.
23 Bus Power/Clock Control Enable — Does not apply to PCI RO
Express. Must be hardwired to O.
31:24 Data RO
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5.7. MSI Capability Structure

This structure is required for all PCI Express devices that are capable of generating
interrupts. Definition of register structure associated with MSI is compatible with PCI 2.3
specification.

5.8. PCIl Express Capability Structure

PCI Express defines a capability structure in PCI 2.3 compatible configuration space (first
256 bytes) as shown in Figure 5-3 for identification of a PCI Express device and indicates
support for new PCI Express features. The PCI Express Capability Structure is required for
PCI Express devices. The capability structure is a mechanism for enabling PCI software
transparent features requiring support on legacy operating systems. In addition to
identifying a PCI Express device, the PCI Express Capability Structure is used to provide
access to PCI Express specific Control/Status registers and related Power Management
enhancements.

Figure 5-10 details allocation of register fields in the PCI Express Capability Structure. The
PCI Express Capabilities, Device Capabilities, Device Status/Control, Link Capabilities and
Link Status/Control registers are required for all PCI Express devices. Endpoints are not
required to implement registers other than those listed above and terminate the capability
structure.

Slot Capabilities and Slot Status/Control registers are required for Switch Downstream and
Root Ports if a slot is implemented on the port. Root Control/Status registers are required
for root ports. Root ports must implement the entire PCI Express Capability Structure.

Byte
15 7 0 Offset

31 23
' L A .
3GIO Capabilities Register Next Cap Pointer 3610 Cap 1D 00h
Device Capabilities 04h
Al . .
with < Link Capabilities och
Slots
PR;?; Link Status Link Control 10h
Slot Capabilities 14h
Slot Status Siot Control 18h
N\
Root Status 20h

Figure 5-10: PCI Express Capability Structure
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PCIl Express Capability List Register (Offset 00h)

The PCI Express Capability List register enumerates the PCI Express Capability Structure in
the PCI 2.3 configuration space capability list. Figure 5-11 details allocation of register fields
in the PCI Express Capability List register; Table 5-9 provides the respective bit definitions.

15 8 7 0

Next Capability Pointer Capability ID

Figure 5-11: PCI Express Capability List Register

Table 5-9: PCI Express Capability List Register

Bit Location | Register Description Attributes
7:0 Capability ID — Indicates PCI Express Capability Structure. RO
This field must return a Capability ID of (value to be assigned by
PCI-SIG) indicating that this is a PCI Express Capability
Structure.
15:8 Next Capability Pointer — The offset to the next PCI capability RO
structure or 00h if no other items exist in the linked list of
capabilities.
5.8.2. PCI Express Capabilities Register (Offset 02h)

The PCI Express Capabilities register identifies PCI Express device type and associated
capabilities. Figure 5-12 details allocation of register fields in the PCI Express Capabilities
register; Table 5-10 provides the respective bit definitions.

15 14 13 9 8 7 4 3 0

Interrupt Message i Capability
| RsvdP| Nomber | | Device/Port Type Version

Slot Implemented

Figure 5-12: PCI Express Capabilities Register
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Table 5-10: PCI Express Capabilities Register

Bit Location

Register Description

Attributes

3.0

Capability Version — Indicates PCI-SIG defined PCI Express
capability structure version number.

Must be 1h for this specification.

RO

7:4

Device/Port Type — Indicates the type of PCI Express device.
Defined encodings are:

0000b | PCI Express Endpoint device

0001b | Legacy PCI Express Endpoint device
0100b | Root Port of PCI Express Root Complex*
0101b | Upstream Port of PCI Express Switch*

0110b | Downstream Port of PCI Express Switch*
0111b | PCI Express-to-PCI/PCI-X Bridge*

All other encodings are reserved.

*This value is only valid for devices/functions that implement a
Type 01h PCI Configuration Space Header.

Native PCI Express Endpoint devices that do not require 1/0
resources for correct operation indicate a device Type of 0000b;
such devices may request I/O resources (through BARS) for
legacy boot support but system software is allowed to close
requested I/O resources once appropriate services are made
available to device specific software for access to device
specific resources claimed through memory BARSs.

Legacy PCI Express Endpoint devices that require 1/0O resources
claimed through BARs for correct operation indicate a Device
Type of 0001b.

RO

Slot Implemented — This bit when set indicates that the PCI
Express Link associated with this port is connected to a slot (as
compared to being connected to an integrated component or
being disabled).

This field is valid for the following PCI Express device/Port
Types:

0100b | Root Port of PCI Express Root Complex

0110b | Downstream Port of PCI Express Switch

Hwinit

13:9

Interrupt Message Number — If this function is allocated more
than one MSI interrupt number, this register is required to
contain the offset between the base Message Data and the MSI
Message that is generated when any of status bits in either the
Slot Status register or the Root Port Status register of this
capability structure are set.

Hardware is required to update this field so that it is correct if the
number of MSI Messages assigned to the device changes.

RO
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Device Capabilities Register (Offset 04h)

The Device Capabilities register identifies PCI Express device specific capabilities.
Figure 5-13 details allocation of register fields in the Device Capabilities register; Table 5-11
provides the respective bit definitions.

31

28 27 2625 18 171514131211 9 8

65432 0

RsvdP |

Slot Power Scal

Slot Power Value———
Max Read Request Size Supporte
Power Indicator Present On Devic
Attention Indicator Present On Device—

Attention Button Present On Device——————

|[]]
A Ad A

A

4

w

A

Max Payload Size Supported
Phantom Functions Supported
Extended Tag Field Supported
Endpoints LOs Acceptable Latency

Endpoint L1 Acceptable Latency

Figure 5-13: Device Capabilities Register

Table 5-11: Device Capabilities Register

Bit Location

Register Description

Attributes

2:0

Max_Payload_Size Supported — This field indicates the RO

maximum payload size that the device can support for TLPs.

Defined encodings are:

000b | 128B max payload size
001b | 256B max payload size
010b | 512B max payload size
011b | 1024B max payload size
100b | 2048B max payload size
101b | 4096B max payload size
110b | Reserved

111b | Reserved
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Bit Location

Register Description

Attributes

4:3

Phantom Functions Supported — This field indicates the
support for use of unclaimed function numbers to extend the

number of outstanding transactions allowed by logically
combining unclaimed function numbers (called Phantom
Functions) with the Tag identifier. See Section 2.4.2 for

description of Tag Extensions.

This field indicates the number of most significant bits of the
function number portion of Requester ID that are logically
combined with the Tag identifier. Defined encodings are:

00b

No function number bits used for Phantom Functions;
device may implement all function numbers.

01b

First most significant bit of function number in
Requestor ID used for Phantom Functions; device may
implement functions 0-3. Functions 0, 1, 2, and 3 may
claim functions 4, 5, 6, and 7 as Phantom Functions
respectively.

10b

First two most significant bits of function number in
Requestor ID used for Phantom Functions; device may
implement functions 0-1. Function 0 may claim
functions 2, 4, and 6 as Phantom Functions, function 1
may claim functions 3, 5, and 7 as Phantom Functions.

11b

All three bits of function number in Requestor ID used
for Phantom Functions; device must be a single
function 0 device that may claim all other functions as
Phantom Functions.

Note that Phantom Function support for the Device must be

enabled by the corresponding control field in the Device Control

register.

A Root Port must always return Ob in this field.

RO

Extended Tag Field Supported — This field indicates the
maximum supported size of the Tag field. Defined encodings

are:
Ob | 5-bit Tag field supported
1b | 8-bit Tag field supported

Note that 8-bit Tag field support must be enabled by the
corresponding control field in the Device Control register.

A Root Port must always return Ob in this field.

RO
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Bit Location | Register Description Attributes
8:6 Endpoint LOs Acceptable Latency — This field indicates the RO
acceptable latency that an Endpoint can withstand due to the
transition from LOs state to the LO state. It is essentially an
indirect measure of the Endpoint’s internal buffering.
Power management software uses the reported LOs Acceptable
Latency number to compare against the LOs exit latencies
reported by all components comprising the data path from this
Endpoint to the Root Complex Root Port to determine whether
Active State Link PM LOs entry can be used with no loss of
performance. Defined encodings are:
000b | Less than 64 ns
001b | 64 ns-128 ns
010b | 128 ns-256 ns
011b | 256 ns-512 ns
100b | 512 ns-1 us
101b | 1 ps-2 ps
110b | 2 ys-4 ps
111b | More than 4 ps
119 Endpoint L1 Acceptable Latency — This field indicates the RO
acceptable latency that an Endpoint can withstand due to the
transition from L1 state to the LO state. Itis essentially an
indirect measure of the Endpoint’s internal buffering.
Power management software uses the reported L1 Acceptable
Latency number to compare against the L1 Exit Latencies
reported (see below) by all components comprising the data
path from this Endpoint to the Root Complex Root Port to
determine whether Active State Link PM L1 entry can be used
with no loss of performance. Defined encodings are:
000b | Less than 1pus
001b | 1 pys-2 us
010b | 2 us-4 ps
011lb | 4 us-8 us
100b | 8 ps-16 ps
101b | 16 ps-32 us
110b | 32 ps-64 s
111b | More than 64 pus
12 Attention Button Present — This bit when set indicates that an RO

Attention Button is implemented on the card or module.
This bit is valid for the following PCI Express device Types:
0000b | PCI Express Endpoint device

0001b | Legacy PCI Express Endpoint device
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Bit Location

Register Description

Attributes

13

Attention Indicator Present — This bit when set indicates that
an Attention Indicator is implemented on the card or module.

This bit is valid for the following PCI Express device Types:
0000b | PCI Express Endpoint device

0001b | Legacy PCI Express Endpoint device

RO

14

Power Indicator Present — This bit indicates when set indicates
that a Power Indicator is implemented on the card or module.

This bit is valid for the following PCI Express device Types:
0000b | PCI Express Endpoint device

0001b | Legacy PCI Express Endpoint device

RO

17:15

Max_Read Request_Size Supported (Root Complex only) -
This field indicates the maximum Read Request size for the
Device as a Completer. Defined encodings are:

000b | Reserved
001b | Reserved

010b | 512B max read request size

011b | 1024B max read request size

100b | 2048B max read request size

101b | 4096B max read request size
110b | Reserved
111b | Reserved

RO

25:18

Slot Power Limit Value (Upstream Ports only) — In combination
with the Slot Power Limit Scale value, specifies the upper limit
on power supplied by slot.

Power limit (in Watts) calculated by multiplying the value in this
field by the value in the Slot Power Limit Scale field.

This value is set by the Set_Slot_Power_Limit message or
hardwired to 0000 0000b (see Section 7.9). The default value is
0000 0000b.

RO

27:26

Slot Power Limit Scale (Upstream Ports only) — Specifies the
scale used for the Slot Power Limit Value.

Range of Values

00b = 1.0x (25.5-255)
01b = 0.1x (2.55-25.5)
10b = 0.01x (0.255-2.55)
11b = 0.001x (0.0-0.255)

This value is set by the «Set_Slot_Power_Limit message or
hardwired to 00b (see Section 7.9). The default value is all 00b.

RO
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5.8.4. Device Control Register (Offset 08h)

The Device Control register controls PCI Express device specific parameters. Figure 5-14
details allocation of register fields in the Device Control register; Table 5-12 provides the
respective bit definitions.

15 14 12 11 10 9 8 7 5 4 3 2 1 0

RsvdP g A

. Correctable Error Reporting Enable
Max Read Request Size

Non-Fatal Error Reporting Enable

Stop

Aux Power PM Enable Fatal Error Reporting Enable

) Unsupported Request Reporting Enable
Phantom Functions Enable

X Unsupported Request Severity
Extended Tag Field Enable

Max Payload Size

Figure 5-14: Device Control Register

Table 5-12: Device Control Register

Bit Location | Register Description Attributes

0 Correctable Error Reporting Enable — This bit controls RwW
reporting of correctable errors. Refer to Section 7.2 for further
details. For a multi-function device, this bit controls error
reporting for each function from point-of-view of the respective
function.

For a Root Port, the reporting of correctable errors is internal to
the root. No external ERR_CORR message is generated.

Default value of this field is 0.

1 Non-Fatal Error Reporting Enable - This bit controls reporting RW
of non-fatal errors. Refer to Section 7.2 for further details. For a
multi-function device, this bit controls error reporting for each
function from point-of-view of the respective function.

For a Root Port, the reporting of non-fatal errors is internal to the
root. No external ERR_NONFATAL message is generated.

Default value of this field is 0.

2 Fatal Error Reporting Enable - This bit controls reporting of RW
fatal errors. Refer to Section 7.2 for further details. For a multi-
function device, this bit controls error reporting for each function
from point-of-view of the respective function.

For a Root Port, the reporting of fatal errors is internal to the
root. No external ERR_FATAL message is generated.

Default value of this field is O.
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Bit Location | Register Description Attributes
3 Unsupported Request Reporting Enable — This bit enables RW
reporting of Unsupported Requests when set. Refer to
Section 7.2 for further details. For a multi-function device, this
bit controls error reporting for each function from point-of-view of
the respective function. Note that the reporting of error
messages (ERR_CORR, ERR_NONFATAL, ERR_FATAL)
received by Root Port is controlled exclusively by Root Port
Command Register described in Section 5.8.12.
Default value of this field is 0.
4 Unsupported Request Severity — This bit controls whether RW
ERR_NONFATAL (0) or ERR_FATAL (1) is used for reporting
Unsupported Request errors.
Default value of this field is O.
75 Max_Payload_Size - This field sets maximum TLP payload size RwW
for the device. As a receiver, the device must handle TLPs as
large as the set value; as transmitter, the device must not
generate TLPs exceeding the set value. Permissible values that
can be programmed are indicated by the Max_Payload_Size
Supported in the Device Capabilities register (refer to
Section 5.8.3). Defined encodings for this field are:
000b | 128B max payload size
001b | 256B max payload size
010b | 512B max payload size
011b | 1024B max payload size
100b | 2048B max payload size
101b | 4096B max payload size
110b | Reserved
111b | Reserved
Default value of this field is 001b.
8 Extended Tag Field Enable — When set, this bit enables a RW
device to use an 8-bit Tag field as a requester. If the bit is
cleared, the device is restricted to a 5-bit Tag field. See
Section 2.4.2 for description of Tag extensions.
Default value of this field is O.
A Root Port does not implement this field.
9 Phantom Functions Enable — When set, this bit enables a RW

device to use unclaimed functions as Phantom Functions to
extend the number of outstanding transaction identifiers. If the
bit is cleared, the device is not allowed to use Phantom
Functions. See Section 2.4.2 for description of Tag extensions.

Default value of this field is 0.

A Root Port does not implement this field.
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Bit Location

Register Description

Attributes

10

Auxiliary (AUX) Power PM Enable - This bit when set enables
a device to draw AUX power independent of PME AUX power.
devices that require AUX power on legacy operating systems
should continue to indicate PME AUX power requirements.

AUX power is allocated as requested in the AUX_Current field of
the Power Management Capabilities Register (PMC),
independent of the PME_En bit in the Power Management
Control/Status Register (PMCSR) (see Chapter 6). For multi-
function devices, a component is allowed to draw AUX power if
at least one of the functions has this bit set.

Default value of this field is 0.

RW

11

Stop — Writing 1 to this bit signals the device to complete
pending transactions. Refer to Section 7.4 for device/function
stop synchronization mechanism.

This bit always returns 0 when read.

RW

14:12

Max_Read_Request_Size - This field sets maximum Read
Request size for the Device as a Requester. The Device must
not generate read requests with size exceeding the set value.
Permissible values that can be programmed are indicated by the
Max_Read_Request_Size Supported in the Device Capabilities
register (refer to Section 5.8.3). Defined encodings for this field
are:

000b | 128B max read request size

001b | 256B max read request size

010b | 512B max read request size

011b | 1024B max read request size

100b | 2048B max read request size

101b | 4096B max read request size
110b | Reserved
111b | Reserved

Default value of this field is 010b.

RwW
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Implementation Note: Use of Max_Read_Request_Size

The Max_Read_Request_Size mechanism allows improved control of bandwidth allocation
in systems where quality of service (QoS) is important for the target applications. For
example, an arbitration scheme based on counting requests (and not the sizes of those
requests) provides poor bandwidth allocation when some Requesters use much larger sizes
than others. The Max_Read_Request_Size mechanism can be used to force more uniform
allocation of bandwidth, by restricting the upper size of read requests.

The mechanism provides a way to simplify a Root Complex implementation by limiting the
size of the read requests which the Root Complex, as a Completer must handle.

PCI Express aware operating systems may use the Max_Read_Request_Size mechanism to
help enable correct operation of a device whose Max_Payload_Size capability is smaller than
the Max_Payload_Size configured for other devices within the same Hierarchy Domain. For
such a device, its Max_Read_Request_Size can be configured to equal its Max_Payload_Size.
Thus, read completion packets destined for that device are guaranteed never to exceed its
Max_Payload_Size even when the Completer's Max_Payload_Size is configured to a higher
value. Otherwise, the Max_Payload_Size of the other devices would have to be reduced to
the “lowest common denominator” of the devices they send read completions to.

Use of the Max_Read_Request_Size mechanism as described above does not address the
issue of devices sending large posted writes to a device whose Max_Payload_Size capability
is smaller than their configured Max_Payload_Size. However, for many devices, their
programming model doesn't require them to receive posted writes of a size exceeding their
Max_Payload_Size capability anyway, making the posted writes issue irrelevant.

5.8.5. Device Status Register (Offset 0Ah)

The Device Status register provides information about PCI Express device specific
parameters. Figure 5-15 details allocation of register fields in the Device Status register;
Table 5-13 provides the respective bit definitions.

15 6 5 4 3 2 1 0
rvaz | | | [ ][]

Transactions Pending

AUX Power Detected

Unsupported Request Detected

Fatal Error Detected

Non-Fatal Error Detected

Correctable Error Detected

Figure 5-15: Device Status Register
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Table 5-13: Device Status Register

Bit Location

Register Description

Attributes

0

Correctable Error Detected — This bit indicates status of
correctable errors detected. Errors are logged in this register
regardless of whether error reporting is enabled or not in the
Device Control register. For a multi-function device, each
function indicates status of errors as perceived by the respective
function.

Default value of this field is 0.

RW1C

Non-Fatal Error Detected — This bit indicates status of non-
fatal errors detected. Errors are logged in this register
regardless of whether error reporting is enabled or not in the
Device Control register. For a multi-function device, each
function indicates status of errors as perceived by the respective
function.

Default value of this field is 0.

Rw1C

Fatal Error Detected - This bit indicates status of fatal errors
detected. Errors are logged in this register regardless of
whether error reporting is enabled or not in the Device Control
register. For a multi-function device, each function indicates
status of errors as perceived by the respective function.

Default value of this field is 0.

RW1C

Unsupported Request Detected — This bit indicates that the
device received an Unsupported Request. Errors are logged in
this register regardless of whether error reporting is enabled or
not in the Device Control Register. For a multi-function device,
each function indicates status of errors as perceived by the
respective function.

Default value of this field is 0.

RW1C

AUX Power Detected - Devices that require AUX power report
this bit as set if AUX power is detected by the device.

RO

Transactions Pending — Indicates whether a device has any
transactions pending. A device indicates that transactions are
pending (including completions for any outstanding non-posted
requests for all used Traffic Classes) by reporting this bit as set.
A device may report this bit cleared only when all pending
transactions (including completions for any outstanding non-
posted requests on any used virtual channel) have been
completed. Refer to Section 7.4 for device/function stop
synchronization mechanism.

This bit must be set by hardware when a 1 is written to the Stop
bit in the Device Control register and subsequently cleared (by
hardware) when all pending transactions have been completed.

RO
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5.8.6. Link Capabilities Register (Offset 0Ch)

The Link Capabilities register identifies PCI Express Link specific capabilities. Figure 5-16
details allocation of register fields in the Link Capabilities register; Table 5-14 provides the
respective bit definitions.

31 2423 1817 1514 1211109 43 0
| | Rwp | | [ | [ ]
A A

j . Maximum Link Speed
Port # L1 Exit Latency—————

) Maximum Link Width
LOs Exit Latency—————

Active State Link PM Support

Figure 5-16: Link Capabilities Register

Table 5-14: Link Capabilities Register

Bit Location | Register Description Attributes

3:0 Maximum Link Speed — This field indicates the maximum Link RO
speed of the given PCI Express Link. Defined encodings are:

0001b | 2.5 Gb/s Link

All other encodings are reserved.

9:4 Maximum Link Width - This field indicates the maximum width RO
of the given PCI Express Link. Defined encodings are:

000000b | Reserved

000001b | x1
000010b | x2
000100b | x4
001000b | x8

001100b | x12
010000b | x16
100000b | x32

11:10 Active State Link PM Support — This field indicates the level of RO
active state power management supported on the given PCI
Express Link. Defined encodings are:

00b | Reserved

01b | LOs Entry Supported
10b | Reserved

11b | LOs and L1 Supported
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Bit Location

Register Description

Attributes

14:12

LOs Exit Latency — This field indicates the LOs exit latency for
the given PCI Express Link. The value reported indicates the
length of time this Port requires to complete transition from LOs
to LO. Defined encodings are:

000b | Less than 64 ns
001b | 64 ns-128 ns
010b | 128 ns-256 ns
011b | 256 ns-512 ns
100b | 512 ns-1 ps
101b | 1 pys-2 ps

110b | 2 ys-4 ps

111b | Reserved

Note that exit latencies may be influenced by PCI Express
reference clock configuration depending upon whether a
component uses a common or separate reference clock.

RO

17:15

L1 Exit Latency — This field indicates the L1 exit latency for the
given PCI Express Link. The value reported indicates the length
of time this Port requires to complete transition from L1 to LO.
Defined encodings are:

000b | Less than 1us
001b | 1 pys-2 ps
010b | 2 us-4 ps
011lb | 4 ys-8 us
100b | 8 ps-16 ps
101b | 16 ps-32 us
110b | 32 ps-64 ps

111b | L1 transition not supported

Note that exit latencies may be influenced by PCI Express
reference clock configuration depending upon whether a
component uses a common or separate reference clock.

RO

31:24

Port Number — This field indicates the PCI Express port number
for the given PCI Express Link.

HwInit
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Link Control Register (Offset 10h)

The Link Control register controls PCI Express Link specific parameters. Figure 5-17
details allocation of register fields in the Link Control register; Table 5-15 provides the
respective bit definitions.

15 7 6 5 4 3 2 1 0
revp | | [ [ | [ ]
Common Clock Configuration—+
Retrain Link
Link Disable
Read Request Return Parameter ‘R” Control

Link Loop Back Mode

Active State PM Control

Figure 5-17: Link Control Register

Table 5-15: Link Control Register

Bit Location

Register Description

Attributes

1:0

Active State Link PM Control — This field controls the level of
active state PM supported on the given PCI Express Link.
Defined encodings are:

00b | Disabled

01b | LOs Entry Supported

10b | Reserved

11b | LOs and L1 Entry Supported

Default value for this field is 0.

RwW

Link Loop Back Mode — This bit puts a Link in loop-back mode
for debug/diagnostic purposes. For multi-function devices, a
Link is put in loop-back mode if all functions of component have
this bit set.

Default value of this field is 0.

RwW
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Bit Location | Register Description Attributes
3 Read Request Return Parameter “R” Control — Refer to RW
Section 2.7.6.2.1 for the definition of Read Request Return
Parameter.
Defined encodings are for “R” capabilities are:
Ob | 64 byte
1b | 128 byte
PCI Express Endpoints and Switches that do not implement this
feature must hardwire the field to Ob.
This field is hardwired for a Root Port and returns its “R” support
capabilities.
4 Link Disable — This bit disables the Link when set; this field is RW
not applicable and reserved for endpoint devices and Upstream
Ports of a Switch.
Default value of this field is 0.
5 Retrain Link — This bit initiates Link retraining when set; this RW
field is not applicable and reserved for endpoint devices and
Upstream Ports of a Switch.
This bit always returns 0 when read.
6 Common Clock Configuration — This bit when set indicates RW

that this component and the component at the opposite end of
this Link are operating with a distributed common reference
clock.

A value of 0 indicates that this component and the component at
the opposite end of this Link are operating with asynchronous
reference clock.

Components utilize this common clock configuration information
to report the correct LOs and L1 Exit Latencies.

Default value of this field is 0.
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5.8.8. Link Status Register (Offset 12h)

The Link Status register provides information about PCI Express Link specific parameters.
Figure 5-18 details allocation of register fields in the Link Status register; Table 5-16 provides
the respective bit definitions.

15 13 12 11 10 9 4 3 0
| Rsvdz | | | | Negotiated Link Width Link Speed
\ A
Slot Clock

Configuration

Link Training

Link Training Error
Figure 5-18: Link Status Register

Table 5-16: Link Status Register

Bit Location | Register Description Attributes

3:0 Link Speed — This field indicates the negotiated Link speed of RO
the given PCI Express Link. Defined encodings are:

0001b | 2.5 Gb/s PCI Express Link

All other encodings are reserved.

9:4 Negotiated Link Width — This field indicates the negotiated RO
width of the given PCI Express Link. Defined encodings are:

000001b | X1
000010b | X2
000100b | X4
001000b | X8
001100b | X12
010000b | X16
100000b | X32

All other encodings are reserved.

10 Link Training Error — This read-only bit indicates that a Link RO
training error occurred.

11 Link Training — This read-only bit indicates that Link training is RO
in progress; hardware clears this bit once Link training is
complete.

250




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Bit Location

Register Description

Attributes

12

Slot Clock Configuration — This bit indicates that the
component uses the same physical reference clock that the
platform provides on the connector. If the device uses an
independent clock irrespective of the presence of a reference on
the connector, this bit must be clear.

RO

5.8.9.

Slot Capabilities Register (Offset 14h)

The Slot Capabilities register identifies PCI Express Slot specific capabilities. Figure 5-19
details allocation of register fields in the Slot Capabilities register; Table 5-17 provides the
respective bit definitions.

31 22 21 1716 15 14 76543210

Physical Slot Number RsvdP | | | | | | | | | |
A REYYYYYTY

Slot Power Scale:

Slot Power Value

Hot-Plug Capable

Hot-Plug Surprise

Power Indicator Present

Attention Indicator Present

MRL Sensor Present:

Power Controller Present.

Attention Button Present:

Figure 5-19: Slot Capabilities Register

Table 5-17: Slot Capabilities Register

Bit Location | Register Description Attributes

0 Attention Button Present — This bit when set indicates that an Hwinit
Attention Button is implemented on the chassis for this slot.

1 Power Controller Present — This bit when set indicates that a HwInit
Power Controller is implemented for this slot.

2 MRL Sensor Present — This bit when set indicates that an MRL HwiInit
Sensor is implemented on the chassis for this slot.

3 Attention Indicator Present — This bit when set indicates that HwiInit
an Attention Indicator is implemented on the chassis for this slot.

4 Power Indicator Present — This bit when set indicates that a HwiInit
Power Indicator is implemented on the chassis for this slot.

5 Hot-plug Surprise — This bit when set indicates that a device Hwinit

present in this slot might be removed from the system without
any prior natification.
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Hot-plug Capable — This bit when set indicates that this slot is
capable of supporting Hot-plug operations.

Hwinit

14:7

Slot Power Limit Value — In combination with the Slot Power
Limit Scale value, specifies the upper limit on power supplied by
slot.

Power limit (in Watts) calculated by multiplying the value in this
field by the value in the Slot Power Limit Scale field.

This register must be implemented if the Slot Implemented bit is
set.

The default value is 0000 0000b.

Hwinit

16:15

Slot Power Limit Scale — Specifies the scale used for the Slot
Power Limit Value.

Range of Values

00b = 1.0x (25.5-255)
01b = 0.1x (2.55-25.5)
10b = 0.01x (0.255-2.55)
11b = 0.001x (0.0-0.255)

This register must be implemented if the Slot Implemented bit is
set.

The default value is all 00b.

HwInit

31:22

Physical Slot Number — This hardware initialized field indicates
the physical slot number attached to this Port. This field must be
hardware initialized to a value that assigns a slot number that is
globally unique within the chassis. These registers should be
initialized to O for ports connected to devices that are either
integrated on the motherboard or integrated within the same
silicon as the Switch device or Root Port.

HwInit
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Slot Control Register (Offset 18h)

The Slot Control register controls PCI Express Slot specific parameters. Figure 5-20 details
allocation of register fields in the Slot Control register; Table 5-18 provides the respective bit

definitions.

T A A
Power Controller Control

Power Indicator Control
Attention Indicator Control
Hot-plug Interrupt Enable

Command Completed Interrupt Enabl

15 11 10 9 8 7 6 5 4 3 2

revae | | | || [ ||

Figure 5-20: Slot Control Register

Table 5-18: Slot Control Register

1 0
1

Attention Button Pressed Enable
Power Fault Detected Enable
MRL Sensor Changed Enable

Presence Detect Changed Enable

Bit Location | Register Description Attributes

0 Attention Button Pressed Enable — This bit when set enables RW
the generation of hot plug interrupt or wake message on an
attention button pressed event.
Default value of this field is O.

1 Power Fault Detected Enable — This bit when set enables the RW
generation of hot plug interrupt or wake message on a power
fault event.
Default value of this field is O.

2 MRL Sensor Changed Enable — This bit when set enables the RwW
generation of hot plug interrupt or wake message on a MRL
sensor changed event.
Default value of this field is O.

3 Presence Detect Changed Enable — This bit when set enables RW
the generation of hot plug interrupt or wake message on a
presence detect changed event.
Default value of this field is O.

4 Command Completed Interrupt Enable — This bit when set RW
enables the generation of hot plug interrupt when a command is
completed by the Hot plug controller.
Default value of this field is O.

5 Hot plug Interrupt Enable — This bit when set enables RW

generation of hot plug interrupt on enabled hot plug events.

Default value of this field is 0.
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Bit Location | Register Description Attributes
7:6 Attention Indicator Control — Reads to this register return the RW
current state of the Attention Indicator; writes to this register set
the Attention Indicator. Defined encodings are:
00b | Reserved
0lb | On
10b | Blink
11b | Off
Write to this register causes the Port to send the appropriate
ATTENTION_INDICATOR_* messages.
9:8 Power Indicator Control — Reads to this register return the RW
current state of the Power Indicator; writes to this register set the
Power Indicator. Defined encodings are:
00b | Reserved
0lb | On
10b | Blink
11b | Off
Writes to this register causes the Port to send the appropriate
POWER_INDICATOR_* messages.
10 Power Controller Control — When read this register returns the RW

current state of the Power applied to the slot; when written sets
the power state of the slot per the defined encodings.

Ob | Power On
1b | Power Off
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Slot Status Register (Offset 1Ah)

The Slot Status register provides information about PCI Express Slot specific parameters.
Figure 5-21 details allocation of register fields in the Slot Status register; Table 5-19 provides
the respective bit definitions.

15 7 6 5 4 3 2 1 0

RovdZ | L]
Ty}

Presence Detect State—+

MRL Sensor State——

Command Completedq——————

Presence Detect Changed

MRL Sensor Changed

Power Fault Detected

Attention Button Pressed

Figure 5-21: Slot Status Register

Table 5-19: Slot Status Register

Bit Location | Register Description Attributes

0 Attention Button Pressed— This bit is set when the attention RW1C
button is pressed.
Default value of this field is O.

1 Power Fault Detected — This bit is set when the Power RwW1C
Controller detects a power fault at this slot.
Default value of this field is 0.

2 MRL Sensor Changed — This bit is set when a MRL Sensor RwW1C
state change is detected.
Default value of this field is 0.

3 Presence Detect Changed — This bit is set when a Presence RwW1C
Detect change is detected.
Default value of this field is O.

4 Command Completed — This bit is set when the hot plug RwW1C
controller completes an issued command.
Default value of this field is 0.

5 MRL Sensor State — This register reports the status of the MRL RO

sensor if it is implemented. Defined encodings are:
Ob | MRL Closed
1b | MRL Open
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Bit Location

Register Description

Attributes

6

Presence Detect State — This bit indicates the presence of a
card in the slot. This bit reflects the status of the Presence
Detect pin as defined in the PCI Express Card
Electromechanical Specification. Defined encodings are:

Ob | Slot Empty

1b | Card Present in slot

This register is required to be implemented on all Switch
Downstream Ports and Root Ports. The Presence Detect State
field for Switch Downstream Ports or Root Ports not connected
to any slots should be hardwired to 1. This register is required if
a slot is implemented.

RO

5.8.12.

Root Control Register (Offset 1Ch)

The Root Control register controls PCI Express Root Complex specific parameters.
Figure 5-22 details allocation of register fields in the Root Control register; Table 5-20
provides the respective bit definitions.

256

15 4 3 2 1 0
RsvdP |||||

f A A
PME Interrupt Enabl

System Error on Fatal Error Enable————

System Error on Non-Fatal Error Enable

System Error on Correctable Error Enable———

Figure 5-22: Root Control Register




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Table 5-20: Root Control Register

Bit Location

Register Description

Attributes

0

System Error on Correctable Error Enable — This bit controls
the Root Complex’s response to correctable errors. If set it
indicates that a System Error should be generated if a
correctable error is reported by any of the devices in the
hierarchy associated with this Root Port.

RW

System Error on Non-Fatal Error Enable — This bit controls
the Root Complex’s response to non-fatal errors. If set it
indicates that a System Error should be generated if a non-fatal
error is reported by any of the devices in the hierarchy
associated with this Root Port.

RwW

System Error on Fatal Error Enable — This bit controls the
Root Complex’s response to fatal errors. If set it indicates that a
System Error should be generated if a fatal error is reported by
any of the devices in the hierarchy associated with this Root
Port.

RW

PME Interrupt Enable — This bit when set enables interrupt
generation upon receipt of a PME message as reflected in the
PME Status register bit (see Table 5-21). A PME interrupt is
also generated if the PME Status register bit is set when this bit
is set from a cleared state.

Default value of this field is 0.

RW

5.8.13.

Root Status Register (Offset 20h)

The Root Status register provides information about PCI Express device specific
parameters. Figure 5-23 details allocation of register fields in the Root Status register; Table
5-21 provides the respective bit definitions.

31 17 16 15 0

| Rsvdz

PME Requestor ID

]|
A

PME Pending

PME Status

Figure 5-23: Root Status Register
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Table 5-21: Root Status Register

Bit Location | Register Description Attributes
15:0 PME Requestor ID — This field indicates the PCI requestor ID of RO
the last PME requestor.
16 PME Status — This bit indicates that PME was asserted by the RwW1C

requestor ID indicated in the PME Requestor ID field.
Subsequent PMEs are kept pending until the status register is
cleared by software by writing a 1.

17 PME Pending — This read-only bit indicates that another PME is RO
pending when the PME Status bit is set. When the PME Status

bit is cleared by software; the PME is delivered by hardware by

setting the PME Status bit again and updating the Requestor ID

appropriately. The PME pending bit is cleared by hardware if no
more PMEs are pending.

5.9. PCIl Express Extended Capabilities

PCI Express Extended Capability registers are located in device configuration space at
offsets 256 or greater as shown in Figure 5-24 or in the Root Complex Register Block
(RCRB). These registers when located in the device configuration space are accessible using
only the PCI Express extended configuration space flat memory-mapped access mechanism.

PCI Express Extended Capability structures are allocated using a linked list of optional or
required PCI Express Extended Capabilities following a format resembling PCI capability
structures. The first DWORD of the capability structute identifies the capability/version
and points to the next capability as shown in Figure 5-24.

FFFh
PCl Express Extended Capability
PCI Express Extended 15:0 Capability ID
Configuration Space E%ggﬁ{;fg 19:16 Capability Version Number
- ! 31:20 Next Capability Offset (0x0 based)—
Capability .
Data
FFh LD Length implied by CAP ID/Version Number
PCI Configuration PCI Express extended capabilities start
Space at base of extended configuration region
0

OM14302

Figure 5-24: PCI Express Extended Configuration Space Layout
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5.9.1. Extended Capabilities in Configuration Space

Extended Capabilities in device configuration space always begin at offset 100h with a PCI
Express Enhanced Capability Header (Section 5.9.3). Absence of any Extended Capabilities
is required to be indicated by an Enhanced Capability Header with a Capability ID of FFFFh
and a Next Capability Offset of Oh.

5.9.2. Extended Capabilities in the Root Complex Register
Block

Extended Capabilities in a Root Complex Register Block always begin at offset Oh with a
PCI Express Enhanced Capability Header (Section 5.9.3). Absence of any Extended
Capabilities is required to be indicated by an Enhanced Capability Header with a Capability
ID of FFFFh and a Next Capability Offset of Oh.

5.9.8. PCIl Express Enhanced Capability Header

All PCI Express extended capabilities must begin with a PCI Express Enhanced Capability
Header.

31 2019 1615 0

Next Capability Offset | | 3GIO Extended Capability ID |
A

Capability Version

Figure 5-25: PCI Express Enhanced Capability Header

Table 5-22: PCI Express Enhanced Capability Header

Bit Description Register
Location Attribute
15:0 PCI Express Extended Capability ID — This field is RO

a PCI-SIG defined ID number that indicates the
nature and format of the extended capability.

19:16 Capability Version — This field is a PCI-SIG RO
defined version number that indicates the version of
the capability structure present.

31:20 Next Capability Offset — This field contains the RO
offset to the next PCI Express capability structure or
000h if no other items exist in the linked list of
capabilities.

For Extended Capabilities implemented in device
configuration space, this offset is relative to the
beginning of PCI compatible configuration space
and thus must always be either 000h (for
terminating list of capabilities) or greater than OFFh.
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5.10. Advanced Error Reporting Capability

The PCI Express Advanced Error Reporting capability is an optional extended capability
that may be implemented by PCI Express devices supporting advanced error control and
reporting. The Advanced Error Reporting capability structure definition has additional
interpretation for Root Ports; software must interpret the PCI Express device/Port Type
field (Section 5.8.1) in the PCI Express Capability Structure to determine the availability of
additional registers for Root Ports.

Figure 5-26 shows the PCI Express Advanced Error Reporting Capability Structure.

Note that if an error reporting bit field is marked as optional in the error registers, the bits
must be implemented or not implemented as a group across the Status, Mask and Severity
registers. In other words, a device is required to implement the same error bit fields in
corresponding Status, Mask and Severity registers. Bits corresponding to bit fields that are
not implemented must be hardwired to 0.

Byte
31 0 Offset
3GIO Enhanced Capability Header oon
Uncorrectable Error Status Register 04h
. 08h
Uncorrectable Error Mask Register
Uncorrectable Error Severity Register 0Ch
Correctable Error Status Register 10h
Correctable Error Mask Register 14h
. . 18h
Advanced Error Capabilities Register
1Ch
Header Log Register
2Ch
Root Error Command
Only
Valid for 30h
Root Root Error Status
Ports
Error Source Correctable Error Source 34h
Identification Register Identification Register

Figure 5-26: PCI Express Advanced Error Reporting Extended Capability Structure
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5.10.1. Advanced Error Reporting Enhanced Capability
Header (Offset 00h)

See Section 5.9.3 for a description of the PCI Express Enhanced Capability Header. The

Extended Capability ID for the Advanced Error Reporting Capability is 0001h.

31

2019 16 15 0

Next Capability Offset | | 3GIO Extended Capability ID

Figure 5-27:

Table 5-23:

Capability Version

Advanced Error Reporting Enhanced Capability Header

Advanced Error Reporting Enhanced Capability Header

Bit
Location

Description

Register
Attribute

15:.0

PCI Express Extended Capability ID — This field is
a PCI-SIG defined ID number that indicates the
nature and format of the extended capability.

Extended Capability ID for the Advanced Error
Reporting Capability is 0001h.

RO

19:16

Capability Version — This field is a PCI-SIG
defined version number that indicates the version of
the capability structure present.

Must be 1h for this version of the specification.

RO

31:20

Next Capability Offset — This field contains the
offset to the next PCI Express capability structure or
000h if no other items exist in the linked list of
capabilities.

For Extended Capabilities implemented in device
configuration space, this offset is relative to the
beginning of PCI compatible configuration space
and thus must always be either 000h (for
terminating list of capabilities) or greater than OFFh.

RO
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19 ECRC Error Status

18 Malformed TLP Status
17 Received Overflow Status
16 Unexpected Completion Status
15 Completer Abort Status
14 Completion Timeout Status
13 Flow Control Protocol Error Status

12 Poisoned TLP Status

PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Uncorrectable Error Status Register (Offset 04h)

31 201918171615 14131211 543

10

RsvdZ

sz | | roc| |

L]
[YYYYYYY J

A

0 Training Error Status

4 Data Link Protocol Error

Status

Figure 5-28: Uncorrectable Error Status Register

The Uncorrectable Error Status register reports error status of individual error sources on a
PCI Express device. An individual error status bit that is set indicates that a particular error
occurred; software may clear an error status by writing a 1 to the respective bit. Refer to

Section 7.2 for further details.

Table 5-24: Uncorrectable Error Status Register

Bit Description Register Default
Location Attribute Value
0 Training Error Status (Optional) RW1CS 0
4 Data Link Protocol Error Status RW1CS 0
12 Poisoned TLP Status RW1CS 0
13 Flow Control Protocol Error Status (Optional) RW1CS 0
14 Completion Timeout Status RW1CS 0
15 Completer Abort Status (Optional) RW1CS 0
16 Unexpected Completion Status RW1CS 0
17 Receiver Overflow Status (Optional) RW1CS 0
18 Malformed TLP Status RW1CS 0
19 ECRC Error Status (Optional) RW1CS 0
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5.10.3. Uncorrectable Error Mask Register (Offset 08h)

31 201918171615 14131211 543 10
o [ L[] ] wooe [ Jrooe] ]
*AAAAAAA A
19 ECRC Error Mask
18 Malformed TLP Mask 0 Training Error Mask
17 Received Overflow Mask- —— 4 Data Link Protocol Error Mask
16 Unexpected Completion Mask

15 Completer Abort Mask

14 Completion Timeout Mask

13 Flow Control Protocol Error Mask

12 Poisoned TLP Mask

Figure 5-29: Uncorrectable Error Mask Register

The Uncorrectable Error Mask register controls reporting of individual errors by device to
the PCI Express Root Complex via a PCI Express error message. A masked error
(respective bit set in mask register) is not reported to the PCI Express Root Complex by an
individual device. Refer to Section 7.2 for further details. There is a mask bit per bit of the
Uncorrectable Error Status register.

Table 5-25: Uncorrectable Error Mask Register

Bit Description Register Default
Location Attribute Value
0 Training Error Mask (Optional) RWS 0
4 Data Link Protocol Error Mask RWS 0
12 Poisoned TLP Mask RWS 0
13 Flow Control Protocol Error Mask (Optional) RWS 0
14 Completion Timeout Mask RWS 0
15 Completer Abort Mask (Optional) RWS 0
16 Unexpected Completion Mask RWS 0
17 Receiver Overflow Mask (Optional) RWS 0
18 Malformed TLP Mask RWS 0
19 ECRC Error Mask (Optional) RWS 0
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5.10.4. Uncorrectable Error Severity Register (Offset 0Ch)

31 201918171615 14131211 543 10

RsvdP svdP | |RsvdP| |

LLLLLLLL] e
JYYYYYYVY A

19 ECRC Error Severity

18 Malformed TLP Severity 0 Training Error Severity

17 Received Overflow Severity 4 Data Link Protocol Error

Severity

16 Unexpected Completion Severity

15 Completer Abort Severity

14 Completion Timeout Severity

13 Flow Control Protocol Error Severity

12 Poisoned TLP Severity

Figure 5-30: Uncorrectable Error Severity Register

The Uncorrectable Error Severity register controls whether an individual error is reported as
a non-fatal or fatal error. An error is reported as fatal when the corresponding error bit in
the severity register is set. If the bit is cleared, the corresponding error is considered non-
fatal. Refer to Section 7.2 for further details.

Table 5-26: Uncorrectable Error Severity Register

Bit Description Register Default
Location Attribute Value
0 Training Error Severity (Optional) RWS 1
4 Data Link Protocol Error Severity RWS 1
12 Poisoned TLP Severity RWS 0
13 Flow Control Protocol Error Severity (Optional) RWS 0
14 Completion Timeout Error Severity RWS 0
15 Completer Abort Error Severity (Optional) RWS 0
16 Unexpected Completion Error Severity RWS 0
17 Receiver Overflow Error Severity (Optional) RWS 1
18 Malformed TLP Severity RWS 1
19 ECRC Error Severity (Optional) RWS 0
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Correctable Error Status Register (Offset 10h)

31 1211 98 765

10

Rsvdz | | | | || Rsvdz |

A A

12 Replay Timer Timeout Status—————

9:11 RsvdZ

v

8 REPLAY_NUM Rollover Status

7 Bad DLLPStatus

4

A

0 Receiver Error Status

6 Bad TLP Status

Figure 5-31: Correctable Error Status Register

The Correctable Error Status register reports error status of individual correctable error
sources on a PCI Express device. When an individual error status bit is set, it indicates that
a particular error occurred; software may clear an error status by writing a 1 to the respective
bit. Refer to Section 7.2 for further details.

Table 5-27: Correctable Error Status Register

Bit Description Register Default
Location Attribute Value

0 Receiver Error Status (Optional) RW1CS 0

6 Bad TLP Status RW1CS 0

7 Bad DLLP Status RW1CS 0

8 REPLAY_NUM Rollover Status RW1CS 0

12 Replay Timer Timeout Status RW1CS 0

5.10.6. Correctable Error Mask (Offset 14h)

31 1211 98 765

10

| RsvdP | | | | ||RsvdP| |

A A

12 Replay Timer Timeout Mask

9:11 RsvdZ

v

8 REPLAY_NUM Rollover Mask

7 Bad DLLPMasl}

4

A

0 Receiver Error Mask

6 Bad TLP Mask

Figure 5-32: Correctable Error Mask Register

The Correctable Error Mask register controls reporting of individual correctable errors by
device to the PCI Express Root Complex via a PCI Express error message. A masked error
(respective bit set in mask register) is not reported to the PCI Express Root Complex by an
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individual device. Refer to Section 7.2 for further details. There is a mask bit per bit in the
Correctable Error Status register.

Table 5-28: Correctable Error Mask Register

Bit Description Register Default
Location Attribute Value

0 Receiver Error Mask (Optional) RWS 0

6 Bad TLP Mask RWS 0

7 Bad DLLP Mask RWS 0

8 REPLAY_NUM Rollover Mask RWS 0

12 Replay Timer Timeout Mask RWS 0

5.10.7. Advanced Error Capabilities and Control Register
(Offset 18h)

31 98765 4 0

First Error

RsvdP ;
sV Pointer

[YYY)
ECRC Check Enabl

ECRC Check Capable

ECRC Generation Enable

ECRC Generation Capabl

Figure 5-33: Advanced Error Capabilities and Control Register

Figure 5-33 details allocation of register fields in the Advanced Error Capabilities and
Control register; Table 5-29 provides the respective bit definitions. Handling of multiple
errors is discussed in Section 7.2.4.2.

Table 5-29: Advanced Error Capabilities Register

Bit Description Register
Location Attribute
4:0 First Error Pointer - The First Error Pointer is a ROS

read-only register that identifies the bit position of
the first error reported in the Uncorrectable Error
Status register. Refer to Section 7.2 for further
details

5 ECRC Generation Capable — This bit indicates that RO
the device is capable of generating ECRC (see
Section 2.10).

6 ECRC Generation Enable — This bit when set RWS
enables ECRC generation (see Section 2.10).
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Bit Description Register
Location Attribute
Default value of this field is 0.
7 ECRC Check Capable — This bit indicates that the RO
device is capable of checking ECRC (see
Section 2.10).
8 ECRC Check Enable — This bit when set enables RWS

ECRC checking (see Section 2.10).

Default value of this field is O.

5.10.8.

Header Log Register (Offset 1Ch)

The header log register captures the header for the transaction that generated an error; refer

to Section 7.2 for further details. Section 7.2 also enumerates the conditions whete the
packet header is logged. This register is 16 bytes and adheres to the format of the headers

defined throughout this specification.

127

Header Log Register

Figure 5-34: Header Log Register

Table 5-30: Header Log Register

Bit Description Register Default
Location Attribute Value
127:0 Header of TLP associated with error ROS 0
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5.10.9. Root Error Command Register (Offset 2Ch)

31 3210
RsvdP

1]
AAA

2 Fatal Error Reporting Enable

1 Non-Fatal Error Reporting Enable

0 Correctable Error Reporting Enable
Figure 5-35: Root Error Command Register

The Root Error Command register allows finer control of root complex response to
Correctable, Non-Fatal and Fatal error messages than the basic root complex capability to
generate system etrofrs in response to error messages. Bit fields enable/disable generation of
interrupts (claimed by the Root Port) in addition to system error messages according to the
definitions in Table 5-31.

Table 5-31: Root Error Command Register

Bit Description Register Default
Location Attribute Value
0 Correctable Error Reporting Enable — When set RW 0

this bit enables the generation of an interrupt when
a correctable error is reported by any of the devices
in the hierarchy associated with this Root Port.
Refer to Section 7.2 for further details.

1 Non-Fatal Error Reporting Enable — When set this RwW 0
bit enables the generation of an interrupt when a
non-fatal error is reported by any of the devices in
the hierarchy associated with this Root Port. Refer
to Section 7.2 for further details.

2 Fatal Error Reporting Enable — When set this bit RW 0
enables the generation of an interrupt when a fatal
error is reported by any of the devices in the
hierarchy associated with this Root Port. Refer to
Section 7.2 for further details.

System error generation in response to PCI Express error messages may be turned off by
system software using the PCI Express Capability Structure described in Section 5.8 when
advanced error reporting via interrupts is enabled. Refer to Section 7.2 for further details.
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27 26 43210

| msi# | RsvdZ

3 Next Uncorrectable Error Detected

2 First Uncorrectable Error Detected

1 Next Correctable Error Detecteg

[[1]]
AAAA

0 First Correctable Error Detectett

Figure 5-36: Root Error Status Register

The Root Error Status register reports status of errors received by the root complex. Each

correctable and uncorrectable (non-fatal and fatal) error source has a first error bit and a

next error bit associated with it respectively. When an error is received by a root complex,

the respective first error bit is set and the Requestor ID is logged in the Error Source
Identification register. A set individual error status bit indicates that a particular error

occurred; software may clear an error status by writing a 1 to the respective bit. If software

does not clear the first reported error before another error message is received, the next

error status bit will be set but the Requestor ID of the subsequent error message is

discarded. The next error status bits may be cleared by software by writing a 1 to the

respective bit as well. Refer to Section 7.2 for further details.

Table 5-32: Root Error Status Register

Bit
Location

Description

Register
Attribute

0

First Correctable Error Detected — Set when a
correctable error is received and First Correctable
Error Detected is not already set.

Default value of this field is O.

RW1CS

Next Correctable Error Detected — Set when a
correctable error is received and First Correctable
Error Detected is already set. This indicates that

one or more error message requestor IDs were lost.

Default value of this field is O.

RW1CS

First Uncorrectable Error Detected — Set when
either a fatal or a non-fatal error is received and
First Uncorrectable Error Detected is not already
set.

Default value of this field is O.

RW1CS
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Bit Description Register
Location Attribute
3 Next Uncorrectable Error Detected — Set when RW1CS

either a fatal or a non-fatal error is received and
First Uncorrectable Error Detected is already set.
This indicates that one or more error message
requestor IDs were lost.

Default value of this field is O.

31:27 Advanced Error Interrupt Message Number — If RO
this function is allocated more than one MSI
interrupt number, this register is required to contain
the offset between the base Message Data and the
MSI Message that is generated when any of status
bits of this capability are set.

Hardware is required to update this field so that it is
correct if the number of MSI Messages assigned to
the device changes.

5.10.11. Error Source ldentification Register (Offset 34h)

31 16 15 0

Uncorrectable Error Source Correctable Error Source
Identification Register Identification Register

Figure 5-37: Error Source Identification Register

The Error Source identification register identifies the source (Requestor ID) of first
cotrectable and non-fatal/fatal errors reported in the Root Error Status register. Refer to
Section 7.2 for further details.

Table 5-33: Error Source Identification Register

Bit Description Register
Location Attribute
15:0 Correctable Error Source ldentification — Set with ROS

the Requestor ID of the source when a correctable
error is received and First Correctable Error
Detected is not already set.

Default value of this field is 0.

31:16 Uncorrectable Error Source Identification — Set ROS
with the Requestor ID of the source when a non-
fatal/fatal error is received and the First

Uncorrectable Error Detected is not already set.

Default value of this field is 0.
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5.11. Virtual Channel Capability

The PCI Express Virtual Channel capability is an optional extended capability that is
required to be implemented by PCI Express ports of devices that support PCI Express
functionality beyond the general purpose 1O traffic, i.e. the default Traftic Class 0 (TCO)
over the default Virtual Channel 0 (VCO0). This may apply to devices with only one VC that
support TC filtering or to devices that support multiple VCs. Note that a PCI Express
device that supports only TCO over VCO does not require VC extended capability and
associated registers. Figure 5-38 provides a high level view of the PCI Express Virtual
Channel Capability Structure for all devices. This structure controls Virtual Channel
assignment for PCI Express links and may be present in Endpoint devices, Switch ports
(Upstteam and Downstream), Root Ports and RCRB. Some registers/fields in the PCI
Express Virtual Channel Capability Structure may have different interpretation for Endpoint
devices, Switch ports, Root Ports and RCRB. Software must interpret the PCI Express
device/Port Type field (Section 5.8.1) in the PCI Express Capability Structure to determine
the availability and meaning of these registers/fields.

The PCI Express Virtual Channel Capability Structure can be present in the Extended
Configuration Space of all devices or in RCRB with the restriction that it is only present in
the Extended Configuration Space of Function 0 for devices at their Upstream Ports.

31 16 15 0 Byte Offset
4 a 3GIO Enhanced Capability Header 00h
Port VC Capability Register 1 (S:S) 04h
[]
Ve AD (Tgalb';)o fiset : Port VC Capability Register 2 08h
Port VC Status Register | Port VC Control Register och
]
/ Port Arb(;ibzli)Oﬁsm ! VC Resource Capability Register (0) 10h
y VC Resource Control Register (0) 14h
All
Switch Devices < VC Resource Status Register (0) RsvdP 18h
ports,
Root < / LR
Ports l Port Arb Table Offset o . .
and } | (31:24) VC Resource Capability Register(n) 10h +n*0Ch
RCRB
, |/ VC Resource Control Register (n) 14h +n*0Ch
| /\ VC Resource Status Register (n) RsvdP 18h +n *0Ch
\IY VC Arbitration Table VAT_Offset * 04h
\ Port Arbitration Table (0) gﬁ}oﬁset(o) .
\ . . PAT_Offset(n) *
\_ Port Arbitration Table (n) 04h

*n = Extended VC Count

Figure 5-38: PCI Express Virtual Channel Capability Structure
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The following registers/fields are defined for PCI Express Virtual Channel Capability

Structure.

5.11.1. Virtual Channel Enhanced Capability Header

See Section 5.9.3 for a description of the PCI Express Enhanced Capability Header. The

Extended Capability ID for the Virtual Channel Capability is 0002h.

2019 1615 0

| Next Capability Offset | | 3GIO Extended Capability 1D

Capability Version

Figure 5-39: Virtual Channel Enhanced Capability Header

Table 5-34: Virtual Channel Enhanced Capability Header

Bit
Location

Description

Register
Attribute

15:.0

PCI Express Extended Capability ID — This field is
a PCI-SIG defined ID number that indicates the
nature and format of the extended capability.

Extended Capability ID for the Virtual Channel
Capability is 0002h.

RO

19:16

Capability Version — This field is a PCI-SIG
defined version number that indicates the version of
the capability structure present.

Must be 1h for this version of the specification.

RO

31:20

Next Capability Offset — This field contains the
offset to the next PCI Express capability structure or
000h if no other items exist in the linked list of
capabilities.

For Extended Capabilities implemented in device
configuration space, this offset is relative to the
beginning of PCI compatible configuration space
and thus must always be either 000h (for
terminating list of capabilities) or greater than OFFh.

RO
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5.11.2. Port VC Capability Register 1

The Port VC Capability Register 1 describes the configuration of the Virtual Channels
associated with a PCI Express port. Figure 5-40 details allocation of register fields in the
Port VC Capability Register 1; Table 5-35 provides the respective bit definitions.

31 121110 9 8 7 6 4 3 2 0

RsvdP

Port Arbitration Table Entry Size J

Reference Clock

RsvdP

Low Priority Extended VC Count

RsvdP

Extended VC Count

Figure 5-40: Port VC Capability Register 1

Table 5-35: Port VC Capability Register 1

Bit Location Description Attribute

2:0 Extended VC Count — Indicates the number of (extended) Virtual RO

Channels in addition to the default VC supported by the device. This
field is valid for all devices.

The minimum value of this field is O (for devices that only support the
default VC). The maximum value is 7.

6:4 Low Priority Extended VC Count — Indicates the number of (extended) RO

Virtual Channels in addition to the default VC belonging to the low-
priority VC (LPVC) group that has the lowest priority with respect to
other VC resources in a strict-priority VC Arbitration. This field is valid
for all devices.

The minimum value of this field is 0 and the maximum value is
Extended VC Count.
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Bit Location

Description

Attribute

9:8

Reference Clock — Indicates the reference clock for Virtual Channels
that support time-based WRR Port Arbitration. This field is valid only
for RCRB and Switch Upstream Ports. This field is not valid and must
be set to O for Endpoint devices, Root Ports or Switch Downstream
Ports. Defined encodings are:

00b 100 ns reference clock
0lb - 11b | Reserved

Note: Time-based WRR Port Arbitration can be supported by multiple
Switch ports when they serve as egress for peer-to-peer traffic.
However, only the Upstream Port of a Switch contains valid
Reference Clock.

RO

11:10

Port Arbitration Table Entry Size — Indicates the size (in bits) of Port
Arbitration table entry in the device. This field is valid only for RCRB
and Switch Upstream Ports. It is not valid and must be set to 0 for
Endpoint devices, Root Ports or Switch Downstream Ports. Defined
encodings are:

00b The size of Port Arbitration table entry is 1 bit

01b The size of Port Arbitration table entry is 2 bits
10b The size of Port Arbitration table entry is 4 bits
11b The size of Port Arbitration table entry is 8 bits

RO
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Port VC Capability Register 2

The Port VC Capability Register 2 provides further information about the configuration of
the Virtual Channels associated with a PCI Express port. Figure 5-41 details allocation of
register fields in the Port VC Capability Register 2; Table 5-36 provides the respective bit

definitions.

31 24 23 8 7 0

VC Arbitration VC Arbitration
Table Offset RsvdP Capability

Figure 5-41: Port VC Capability Register 2

Table 5-36: Port VC Capability Register 2

Bit
Location

Description

Attribute

7:0

VC Arbitration Capability — Indicates the types of VC Arbitration
supported by the device for the LPVC group. This field is valid
for all devices that report a Low Priority Extended VC Count
greater than 0.

Each bit location within this field corresponds to a VC Arbitration
capability defined below. When more than one bit in this field is
set, it indicates that the port can be configured to provide different
VC arbitration services. Defined bit positions are:

Bit 0 Hardware fixed Round-Robin (RR) or RR-
like arbitration scheme

Bit 1 Weighted Round Robin (WRR) arbitration
with 32 phases

Bit 2 WRR arbitration with 64 phases
Bit 3 WRR arbitration with 128 phases
Bits 4-7 Reserved

RO

31:24

VC Arbitration Table Offset — Indicates the location of the VC
Arbitration Table. This field is valid for all devices.

This field contains the zero-based offset of the table in
DQWORDS (16 bytes) from the base address of the Virtual
Channel Capability Structure. A value of 0 indicates that the
table is not present.

RO
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Port VC Control Register

Figure 5-42 details allocation of register fields in the Port VC Control Register; Table 5-37
provides the respective bit definitions.

15 4 3 10

RsvdP
VC Arbitration Select J
Load VC Arbitration Table

Figure 5-42: Port VC Control Register

Table 5-37: Port VC Control Register

Bit
Location

Description

Attribute

0

Load VC Arbitration Table — Used for software to update the
VC Arbitration Table. This field is valid for all devices when the
VC Arbitration Table is used by the selected VC Arbitration.

Software sets this bit to request hardware to apply new values
programmed into VC Arbitration Table; clearing this bit has no
effect. Software checks the VC Arbitration Table Status field to
confirm that new values stored in the VC Arbitration Table are
latched by the VC arbitration logic.

This bit always returns 0 when read.

RwW

3.1

VC Arbitration Select — Used for software to configure the VC
arbitration by selecting one of the supported VC Arbitration
schemes indicated by the VC Arbitration Capability field in the
Port VC Capability Register 2. This field is valid for all devices.

The value of this field is the number corresponding to one of the
asserted bits in the VC Arbitration Capability field.

This field can not be modified when more than one VC in the
LPVC group is enabled.

RwW
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Port VC Status Register

The Port VC Status Register provides status of the configuration of Virtual Channels
associated with a port. Figure 5-43 details allocation of register fields in the Port VC Status
Register; Table 5-38 provides the respective bit definitions.

15 10

_

Figure 5-43: Port VC Status Register

Rsvdz

VC Arbitration Table Status

Table 5-38: Port VC Status Register

Bit
Location

Description

Attribute

0

VC Arbitration Table Status — Indicates the coherency status
of the VC Arbitration Table. This field is valid for all devices
when the VC Arbitration Table is used by the selected VC
Arbitration.

This bit is set by hardware when any entry of the VC Arbitration
Table is written by software. This bit is cleared by hardware
when hardware finishes loading values stored in the VC
Arbitration Table after software sets the Load VC Arbitration
Table field in the Port VC Control Register.

Default value of this field is O.

RO

5.11.6.

VC Resource Capability Register

The VC Resource Capability Register describes the capabilities and configuration of a
particular Virtual Channel resource. Figure 5-44 details allocation of register fields in the VC

Resource Capability Register; Table 5-39 provides the respective bit definitions.

31 24 23 22 16 15 14 8 7

Port Arbitration Maximum Time RsvdP Port Arbitration
Table Offset Slots Capability

RsvdP J
Snoop Transaction Permitted

Figure 5-44: VC Resource Capability Register
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Table 5-39: VC Resource Capability Register

Location

Bit

Description

Attribute

7:0

Port Arbitration Capability — Indicates types of Port Arbitration
supported by the VC resource. This field is valid for all Switch
ports and RCRB, but not for PCI Express Endpoint devices or
Root Ports.

Each bit location within this field corresponds to a Port
Arbitration capability defined below. When more than one bit in
this field is set, it indicates that the VC resource can be
configured to provide different arbitration services.

Software selects among these capabilities by writing to the Port
Arbitration Select field (see below). Defined bit positions are:

Bit O Hardware fixed Round-Robin (RR) or RR-
like arbitration scheme

Bit 1 Weighted Round Robin (WRR) arbitration
with 32 phases

Bit 2 WRR arbitration with 64 phases
Bit 3 WRR arbitration with 128 phases
Bit 4 Time-based WRR with 128 phases
Bits 5-7 Reserved

RO

15

Snoop Transaction Permitted — Indicates if snoop transaction
is permitted over the VC resource. This field is valid only for
RCRB, but not for PCI Express Endpoint devices, Switch ports
or Root Ports.

When this field is set, it indicates that the Root Complex is able
to honor the "Snoop Not Required" Attribute field in the TLP
header and ensure cache coherency for the transactions over
the VC resource. When this field is set to 0, it indicates that the
Root Complex ignores the "Snoop Not Required" Attribute field
in the TLP header and does not perform Snoop operation for
transactions over the VC resource.

Hwinit

22:16

Maximum Time Slots — Indicates the maximum number of time
slots (minus one) that the VC resource is capable of supporting
when it is configured for time-based WRR Port Arbitration. For
example, a value 0 in this field indicates the supported
maximum number of time slots is 1 and a value of 127 indicates
the supported maximum number of time slot is 128. This field is
valid for all Switch ports, Root Ports and RCRB, but not for PCI
Express Endpoint devices. In addition, this field is valid only
when Port Arbitration Capability indicates that the VC resource
supports time-based WRR Port Arbitration.

HwiIniit
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31:24

Port Arbitration Table Offset — Indicates the location of the
Port Arbitration Table associated with the VC resource. This
field is valid for all Switch ports and RCRB, but not for PCI
Express Endpoint devices or Root Ports.

This field contains the zero-based offset of the table in
DQWORDS (16 bytes) from the base address of the Virtual
Channel Capability Structure. A value of 0 indicates that the
table is not present.

RO

5.11.7.

VC Resource Control Register

Figure 5-45 details allocation of register fields in the VC Resource Control Register;
Table 5-40 provides the respective bit definitions.

31 30 27 26 24 23 20 19 17 16 15 8 7 0

RsvdP RsvdP RsvdP TC/VC Map

L Load Port Arbitration Table

Port Arbitration Select

VCID
VC Enable

Figure 5-45: VC Resource Control Register

Table 5-40: VC Resource Control Register

Bit
Location

Description

Attribute

7.0

TC/VC Map — This field indicates the TCs that are mapped to
the VC resource. This field is valid for all devices.

Bit locations within this field correspond to TC values. For
example, when bit 7 is set in this field, TC7 is mapped to this VC
resource. When more than one bit in this field is set, it indicates
that multiple TCs are mapped to the VC resource.

In order to remove one or more TCs from the TC/VC Map of an
enabled VC, software must ensure that no new or outstanding
transactions with the TC labels are targeted at the given Link.

Default value of this field is FFh for the first VC resource and is
00h for other VC resources.

Note:

Bit O of this field is read-only. It must be set by hardware (‘hard-
wired') for the first VC resource (default VC) and cleared for
other VC resources when present.

RwW

(see the note
for
exceptions)
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Bit
Location

Description

Attribute

16

Load Port Arbitration Table — This bit, when set, updates the
Port Arbitration logic from the Port Arbitration Table for the VC
resource. This field is valid for all Switch ports and RCRB, but
not for PCI Express Endpoint devices or Root Ports. In addition,
this field is only valid when the Port Arbitration Table is used by
the selected Port Arbitration scheme (that is indicated by a set
bit in the Port Arbitration Capability field selected by Port
Arbitration Select).

Software sets this bit to signal hardware to update Port
Arbitration logic with new values stored in Port Arbitration Table;
clearing this bit has no effect. Software uses the Port Arbitration
Table Status bit to confirm whether the new values of Port
Arbitration Table are completely latched by the arbitration logic.

This bit always returns 0 when read.

Default value of this field is O.

RwW

19:17

Port Arbitration Select — This field configures the VC resource
to provide a particular Port Arbitration service. This field is valid
only for RCRB, but not for PCI Express Endpoint devices,
Switch Ports or Root Ports.

Permissible value of this field is a number corresponding to one
of the asserted bits in the Port Arbitration Capability field of the
VC resource.

This field can not be modified when the VC is already enabled.

RW

26:24

VC ID — This field assigns a VC ID to the VC resource (see note
for exceptions). This field is valid for all devices.

This field can not be modified when the VC is already enabled.
Note:

For the first VC resource (default VC), this field is a read-only
field that must be set to 0 (‘hard-wired').

RwW
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Bit
Location

Description

Attribute

31

VC Enable — This field, when set, enables a Virtual Channel
(see note 1 for exceptions). The Virtual Channel is disabled
when this field is cleared. This field is valid for all devices.

Software must use the VC Negotiation Pending bit to check
whether the VC negotiation is complete. When VC Negotiation
Pending bit is cleared, a 1 read from this VC Enable bit indicates
that the VC is enabled (Flow Control Initialization is completed
for the PCI Express port); a O read from this bit indicates that the
Virtual Channel is currently disabled.

Default value of this field is 1 for the first VC resource and is 0
for other VC resource(s).

Notes

1. This bit is hardwired to 1 for the default VC (VCO0), i.e.,
writing to this field has no effect for VCO.

2. To enable a Virtual Channel, the VC Enable bits for that
Virtual Channel must be set in both components on a Link.

3. Todisable a Virtual Channel, the VC Enable bits for that
Virtual Channel must be cleared in both components on a
Link.

4. Software must ensure that no traffic is using a Virtual
Channel at the time it is disabled.

5. Software must fully disable a Virtual Channel in both
components on a Link before re-enabling the Virtual
Channel.

RwW

5.11.8.

VC Resource Status Register

Figure 5-46 details allocation of register fields in the VC Resource Status Register;
Table 5-41 provides the respective bit definitions.

15 210

Rsvdz

VC Negotiation Pending J

rt Arbitration Table Status

Figure 5-46: VC Resource Status Register
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Table 5-41: VC Resource Status Register

Bit Description Attribute
Location
0 Port Arbitration Table Status — This bit indicates the RO

coherency status of the Port Arbitration Table associated with
the VC resource. This field is valid for RCRB, but not for PCI
Express Endpoint devices, Switch Ports or Root Ports. In
addition, this field is valid only when the Port Arbitration Table is
used by the selected Port Arbitration for the VC resource.

This bit is set by hardware when any entry of the Port Arbitration
Table is written to by software. This bit is cleared by hardware
when hardware finishes loading values stored in the Port
Arbitration Table after software sets the Load Port Arbitration
Table field.

Default value of this field is O.

1 VC Negotiation Pending —This bit indicates whether the Virtual RO
Channel negotiation (initialization or disabling) is in pending
state. This field is valid for all devices.

When this bit is set by hardware, it indicates that the VC
resource is still in the process of negotiation. This bit is cleared
by hardware after the VC negotiation is complete. For a non-
default Virtual Channel, software may use this bit when enabling
or disabling the VC. For the default VC, this bit indicates the
status of the process of Flow Control initialization.

Before using a Virtual Channel, software must check whether
the VC Negotiation Pending fields for that Virtual Channel are
cleared in both components on a Link.

5.11.9. VC Arbitration Table

The VC Arbitration Table is a read-write register array that is used to store the arbitration
table for VC Arbitration. This field is valid for all devices when a WRR table is used by the
selected VC Arbitration. If it exists, the VC Arbitration Table is located by the VC
Arbitration Table Offset field.

The VC Arbitration Table is a register array with fixed-size entries of 4 bits. Figure 5-47
depicts the table structure of an example VC Arbitration Table with 32-phases. Each 4-bit
table entry corresponds to a phase within a WRR arbitration period. The definition of table
entry is depicted in Table 5-42. The lower three bits (bit 0 to bit 2) contain the VC ID value,
indicating that the corresponding phase within the WRR arbitration period is assigned to the
Virtual Channel indicated by the VC ID.

A phase containing a VC ID that does not correspond to any enabled VCs is simply skipped
in the WRR arbitration.

The highest bit (bit 3) of the table entry is reserved. The length of the table depends on the
selected VC Arbitration as shown in Table 5-43.
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When the VC Arbitration Table is used by the default VC Arbitration method, the default

values of the table entries must be all zero to ensure forward progress for the default VC
(with VC ID of 0).

31 28 7 4 3 0 Byte Location
Phase[7] |... 4. Phase[l] [Phase[0] 00h
Phase[15] |... 4. Phase[9] [Phasel[8] 04h
Phase[23] |... 4. Phase[17] [Phase[16] 08h
Phase[31] |... B . Phase[25] [Phase[24] 0Ch

Figure 5-47: Structure of an Example VC Arbitration Table with 32-Phases.

Table 5-42: Definition of the 4-bit Entries in the VC Arbitration Table

Bit Description Attribute
Location

2:0 VC ID RW

3 Reserved RW

Table 5-43 Length of the VC Arbitration Table

VC Arbitration Select VC Arbitration Table Length (in # of Entries)
001b 32
010b 64
011b 128

5.11.10. Port Arbitration Table

The Port Arbitration Table register is a read-write register array that is used to store the
WRR arbitration table for Port Arbitration for the VC resource. This register array is valid
for all Switch ports and RCRB, but not for Endpoint devices or Root Ports. It is only
present when one or more asserted bits in the Port Arbitration Capability field indicate that
the device supports a Port Arbitration scheme that uses a programmable arbitration table.
Furthermore, it is only valid when one of the above mentioned bits in the Port Arbitration
Capability field is selected by the Port Arbitration Select field.

The Port Arbitration Table represents one port arbitration period. Figure 5-48 shows the
structure of an example Port Arbitration Table with 128 phases and 2-bit table entries. Each
table entry containing a Port Number corresponds to a phase within a port arbitration
period. For example, a table with 2-bit entries can be used by a Switch component with up
to 4 ports. A Port Number written to a table entry indicates that the phase within the Port
Arbitration period is assigned to the selected PCI Express port.

e  When the WRR Port Arbitration is used for a VC of any given port (as an Egress Port

for the traffic flow over the VC), a phase containing that port's Port Number is simply
skipped by the Port Arbiter.

283



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

e When the Time-based WRR Port Arbitration is used for a VC of any given port, a phase
containing that port's Port Number indicates an 'idle' time-slot for the Port Arbiter.

The table entry size is determined by the Port Arbitration Table Entry Size field in the VC

Resource Capability Register 1. The length of the table is determined by the Port Arbitration
Select field as shown in Table 5-44.

When the Port Arbitration Table is used by the default Port Arbitration for the default VC,
the default values for the table entries must contain at least one entry for each of other PCI
Express ports of the device to ensure forward progress for the default VC for each port. The
table may contain RR or RR-like fair Port Arbitration for the default VC.

31 30 5 4 3 2 1 0 Byte Location
Phase[15] |... . Phase[1] Phase|[0] 00h
Phase[31] |... . Phase[17] [Phase[16] 04h

08h
0Ch
10h
14h
Phase[111] |... Phase[97] |Phase[96] 18h
Phase[127] |... Phase[113] [Phase[112] 1Ch

Figure 5-48: Example Port Arbitration Table with 128 Phases and 2-bit Table Entries

Table 5-44: Length of Port Arbitration Table

Port Arbitration Select Port Arbitration Table Length (in # of Entries)
001b 32
010b 64
011b 128
100b 128
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5.12. Device Serial Number Capability

The PCI Express Device Serial Number capability is an optional extended capability that
may be implemented by any PCI Express device. The Device Serial Number is a read-only
04-bit value that is unique for a given PCI Express device.

All multi-function devices that implement this capability must implement it for function 0
other functions that implement this capability must return the same Device Serial Number
value as that reported by function 0.

A PCI Express multi-device component such as a PCI Express Switch that implements this
capability must return the same Device Serial Number for each device.

Byte
31 o  Offset

3GIO Enhanced Capability Header oon

04h
Serial Number Register

08h

Figure 5-49: PCI Express Device Serial Number Capability Structure

5.12.1. Device Serial Number Enhanced Capability Header
(Offset 00h)

See Section 5.9.3 for a description of the PCI Express Enhanced Capability Header. The
Extended Capability ID for the Device Serial Number Capability is 0003h.

31 2019 16 15 0

| Next Capability Offset | | 3GIO Extended Capability 1D |

Capability Version

Figure 5-50: Device Serial Number Enhanced Capability Header

Table 5-45: Device Serial Number Enhanced Capability Header

Bit Description Register
Location Attribute
15:0 PCI Express Extended Capability ID — This field is RO

a PCI-SIG defined ID number that indicates the
nature and format of the extended capability.

Extended Capability ID for the Device Serial
Number Capability is 0003h.

19:16 Capability Version — This field is a PCI-SIG RO
defined version number that indicates the version of
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Bit Description Register
Location Attribute

the capability structure present.
Must be 1h for this version of the specification.

31:20 Next Capability Offset — This field contains the RO
offset to the next PCI Express capability structure or
000h if no other items exist in the linked list of
capabilities.

For Extended Capabilities implemented in device
configuration space, this offset is relative to the
beginning of PCI compatible configuration space
and thus must always be either 000h (for
terminating list of capabilities) or greater than OFFh.

5.12.2. Serial Number Register (Offset 04h)

The Serial Number register is a 64-bit field that contains the IEEE defined 64-bit extended
unique identifier (EUI-64™),

63 0

Serial Number Register

Figure 5-51: Serial Number Register

Table 5-46: Serial Number Register

Bit Description Register
Location Attribute
63:0 PCI Express Device Serial Number — This field RO

contains the IEEE defined 64-bit extended unique
identifier (EUI-64™). This identifier includes a 24-bit
company id value assigned by IEEE registration
authority and a 40-bit extension identifier assigned
by the manufacturer.
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5.13. Power Budgeting Capability

The PCI Express Power Budgeting Capability allows the system to propetly allocate power
to devices that are added to the system at runtime. Through this capability, a device can
report the power it consumes on a variety of power rails, in a variety of device power
management states, in a variety of operating conditions. The system uses this information to
ensure that the system is capable of providing the proper power and cooling levels to the
device. Failure to properly indicate device power consumption may risk device or system
failure.

This capability is required for all devices that are implemented as PCI Express Modules.
Implementation of this capability is optional for PCI Express devices that are implemented
either as a PCI Express Card or are integrated on the motherboard. Devices that may be
implemented either as a PCI Express Module or a PCI Express Card are required to
implement this capability.

Byte

31 o Offset
3GIO Enhanced Capability Header 00h

RsvdP Data Select Register 04h

Data Register 08h

RsvdP Cazgvgi::yBlgig?stter 0Ch

Figure 5-52: PCI Express Power Budgeting Capability Structure

5.13.1. Power Budgeting Enhanced Capability Header (Offset
00h)

See Section 5.9.3 for a description of the PCI Express Enhanced Capability Header. The
Extended Capability ID for the Power Budgeting Capability is 0004h.

31 2019 16 15 0

| Next Capability Offset | | 3GIO Extended Capability 1D |

Capability Version

Figure 5-53: Power Budgeting Enhanced Capability Header
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Table 5-47: Power Budgeting Enhanced Capability Header

Bit Description Register
Location Attribute
15:0 PCI Express Extended Capability ID — This field is RO

a PCI-SIG defined ID number that indicates the
nature and format of the extended capability.

Extended Capability ID for the Power Budgeting
Capability is 0004h.

19:16 Capability Version — This field is a PCI-SIG RO
defined version number that indicates the version of
the capability structure present.

Must be 1h for this version of the specification.

31:20 Next Capability Offset — This field contains the RO
offset to the next PCI Express capability structure or
000h if no other items exist in the linked list of
capabilities.

For Extended Capabilities implemented in device
configuration space, this offset is relative to the
beginning of PCI compatible configuration space
and thus must always be either 000h (for
terminating list of capabilities) or greater than OFFh.

5.13.2. Data Select Register (Offset 04h)

This read-write register indexes the Power Budgeting Data reported through the Data
register and selects the DWORD of Power Budgeting Data that should appear in the Data
Register. Index values for this register start at O to select the first DWORD of Power
Budgeting Data; subsequent DWORDs of Power Budgeting Data are selected by increasing

index values.
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5.13.3. Data Register (Offset 08h)

This read-only register returns the DWORD of Power Budgeting Data selected by the Data
Select Register. Each DWORD of the Power Budgeting Data describes the power usage of
the device in a particular operating condition. Power Budgeting Data for different operating
conditions is not required to be returned in any particular order, as long as incrementing the
Data Select Register causes information for a different operating condition to be returned.
If the Data Select Register contains a value greater than or equal to the number of operating
conditions for which the device provides power information, this register should return all
ZE10s.

31 2120 1817 15141312 119 87 0
RsvdP Base Power
Power Rail * T
Type
PM State
PM Sub State
Data Scale

Figure 5-54: Power Budgeting Data Register
The Base Power and Data Scale registers describe the power usage of the device; the Power
Rail, Type, PM State, and PM Sub State registers describe the conditions under which the

device has this power usage.

Table 5-48: Power Budgeting Data Register

Bit Location | Register Description Attributes

7:0 Base Power — Specifies in Watts the base power value in the RO
given operating condition. This value must be multiplied by the
data scale to produce the actual power consumption value.

9:8 Data Scale — Specifies the scale to apply to the Base Power RO
value. The power consumption of the device is determined by
multiplying the contents of the Base Power register field with the
value corresponding to the encoding returned by this field.
Defined encodings are:

00b 1.0x
01b 0.1x
10b 0.01x
11b 0.001x
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Bit Location

Register Description

Attributes

12:10

PM Sub State — Specifies the power management sub state of
the operating condition being described. Defined encodings are:

000b Default Sub State
001b —111b | Device Specific Sub State

RO

14:13

PM State — Specifies the power management state of the
operating condition being described. Defined encodings are:

00b DO
01b D1
10b D2
11b D3

A device returns 11b in this field and Aux or PME Aux in the
Type register to specify the D3-Cold PM State. An encoding of
11b along with any other Type register value specifies the D3-
Hot state.

RO

17:15

Type — Specifies the type of the operating condition being
described. Defined encodings are:

000b | PME Aux
001b | Auxiliary
010b | Idle

011b | Sustained
111b | Maximum

All other encodings are reserved.

RO

19:18

Power Rail — Specifies the power rail of the operating condition
being described. Defined encodings are:

000b | Power (12V)
001b | Power (3.3V)
010b | Power (1.8V)
111b | Thermal

All other encodings are reserved.

RO

A device that implements the Power Budgeting Capability is required to provide data values
for the DO Max and DO Sustained PM State/Type combinations for every power rail from
which it consumes power; data for the DO Max Thermal and DO Sustained Thermal
combinations must also be provided if these values are different from the values reported
for DO Max and DO Sustained on the power rails.

Devices that support auxiliary power or PME from auxiliary power must provide data for
the appropriate power type (Aux or PME Aux).
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Power Budget Capability Register (Offset OCh)

This register indicates the power budgeting capabilities of a device.

7 10

RsvdP

System Allocated |

Figure 5-55: Power Budget Capability Register

Table 5-49: Power Budget Capability Register

Bit Location

Register Description

Attributes

0

System Allocated — This bit when set indicates that the power
budget for the device is included within the system power
budget. Reported Power Budgeting Data for this device should
be ignored by software for power budgeting decisions if this bit
is set.

HwInit
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6. Power Management

This chapter describes PCI Express power management (PCI Express-PM) capabilities and

protocols.

6.1. Overview

PCI Express-PM provides the following services:
e A mechanism to identify power management capabilities of a given function
e The ability to transition a function into a certain power management state
e Notification of the current power management state of a function

e The option to wake the system on a specific event

PCI Express-PM is compatible with the PCI Bus Power Management Interface Specification,
Revision 1.1 (PCI-PM), and the Advanced Configuration and Power Interface Specification, Revision 2.0
(ACPI). This chapter also defines PCI Express native power management extensions.
These provide additional power management capabilities beyond the scope of the PCI Power
Management Interface Specification.

PCI Express-PM defines Link power management states, states that a PCI Express physical
Link is permitted to enter in response to either software driven D-state transitions or Active
State Link PM activities (Active State Link PM is described later). PCI Express Links states
are not visible directly to legacy bus driver software, but are derived from the power
management state of the components residing on those Links. Defined Link states are L0,
LOs, L1, L2, and 3. The power savings increase as the Link state transitions from L0
through L3.

PCI Express components are permitted to wake the system from any supported power
management state through the request of a power management event (PME). PCI Express
systems may provide the optional auxiliary power supply (Vaux) needed for PME operation
from the “off” system states. PCI Express-PM extends beyond its PCI-PM predecessor in
this regard as PCI Express PME “messages” include the geographical location (Requestor
ID) within the Hierarchy of the requesting agent. These PME messages are in-band TLPs
routed from the requesting device to a Root Complex.

Another distinction of the PCI Express-PM PME mechanism is in its separation of the
following two tasks that are associated with PME:

e Reactivation (wake) of the I/O Hierarchy (i.e., re-establishing reference clocks and
main power rails to the PCI Express components)

e Sending the actual PME Message (vector) to the Root Complex
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An autonomous, hardware based active-state mechanism (Active State Link PM) enables
power savings even when the connected components are in the DO state. After a period of
idle Link time the Active State Link PM mechanism engages in a physical layer protocol that
places the idle Link into a lower power state. Once in the lower power state transitions to
the fully operative LO state are triggered by traffic appearing on either side of the Link.
Endpoints initiate entry into a low power Link state. This feature may be disabled by
software.

Throughout this document the term Upstream component, or Upstream device, is used to
refer to the PCI Express component that is on the end of the PCI Express Link that is
hierarchically closer to the root of the PCI Express tree hierarchy. The term Downstream
component, or Downstream device, is used to refer to the PCI Express component that is
on the end of the Link that is hierarchically further from the root of the PCI Express tree
hierarchy.

6.1.1. Statement of Requirements

All PCI Express components, with exception of the Root Complex, are required to meet or
exceed the minimum requirements defined by the PCI-PM Software compatible PCI
Express-PM features. Root Complexes are required to participate in Link power
management DLLP protocols initiated by a downstream device, when all functions of a
downstream component enter a PCI-PM Software compatible low power state. For further
detail, refer to Section 6.3.2.

The Active State Link PM feature is a required feature (LOs entry at minimum) for all
components including Root Complexes, and is configured separately via the native PCI
Express configuration mechanisms.

6.2. Link State Power Management

PCI Express defines Link power management states, replacing the bus power management
states that were defined by the PCI-PM specification. Link states are not visible to PCI-PM
legacy compatible software, and are either derived from the power management D-states of
the corresponding components connected to that Link or by Active State power
management protocols (Refer to Section 6.4.1).

Note that the PCI Express Physical Layer may define additional intermediate states. See
Chapter 4 for more detail on each state and how the Physical Layer handles transitions
between states.

PCI Express-PM defines the following Link power management states:
e 10— Active state.
All PCI Express transactions and other operations are enabled.

LO support is required for both Active State Link power management and PCI-
PM compatible power management

e L0s— A low resume latency, energy saving “standby’ state.
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LOs support is required for Active State Link power management. It is not
applicable to PCI-PM compatible power management.

All main power supplies, component reference clocks, and components’ internal
PLLs must be active at all times during L.Os. TLP and DLLP communication
over a Link that is in LOs is prohibited. The LOs state is used exclusively for
active-state power management.

The PCI Express physical layer provides mechanisms for quick transitions from
this state to the LO state. When common (distributed) reference clocks are used
on both sides of a given Link, the transition time from LOs to L0 is typically less
than 100 symbol times.

e L1 — Higher latency, lower power “standby” state.

L1 support is required for PCI-PM compatible power management. L1 is
optional for Active State Link power management.

All platform provided main power supplies and component reference clocks
must remain active at all times during I.1. The downstream component’s
internal PLLs may be shut off during L1, enabling greater energy savings at a
cost of increased exit latency?’.

The L1 state is entered whenever all functions of a downstream component on
a given PCI Express Link are either programmed to a D-state other than DO, or
if the downstream component requests L1 entry (Active State Link PM) and
receives positive acknowledgement for the request.

Exit from L1 is initiated by an upstream initiated transaction targeting the
downstream component, or by the downstream component’s desire to initiate a
transaction heading upstream. Transition from L1 to L0 is typically a few
microseconds.

TLP and DLLP communication over a Link that is in L1 is prohibited.

e [.2/1.3 Ready — Staging point for removal of main power
L2/13 Ready transition protocol support is required

The 1.2/1.3 Ready state is not directly related to either PCI-PM D-state
transitions or to Active State Link power management. 1.2/1.3 Ready is the
state that a given Link enters into when the platform is preparing to enter its
system sleep state. Following the completion of the L.2/1.3 Ready state
transition protocol for that Link, the Link is then ready for either L2 or L3, but
not actually in either of those states until main power has been removed.
Depending upon the platform’s implementation choices with respect to
providing a Vaux supply, after main power has been removed the Link will
either settle into L2 (i.e., Vaux is provided), or it will settle into a zero power
“off’state (see L3).

27 For example, disabling the internal PLL may be something that is desirable when in D3hot, but not so
when in D1 or D2.
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The 1.2/1.3 Ready state entry transition process must begin as soon as possible
following the acknowledgment of a PM_TURN_OFF message, (i.e., the
injection of a PM_TO_Ack TLP). The downstream component initiates 1.2/1.3
Ready entry by injecting a PM_Enter .23 DLLP onto its transmit Port. Refer
to Section 6.6 for further detail on power management system messages.

TLP and DLLP communication over a Link that is in .2/1.3 Ready is
prohibited.

Exit from L.2/1.3 Ready back to L.O may only be initiated by an upstream
initiated transaction targeting the downstream component in the same manner
that an upstream initiated transaction would trigger the transition from 1.1 back
to LO. The case where an upstream initiated exit from L.2/1.3 Ready would
occur corresponds to the scenario where, sometime following the transition of
the Link to L2/L.3 Ready but before main power is removed, the platform
power manager decides not to enter the system sleep state.

A Link’s transition into the 1.2/L.3 Ready state is one of the final stages
involving PCI Express protocol leading up to the platform entering into in a
system sleep state wherein main power has been shut off (e.g., ACPI 83 or S4
sleep state).

L2 — Auxiliary powered Link deep energy saving state.
L2 support is optional, and dependent upon platform support of Vaux.

L2 — The downstream component’s main power supply inputs and reference
clock inputs are shut off.

e When in L2, all PME detection logic, Link reactivation “Beacon” logic,
PME context, and any other “keep alive” logic is powered by Vaux.

TLP and DLLP communication over a Link that is in 1.2 is prohibited.

Exiting the L2 state is accomplished by reestablishing main power and reference
clocks to all components within the domain of the power manager, followed by
full Link training and initialization. Once a given Link has completed Link
training and initialization it is then in the L0 state and may begin sending and
receiving TLPs and DLLPs.

1.3 — Link Off state.

Zero power state.

Refer to Section 4.2 for further detail relating to entering and exiting each of the PCI
Express L-states.

Figure 6-1 highlights the legitimate L-state transitions that may occur during the course of
Link operation.
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Ready

|— See note in text

OM13819
Figure 6-1: Link Power Management State Transitions

The arc noted in Figure 6-1 indicates the case where the platform does not provide Vaux. In
this case, the 1.2/L.3 Ready state transition protocol results in a state of readiness for loss of
main powet, and once removed the Link settles into the L3 state.

Link PM Transitions from any L-state to any other L-state must pass through the 1.0 state
during the transition process with the exception of the 1.2/L.3 Ready to L2 or L3 transitions.
In this case, the Link transitions from L.2/1.3 Ready ditrectly to either L2 or L3 when main
power to the component is removed. (This follows along with a corresponding
component’s D-state transition from D3, to D3_ )

The following sequence, leading up to entering a system sleep state, illustrates the multi-step
Link state transition process:

1. System Software directs all functions of a downstream component to D3, .

2. The downstream component then initiates the transition of the Link to L1 as
required.

3. System Software then causes the Root Complex to broadcast the PM_Turn_Off
message in preparation for removing the main power source.

4. 'This message causes the subject Link to transition back to L0 in order to send it, and
to enable the downstream component to respond with PM_TO_Ack.

5. After the PM_TO_Ack is sent, the downstream component then initiates the L.2/1.3
Ready transition protocol.

LO-->L1--> L0 --> L2/1L.3 Ready

Table 6-1 summarizes each L-state, describing when they are used, and the PCI Express
platform, and PCI Express component behaviors that correspond to each of them.

A “Yes” entry indicates that support is required (unless otherwise noted). “On” and “Off”
entries indicate the required clocking and power delivery. “On/Off” indicates an optional
design choice.

297



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Table 6-1: Summary of PCI Express Link Power Management States

Used by Used by
L-State SW Active Platform Pla_tform Component | Platform
- : Reference | Main
Description Directed State Clocks Power Internal PLL | Vaux
PM Link PM
LO Fully active Yes (D0) Yes (Do) On On On On/Off
Link
LOs Standby State No Yes' On On On On/Off
(Do)
L1 Lower Power Yes Yes® On On on/Off® On/Off
Standby (D1-D3n) (opt., DO)
L2/L3 Staging point Yes * No On On On/Off On/Off
Ready for power
removal
L2 Low Power Yes® No Off Off off On®
Sleep State
(all clks, main
power off)
L3 Off (zero power) n/a n/a Off Off Off Off
Notes:
1. LOs exit latency will be greatest in Link configurations characterized by independent
reference clock inputs for components connected to opposite ends of a given Link.
(vs. a common, distributed reference clock)
2. L1 entry may be requested within Active State Link PM protocol, however its
supportt is optional.
3. L1 exit latency will be greatest for components that internally shut off their PLLs
during this state
4. 1.2/1.3 Ready entry sequence is initiated at the completion of the
PM_Turn_Off/PM_TO_Ack protocol handshake . It is not directly affiliated with a
D-State transition, or a transition in accordance with Active State Link PM policies
and procedures.
5. Depending upon the platform implementation, the system’s sleep state may utilize
the L2 state or transition to being fully off (I.3). 1.2/1.3 Ready state transition
protocol is initiated by the downstream component following reception and TLP
acknowledgement of the PM_Turn_Off TLP Message. While platform support for
an L2 sleep state configuration is optional (i.e., support for Vaux delivery), PCI
Express component protocol support for transitioning the Link to the 1.2/1.3 Ready
state is required.
6. L2 is distinguished from the L3 state only by the presence of Vaux. After the
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6.3. PCI-PM Software Compatible Mechanisms

6.3.1. Device Power Management States (D-States) of a
Function

PCI Express supports all PCI-PM device power management states. All functions must
support the DO and D3 states (both D3, and D3_ ;). The D1 and D2 states are optional.
Refer to the PCI Bus Power Management Interface Specification for further detail relating to the
PCI-PM compatible features described in this specification. Note that where this
specification defines detail that departs from the PCI Bus Power Management Interface
Specification, this specification takes precedence for PCI Express components and Link
hierarchies.

6.3.1.1. DO State

All PCI Express functions must support the DO state. DO is divided into two distinct sub-
states, the “un-initialized” sub-state and the “active” sub-state. When a PCI Express
component initially has its power applied, it defaults to the DOyninitialized State. Components
that are in this state will be enumerated and configured by the PCI Express Hierarchy
enumeration process. Following the completion of the enumeration and configuration
process the function enters the DOgitive state, the fully operational state for a PCI Express
function. A function enters the DO, .. state whenever any single or combination of the
function’s Memory Space Enable, I/O Space Enable, or Bus Master Enable bits have been
enabled by system software

6.3.1.2. D1 State

D1 support is optional. While in the D1 state, a function must not initiate any TLPs on the
Link with the exception of a PME Message as defined in Section 6.3.3. Configuration
requests are the only TLP accepted (as target) by a function that is currently in the D1 state.
All other received Requests must be handled as Unsupported Requests.

Note that a function’s software driver participates in the process of transitioning the
function from DO to D1. It contributes to the process by saving any functional state (if
necessary), and otherwise preparing the function for the transition to D1. As part of this
quiescence process the function’s software driver must ensure that any mid-transaction TLPs
(i.e., Requests with outstanding Completions), are terminated prior to handing control to the
system configuration software that would then complete the transition to D1.

6.3.1.3. D2 State

D2 support is optional. While in the D2 state, a function must not initiate any TLPs on the
Link with the exception of a PME Message as defined in Section 6.3.3. Configuration
requests are the only TLP accepted (as target) by a function that is currently in the D2 state.
All other received TLPs must be handled as unsupported packets.
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Note that a function’s software driver participates in the process of transitioning the
function from DO to D2. It contributes to the process by saving any functional state (if
necessary), and otherwise preparing the function for the transition to D2. As part of this
quiescence process the function’s software driver must ensure that any mid-transaction TLPs
(i.e., Requests with outstanding Completions), are terminated prior to handing control to the
system configuration software that would then complete the transition to D2.

6.3.1.4. D3 State

D3 support is required, (both the D3, and the D3, states). Functions supporting PME
generation from D3 must support it for both D3, and the D3, , states.

col

Functional context does not need to be maintained by functions in the D3 state. Software is
required to re- initialize the function following a D3 — DO transition.

The minimum recovery time following a D3pot — DO transition is 10 ms. This recovery
time may be used by the D3pot — DO transitioning component to bootstrap any of its
component interfaces (e.g., from serial ROM) prior to being accessible. Attempts to target
the function during the recovery time (including configuration request packets) will result in
undefined behavior.

6.3.1.4.1. D3hot State

When a function is in D3pgt, it must respond to configuration accesses targeting it. They
must also participate in the PM_Turn_Off/PM_TO_Ack protocol. Refer to Section 6.3.3
details. Once in D3, the function can later be transitioned into D3¢ (by removing power
from its host component).

Transitions into the D3, , state are used to establish a standard process for graceful saving of
functional state immediately prior to entering a deeper power savings state where power is
removed.

Note that a function’s software driver participates in the process of transitioning the
function from DO to D3, . It contributes to the process by saving any functional state that
would otherwise be lost with removal of main power, and otherwise preparing the function
for the transition to D3, . As part of this quiescence process the function’s software driver
must ensure that any outstanding transactions (i.e., Requests with outstanding Completions),
are terminated prior to handing control to the system configuration software that would then

complete the transition to D3, ..

Note that D3, is also a useful state for reducing power consumption by idle components in
an otherwise running system.
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A function transitions to the D3, state when its power is removed. A power-on sequence
transitions a function from the D3 state to the DOy, iiiuea State. At this point software
must perform a full initialization of the function in order to re-establish all functional
context, completing the restoration of the function to its D0, .. state.

active

Functions that support PME assertion from D3_ , must maintain their PME context for
inspection by PME service routine software during the course of the resume process.
Functions may only generate PME messages from D3_; if the platform supplies them with a
Vaux supply or if they have an independent source of power.28 PME context consists of all
information relating to the function’s assertion of PME.

Implementation Note: PME Context

Examples of PME context include, but are not limited to, a function’s PME_Status bit, the
requesting agent’s Requester ID, Caller ID if supported by a modem, IP information for IP
directed network packets that trigger a resume event, SHPC extended context, etc.

A function’s PME assertion is acknowledged when system software performs a “write 1 to
clear” configuration write to the asserting function’s PME_Status bit of its PCI-PM
compatible PMCSR register.

An auxiliary power source must be used to support PME event detection, Link reactivation,
and to preserve PME context from within D3_ ;. Note that once the I/O Hierarchy has
been brought back to a fully communicating state, as a result of the Link reactivation, the
waking agent then propagates a PME message to the root of the Hierarchy indicating the
source of the PME event. Refer to Section 6.3.3 for further PME specific detail. Exit from
D3, 1s accomplished with assertion of PWRGOOD, (either provided as an auxiliary signal
or internally generated by the component), followed by the Link training sequence.

28 Note that when a component reports support for PME generation from D3po and D3coid (PMC register)
this does not constitute a guarantee that the platform will support the generation of PMEs from D3co4. TO be
certain of this, software must poll the components’ PCI Express capability structures to ensure that the
components report that Vaux is being provided to them by the platform (refer to Chapter 5 for details).

301




6.3.2.
State

PCI EXPRESS BASE SPECIFICATION, REV. 1.0

PM Software Control of the Link Power Management

The power management state of a Link is determined by the D-state of its Downstream
component.

Table 6-2 depicts the relationships between the power state of a component (Endpoint,
Switch) and its Upstream Link.

Table 6-2: Relation Between Power Management States of Link and Components

Component D-State Component D-State Interconnect State

Downstream Permissible Upstream Permissible

DO DO LO, LOs, L1 @

D1 DO-D1 L1

D2 DO-D2 L1

D30t DO-D3¢ L1, L2/L3 Ready®

D30 DO-D3oq4 2@ L3

Notes:

1.

All PCI Express components are required to support Active-State Link Power
Management with L.Os entry during idle at a minimum. The use of L1 within DO
is optional.

When all functions within a downstream component are programmed to D3,
the downstream component must request the transition of its Link to the 1.1
state using the PM_ENTER_L1 DLLP. Once in D3, ,, following the execution
of a PM_TURN_OFF / PM_TO_Ack handshake sequence, the downstream
component must then request a Link transition to L.2/3 Ready using the
PM_ENTER_1.23 DLLP. Following the 1.2/1.3 Ready entry transition protocol
the downstream component must be ready for loss of main power and reference
clock.

If Vaux is provided by the platform, the Link sleeps in L2. In the absence of
Vaux, the L-state is L3

The conditions governing Link state transition in the software directed PCI-PM compatible
power management scheme are defined as:
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A Switch or single function Endpoint device must initiate a Link state transition
of its Upstream Port (Switch), or Port (endpoint), to L1 based solely upon that
Port being programmed to D1, D2, or D3pet. In the case of the Switch, system
software bears the responsibility of ensuring that any D-state programming of a
Switch’s Upstream Port is done in a compliant manner with respect to PCI
Express hierarchy-wide PM policies (i.e., the Upstream Port cannot be
programmed to a D-state that is any less active that the most active downstream
Port and downstream connected component/function(s)).
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e Multi-function Endpoints must not initiate a Link state transition to L1 until all
of their functions have been programmed to a non-D0 D-state.

6.3.2.1.

Figure 6-2 depicts the process by which a Link is transitioned into the L1 state as a direct

Entry into the L1 State

result of power management software programming the downstream connected component

into a lower power state, (either D1, D2, or D3t state). This figure and the subsequent

description outline the transition process for a single function downstream component that
is being programmed to a non-DO state.
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Figure 6-2: Entry into L1 Link State
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The following text provides additional detail for the Link state transition process pictured
above.

PM Software Request:

1. PM Software (upstream component) sends a TLP configuration request packet to
change the downstream function’s D-state (D1 for example).

Downstream Component Link State Transition Initiation Process:

2. The downstream component schedules the completion response corresponding to
the configuration write to its PMCSR PowerState field. All new TLP scheduling is
suspended.

3. The downstream component then waits until it receives a Link layer
acknowledgement for the PMCSR write completion, and any other TLPs it had
previously sent. The component may retransmit a TLP out of its Link Layer Retry
buffer if required to do so by Link layer rules.

4. Once all of the downstream component’s TLPs have been acknowledged the
downstream component transmits a PM_Enter_I.1 DLLP onto its upstream-
directed (transmit) Port. The downstream component sends this DLLP

continuously until it receives a response from the upstream component29
(PM_Request_Ack). While waiting for all of its TLPs to be acknowledged the
downstream component must not initiate any new TLPs. The downstream
component must still however continue to accept TLPs and DLLPs from the
upstream component, and it must also continue to respond with DLLPs as needed
per Link Layer protocol. Refer to the Electrical chapter for more details on the
physical layer behavior.

Upstream Component Link State Transition Process:

5. Upon receiving the PM_Enter_I.1 DLLP the upstream component blocks the
scheduling of any future TLPs.

0. The upstream component then must wait until it receives a Link layer
acknowledgement for the last TLP it had previously sent. The upstream component
may retransmit a TLP from its Link layer retry buffer if required to do so by the Link
layer rules.

7. Once all of the upstream component’s TLPs have been acknowledged the upstream
component sends a PM_Request_Ack DLLP downstream. The upstream
component sends this DLLP continuously until it observes its receive Lanes enter

29 If at this point the Downstream component needs to initiate a transfer on the Link, it must first complete
the transition to L1 regardless. Once in L1 it is then permitted to initiate an exit L1 to handle the transfer.
This corner case represents an event requiring a PME message occurring during the component’s transition
to L1.
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into the electrical idle state. See Chapter 4 for more details on the Physical Layer
behavior.30

Completing the L1 Link State Transition:

8. Once the downstream component has captured the PM_Request_Ack DLLP on its
receive Lanes (signaling that the upstream component acknowledged the transition
to L1 request), it then disables its Link layer and brings the upstream directed
physical Link into the electrical idle state.

9. When the upstream component observes its receive Lanes enter the electrical idle
state, it then stops sending PM_Request_Ack DLLPs, disables its Link layer and
brings its transmit Lanes to electrical idle completing the transition of the Link to L1.

When two components’ interconnecting Link is in L1 as a result of the downstream

component being programmed to a non-DO state, both components suspend the
operation of their Flow Control Update, DLLP ACK/NAK Latency, and TLP

Completion Timeout counter mechanisms31. Refer to the Electrical chapter for
more detail on the physical layer behavior.

Components on either end of a Link in 1.1 may optionally disable their internal PLLs in
order to conserve more energy. Note however that platform supplied main power, and
reference clocks must always be supplied to components on both ends of an .1 Link.

6.3.2.2. Exit from L1 State

L1 exit can be initiated by the component on either end of a PCI Express Link. A
downstream component would initiate an L1 exit transition in order to bring the Link to L0
such that it may then inject a PME message.

The upstream component initiates L1 exit to re-establish normal TLP and DLLP
communications on the Link.

In either case the physical mechanism for transitioning a Link from L1 to L0 is the same and
are described in detail within the Electrical Chapter.

Figure 6-3 outlines a sequence that would trigger an Upstream component to initiate
transition of the Link to the LO state.

30 |f, at this point, the Upstream component for any reason needs to initiate a transfer on the Link, it must
first complete the transition to L1 regardless. Once in L1 it is then permitted to initiate an exit from L1 to
handle the transfer.

31 This is the required behavior regardless of whether the L1 state was the result of software driven PM
protocol, or the result of Active State Link PM protocol.
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Figure 6-3: Exit from L1 Link State Initiated by Upstream Component

Sequence of events:

1.

Power management software initiates a configuration cycle targeting a PM
configuration register (the PowerState field of the PMCSR in this example) within a
function that resides in the Downstream component (e.g., to bring the function back
to the DO state).

The Upstream component detects that a configuration cycle is intended for a Link
that is currently in a low power state, and as a result, initiates a transition of that Link
into the LO state.

In accordance with the Chapter 4 definition, both directions of the Link enter into
Link training, resulting in the transition of the Link to the L0 state. The L1 = L0
transition is discussed in detail in Chapter 4.

Once both directions of the Link are back to the active LO state, the Upstream Port
sends the configuration Packet Downstream.

6.3.2.3. Entry into the L2/L3 Ready State

Transition to the L.2/1.3 Ready state follows a process that is similar to the L1 entry process.
There are some minor differences between the two that are spelled out below.
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1.2/1.3 Ready entry transition protocol does not immediately result in an .2 or L3
Link state. The transition to 1.2/1.3 Ready is effectively a handshake to establish the
downstream component’s readiness for power removal. L2 or L3 is ultimately
achieved when the platform removes the components’ power and reference clock.
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e The time for L.2/13 Ready entry transition is indicated by the completion of the
PM_Turn_Off / PM_TO_Ack handshake sequence. Any actions on the part of the
downstream component necessary to ready itself for loss of power must be
completed prior to initiating the transition to L2/1.3 Ready. Once all preparations
for loss of power and clock are completed 1.2/1.3 Ready entry is initiated by the
downstream component by sending the PM_Enter_I1.23 DLLP upstream.

In contrast, the time for 1.1 entry transition is indicated by programming all of the
downstream component’s function(s) to non-DO states, or by Active State Link PM
policies. There are no preparations necessary before initiating a transition to L1.

e The downstream component must be in D3, prior to being transitioned into the
L2/13 Ready state, i.c., a PM_Turn_Off message must never be sent unless all

functions downstream of its point of origin are currently in D3, .

In contrast, a downstream component initiating a transition to I.1 would have always
initially been in DO, and had just be reprogrammed to D1, D2, or D3, ..

e 1.2/1.3 Ready entry transition protocol uses the PM_Enter_1.23 DLLP.
The L1 entry protocol uses the PM_Enter LL1.DLLP.

In either case, the PM_Enter_ILx DLLP is sent repeatedly until the downstream
component observes electrical idle on its receive Port.

6.3.3. Power Management Event Mechanisms

6.3.3.1. Motivation

The PCI Express PME mechanism is software compatible with the PME mechanism
defined by the PCI-PM specification. Power Management Events are generated by PCI
Express functions as a means of requesting a PM state change. Power Management Events
are typically utilized to revive the system or an individual function from a low power state.

Power management software may transition a PCI Express Hierarchy into a low power state,
and transition the upstream links of these devices into the non-communicating 1.2 state32.
The PCI Express PME generation mechanism is therefore broken into two components:

e Waking a non-communicating Hierarchy. This step is required only if the upstream Link
of the device originating the PME is in the non-communicating I.2 state, since in that
state the device cannot send a PM_PME message upstream.

e Sending a PM_PME message to the root of the PCI Express Hierarchy

PME indications are propagated to the Root Complex in the form of TLP messages.
PM_PME messages include the logical location of the requesting agent within the Hierarchy
(in the form of the Requester ID of the PME message header). Explicit identification within

32 The L2 state is defined as “non-communicating” since component reference clock and main power supply
are removed in that state.
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the PM_PME message is intended to facilitate quicker PME service routine response, and
hence shorter resume time.

6.3.3.2. Link Reactivation

The Link reactivation mechanism provides a means of signaling the platform to re-establish
power and reference clocks to the components within its domain. Refer to Section 4.2 for
details on the in-band mechanism for Link reactivation. Refer to the PCI Express Card
Electromechanical Specification for details on the out-of-band mechanism for Link reactivation.

Systems that allow PME generation from D3, state must provide auxiliary power to
support Link reactivation when the main system power rails are off.

The reactivation period ends when the upstream-directed Link of a device enters the
initialization phase as a result of Link transition from the L.2 state to the 1.0 state—a power-
on sequence transitions the device from the D3_, state to the DO, ......q State.

The downstream device shall cease requesting Link reactivation (either in-band or auxiliary
out-of-band) once it has entered the DO state.

uninitialized

Once the Link has been re-activated and trained, the requesting agent then propagates a
PM_PME message upstream to the Root Complex.

6.3.3.2.1. PME Fence

PCI Express devices need to be notified before their reference clock and main power may
be removed so that they can prepare for that eventuality. PCI Express-PM introduces a
fence mechanism that serves to initiate the power removal sequence while also coordinating
the behavior of the platform’s power management controller and PME handling by PCI
Express agents.

There exist race conditions where a downstream agent, if not somehow coordinated with the
platform’s power manager, could potentially initiate a PM_PME message while the power
manager was in the process of turning off the main power source to the Link Hierarchy.
The net result of hitting this corner condition would be loss of the PME indication. The
fence mechanism ensures this does not happen.

PME_Turn_Off Broadcast Message

Before main component power and reference clocks are turned off the Root Complex or
Hot Plug controller within a Switch Downstream Port, must issue a broadcast message that
instructs all agents downstream of that point within the hierarchy to cease initiation of any
subsequent PM_PME messages, effective immediately upon receipt of the PME_Turn_Off
message.

Each PCI Express agent is required to respond with a TLP “acknowledgement” Packet,
PME_TO_ACK that is, as in the case of a PME Message, always routed upstream. In all
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cases, the PM_TO_Ack message must terminate at the PM_Turn_Off message’s point of
ol 33
origin.

Note that PM_PME and PME_TO_Ack, like all other PCI Express message packets, are
handled as posted transactions. It is their posted transaction nature that ensures that any
previously injected PM_PME messages will be pushed ahead of the fence acknowledgement
assuring full in-order delivery of any previously initiated PM_PME messages before the
“Turn off” acknowledgement ever reaches the initiator of the PM_Turn_Off message.

For the case where a PM_Turn_Off message is initiated upstream of a PCI Express Switch,
the PCI Express Switch’s Upstream Port must report an “aggregate” acknowledgement only
after having received PME_TO_ACK packets from each of their downstream ports
individually. Once a PM_TO_Ack Packet has arrived on all downstream ports, the Switch
then sends a PM_TO_Ack packet on its upstream Port.

All PCI Express components must accept3® and acknowledge the PME_Turn_Off Packet
from within the D3pqt State. Once an Endpoint has sent a PME_TO_Ack Packet on its
transmit Link, it must then prepare for removal of its power and reference clocks by
initiating a transition to the 1.2/1.3 Ready state.

A Switch must also transition its upstream Link to the L.2/1.3 Ready state in the same
manner as described in the previous paragraph for Endpoints. However, the Switch initiates
this transition only after all of its downstream ports have entered L.2/1.3 Ready state.

The Links attached to the originator of the PME_Turn_Off message are the last to assume
the 1.2/1.3 Ready state. This serves as an indication to the power delivery manager3® that all
Links within that portion of the PCI Express hierarchy have:

e Successfully retired all in flight PME messages to the point of PME_Turn_Off
message origin

e Performed any necessary local conditioning in preparation for power removal

The power delivery manager must wait a minimum of 100 ns after observing all links
corresponding to the point of origin of the PME_Turn_Off message enter .2/1.3 Ready
before removing the components’ reference clock and main power.

33 Point of origin for the PM_Turn_Off message could be all of the Root Ports for a given Root Complex (full
platform sleep state transition), an individual hot plug capable Root Port, or a hot plug capable Switch
Downstream Port.

34 FC credits permitting.

35 power delivery control within this context relates to control over the entire PCI Express Link hierarchy, or
over a subset of PCI Express links ranging down to a single PCI Express Link for sub hierarchies residing
downstream of a Hot Plug controller managed interconnect.
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Implementation Note: PM_TO_Ack Message Proxy by Switch Devices

One of the PM_Turn_off / PM_TO_Ack handshake's key roles is to ensure that all in flight
PME messages are flushed from the PCI Express fabric prior to sleep state power removal.
This is guaranteed to occur because PME messages and the PM_TO_Ack messages both
use the posted request queue within VCO and so all previously injected PME messages will
be made visible to the system before the PM_TO_Ack is received at the Root Complex.
Once all downstream ports of the Root Complex receive a PM_TO_Ack message the Root
Complex can then signal the power manager that it is safe to remove power without loss of
any PME messages.

Switches create points of hierarchical expansion and so therefore must wait for all of their
connected downstream ports to receive a PM_TO_Ack message before it can send a
PM_TO_Ack message upstream on behalf of the sub-hierarchy that it has created
downstream. This can be accomplished very simply using common score boarding
techniques. For example, once a PM_Turn_Off broadcast message has been broadcast
downstream of the switch, the switch simply checks off each downstream port having
received a PM_TO_Ack. Once the last of its active downstream ports receives a
PM_TO_Ack the switch will then send a single PM_TO_Ack message upstream as a proxy
on behalf of the entire sub-hierarchy downstream of it. Note that once a downstream port
receives a PM_TO_Ack message and the switch has scored its arrival, the port is then free to
drop the packet from its internal queues and free up the corresponding posted request queue
FC credits.

Implementation Note: PME_TO_Ack Deadlock Avoidance

As specified earlier, any device that detects a PME_Turn_Off message must reply with a
PME_TO_Ack message. However, system behavior must not depend on the correct
behavior of any single device. In order to avoid deadlock in the case that one or more
devices do not respond with a PME_TO_Ack message, the power manager must not
depend on the acceptance of a PME_TO_Ack message. For example, the power manager
may timeout after waiting for the PME_TO_Ack message for a given time, after which it
proceeds as if the message was accepted.
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6.3.3.3. PM_PME Messages

PM_PME messages are posted Transaction Layer Packets (TLPs) that inform the power
management software which agent within the PCI Express Hierarchy requests a PM state
change. PM_PME messages, like all other Power Management system messages must use
the general purpose Transfer Class, TC #0.

PM_PME messages are always routed in the direction of the Root Complex. To send a
PM_PME message on its upstream Link, a device must transition the Link to the 1O state (if
the Link was not is that state already). Unless otherwise noted, the device will keep the Link
in the LO state following the transmission of a PM_PME message.

6.3.3.3.1. PM_PME “Backpressure” Deadlock Avoidance

A PCI Express Root Complex is typically implemented with local buffering to temporarily
store a finite number of PM_PME messages that could potentially be simultaneously
propagating through the PCI Express Hierarchy at any given time. Given a limited number
of PM_PME messages that can be stored within the Root Complex, there can be
backpressure applied to the upstream directed posted queue in the event that the capacity of
this temporary PM_PME message buffer is exceeded.

Deadlock can occur according to the following example scenario:

e Incoming PM_PME messages fill the Root Complex’s temporary storage to its full
capacity while there are additional PM_PME messages still in the Hierarchy making
their way upstream.

e Root Complex, on behalf of system software, issues split configuration read request
targeting one of the PME requester’s PMCSR (e.g., reading its PME_Status bit).

e The corresponding split completion Packet is required, as pet producer/consumer
ordering rules, to push all previously posted PM_PME messages out ahead of it,
which in this case are PM_PME messages that have no place to go.

e PME service routine cannot make progress, PM_PME message storage situation
does not improve.

e Deadlock occuts.

Precluding potential deadlocks requires the Root Complex to always enable forward progress
under these circumstances. This must be done by accepting any PM_PME messages that
posted queue flow control credits allow for, and discarding any PM_PME messages that
create an overflow condition. This required behavior ensures that no deadlock will occur in
these cases, however PM_PME messages will be discarded and hence lost in the process.

To ensure that no PM_PME messages are lost permanently, all agents that are capable of
generating PM_PME must implement a PME Service Timeout mechanism to ensure that
their PME requests are serviced in a reasonable amount of time.

If after 100 ms (+ 50% / - 5%), the PME_Status bit of a requesting agent has not yet been
cleared, the PME Service Timeout mechanism expires triggering the PME requesting agent
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to re-send the temporarily lost PM_PME message. If at this time the Link is in a non-
communicating state, then prior to re-sending the PM_PME message the agent must
reactivate the Link as defined in Section 6.3.3.2.

6.3.3.4. PME Rules

e All PCI Express components supporting PCI Express-PM must implement the PCI-
PM PMC and PMCSR registers in accordance with the PCI-PM specification. These
registers reside in the PCI-PM compliant PCI Capability List format.

e PME capable functions must implement the PME_Status bit, and undetlying
functional behavior, in their PMCSR configuration register.

e When a function initiates Link reactivation, or issues a PM_PME Message, it
must set its PME,_Status bit.

e Switches must route a PM_PME received on any Downstream Port to their
Upstream Port

e PME capable agents must comply with PME_Turn_Off and PME_TO_Ack fence
protocols

e Before a Link or a portion of Hierarchy is transferred into a non-communicating
state (i.e., a state they cannot issue a PM_PME Message from), a PME_Turn_Off
Message must be broadcast Downstream.

6.3.3.5. PM_PME Delivery State Machine

The following diagram conceptually outlines the PM_PME delivery control state machine.
This state machine determines ability of a Link to service PME events by issuing PM_PME
immediately vs. requiring initial Link reactivation.
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Figure 6-4: A Conceptual PME Control State Machine

Communicating State:

At initial power-up, the Upstream Link the enters “Communicating” state

e If PME_Status is asserted (assuming PME delivery is enabled), a PM_PME Message will
be issued Upstream, terminating at the root of the PCI Express Hierarchy. The next
state is the “PME Sent” state

e Ifa PME_Turn_Off Message is received, the Link enters the “Non-Communicating”
state following its acknowledgment of the message and subsequent entry into the 1.2/L.3
Ready state.

Non-communicating State:

e Ifa Power Good signal transitions from inactive to active state (an indication that power
and clock have been restored), the next state is the “Communicating’ state.

e If PME_Status is asserted, the Link will transition to “Link Reactivation state, and
activate the wake mechanism.
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PME Sent State

If PME_Status is cleared, the function becomes PME Capable again. Next state is the
“Communicating” state.

If the PME_Status bit is not cleared by the time the PME service timeout expires, a
PM_PME message is re-sent upstream. See Section 6.3.3.3.1 for an explanation of the
timeout mechanism.

If a PME message has been issued but the PME_Status has not been cleared by software
when the Link is about to be transitioned into a messaging incapable state (a
PME_Turn_Off Message is received), the Link transitions into “Link Reactivation” state
after sending a PM_TO_ACK message. The device also activates the wake mechanism.

Link Reactivation State
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If a Power Good signal transitions from inactive to active state, the Link resumes a
transaction-capable state. The device clears the wake signaling, issues a PM_PME
Upstream and transitions into the “PME Sent” state.
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Implementation Note: PCI Express-to-PCI Bridge PME Considerations

PCI Express-to-PCI Bridges must “bridge” power management events from the original
PME# wire’or signal connections to the PCI Express in-band PME messaging scheme. PCI
Express-to-PCI Bridges are required to identify all PME messages that they issue on behalf
of downstream legacy PCI functions as coming from the PCI bus segment where the PME#
originated.

A design consideration that must be comprehended is the potential for lost PME
indications. This particular issue is unique to PCI Express-to-PCI Bridges where the level
sensitive PME# signal is transformed into what is effectively an edge triggered PME
messaging scheme and manifests itself in a race condition. The corner case corresponds to
the situation where one of the legacy PCI components asserts PME# (which now must be
input into the bridge, and not routed around it as in PCI-PM PME# routing). Following
this the PCI Express-to-PCI bridge injects a PME message on behalf of the legacy agent. If
another Legacy PME# assertion occurs (on the same PME# input to the bridge) before the
original PME# service routing has cleared the PME_Status bit of the original PME#
initiator, then given the wire’or nature of the PCI-PM PME#, PME# input at the bridge will
remain asserted following the clearing of the first agent’s PME_Status bit.

The net result is that the first PM_PME was serviced successfully, (single PM_PME message
propagated upstream facilitated this), however the second PM_PME was lost. In order to
avoid loss of PM_PME:s in the conversion of the level-triggered PCI PME to the edge
trigegered PCI Express PM_PME message, the PCI PME signal must be periodically polled
and a PCI Express PM_PME message must be generated if the PCI PME is sensed asserted.

While the above scheme introduces the possibility of spurious PM_PME:s, these are deemed
benign and would be ignored by the operating system.

It is the responsibility of the PCI Express-to-PCI Bridge to engage in the PME fence
protocol on behalf of its downstream PCI devices. The PME_Turn_Off message will
terminate at the PCI Express-to-PCI Bridge, and will not be communicated to the
downstream PCI devices. The PCI Express-to-PCI Bridge will not issue a PM_PME
message on behalf of a downstream PCI device while its upstream Link is in the I.2 non-
communicating state.
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6.4. Native PCIl Express Power Management
Mechanisms

The following sections define power management features that require new software. While
the presence of these features in new PCI Express designs will not break legacy software
compatibility, taking the full advantage of them requires new code to manage them.

These features are enumerated and configured using PCI Express native configuration
mechanisms as described in Chapter 5 of this specification. Refer to Chapter 5 for specific
register locations, bit assignments, and access mechanisms associated with these PCI
Express-PM features.

6.4.1. Active-State Power Management

All PCI Express components are required to support the minimum requirements defined
herein for Active State Link PM. This feature must be treated as being orthogonal to the
PCI-PM Software compatible features from a minimum requirements perspective. For
example, the Root Complex is exempt from the PCI-PM Software compatible features
requirements, however they must implement Active State Link PM’s minimum requirements.

Components in the DO state (i.e., fully active state) normally keep their Upstream Link in the
active LO state, as defined in Section 6.3.2. Active-state Link power management defines a
protocol for components in the DO state to reduce Link power by placing their Upstream
Links into a low power state and instructing the other end of the Link to do likewise. This
capability allows hardware-autonomous, dynamic Link power reduction beyond what is
achievable by software-only controlled (i.e., PCI-PM Software driven) power management.

Two low power “standby” Link states are defined for Active State Link Power Management.
The LOs low power Link state is optimized for short entry and exit latencies, while providing
substantial power savings. If the L0Os state is enabled in a device, it is required to bring any
transmit Link into L.Os state whenever that Link is not in use (refer to Section 6.4.1.1.1 for
details relating to the LOs invocation policy). All PCI Express components must support the
LOs Link state from within the DO device state.

The L1 Link state is optimized for maximum power savings at a cost of longer entry and exit
latencies. L1 reduces Link power beyond the LOs state for cases where very low power is
required and longer transition times are acceptable. Active State Link PM support for the L1
Link state is optional.

Each PCI Express component must report its level of support for Active State Link Power
Management in the Active State Link PM Support configuration field.

Each PCI Express component shall also report its LOs and L1 exit latency (the time that they
require to transition from the LOs or L1 state to the LO state). Endpoints must also report
the worst-case latency that they can withstand before risking, for example, internal fifo
overruns due to the transition latency from LOs or L1 to the LO state. Power management
software can use the provided information to then enable the appropriate level of Active
State Link Power Management.
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The LOs exit latency may differ significantly if the reference clock for opposing sides of a
given Link is provided from the same source, or delivered to each component from a
different source. PCI Express-PM software informs each PCI Express device of its clock
configuration via the “common clock configuration” bit in their PCI Express Capability
Structure’s Link Control Register. This bit serves as the determining factor in the LOs exit
latency value reported by the device. All PCI Express devices power on with Active State
Link Power Management turned off by default. Software can enable active state Link power
management using a process described in Section 6.4.1.3.1.

Power management software enables (or disables) Active State Link Power Management in
each Port of a component by programming the Active State Link PM Control field. Note
that new BIOS code can effectively enable or disable Active State Link PM functionality
even when running with a legacy operating system.

Implementation Note: Isochronous Traffic and Active State Link Power
Management

Isochronous traffic requires bounded service latency. Active State Link Power Management
may add latency to isochronous transactions beyond expected limits. A possible solution
would be to disable Active State Link Power Management for devices that are configured
with an Isochronous Virtual Channel.

Multi-function endpoints may be programmed with different values in their respective
Active_PM_En registers of each function. The policy for such a component will be dictated
by the most active common denominator among all D0 functions according to the following
rules:

e TFunctions in non-DO state (D1 and deeper) are ignored in determining the Active State
Link Power Management policy

e Ifany of the DO functions has its Active State Power Link Management disabled, (Active
State Link PM Control field = 00b), then Active State Link Power Management is
disabled for the entire component.

e Else, if at least one of the DO functions is enabled for LOs only (Active State Link PM
Control field = 01b), then Active State Link Power Management is enabled for LOs only

e [Flse, Active State Link Power Management is enabled for both 1.0s and 1.1 states

Note that the components must be capable of changing their behavior during runtime as
devices enter and exit low power device states. For example, if one function within a multi-
function component is programmed to disable Active State Link Power Management, then
Active State Link Power Management will be disabled for that component while that
function is in the DO state. Once the function transitions to a non-DO0 state, Active State
Power Management will be enabled to at least the LOs state if all other functions are enabled
for Active State Link PM.
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6.4.1.1. LOs Active State Link Power Management State
All PCI Express devices must support the L.Os low power Link state. All components power
up to a default state where Active State Link PM is disabled.

Transaction Layer and Link Layer timers are not affected by a transition to the LOs state (i.e.,
they must follow the rules as defined in their respective chapters).

Implementation Note: Minimizing L.0s Exit Latency

LOs exit latency depends mainly on the ability of the receiver to quickly acquire bit and
symbol synchronization. Different approaches exist for high-frequency clocking solution
which may differ significantly in their LOs exit latency, and therefore in the efficiency of
Active State Link Power Management. To achieve maximum power savings efficiency with
Active State Power Link Management, LOs exit latency should be kept low by proper
selection of the clocking solution.

6.4.1.1.1. Entry to LOs State

Entry into the LOs state is managed separately for each direction of the Link. Itis the
responsibility of each device at either end of the Link to initiate an entry into the LOs state
on its transmitting Lanes.

A Port that is disabled for the LOs state must not transition its transmitting Lanes to the LOs
state. It must still however be able to tolerate having its receiver Port Lanes entering LOs, (as
a result of the device at the other end bringing its transmitting Lanes into LOs state), and
then later returning to the LO state.

L0s Invocation Policy

PCI Express ports that are enabled for LOs entry must transition their transmit Lanes to the
LOs state if the defined idle conditions are met for a specified period of time. The port may
choose this period of time to be anywhere within the range of:

(pott’s reported LOs exit latency)/4 < t < port’s reported LOs exit latency

Detfining the invocation time as a range enables the tuning of ASPM behavior, balancing
power savings with performance.

Definition of Idle
The definition of “idle” varies with device category

An Endpoint Port or Root Complex Root Port is determined to be idle if the following
conditions are met:

e No TLP is pending to transmit over the Link, or no FC credits are available to
transmit anything

e No ACK, NAK, or ACK Timeout DLLPs are pending for transmission
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A Switch’s upstream Port is determined to be idle if the following conditions are met:
e All of the Switch’s Downstream Port receive Lanes are in the L.0s state
e No pending TLPs to transmit, or no FC credits are available to transmit anything
e No ACK, NAK, or ACK Timeout DLLPs are pending for transmission

A Switch’s downstream Port is determined to be idle if the following conditions are met:
e The Switch’s upstream Port’s receive Lanes are in the L0Os state
e No pending TLPs to transmit on this Link, or no FC credits are available

e No ACK, NAK, or ACK Timeout DLLPs are pending for transmission
See Section 4.2 for details on LOs entry by the Physical Layer.

6.4.1.1.2. Exit from LOs State

Components from either end of a PCI Express Link may initiate an exit from the LOs low
power Link state.

Note that a transition from the L.Os Link state should never depend on the status (or
availability) of FC credits. The Link must be able to reach the Link Active state, and to
exchange FC credits across the Link. For example, if all credits of some type were
consumed when the Link entered LOs, then any component on either side of the Link must
still be able to transition the Link to the IO state where new credits can be sent across the
Link.

Downstream Initiated Exit

An Endpoint or Switch is permitted to initiate an exit from the LOs low power state on its
transmit Link, (Upstream Port transmit Lanes in the case of a downstream Switch), if it
needs to communicate through the Link. The component initiates a transition to the L.O
state on Lanes in the upstream direction as described in Section 4.2.

If the Upstream component is a Switch (i.e., it is not the Root Complex), then it must initiate
a transition on its Upstream Port transmit Lanes (if the Upstream Port’s transmit Lanes are
in a low power state) as soon as it detects an exit from L0s on any of its downstream ports.

Upstream Initiated Exit

The Root Complex or Switch (Downstream Port) is permitted to initiate an exit from LOs
low power state on any of its transmit Links if it needs to communicate through the Link.
The component initiates a transition to the L0 state on Lanes in the downstream direction as
described in Chapter 4.

If the Downstream component is a Switch (i.e., it is not an Endpoint), it must initiate a
transition on all of its Downstream Port transmit Lanes that are in LOs at that time as soon
as it detects an exit from LOs on its Upstream Port. Links that are already in the LO state do
not participate in the exit transition. Links whose downstream component is in a low power
state (i.e., D1-D3, , states) are also not affected by the exit transitions.
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For example, consider a Switch with an upstream Port in LOs and a downstream device in a
D1 state. A configuration request packet travels downstream to the Switch, intending to
ultimately reprogram the downstream device from D1 to DO. The Switch’s upstream Port
Link will transition to the LO state to allow the packet to reach the Switch. The downstream
Link connecting to the device in D1 state will not transition to the LO state yet; it will remain
in the L1 state. The captured packet is checked and routed to the downstream Port that
shares a Link with the downstream device that is in D1. As described in Section 4.2, the
Switch now transitions the downstream Link to the LO state. Note that the transition to the
LO state was triggered by the packet being routed to that particular downstream L1 Link, and
not by the transition of the upstream Port’s Link into the LO state. If the packet’s
destination was targeting a different downstream Link, then that particular downstream Link
would have remained in the L1 state.

6.4.1.2. L1 Active State Link Power Management State

A component may optionally support the Active State Link PM L1 state; a state that
provides greater power savings at the expense of longer exit latency. L1 exit latency is visible
to software, and reported via the configuration status register defined in Section 5.6.

When supported, L1 entry is disabled by default in the Active State Link PM Control
configuration field.

6.4.1.2.1. Entry to L1 State

An Endpoint enabled for L1 Active State Link PM entry may initiate entry into the L1 Link
state.

Implementation Note: Initiating L1

This specification does not dictate when an Endpoint must initiate a transition to the L1
state on its transmit Lanes. The interoperable mechanisms for transitioning into and out of
L1 are defined within this specification, however the specific Active State Link PM policy
governing when to transition into L1 is left to the implementer.

One possible approach would be for the downstream device to initiate a transition to the L1
state once the Link has been in the LOs state for a set amount of time.
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Three power management messages provide support for Active State Link Power
Management of the L1 state:

e DPM_ Active_State_Request_L1 (DLLP)
e PM_ Request_ACK (DLLP)
e DPM_Active_State_Nak (TLP)

Endpoints that have their Active State Link PM L1 entry enabled negotiate for the resultant
L-state with the component on the upstream end of the Link. If the endpoint receives a
negative acknowledgement in response to its issuance of a PM_ Active_State_Request_L.1
DLLP, then the endpoint must enter the LOs state as soon as possible36. Note that the
component on the upstream side of the Link may not support I.1 Active State Link PM, or it
may be disabled and so could legitimately respond to the L1 entry request with a negative
acknowledgement.

A Root Complex Root Port, or Switch Downstream Port must accept a request to enter a
low power L1 state if all of the following conditions are true:

e The Port supports Active State Link PM L1 entry, and Active State Link PM L1
entry is enabled.

e No TLP is scheduled for transmission

e No Ack or Nak DLLP is scheduled for transmission

A Switch Upstream Port may request L1 entry on its Link provided all of the following
conditions are true for an implementation specific set amount of time:

e The Upstream Port supports Active State Link PM L1 entry and it is enabled
e All of the Switch’s Downstream Port Links are in the L1 state (or deeper)

e No pending TLPs to transmit

e No pending ACK, NAK, or ACK Timeout DLLPs to transmit

e The Upstream Port’s receive Lanes are idle

If the Switch’s upstream Port receives a negative acknowledgement in response to its
issuance of a PM_Active_State_Request_L1 DLLP, then the Switch’s upstream Port
transmit Lanes must instead transition to the LOs state as soon as possible3’.

Note that it is legitimate for a Switch to be enabled for the Active State Link PM L1 Link
state on any of its downstream ports and to be disabled or not even supportive of Active
State Link PM L1 on its upstream Port. In that case, downstream ports may enter the L1
Link state, but the Switch will never initiate an Active State Link PM L1 entry transition on
its upstream Port.

36 Assuming that the conditions for LOs entry are met.

37 Assuming that the conditions for LOs entry are met.
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Active State Link PM L1 Negotiation Rules (see Figure 6-5 and Figure 6-6)

Upon deciding to enter a low power Link state, the downstream component must block
scheduling of any TLPs (including completion packets).

The downstream component must wait until it receives a Link layer acknowledgement
for the last TLP it had previously sent. The component may retransmit a TLP if
required by the Link layer rules.

The downstream component must also wait until it accumulates at least the minimum
number of credits required to send the largest possible packet for any FC type. Note that
this is required so that the component can immediately issue a TLP after it exists the L1
state.

The downstream component then initiates Active State Link PM negotiation by sending
a PM_Active_State_Request_I.1 DLLP onto its transmit LLanes. The downstream
component sends this DLLP continuously until it receives a response from the upstream
device (see below). The downstream component remains in this loop waiting for a
response from the Upstream Agent.

o During this waiting period, the downstream component must not initiate any
Transaction Layer transfers. It must still accept TLPs and DLLPs from the
upstream component. It also responds with DLLPs as needed by the Link layer
protocol.

o If the Downstream component for any reason needs to initiate a transfer on the
Link, it must first complete the transition to the low power Link state. Once in a
lower power Link state, the downstream component is then permitted to exit the
low power Link state to handle the transfer.

The Upstream component must immediately respond to the request with either an
acceptance or a rejection of the request.

Rules in case of rejection:

In the case of a rejection, the upstream component must schedule, as soon as possible, a
rejection (NAK) by sending the PM_Active_State_Nak Message to the downstream
requesting agent. Once the PM_Active_State_Nak Message is sent, the upstream
component is permitted to initiate any TLP or DLLP transfers.

If the request was rejected, the downstream component must immediately transition its
transmit Lanes into the LOs state, provided that conditions for LOs entry are met.

Rules in case of acceptance:
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If the upstream agent is ready to accept the request, it must block scheduling of any
TLPs.

The upstream component then must wait until it receives a Link layer acknowledgement
for the last TLP it had previously sent. The upstream component may retransmit a TLP
if required by the Link layer rules.
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The upstream component must also wait until it accumulates at least the minimum
number of credits required to send the largest possible packet for any FC type. Note
that this is required so that the component can immediately issue a TLP after it exists the
L1 state.

Once all TLPs have been acknowledged and enough FC credits accumulated, the
upstream component sends a PM_Request_Ack DLLP downstream. The upstream
component sends this DLLP continuously until it observes its receive Lanes enter into
the electrical idle state. See Chapter 4 for more details on the physical layer behavior.

If the Upstream component needs, for any reason, to initiate a transfer on the Link after
it sends a PM_Request_Ack DLLP, it must first complete the transition to the low

power state. It is then permitted to exit the low power state to handle the transfer once
the Link is back to LO.

When the downstream component detects a PM_Request_Ack DLLP on its receive
Lanes (signaling that the upstream device acknowledged the transition to L1 request), the
downstream component then ceases sending the PM_Active_State_Request_L1 DLLP,
disables its Link layer and brings its transmit Lanes into the electrical idle state.

When the upstream component detects an electrical idle on its receive Lanes (signaling
that the downstream component has entered the L1 state), it then ceases to send the
PM_Request_Ack DLLP, disables its Link layer and brings the downstream direction of
the Link into the electrical idle state.

Notes:

1.

2.

The transaction layer Completion Timeout mechanism is not affected by transition to
the L1 state (i.e., it must keep counting).

Flow Control Update timers are frozen while the Link is in L1 state to prevent a timer
expiration that will unnecessarily transition the Link back to the LO state.
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6.4.1.2.2. Exit from L1 State

Components on either end of a PCI Express Link may initiate an exit from the L1 Link
state. Unlike the I.1 entry protocol, where both ends negotiate for the resultant Link state,
L1 exit does not require any negotiation.

Downstream Initiated Exit

An Endpoint or Switch Upstream Port is permitted to initiate an exit from L1 on its transmit
Lanes if it needs to communicate through the Link. The component initiates a transition to
the LO state as described in Chapter 4. The Upstream component must respond by initiating
a similar transition of its transmit Lanes.

If the Upstream component is a Switch Downstream Port, (i.e., it is not a Root Complex
Root Port), the Switch must initiate an L1 exit transition on its Upstream Port’s transmit
Lanes, (if the Upstream Port’s Link is in the L1 state), as soon as it detects the L1 exit
process on any of its downstream Port links. Since L1 exit latencies are relatively long, a
Switch must not wait until its Downstream Port Link has fully exited to IO before initiating
an L1 exit transition on its Upstream Port Link. Waiting until the downstream Link has
completed the LO transition will cause a message traveling though several PCI Express
switches to experience accumulating latency as it traversed each Switch.

A Switch is required to initiate an I.1 exit transition on its Upstream Port Link after no more
than 1 us from the beginning of an L1 exit transition on any of its downstream Port links.
Refer to Section 4.2 for details of the Physical Layer signaling during L1 exit.

Consider the example in Figure 6-7. The numbers attached to each Port represent the
corresponding Port’s reported transmit Lanes L1 exit latency in units of microseconds.

Links 1, 2, and 3 are all in the L1 state, and Endpoint C initiates a transition to the L0 state
at time T. Since Switch B takes 32 ps to exit L1 on its ports, Link 3 will transition to the LO
state at T+32 (longest time considering T+8 for the Endpoint C, and T+32 for Switch B).

Switch B is required to initiate a transition from L1 state on its Upstream Port Link (Link 2)
after no more than 1 ps from the beginning of the transition from L1 state on Link 3.
Therefore, transition to the LO state will begin on Link 2 at T+1. Similarly, Link 1 will start
its transition to L0 state at time T+2.

Following along as above, Link 2 will complete its transition to the LO state at time T+33
(since Switch B takes longer to transition and it started at time T+1). Link 1 will complete
its transition to the LO state at time T+34 (since the Root Complex takes 32 us to transition
and it started at time T+2).

Therefore, between Links 1, 2, and 3, the Link to complete the transition to LO state last is
Link 1 with a 34 us delay. This is the delay experienced by the packet that initiated the
transition in Endpoint C.
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Figure 6-7: Example of L1 Exit Latency Computation

Switches are not required to initiate an L1 exit transition on other of its Downstream Port
Links.

Upstream Initiated Exit

A Root Complex, or a Switch is permitted to initiate an exit from L1 on any of its Root
Ports, or Downstream Port Links if it needs to communicate through that Link. The
component initiates a transition to the L0 state as described in Chapter 4. The Downstream
component must respond by initiating a similar transition on its transmit Lanes.

If the Downstream component is a Switch (i.e., it is not an Endpoint), it must initiate a
transition on all of its Downstream Links (assuming the Downstream Link is in an Active
State Link Power Management L1 state) as soon as it detects an exit from L1 state on its
upstream Port Link. Since L1 exit latencies are relatively long, a Switch must not wait until
its Upstream Port Link had fully exited to LO before initiating an L1 exit transition on its
Downstream Port Links. If that were the case, a message traveling though multiple PCI
Express switches would experience accumulating latency as it traverses each Switch.

A Switch is required to initiate a transition from L1 state on all of its Downstream Port
Links that are currently in L1 after no more than 1 us from the beginning of a transition
from L1 state on its Upstream Port. Refer to Section 4.2 for details of the Physical Layer
signaling during L1 exit. Downstream Port Links that are already in the 1O state do not
participate in the exit transition. Downstream Port Links whose downstream component is
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in a low power D-state (D1-D3hot) are also not affected by the L1 exit transitions (i.e., such
Links must not be transitioned to the IO state).

6.4.1.3. Active State Link PM Configuration

All PCI Express functions must implement the following configuration bits in support of
Active State Link PM. Refer to Chapter 5 for configuration register assignment and access
mechanisms.

Each PCI Express component reports its level of support for Active State Link Power
Management in the Active State Link PM Support configuration field below. All PCI
Express components must support transition to the LOs Link state. Support for transition to
the L1 Link state while in DO, . state is optional.

active

Table 6-3: Encoding of the Active State Link PM Support Field

Field Read/ | Default Description

Write Value
Active State Link PM | RO must be 00b — Reserved
Support 01b 01b — LOs supported

or
11b 10b — Reserved

11b — LOs and L1 supported

Each PCI Express component reports the source of its reference clock in its “Slot Clock
Configuration bit” located in its PCI Express Capability Structure’s Link Status Register.

Table 6-4: Description of the Slot Clock Configuration Field

Field Read/ Default Description
Write Value
Slot Clock RO HWInit This bit indicates that the component
Configuration uses the same physical reference clock

that the platform provides on the
connector. If the device uses an
independent clock irrespective of the
presence of a reference on the
connector, this bit must be clear. For
root and switch downstream ports, this
bit when set, indicates that the
downstream port is using the same
reference clock as the downstream
device or the slot. For switch and bridge
upstream ports, this bit when set,
indicates that the upstream port is using
the same reference clock that the
platform provides. Otherwise it is clear.

Each PCI Express component must support the Common Clock Configuration bit in their
PCI Express Capability Structure’s Link Command Register. Software writes to this register
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bit to indicate to the device whether it is sharing the same clock source as the device on the

other end of the Link.

Table 6-5: Description of the Common Clock Configuration Field

Configuration

Field Read/ | Default Description
Write Value
Common Clock RW 0 This bit when set indicates that this

component and the component at the
opposite end of the Link are operating
with a common clock source. A value of
0 indicates that this component and the
component at the opposite end of the
Link are operating with separate
reference clock sources. Default value
of this field is 0. Components utilize this
common clock configuration information
to report the correct LOs and L1 Exit
Latencies.

Each PCI Express component reports the LOs and L1 exit latency (the time that they require
to transition their transmit Lanes from the LOs or L1 state to the LO state) in the LOs Exit
Latency and the L1 Exit Latency configuration fields, respectively.

Table 6-6: Encoding of the L0s Exit Latency Field

Field Read/ | Default Description
Write Value
LOs Exit Latency RO N/A 000b — Less than 64 ns

001b — 64 ns-128 ns
010b — 128 ns-256 ns
011b — 256 ns-512 ns
100b — 512 ns-1 ps
101b — 1 us-2 ys
110b -2 ys-4 ys
111b — Reserved
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Table 6-7: Encoding of the L1 Exit Latency Field

Field Read/ | Default Description
Write Value
L1 Exit Latency RO N/A 000b — Less than 1 ps

001b — 1 us-2 us

010b — 2 us-4 us

011lb — 4 us-8 us

100b — 8 ps-16 ps

101b — 16 ys-32 us

110b — 32 us-64 ps

111b — L1 transition not supported

Endpoints also report the additional latency that they can absorb due to the transition from
LOs state or L1 state to the 1.0 state. This is reported in the Endpoint L.Os Acceptable
Latency and Endpoint .1 Acceptable Latency fields, respectively.

Power management software, using the latency information reported by all components in
the PCI Express Hierarchy, can enable the appropriate level of Active State Link Power
Management by comparing exit latency for each given path from root to Endpoint against
the acceptable latency that each corresponding Endpoint can withstand.

Table 6-8: Encoding of the Endpoint L0s Acceptable Latency Field

Acceptable Latency

Field Read/ | Default Description
Write Value
Endpoint LOs RO N/A 000b — Less than 64 ns

001b — 64 ns-128 ns
010b — 128 ns-256 ns
011b — 256 ns-512 ns
100b — 512 ns-1 s
101b — 1 ps-2 ys

110b — 2 us-4 ps

111b — More than 4 ys

329




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Table 6-9: Encoding of the Endpoint L1 Acceptable Latency Field

Field Read/ | Default Description

Write Value
Endpoint L1 RO N/A 000b — Less than 1 ps
Acceptable Latency 001b — 1 ps-2 ps

010b — 2 us-4 us

011lb — 4 us-8 us

100b — 8 ps-16 ps

101b — 16 ps-32 us
110b — 32 us-64 ps
111b — More than 64 ps

Power management software enables (or disables) Active State Link Power Management in
each component by programming the Active State Link PM Control field.

Table 6-10: Encoding of the Active State Link PM Control Field

Field Read/ | Default Description
Write Value
Active State Link PM | R/W 00b 00b — Disabled
Control 01b — LOs Entry Enabled

10b — Reserved
11b - LOs and L1 Entry enabled

Active State Link PM Control = 00
Port must not bring a Link into LOs state.

Ports connected to the Downstream end of the Link must not issue a
PM_Active_State_Request_L.1 DLLP on its Upstream Link.

Ports connected to the Upstream end of the Link receiving L1 request must respond with
negative acknowledgement.

Active State Link PM Control = 01

Port must bring a Link into LOs state if all conditions are met.

Ports connected to the Downstream end of the Link must not issue a
PM_Active_State_Request_L.1 DLLP on its Upstream Link.

Ports connected to the Upstream end of the Link receiving L1 request must respond with
negative acknowledgement.
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Active State Link PM Control = 11
Port must bring a Link into LOs state if all conditions are met.

Ports connected to the Downstream end of the Link may issue
PM_Active_State_Request_L.1 DLLPs.

Ports connected to the Upstream end of the Link must respond with positive
acknowledgement to L1 request and transition into L1 if conditions for Root Complex Root
Port or Switch downstream Port in Section 6.4.1.2.1 are met.

6.4.1.3.1. Software Flow for Enabling Active State Link Power
Management

Following is an example software algorithm that highlights how to enable active state Link
power management in a PCI Express component.

e PCI Express components power up with active state Link power management disabled

e PCI Express components power up with an appropriate value in their “Slot Clock
Configuration” bit. The method by which they initialize this bit is device-specific

e PCI Express system software scans the “Slot Clock Configuration” bit in the
components on both ends of each Link to determine if both are using the same
reference clock source or reference clocks from separate sources. If the “Slot Clock
Configuration” bits in both devices are set, then they are both using the same reference
clock source, otherwise not

e PCI Express software updates the “Common Clock Configuration” bits in the
components on both ends of each Link to indicate if those devices share the same
reference clock

e Devices must reflect the appropriate L0s/L1 exit latency in their “L0s/L1 exit latency
register bits,” per the setting of the "Common Clock Configuration" bit

e DPCI Express system software then reads and adds up the L0s/L1 exit latency numbers
from all components on a given PCI Express hierarchy reaching up to each endpoint
component

e For each endpoint component, PCI Express system software examines the “Endpoint
LOs/L1 Acceptable Latency,” as reported by the endpoint component in their Link
Capabilities register, and enables (or leaves disabled) LOs/L1 entry (via the Active State
Lin PM Control bits in the Link Control register) accordingly in some or all of the
intervening device ports on that hierarchy
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6.5. Auxiliary Power Support

6.5.1. Auxiliary Power Enabling

The PCI-PM specification requires that a function must support PME generation in order to
consume the maximum allowance of auxiliary current (375 mA vs. 20 mA). However, there
are instances where functions need to consume power even if they are "PME Disabled," or
PME incapable by design. One example is a component with its system management mode
active during a system low power state.

PCI Express PM provides a new control bit, “Aux_En,” that provides the means for
enabling a function to draw the maximum allowance of auxiliary current independent of its
level of support for PME generation.

A PCI Express function requests aux power allocation by specifying a non-zero value in the
Aux_Current field of the Power Management Capabilities Register (PMC). Refer to
Chapter 5 for the Aux_En register bit assighment, and access mechanism.

Legacy PCI-PM software is unaware of this new bit and will only be able to enable aux
current to a given function based on the function’s reported PME support, the Aux_Current
field value and the function’s PME_ Enable bit.

Allocation of aux power using Aux_En is determined as follows:
Aux_ En=1b:

Aux power is allocated as requested in the Aux_Current field of the Power Management
Capabilities Register (PMC), independent of the PME_En bit in the Power Management
Control/Status Register (PMCSR). The PME_En bit still controls the ability to master
PME.

Aux_En = 0b:

Aux power allocation is controlled by the PME_En bit as defined in the PCI-PM
specification.

The Aux_En bit is sticky meaning that its state is not affected by transitions from the D3¢oig
to the DOuyninitilaized State.
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6.6. Power Management System Messages and

DLLPs

Table 6-11 defines the location of each PM packet in the PCI Express stack.

Table 6-11: Power Management System Messages and DLLPs

Packet Type
PM_Enter L1 DLLP
PM_Enter L23 DLLP
PM_Active_State_Request L1 DLLP
PM_Request_Ack DLLP
PM_Active_State Nak Transaction Layer message
PM_PME Transaction Layer message
PME_Turn_Off Transaction Layer message
PME_TO_Ack Transaction Layer message
6.6.1. Power Management System Messages

Power management messages follow the general rules for PCI Express system messages.
Message fields follow the following rules:

e Length Field is

reserved.

e Attribute Field must be set to the default values (all 0’s).

e Address Filed is reserved.

e Requester ID

o PM_PME message

Endpoints report their upstream Link bus number and the device and
function number where the PME originated.

PCI Express to PCI Bridges - When the PME comes from a legacy agent
on a PCI bus downstream, then the PM_PME Message requester ID
reports the legacy bus number where the PME originated from, and the
device and function number reported must both be zero. When the PCI
Express-PCI bridge initiates an internal PME message (e.g., at time when
hot plug event comes in and the SHPC is in non-DO state), the requester
ID is the bus number associated with that function. The device # and
function # are whatever internal function needs to be awakened, e.g., the
SHPC function in this example. In the example depicted in Figure 6-8, a
PME is generated by the SHPC function. The requester ID in the
PM_PME message contains bus = 7, device = 1, function = 1.
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o All other messages report their upstream Link bus number, and device and
function number must both be zero.

e Virtual Channel Field must use the default virtual channel (VCO)

Bus 6

Dev(0)

3GIO-PCI _ _
. P2P | Function 0: p2p bridge
Legacy B”dge bridge (upstream port)

Bus 7
Function 0: p2p bridge | pop | DeV(O) P | pap | T et por)
(downstream port) |iqge bridge| Function|1: SHPC
Bus8 Wire'or Bus 8 Bus 9 Bus9 Wire'or
PME# - ' PME#
signal signal

Figure 6-8: Example of PME Message Addressing in a PCI Express-to-PCI Bridge

6.6.2. Power Management DLLPs

For information on the structure of the power management DLLPs, refer to Section 3.4.
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7.  PCI Express System Architecture

This chapter addresses various aspects of PCI Express interconnect architecture in a
platform context. It covers the details of interrupt support, error signaling and logging, VCs,
isochronous support, Hot Plug, and Lock.

7.1 Interrupt Support

The PCI Express interrupt model supports two mechanisms:
e INTx emulation

e Message Signaled Interrupt (MSI) Support.

For legacy compatibility, PCI Express provides a PCI INTx emulation mechanism to signal
interrupts to the system interrupt controller (typically part of the system core-logic). This
mechanism is compatible with existing PCI software, and provides the same level and type
of service as corresponding PCI interrupt signaling mechanism and is independent of system
interrupt controller specifics. This legacy compatibility mechanism allows boot device
support without requiring complex BIOS-level interrupt configuration/control service
stacks. It virtualizes PCI physical interrupt signals by using an in-band signaling mechanism.

In addition to PCI INTx compatible interrupt emulation, PCI Express requires support of
Message Signaled Interrupt (MSI) mechanism. The PCI Express MSI mechanism is
compatible with the MSI capability defined in the PCI 2.3 Specification.

7.1.1. Rationale for PCl Express Interrupt Model

PCI Express takes an evolutionary approach from PCI with respect to interrupt support.

As required for PCI/PCI-X interrupt mechanisms, each device is required to differentiate
between INTx (legacy) and MSI (native) modes of operation. The PCI Express device
complexity requited to support both schemes is no different than that for PCI/PCI-X
devices today. The advantages of this approach include:

e Compatibility with existing PCI software models
e Direct support for boot devices

e Easier End of Life (EOL) for INTx legacy mechanisms.

Existing software model is used to differentiate legacy (INTx) vs. MSI modes of operation;
thus, no special software support is required for PCI Express.
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7.1.2. PCIl Compatible INTx Emulation

PCI Express supports the PCI interrupts as defined in the PCI Specification, rev. 2.3
including the Interrupt Pin and Interrupt Line registers of the PCI configuration space for
PCI devices. PCI Express devices support these registers for backwards compatibility;
however, interrupts are asserted using in-band messages in the form of Transaction Layer
Packets (TLPs) rather than asserting physical pins.

PCI Express defines two message Transactions, Assert_INTx and Deassert_INTx, for
emulation of PCI INTx signaling, where x is A, B, C, and D for respective PCI interrupt
signals. These messages are routed to the Root Complex where the Requester ID
information (included in all requestor packets) enables flexibility in mapping device
interrupts to the system interrupt controller. PCI Express devices must use assert/de-assert
messages in pairs to emulate PCI interrupt level-triggered signaling. Actual mapping of PCI
Express INTx emulation to system interrupts is implementation specific as is mapping of
physical interrupt signals in PCI today.

The legacy INTx emulation mechanism may be depreciated in a future version of this
specification.

7.1.3. INTx Emulation Software Model

The software model for legacy INTx emulation matches that of PCI. The system BIOS
reporting of chipset/platform interrupt mapping and the association of a device’s interrupt
with PCI interrupt lines is handled in exactly the same manner as with previous PCI systems.
Legacy software reads from the device’s Interrupt Pin register to determine if the device is
interrupt driven. A value between 01 and 04 indicates that the device uses interrupt pin to
generate an interrupt.

Note that similarly to physical interrupt signals, the INTx emulation mechanism may
potentially cause spurious interrupts that must be handled by the system software.

7.1.4. Message Signaled Interrupt (MSI) Support

The Message Signaled Interrupt (MSI) capability is defined in the PCI 2.3 Specification.

MSI interrupt support, which is optional for PCI 2.3 devices, is required for PCI Express
devices. MSI-capable devices deliver interrupts by performing memory write transactions.
MSI is an edge-triggered interrupt; interrupt sharing is prohibited when using MSI.

Neither the PCI 2.3 Specification nor this specification support level-triggered MSI
interrupts.

Note that, unlike INTx emulation messages, MSIs are not restricted to TCO.
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7.1.5. MSI Software Model

It is the system software’s responsibility to ensure that multiple MSI-capable devices cannot
generate the same interrupt message.

It is implementation specific whether an interrupt message is accepted or potentially lost
when an interrupt with the same interrupt message vector is already in service. Additional
interrupt messages with same vector may be potentially lost depending on the specifics of
the core-logic (i.e., chipset) and system interrupt controller implementation.

MSI-capable devices that require servicing of every interrupt message must not generate
multiple outstanding interrupt messages with the same vector. These devices must not
generate another interrupt message until the device driver indicates that the previous
interrupt message of the same vector was serviced. The device driver might indicate that an
interrupt is serviced by reading the device’s interrupt status register.

For particular usage model it might be acceptable to generate a new MSI message without
requiring the device driver to acknowledge the previous interrupt message. A common
example occurs with timers (e.g., timer interrupts). There is no guarantee that all the
interrupt messages from such a device will be serviced. If all interrupt events must be
recognized in a deterministic manner, devices that are source of interrupts must not generate
successive MSIs without having an explicit acknowledgement that each MSI has been
detected and serviced. This explicit acknowledgement is typically supported by interrupt
handler software reading or writing to a particular internal status or control register of
interrupting device. Details of this “handshake” mechanism such as using either a read or
write synchronizing operation and the location and type of address space (Memory, I/O, ot
Configuration space) of a control/status register, are implementation specific. Note,
however, that for the purpose of supporting synchronization between hardware (interrupt
source) and software (interrupt handler), it is recommended to use memory-mapped register
locations.

Certain PCI devices and their drivers rely on INTx-type level-triggered interrupt behavior
(addressed by the PCI Express legacy INTx emulation mechanism). These devices and their
drivers must be redesigned to take advantage of the MSI capability and edge-triggered
interrupt semantics.

7.1.6. PME Support

PCI Express supports power management events from native PCI Express devices as well as
PME-capable PCI devices.

PME signaling is accomplished using an in-band transaction layer PME message (PM_PME)
as described in Chapter 6.
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7.1.7. PME Software Model

From a software standpoint, PME behaves like an edge-triggered interrupt. This is different
from the level-triggered PME mechanism used for PCI. However, this does not impact
operating system software compatibility as PME reporting to the operating system is
abstracted by the ACPI BIOS. Current ACPI-compatible operating systems support both
edge-triggered and level-triggered modes for PME.

To signal PME, a PCI Express device generates a PME message on the PCI Express Link.
System power management logic that is typically part of the core-logic (chipset), receives this
PME message and asserts a ACPI General Purpose Event (GPE) corresponding to the PME
message. ACPI ASL code may utilize the PCI Express Requestor ID in the PM_PME to
inform the operating system which device caused the wake.

Note that PCI Express architecture guarantees that the PME message is delivered reliably
since PCI Express Messages are communicated using TLPs. For more details on PME
signaling, see Chapter 6 (Power Management) of this specification.

7.1.8. PME Routing Between PCI Express and PCI
Hierarchies

PME-capable PCI devices assert the PME# pin to signal a power management event. The
physical PME signal from PCI devices may either be converted to PCI Express a in-band
PME message by a PCI Express-PCI bridge or routed directly to a GPE pin on the core
logic chipset. Delivery of PME signaling from PCI devices is implementation specific as it is
in PClI-based systems today. When converting from PCI level-triggered PME signaling to
edge-triggered PCI Express PME messages, care must be taken not to lose any PMEs from
PCI devices. Such a conversion mechanism may also result in spurious PMEs being
generated.

7.2. Error Signaling and Logging

In this document, errors which must be checked and errors which may optionally be
checked are identified. Each such error is associated either with the Port or with a specific
device (or function in a multi-function device), and this association is given along with the
description of the error. This section will discuss how errors are classified and reported.

7.2.1. Scope

This section explains the error signaling and logging requirements for PCI Express
components. This includes errors which occur on the PCI Express interface itself and those
errors which occur on behalf of transactions initiated on PCI Express. This section does not
focus on errors which occur within the component that are unrelated to a particular PCI
Express transaction. This type of error signaling is better handled through proprietary
methods employing device-specific interrupts.
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PCI Express defines two error reporting paradigms: the baseline capability and the
Advanced Error Reporting capability. The baseline error reporting capabilities are required
of all PCI Express devices and define the minimum error reporting requirements. The
Advanced Error Reporting capability is defined for more robust error reporting and is
implemented with a specific PCI Express capability structure (refer to Chapter 5 for a
definition of this optional capability). This section explicitly calls out all error handling
differences between the baseline and the Advanced Error Reporting capability.

All PCI Express devices support existing, non-PCI Express-aware, software for error
handling by mapping PCI Express errors to existing PCI reporting mechanisms, in addition
to the PCI Express-specific mechanisms.

7.2.2. Error Classification

PCI Express errors can be classified as two types: Uncorrectable errors and Correctable
errors. This classification separates those errors resulting in functional failure from those
errors resulting in degraded performance. Uncorrectable errors can further be classified as
Fatal or Non-Fatal.

ERR_COR

ERR_UNC
ERR_FATAL

Correctable Errors Uncorrectable Errors

Figure 7-1: Error Classification

Classification of error severity as Fatal, Uncorrectable, and Correctable provides the
platform with mechanisms for mapping the error to a suitable handling mechanism. For
example, the platform might choose to respond to correctable errors with low priority,
performance monitoring software. Such software could count the frequency of correctable
errors and provide Link integrity information. On the other hand, a platform designer might
choose to map fatal errors to a system-wide reset. It is the decision of the platform designer
to map these PCI Express severity levels onto platform level severities.
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7.2.2.1. Correctable Errors

Correctable errors include those error conditions where the PCI Express protocol can
recover without any loss of information. Hardware corrects these errors and software
intervention is not required. For example, an LCRC error in a TLP which is corrected by
Data Link Level Retry is considered a correctable error. Logging the frequency of
correctable errors may be helpful for profiling the integrity of a Link.

7.2.2.2. Uncorrectable Errors

Uncorrectable errors are those error conditions that impact functionality of the interface.
There is no PCI Express mechanism defined in this specification to correct these errors.
For more robust error handling by the system, PCI Express further classifies uncorrectable
errors as Fatal and Non-fatal.

7.2.2.2.1. Fatal Errors

Fatal errors are uncorrectable error conditions which render the particular PCI Express Link
and related hardware unreliable. For fatal errors, a reset of the Link may be required to
return to reliable operation. Platform handling of fatal errors, and any efforts to limit the
effects of these errors, is platform implementation specific.

Comparing with PCI/PCI-X, reporting a fatal error is somewhat analogous to asserting
SERR#.

7.2.2.2.2. Non-Fatal Errors

Non-fatal errors are uncorrectable errors which cause a particular transaction to be
unreliable but the Link is otherwise fully functional. Isolating non-fatal from fatal errors
provides system management software the opportunity to recover from the error without
resetting the Link(s) and disturbing other transactions in progress. Devices not associated
with the transaction in error are not impacted by the error.

7.2.3. Error Signaling

There are two complementary mechanisms in PCI Express which allow the agent detecting
an error to alert the system or the initiating device that an error has occurred. The first
mechanism is through a Completion Status and the second method is with in-band error
messages.

Note that it is the responsibility of the agent detecting the error to signal the error
appropriately.

Section 7.2.5 enumerates all the errors and how the hardware is required to respond when
the error is detected.
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7.2.3.1. Completion Status

The Completion Status field in the Completion header indicates when the associated
Request failed (refer to Section 2.7.5). This is the only method of error reporting in PCI
Express which enables the Requestor to associate an error with a specific Request. In other
words, since Non-Posted Requests are not considered complete until after the Completion
returns, the Completion Status field gives the initiator an opportunity to “fix” the problem at
some higher level protocol (outside the scope of this specification). For example, if a Read
is issued to prefetchable memory space and the Completion returns with a Unsupported
Request Completion Status, perhaps due to a temporary condition, the initiator may choose
to reissue the Read Request without side effects. Note that from a PCI Express point of
view, the reissued Read Request is a distinct Request, and there is no relationship (on PCI
Express) between the first Request and the reissued Request.

7.2.3.2. Error Messages

Error messages are sent to the Root Complex for reporting the detection of errors according
to the severity of the error.

When multiple errors of the same severity are detected, the corresponding error messages
may be merged for different errors of the same severity. At least one error message must be
sent for detected errors of each severity level.

Table 7-1: Error Messages

Error Message Description

ERR_COR This Message is issued when the component or device detects a
correctable error on the PCI Express interface. Refer to
Section 7.2.2.1 for the definition of a correctable error.

ERR_NONFATAL This Message is issued when the component or device detects a
non-fatal, uncorrectable error on the PCI Express interface. Refer to
Section 7.2.2.2.2 for the definition of a non-fatal, uncorrectable error.

ERR_FATAL This Message is issued when the component or device detects a
fatal, uncorrectable error on the PCI Express interface. Refer to
Section 7.2.2.2.1 for the definition of a fatal, uncorrectable error.

For these Messages, the Root Complex identifies the initiator of the Message by the
Requester ID of the Message Header. The Root Complex translates these error Messages
into platform level events.

7.2.3.2.1. Uncorrectable Error Severity Programming (Advanced Error
Reporting)

For devices implementing the Advanced Error Reporting capability, the Uncorrectable
Errors Severity register allows each uncorrectable error to be programmed to Fatal or Non-
Fatal. Uncorrectable errors are not recoverable using defined PCI Express mechanisms.
However, some platforms or devices might consider a particular error fatal to a Link or
device while another platform considers that error non-fatal. The default value of the
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Uncorrectable Errors Severity register serves as a starting point for this specification but the
register can be reprogrammed if the device driver or platform software requires more robust
error handling.

Baseline error handling does not support severity programming,

7.2.3.2.2. Masking Error Messages

Section 7.2.5 lists all the errors governed by this specification and enumerates when each of
the above error messages are issued. For devices implementing the Advanced Error
Reporting capability, each of the errors are captured in the Uncorrectable Error Status
register or Correctable Error Status register. The Uncorrectable Errors Mask register and
Correctable Errors Mask register allows each error condition to be masked independently.

For devices that do not implement the Advanced Error Reporting capability, errors are
reported with the Error Status field of the Link Status register and masked with the Error
Control field of the Link Command register (see Section 5.0).

When an error is masked, it is still logged but the error reporting Message is not sent to the
Root Complex. Errors masked with the Link Command register are masked independent of
the bit settings in the Uncorrectable Errors Mask register and Correctable Errors Mask
register.

7.2.3.2.3. Error Pollution

Error pollution can occur if error conditions for a given transaction are not isolated to the
error’s first occurrence. For example, assume the Physical Layer detects a Receiver Error.
This error is detected at the Physical Layer and an error is reported to the Root Complex.
To avoid having this error propagate and cause subsequent errors at upper layers (for
example, a TLP error at the Data Link Layer), making it more difficult to determine the root
cause of the error, subsequent errors which occur for the same packet will not be signaled at
the Data Link or Transaction layers. Similarly, when the Data Link layer detects an error,
subsequent errors which occur for the same packet will not be signaled at the Transaction
layer. This behavior applies only to errors which are associated with a particular packet —
other errors are reported for each occurrence.
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7.2.4. Error Logging

Section 7.2.5 lists all the errors governed by this specification and for each error, the logging
requirements are specified. devices that do not support the Advanced Error Reporting
capability log only the Link Status register bits indicating that a Correctable, Uncorrectable-
Non-fatal, or Uncorrectable-Fatal error has occurred. Note that some errors are also
reported using the reporting mechanisms in the PCI compatible (Type 00h and 01h)
configuration registers. Section 5.5 describes how these register bits are affected by the
different types of error conditions described in this section.

For devices supporting the Advanced Error Reporting capability, each of the errors in
Table 7-2, Table 7-3: and Table 7-4 corresponds to a particular bit in the Uncorrectable
Error Status register or Correctable Error Status register, except for Unsupported Request,
which is covered in the PCI Express device registers directly (see Section 5.8). These
registers are used by software to determine more precisely which error and what severity
occurred. For many of the Transaction Layer errors the associated TLP Header is logged in
the Header Log register. This helps system software to isolate errors to a particular
application, and is useful for robust error handling by allowing system software to keep the
remainder of the platform running normally.

7.2.4.1. Root Complex Considerations (Advanced Error
Reporting)

In addition to the above logging, a Root Complex that supports the Advanced Error
Reporting capability is required to implement the Error Source Identification register, which
records the Requester ID of the first ERR_NONFATAL/ERR_FATAL (uncortectable
errors) and ERR_COR (correctable errors) messages received by the Root Complex. System
software written to support Advanced Error Reporting can use the Root Port Error Status
register to determine which fields hold valid information.

7.2.4.2. Multiple Error Handling (Advanced Error Reporting
Capability)

For the Advanced Error Reporting capability, the Uncorrectable Error Status register and
Correctable Error Status register accumulate the collection of errors which occur on that
particular PCI Express interface. The bits remain set until explicitly cleared by software or
reset. Since multiple bits might be set in the Uncorrectable Error Status register, the First
Error Pointer register points to the uncorrectable error that occurred first, except in the case
where a non-fatal uncorrectable error is followed by a fatal error, in which case the
information for the first fatal error is stored. Likewise, the TLP Header Log register stores
the Header for the first occurrence of a particular severity error, but is replaced when a
higher severity error is detected. For example: The TLP Header Log register is loaded due
to a correctable error, a subsequent correctable error leaves the TLP Header Log register
unmodified, but a following uncorrectable error causes the replacement of the original
contents of the TLP Header Log register.

343



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

7.2.5. Error Listing and Rules

The tables below list all of the PCI Express errors which are defined by this specification.
Each error is listed with a short-hand name, how the error is detected in hardware, the
default severity of the error, and the expected action taken by the agent which detects the
error. These actions form the rules for PCI Express error reporting and logging.

The Default Severity column specifies the default severity for the error without any software
reprogramming. For devices supporting the Advanced Error Reporting capability, the
uncorrectable errors are programmable to Fatal or Non-fatal with the Error Severity register.
Devices without Advanced Error Reporting capability use the default associations and are
not reprogrammable.

Table 7-2: Physical Layer Error List

Error Name Default Detecting Agent Action
Severity
Receiver Error Correctable Receiver (if checking):
Send ERR_CORR to Root Complex unless
masked.
Training Error Uncorrectable | If checking, send ERR_FATAL/ERR_NONFATAL
(Fatal) to Root Complex38 unless masked

Table 7-3: Data Link Layer Error List

Error Name Severity Detecting Agent Action

Bad TLP Receiver:
Send ERR_CORR to Root Complex unless
masked.

If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
TLP that encountered the error. Note that the
header may be unreliable.

Bad DLLP Receiver:

Correctable Send ERR_CORR to Root Complex unless
masked.

Replay Timeout Transmitter:

Send ERR_CORR to Root Complex unless
masked.

REPLAY NUM Transmitter:

Rollover Send ERR_CORR to Root Complex unless
masked.

38 Only the component closer to the Root Complex is typically capable of sending the error Message.

344



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Error Name

Severity

Detecting Agent Action

Data Link Layer
Protocol Error

Uncorrectable
(Fatal)

If checking, send ERR_FATAL/ERR_NONFATAL
to Root Complex unless masked.

Table 7-4:

Transaction Layer Error List

Error Name

Severity

Detecting Agent Action

Poisoned TLP
Received

ECRC Check

Unsupported
Request (UR)

Completion
Timeout

Completer
Abort

Unexpected
Completion

Uncorrectable
(Non-Fatal)

Receiver (if data poisoning is supported):
Send ERR_NONFATAL/ ERR_FATAL to Root
Complex unless masked.

If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
poisoned TLP.

Receiver:

Send ERR_NONFATAL/ ERR_FATAL to Root
Complex unless masked.

If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
TLP that encounter the ECRC error.

Request Receiver:

Send ERR_NONFATAL/ ERR_FATAL to Root
Complex unless masked.

If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
transaction that encountered the error.

Requester:

Send ERR_NONFATAL/ERR_FATAL to Root
Complex.

Completer (if device generates Completer Abort
status):

Send ERR_NONFATAL/ERR_FATAL to Root
Complex.

Receiver:

Send ERR_NONFATAL/ERR_FATAL to Root
Complex.

If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
Completion that encountered the error.

Note that if Unexpected Completion is a result of
misrouting, the Completion Timeout mechanism
will be triggered at the original Requester.

Receiver
Overflow

Uncorrectable
(Fatal)

Receiver (if checking):

Send ERR_FATAL/ERR_NONFATAL to Root
Complex.

345



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

Error Name Severity Detecting Agent Action

Flow Control Receiver (if checking):

Protocol Error Send ERR_FATAL/ERR_NONFATAL to Root
Complex.

Malformed TLP Receiver:
Send ERR_FATAL/ERR_NONFATAL to Root
Complex.
If the detecting agent supports the Advanced
Error Reporting Capability, log the header of the
TLP that encountered the error.

7.2.5.1. PCI Mapping

In order to support PCI driver and software compatibility, PCI Express error conditions,
where appropriate, must be mapped onto the PCI Status register bits for error reporting.

In other words, when certain PCI Express errors are detected, the appropriate PCI Status
register bit is set alerting the error to legacy PCI software. While the PCI Express error
results in setting the PCI Status register, clearing the PCI Status register will not result in
clearing bits in the Uncorrectable Error Status register and Correctable Error Status register.
Similarly, clearing bits in the Uncorrectable Error Status register and Correctable Error
Status register will not result in clearing the PCI Status register.

The PCI command register has bits which control PCI error reporting. However, the PCI
Command Register does not affect the setting of the PCI Express error register bits.

7.2.6. Real and Virtual PCI Bridge Error Handling

Virtual PCI Bridge configuration headers are associated with each PCI Express Port in a
Root Complex or a Switch. Naturally, PCI/PCI-X Bridges also implement PCI Bridge
configuration headers. For all of these cases, PCI Express error concepts require
appropriate mapping to the PCI error reporting structures. This section addresses the cases
related to the virtual PCI Bridge associated with PCI Express Ports in Root Complex and
Switch cases. The mapping for PCI/PCI-X Bridges is similar, and is covered in detail
elsewhere.
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7.2.6.1. Error Forwarding and PCI Mapping for Bridge - Rules

In general, a TLP is either passed from one side of the Virtual PCI Bridge to the other, or is
handled at the ingress side of the Bridge according to the same rules which apply to the
ultimate recipient of a TLP. The following rules cover PCI Express specific error related
cases:

e Ifa Request does not address a space mapped to the egress side of the Bridge, the
Request is terminated at the ingress side as an Unsupported Request

e Poisoned TLPs are forwarded according to the same rules as non-poisoned TLPs
o When forwarding a poisoned TLP:

® the Receiving side must set the Detected Parity Error bit in the
(Secondary) Status register

® the Transmitting side must set the Master Data Parity Error bit in the
Secondary Status register if the Parity Error Response bit in the
Bridge Control register is set

e ERR_COR, ERR_NONFATAL and ERR_FATAL are forwarded from the
secondary interface to primary interface, if the SERR# Enable bit in the Command
and Bridge Control register is set

7.3. Virtual Channel Support

7.3.1. Introduction and Scope

Virtual Channel mechanism provides a foundation for supporting differentiated services
within the PCI Express fabric. It enables deployment of independent physical resources that
together with traffic labeling are required for optimized handling of differentiated traffic.
Traffic labeling is supported using Transaction Class TLP-level labels. Exact policy for
traffic differentiation is determined by the TC/VC mapping and by the VC-based
arbitration. The TC/VC mapping depends on the platform application requirements. These
requirements drive the choice of VC arbitration algorithm and
configurability/programmability of arbiters allows detailed tuning of the traffic servicing

policy.
Basic definition of Virtual Channel mechanism and associated Traffic Class labeling

mechanism is covered in Chapter 2 of this specification. VC configuration/programming
model is defined in Section 5.11 of this document.
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The remaining sections of this chapter cover VC mechanisms from the system perspective.
They address the next level details on:

e Supported TC/VC configurations
e VC-based arbitration — algorithms and rules
e Traffic ordering considerations

e Jsochronous support as a specific usage model

7.3.2. Supported TC/VC Configurations

A Virtual Channel is established when one or multiple TCs are associated with a physical VC
resource designated by the VC ID. Every Traffic Class that is supported must be mapped to
one of the Virtual Channels. The baseline PCI Express configuration requires support for
the default TCO/VCO pair that is “hardwired” i.e., not configurable. Any support above that
level is optional. The TC/VC configuration process is controlled by system software using
programming model described in Section 5.11.

To simplify for interoperability when configuring multiple VCs over a PCI Express Link,
this specification provides restricting rules to limit the set of valid VC configurations that
can be found in Section 2.6. In general, mapping of TCs to VCs other than TC0/VCO is up
to system software. Two basic TC/VC configurations are described here as examples:

e Symmetrical TC to VC Mapping
e TC to VC Re-mapping

Note that multi-port components (Switches and Root Complex) are required to support
independent TC/VC mapping for each PCI Express port, therefore they must support both
configurations.

7.3.2.1. Symmetrical TC to VC Mapping

Differentiated servicing of transactions with different TC labels can be realized through
proper mapping of TCs to VCs that provide certain service disciplines. In many
applications, same service discipline is applied to transactions with the same TC label
regardless of the source of the transaction. Therefore, within a PCI Express fabric
component such as a Switch, the setting of TC to VC mapping is selected such that it is the
same for all ports of the Switch. This is called symmetrical TC to VC mapping.

Figure 7-2 shows a symmetrical TC to VC mapping example, where the Switch has two
downstream ports and one upstream Port and supports four Virtual Channels at each Port.
After VC configuration is established, the upstream Port and the downstream Port
connecting to Endpoint B have four VCs enabled with VC ID of 0, 1, 2, 3, respectively and
have the following TC to VC mapping: TC(0-1)/VCO0, TC(2-4)/VC1, TC(5-6)/VC2,
TC7/VC3. The connection to Endpoint A only has two VCs enabled with the following TC
to VC mapping: TC(0-1)/VCO0, TC7/VC3. In this example, the second VC (at the Link that
connects Endpoint A and Switch) is assigned a VC ID of 3. In this configuration, all
enabled VCs of Switch ports have the same set of associated TCs.
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Note that TC[2:6] are not mapped to the Link that connects Endpoint A and Switch, which
means that traffic labeled with TC[2:6] is not allowed between the Switch and Endpoint A.
Traffic labeled with a TC number that is not in the list of TCs enabled for a PCI Express
Port is treated as an illegal transaction. Corresponding packets will be dropped at the
receiving Port. This mechanism is referred to as TC filtering.

Figure 7-2: An Example of Symmetrical TC to VC Mapping

7.3.2.2. TC to VC Re-mapping

For some systems where PCI Express components with different capability are connected in
a PCI Express fabric, an improved traffic differentiation can be achieved using TC to VC re-
mapping. TC to VC re-mapping refers to the configuration of a multi-port PCI Express
component whereas for traffic flowing from an Ingress Port to an Egress Port of the
component, the TC to VC mapping of the two ports are different.

Figure 7-3 shows an example of TC to VC re-mapping. A simple Switch with one
downstream Port and one upstream Port connects an Endpoint to a Root Complex. At the
upstream Port, two VCs (VCO and VC1) are enabled with the following mapping: TC(0-
6)/VCO, TC7/VC1. At the downstream Port, only the default VC (VCO0) is enabled and all
TCs are mapped to VCO. In this example while TC7 is mapped to VCO at the downstream
Port, it is re-mapped to VC1 at the upstream Port. Although the Endpoint device only
supports the default VC, when it labels transactions with different TCs, transactions with
TC7 label from/to the Endpoint device can take advantage of the two Virtual Channels
enabled between the Switch and the Root Complex.
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Figure 7-3: An Example of Asymmetrical TC to VC Mapping

Implementation Note: Multiple TCs Over a Single VC

A single VC implementation may benefit from using multiple TC labels. TC labels provide
ordering domains that may be used to differentiate traffic within the endpoint or the RC
independent of the number of VCs supported.

In a simple configuration there might be only a default VC supported. Within this platform
the traffic differentiation may not be supported in an optimum manner since the different
traffic classes cannot be physically segregated. However, the benefits of carrying multiple
TC labels can still be exploited particularly in the small and “shallow” topologies where
Endpoints are connected directly to RC rather then through cascaded switches. In these
topologies traffic that is targeting RC only needs to traverse a single Link, and an optimized
scheduling of packets on both sides (Endpoint and RC) based on TC labels may accomplish
significant improvement over the case when a single TC label is used. Still, inability to route
differentiated traffic through separate resources with fully independent flow-control and
independent ordering exposes all of the traffic to the potential blocking head-of-line
conditions. Optimizing Endpoint internal architecture to minimize the exposure to the
blocking conditions can reduce those risks.

7.3.3. VC Arbitration

Arbitration is one of the key aspects of Virtual Channel mechanism and it is defined in a
manner that fully enables configurability to the specific application. In general, definition of
PCI Express VC-based arbitration mechanism is driven by the following objectives:

e To provide data flow forward progress required to avoid false transaction timeouts.
e To provide differentiated services between data flows within the fabric.

e To provide guaranteed bandwidth with deterministic (and reasonably small) end-to-
end latency between components.

As PCI Express Links are bidirectional, each PCI Express port can be an ingress or an
Egress Port depending on the direction of traffic flow. This is illustrated by the example of
a 3-port Switch in Figure 7-4, where traffic flows between Switch ports are highlighted with
different types of lines. In the following sections, PCI Express VC Arbitration is defined
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using a Switch arbitration model since Switch is the PCI Express element that represents a
functional superset from the arbitration perspective.

In addition, one-directional data flows are used in the description.

_ 3GIO
Link \ A 3-Port Switch Y, Link

Figure 7-4: An Example of Traffic Flow Illustrating Ingress and Egress

7.3.3.1. Traffic Flow and Switch Arbitration Model

The following set of figures (Figure 7-5 and Figure 7-0) illustrates traffic flow through the
Switch and summarizes the key aspects of the arbitration.

o

Ingress
Ports

ngress Port #

Egress Port #
Figure 7-5: An Example of Differentiated Traffic Flow Through a Switch
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At each Ingress Port an incoming traffic stream is represented in Figure 7-5 by small boxes.
These boxes represent packets that are carried within different VCs that are distinguished
using different levels of gray. Each of the boxes that represents a packet belonging to
different VC includes designation of ingress and Egress Ports to indicate where the packet is
coming from and where it is going. For example, designation “3.0” means that this packet is
arriving at Port #0 (ingress) and it is destined to Port #3 (egress). Within the Switch packets
are routed and serviced based on Switch internal arbitration mechanisms.

Switch arbitration model defines a required arbitration infrastructure and functionality within
a Switch. This functionality is needed to support a set of arbitration policies that control
traffic contention for an Egress Port from multiple Ingress Ports.

Figure 7-6 shows a conceptual model of a Switch highlighting resources and associated
functionality in ingress to egress direction. Note that each Port in the Switch can have a role
of an ingress or Egress Port. Therefore, this figure only shows one particular scenario where
the 4-Port Switch in this example has ingress traffic on Port #0 and Port #1, that targets
Port #2 as an Egress Port. A different example may show different flow of traffic implying
different roles of ports on the Switch. PCI Express architecture enables peer-to-peer
communication through the Switch and, therefore, possible scenarios using the same
example may include multiple separate and simultaneous ingress to egress flows (e.g., Port O
to Port 2 and Port 1 to Port 3).

/ Port Arbitration \

within aVC in Egress port VC Arbitration
for an Egress port

TCINVC

> Mapping
§|< of the
Egress

Port

Ingress
Ports

Egress
Ports

TCIVC
Mapping
—p ﬂ/ of the

Egress

&/ These structures replicate

for each egress port

\ /

Figure 7-6: Switch Arbitration Structure

Routing of traffic received by the Switch on Port 0 and Port 1 and destined to Port 2 can be
conceptually described by the following two steps. First, the target Egress Port is determined
based on address/routing information in the TLP header. Secondly, the target VC of the
Egtess Port is determined based on the TC/VC map of the Egress Port. Transactions that
target the same VC in the Egress Port but are from different Ingress Ports must be
arbitrated before they can be forwarded to the corresponding resource in Egress Port. This
arbitration is referred to as the Port Arbitration.
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Once traffic reaches corresponding destination VC resource in the Egress Port, it is subject
of arbitration for the shared Link. From the Egress Port point of view this arbitration can
be conceptually defined as a simple form of multiplexing where the multiplexing control is
based on arbitration policies that are either fixed or configurable/programmable. This stage
of arbitration between different VCs at an Egress Port is called the VC Arbitration of the
Egress Port.

Independent of VC arbitration policy, a management/control logic associated with each VC
must observe transaction ordering and flow control rules before it can make pending traffic
visible to the arbitration mechanism.

Implementation Note: VC Control Logic Requirements at Egress Port

Part of the VC control logic resources at every Port includes:
e VC Flow Control logic
e VC Ordering Control logic

Flow control credits are exchanged between two ports connected to the same Link.
Availability of flow-control credits is one of the qualifiers that VC control logic must use to
decide when a VC is allowed to compete for the shared Link resource (i.e., DLL
transmit/retry buffer). If a candidate packet cannot be submitted due to the lack of an
adequate number of flow control credits, VC control logic MUST mask presence of pending
packet to prevent blockage of traffic from other VCs. Note that since each VC includes
buffering resources for Posted, Non-Posted Requests and Completion packets, the VC
control logic must also take into account availability of flow control credits for the particular
candidate packet. In addition, VC control logic must observe ordering rules (see Section 2.5
for more details) for Posted/Non-Posted/Completion transactions to prevent deadlocks and
violation of producer-consumer ordering model.

Implementation Note: Arbitration for Multi-Function Endpoints

The arbitration of data flows from different functions of a multi-function Endpoint is
beyond the scope of this specification. Mapping of different data flows (within multi-
function Endpoint) to different TCs and VCs is implementation specific. Multi-function
Endpoints, however, should support PCI Express VC-based arbitration control mechanism
if multiple VCs are implemented for the PCI Express Link.

When a common VC on the PCI Express Link is shared by multiple functions, the
aggregated traffic over the VC is subject to the bandwidth and latency regulations for that
VC on the PCI Express Link. The multi-function Endpoints should implement proper
arbitration for data flows from different functions in order to share the Link resources and
achieve desired end to end services.
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7.3.3.2. VC Arbitration —Arbitration Between VCs

The VC Identification (VC ID) provides an inherent, i.e., default “prioritization” of VCs.
Therefore, all VC resources are arranged in ascending order of relative priority in the PCI
Express Virtual Channel Capability Structure. As shown in an example in Figure 7-7 where 8
VCs are supported by a PCI Express Port, the VCs are associated with default priority levels
where VCO is a lowest priority and VC7 is the highest priority.

VC Relative
Resource VCID Priority VC Arbitration Usage Example

Extended VC Count =7

8thVC vcz7 | High For isochronous traffic
ZhVC VC 6 For other low latency usage

Strict Priority (such as over-subscribable real
6th VC VC5 o time streams, or low latency
—T T TN T I-. Low Priority Extended VC Count = 3
4th vV VC3 =

- 5

3rdVvC vc2 | & Governed by

VC Arbitration
2ndVC VC1 Capability field For QoS usage

e.0.WRR

lwve [ VEO ) Low (egWRR) Defavit V'C (3GIO/PCI)

Figure 7-7: VC ID and Priority Order — An Example

However, this inherent prioritization does not imply restrictions in terms of algorithms that
can be deployed for handling VC arbitration. Before VCs above the default VCO can be
enabled, they must be configured for the appropriate arbitration policy. PCI Express
architecture defines the following arbitration methods:

e Strict Priority — Based on inherent prioritization, i.e., VCO=lowest, VC7=highest
e Round Robin (RR) — Simplest form of arbitration where all VCs have equal priority

e Weighted RR — Programmable weight factor determines the level of service

The PCI Express VC Capability programming model allows mixing of different arbitration
methods by grouping VCs into the two groups, the lower group (VCO to VC3) and the
upper group (VC4 to VC7) as shown by the example in Figure 7-7. The upper group
operates using strict priority scheme and the lower group as a whole is treated as the lowest
priority member in the strict priority arbitration stack. The arbitration within the lower group
can be configured to one of the supported arbitration methods. The size of this group is
indicated by the Low Priority Extended VC Count field in the Port VC Capability Register 1.
The arbitration methods are listed in the VC Arbitration Capability field in the Port VC
Capability Register 2. See Section 5.11 for details. When the Low Priority Extended VC
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Count field is set to zero, all VCs are governed by the strict-priority VC arbitration; when the
field is equal to the Extended VC Count, all VCs are governed by the VC arbitration
indicated by the VC Arbitration Capability field.

7.3.3.2.1. Strict Priority Arbitration Model

Strict priority provides minimal latency for high priority transactions. However, it may
create a potential starvation for a low priority traffic if it is not applied correctly. Using strict
priority scheme implies that traffic at every priority level (except at the lowest) is regulated in
terms of both maximum peak bandwidth and duration of the peak bandwidth usage. This
regulation must be provided at the sources of the traffic or at the ports where traffic enters
the PCI Express fabric. It is assumed that lowest priority will be provided with an adequate
leftover of bandwidth to allow reasonable forward progress and to prevent application
timeouts. For example, isochronous traffic requires to be served as the highest priority by
each PCI Express component. As detailed in Section 7.3.4, regulation of isochronous
resource usage is managed by software and is enforced by PCI Express fabric components
such as Switches and Root Complex in the manner that over-subscription is prevented.

7.3.3.2.2. Round Robin Arbitration Model

Round Robin model is used to provide simple arbitration that allows at transaction-level
equal®® opportunities to all traffic. Note that this scheme is used where different unordered
streams need to be serviced with the same priority.

In the case where differentiation is required, a Weighted Round Robin scheme can be used.
The WRR scheme is commonly used in the case where bandwidth regulation is not enforced
by the sources of traffic and therefore it is not possible to use the priority scheme without
risking starvation of lower priority traffic. The key is that this scheme provides fairness
during traffic contention by allowing at least one arbitration win per arbitration loop.
Assigned weight regulates both minimum allowed bandwidth and maximum burstiness for
each VC during the contention. This means that it bounds the arbitration latency for traffic
from different VCs. Note that latencies are also dependent on the maximum packet sizes
allowed for traffic that is mapped onto those VCs.

One of the key usage models for WRR scheme is support for QoS policy where different
QoS levels can be provided using different weights.

Although weight can be fixed (by hardware implementation) for certain applications, to
provide more generic support for different applications PCI Express components that
support WRR scheme are recommended to make it programmable. Programming of WRR
is controlled using software interface defined in Section 5.11.

39 Note that this does not imply equivalence and fairness in the terms of bandwidth usage.
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7.3.3.3. Port Arbitration — Arbitration Within VC

Arbitration within VC refers to the arbitration between the traffic that is mapped onto the
same VC but is coming from different Ingress Ports. Inherent prioritization scheme that
makes sense when talking about arbitration among VCs in this context is not applicable
since it would imply strict arbitration priority for different ports. Traffic from different
ports can be arbitrated using the following supported schemes:

e Hardware-fixed Round Robin or RR-like arbitration scheme
e Programmable WRR arbitration scheme

e Programmable Time-based WRR arbitration scheme

Hardware-fixed RR or RR-like scheme is the simplest to implement since it does not require
any programmability. It makes all ports equal priority, which is acceptable for applications
where no software-managed differentiation or per-port-based bandwidth budgeting is
required.

Programmable WRR allows flexibility that it can operate as flat RR or if differentiation is
required, different weights can be applied to traffic coming from different ports in the
similar manner as described in Section 7.3.3.2. This scheme is used where different
allocation of bandwidth needs to be provided for different ports.

A Time-based WRR is used for applications where not only different allocation of
bandwidth is required but also a tight control of usage of that bandwidth. This scheme
allows control on the amount of traffic that can be injected from different ports within
certain fixed period of time. This is required for certain applications such as isochronous
where traffic needs to meet a strict deadline requirement. Section 7.3.4 provides basic rules
to support isochronous applications. For more details on time-based arbitration and on the
isochronous as a usage model for this arbitration scheme refer to Appendix A.

7.3.4. Isochronous Support

Servicing isochronous data transfer requires a system to provide not only guaranteed data
bandwidth but also deterministic service latency. The isochronous support mechanisms in
PCI Express are defined to ensure that isochronous traffic receives its allocated bandwidth
over a relevant period of time while also preventing starvation of the other traffic in the
system. Isochronous support mechanisms apply to communication between Endpoint and
Root Complex as well as to peer-to-peer communication with the following restrictions:

e In the Endpoint to Root Complex communication model, isochronous traffic
consists of read and write requests to the Root Complex and read completions from
the Root Complex.

e In the Peer-to-Peer model, isochronous traffic is limited to unicast push-only
transactions (memory writes or messages). The push-only transactions can be within
a single host domain or across multiple host domains.
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Isochronous service is realized through proper use of PCI Express mechanisms such as
Traffic Class (TC) transaction labeling, Virtual Channel (VC) data-transfer protocol, and TC
to VC mapping. End to end isochronous service requires software to set up proper
configuration along the path between the Requester to Completer. This section describes
the rules for software configuration and the rules hardware components must follow to
provide end to end isochronous services. More information and background material
regarding isochronous applications and isochronous design guide can be found in

Appendix A..

7.3.4.1. Rules for Software Configuration

System software MUST obey the following rules to configure PCI Express fabric for

isochronous transactions:

e Within a PCI Express hierarchy domain or within multiple PCI Express hierarchy
domains spawned from Root Ports that have a common Root Complex Register
Block (RCRB), software must designate one or more TCs for isochronous
transactions. In the rest of this section, a TC designated for isochronous transactions
is referred to as an Isochronous TC.

e The setting of the Attribute fields of all isochronous requests targeting the same
Completer must be fixed and identical.

e On any PCI Express Link, software must assign all Isochronous TCs to the VC with
the highest VC ID. In the rest of this section, this VC is referred to as the
Isochronous VC.

e On any PCI Express port, software must configure the Isochronous VC so that it is
served with the highest priority in VC arbitration. This is accomplished by either
enabling strict priority VC arbitration (where the Isochronous VC having the highest
VC ID would be served with the highest priority) or by configuring other VC
arbitration mechanism to achieve equivalent effect.

e For Switch ports and RCRB, the Isochronous VC must support and be configured
with a time-based Port Arbitration.

e Software must not assign other TCs to the Isochronous VC.
e Software must not assign Isochronous TC to any other VC.

e Software must not assign the number of isochronous transactions to a PCI Express
port or RCRB that exceeds the Maximum Time Slots capability reported by the PCI
Express port or RCRB. Software must not assign all PCI Express Link capacity to
isochronous traffic in order to ensure forward progress of other transactions.

e Software must limit the Max_Payload_Size for each PCI Express hierarchy domain
to meet the isochronous latency requirements.
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7.3.4.2. Rules for Requesters

A Requester requiring isochronous services must obey the following rules:

e The value in the Length field of read requests must never exceed Max_Payload_Size.
e All read and write requests must never cross naturally aligned address boundaries.

e When system software indicates to the device driver of the Requester that snoop
transaction is not allowed by the Completer, the Requester must set the "Snoop Not
Required" Attribute bit.

e MSI must not be mapped to any TC used for isochronous traffic.

Note: An isochronous Requester that uses MSI mechanism must select a different TC (other
than the one used for isochronous traffic) to transmit MSI packets. Before MSI can be
generated, the Requester is required to perform synchronization (for example "flushing"
using Memory Read of zero length).

7.3.4.3. Rules for Completers

A Completer providing isochronous services must obey the following rules:

e A Completer must not apply backpressure (due to the flow control) to isochronous
requests injected uniformly to the PCI Express Link.

e A Completer must report its isochronous bandwidth capability in the Max Time Slots
field in the VC Resource Capability Register intended for isochronous use. Note that a
Completer must account for partial writes.

e A Completer must observe the maximum isochronous transaction latency.

e A Root Complex as a Completer must implement RCRB and support time-based
Port Arbitration mechanism for the Isochronous VC. Note that the time-based Port
Arbitration only applies to request transactions.

7.3.4.4. Rules for Switch Components

A Switch component providing isochronous services must obey the following rules:

e A Switch port must not apply backpressure (due to flow control) to isochronous
requests injected uniformly to the PCI Express Link.

e A Switch component must observe the maximum isochronous transaction latency.

e A Switch component must return isochronous read completions in strictly the same
otder as the corresponding isochronous read requests.

e A Switch component must serve and forward isochronous write requests in strictly
the same order.
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e A Switch component must support time-based Port Arbitration mechanism for the
Isochronous VC. Note that the time-based Port Arbitration only applies to request
transactions but not to completion transactions.

e A Switch component must allow isochronous write requests (peer to peer) to pass
isochronous read completions (Root Complex to Endpoint).

7.4, Device Synchronization STOP Mechanism

Renumbering bus numbers by system software during system operation may cause requestor
ID (based upon bus numbers) for a given device to change; as a result, any requests or
completions for that device still in flight may be rendered invalid due to the change in the
requester ID. It is also desirable to be able to ensure that there are no outstanding
transactions during a hot-plug orderly removal. A device synchronization stop mechanism is
provided to allow system software to ensure that no transactions are in flight with respect to
a particular endpoint device before performing a bus renumbering operation that causes the
bus number (and requestor ID) to change for a given device.

The device synchronization stop mechanism for endpoint devices is implemented via the
Stop mechanism and the associated Stop and Transactions Pending bits (see Section 5.8).

System software signals a device to stop by setting the Stop bit in the Device Command
register of the device. The Stop operation is assumed to have completed by software if a
device signals that no more transactions are pending by clearing the Transactions Pending
status bit in the Device Status register; a device is not permitted to issue any new requests
after the Stop bit is set.

Prior to clearing the Transaction Pending bit, an endpoint must ensure that:

e Completions for outstanding non-posted requests for all used Traffic Classes have
been received by the corresponding Requestors.

e All requests with completions initiated by this device have returned completions.

e All posted requests of all Traffic Classes have been “flushed” (i.e., have been
received by intended targets) in all directions including between endpoint and host,
and between peer-to-peer endpoints.

Implementation Note: Flush Mechanisms

In a simple case such as that of an endpoint device communicating only with host memory,
“flush” can be implemented using a directed memory read. A memory read needs to be
performed on all TCs that the device is using. If a device has pending peet-to-peer
transactions (including pending completions), then it must use a non-posted transaction such
as a directed memory read targeted to specific peer destination to perform the “flush.” The
specific mechanism used is implementation specific but must be performed by hardware
without software assistance.
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7.5. Locked Transactions

7.5.1. Introduction

Locked Transaction support is required to prevent deadlock in systems that use legacy
softwate which causes the accesses to I/O devices. Note that some CPUs may generate
locked accesses as a result of executing instructions that implicitly trigger lock. Some legacy
software misuses these transactions and generates locked sequences even when exclusive
access is not required. Because locked accesses to 1/O devices introduce potential deadlocks
apart from those mentioned above, as well as serious performance degradation, PCI Express
Endpoints are prohibited from supporting locked accesses, and new software must not use
instructions which will cause locked accesses to 1/O devices. Legacy Endpoints support
locked accesses only for compatibility with existing software.

Only the Root Complex is allowed to initiate Locked Requests on PCI Express. Locked
Requests initiated by Endpoints and Bridges are not supported. This is consistent with
limitations for locked transaction use outlined in the PCI Local Bus Specification, Rev 2.3
(Appendix F- Exclusive Accesses).

This section specifies the rules associated with supporting locked accesses from the Host
CPU to Legacy Endpoints, including the propagation of those transactions through Switches
and PCI Express/PCI Bridges.

7.5.2. Initiation and Propagation of Locked Transactions -
Rules

Locked sequences are generated by the Host CPU(s) as one or more reads followed by an
equal number of writes to the same location(s). When a lock is established, all other traffic is
blocked from using the path between the Root Complex and the locked Legacy Endpoint or
Bridge.

e Lock is initiated on PCI Express using the “lock”—type Read Request/ Completion
(MRdLk/CpIDLE) and terminated with the Unlock Message

o MRdLEk, CplDLk and Unlock semantics are allowed only for the default
Traffic Class (T'CO)

e The Unlock Message is broadcast from the Root Complex to all Endpoints and
Bridges

o Any device which is not involved in the locked sequence must ignore this
Message

The initiation and propagation of a locked transaction sequence through PCI Express is
performed as follows:

e Alocked transaction sequence is started with a MRdLk Request
o Any successive reads for the locked transaction also use MRdLk Requests

o The Completions for any MRdLk Request use the CplDLk Completion type
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e All writes for the locked sequence use MWr Requests

e The Unlock Message is used to indicate the end of a locked sequence

o A Switch must propagate Unlock Messages to all Ports other than the Ingress
Port, regardless of the state of the Switch or PCI Express/PCI Bridge with
respect to lock

o A PCI Express/PCI Bridge may propagate Unlock by deasserting LOCK#
on its PCI interface

e Upon receiving an Unlock Message, a Legacy Endpoint or Bridge must unlock itself
if it is in a locked state

o If notlocked, or if the Receiver is a PCI Express Endpoint or Bridge which
does not support lock, the Unlock Message is ignored and discarded

7.5.3. Switches and Lock - Rules

Switches must distinguish transactions associated with locked sequences from other
transactions to prevent other transactions from interfering with the lock and potentially
causing deadlock. The following rules cover how this is done. Note that locked accesses are
limited to TCO, which is always mapped to VCO.

e When a Switch propagates a MRdLk Request from the Ingress Port (closest to the
Root Complex) to the Egress Port, it must block all Requests which map to the
default Virtual Channel (VCO) from being propagated to the Egress Port

o If the Egress Port is enabled to use one or more non-default VCs (VCs other
than VCO0), and if a Request specifies a Traffic Class which maps to a non-
default VC on the Egress Port, then the Request must not be blocked

o If a subsequent MRdLk Request is Received at this Ingress Port addressing a
different Egress Port, the behavior of the Switch is undefined

Note: This sort of split-lock access is not supported by PCI Express and
software must not cause such a locked access. System deadlock may result
from such accesses.

e When the CplDLk for the first MRdLk Request is returned, the Switch must block
all Requests from all other Ports from being propagated to either of the Ports
involved in the locked access, except for Requests which map to non-default VCs on
the Egress Port
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e The two Ports involved in the locked sequence must remain blocked as described
above until the Switch receives the Unlock Message (at the Ingress Port for the initial
MRdLk Request)

o The Unlock Message must broadcast to all other Ports

o The Ingress Port is unblocked once the Unlock Message arrives, and the
Egress Port(s) which were blocked are unblocked following the Transmission
of the Unlock Message out of the Egress Ports

= Ports which were not involved in the locked access are unaffected by
the Unlock Message

7.5.4. PCI Express/PCI Bridges and Lock - Rules

The requirements for PCI Express/PCI Bridges ate similar to those for Switches, except
that, because PCI Express/PCI Bridges use only the default Virtual Channel and Traffic
Class, all other traffic is blocked during the locked access. The requirements on the PCI bus
side of the PCI Express/PCI Bridge match the requirements for a PCI/PCI Bridge (see
PCI-to-PCI Bridge Architecture Specification 1.1).

e When a PCI Express/PCI Bridge propagates a Locked Read Request through the
Bridge, it must block all Requests not associated with the locked access from being
propagated through the Bridge in the same direction as the Locked Read Request

e When the Locked Completion for the first Locked Read Request is returned, the
Bridge must block all Requests not associated with the locked access from flowing
through the Bridge in either direction

e The Bridge must remain blocked as described above until the Bridge is unlocked
from the side which initiated the locked access

o The Bridge unlocks itself and propagates the unlock to the other side of the
Bridge

7.5.5. Root Complex and Lock - Rules

A Root Complex is permitted to support locked transactions as a Requestor. If locked
transactions are supported, a Root Complex must follow the sequence described in
Section 7.5.2 to perform a locked access. The mechanisms used by the Root Complex to
interface PCI Express to the Host CPU(s) are outside the scope of this document.
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7.5.6. Legacy Endpoints

Legacy Endpoints are permitted to support locked accesses, although their use is
discouraged. If locked accesses are supported, Legacy Endpoints must handle them as
follows:

e The Legacy Endpoint becomes locked when it Transmits the first Completion for
the first Read Request of the locked access

o Once locked, the Legacy Endpoint must remain locked until it receives the
Unlock Message

e While locked, a Legacy Endpoint must not issue any Requests using Traffic Classes
which map to the default Virtual Channel (VCO)

Note that this requirement applies to all possible sources of Requests within the
Endpoint, in the case where there is more than one possible source of Requests.

o Requests may be issued using Traffic Classes which map to VCs other than
the default Virtual Channel

7.5.7. PCI Express Endpoints

PCI Express Endpoints do not support lock. A PCI Express Endpoint must treat a MRdLk
Request as an Unsupported Request (see Chapter 2).

7.6. PCIl Express Reset -Rules

This section specifies the behavior of PCI Express Link reset. The reset can be generated by
the platform or on the component, but any relationship between the PCI Express Link reset
and component or platform reset is component or platform specific (respectively).

e There must be a hardware mechanism for setting or returning all Port state to the
initial conditions specified in this document — this mechanism is called “Power Good
Reset”

o A “Power Good Reset” will occur following the application of power to the
component. This is called a “cold” reset

o In some cases, it may be possible for the “Power Good Reset” mechanism to
be triggered by hardware without the removal and re-application of power to
the component. This is called a “warm” reset

o Note that there is also an in-band mechanism for propagating reset across a
Link. This is called a “hot” reset and is described in Section 4.2.4.5.

o Note also that entering the DL._Inactive state is in some ways identical to a
“hot” reset — see Section 2.13.

e On exit from any type of reset (cold, warm, or hot), all Port registers and state
machines must be set to their initialization values as specified in this document
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e On exit from a “Power Good Reset”, the Physical Layer will attempt to bring up the
Link (see Section 4.2.5). Once both components on a Link have entered the initial
Link Training state, they will proceed through Link initialization for the Physical
Layer and then through Flow Control initialization for VC0, making the Data Link
and Transaction Layers ready to use the Link

o Following Flow Control initialization for VCO0, it is possible for TLPs and
DLLPs to be transferred across the Link

Following a reset, some devices may require additional time before they are able to respond
to Requests they receive. Particularly for Configuration Requests it is necessary that
components and devices behave in a deterministic way, which the following rules address.
The first set of rules address requirements for components and devices:

e A component must enter the initial active Link Training state within 80 ms of the
end of “Power Good Reset” (Link Training is described in Section 4.2.5)

o Note: In some systems, it is possible that the two components on a Link may
exit “Power Good Reset” at different times. Each component must observe
the requirement to enter the initial active Link Training state within 80 ms of
the end of “Power Good Reset” from its own point of view.

e On the completion of Link Training (entering the DI._Active state, see Section 3.2),
a component must be able to receive and process TLPs and DLLPs

The second set of rules address requirements placed on the system:

e To allow components to perform internal initialization, system software must wait
for at least 100 ms from the end of a reset (cold/warm/hot) before it is permitted to
issue Configuration Requests to PCI Express devices

O A system must guarantee that all components intended to be software visible
at boot time are ready to receive Configuration Requests within 100 ms of
the end of “Power Good Reset” — how this is done is beyond the scope of
this specification

e The Root Complex and/or system software must allow 1.0s (+50% / -0%) after a
reset (hot/warm/cold), before it may determine that a device which fails to return a
Successful Completion status for a valid Configuration Request is a broken device

o ie. if the Root Complex repeats Configuration Requests terminated with
Configuration Request Retry Status, then it must continue repeating the
Request(s) until 1s after T, at which point it is permitted to terminate the
Request as a UR

o Note: This delay is analogous to the T, ;, parameter specified for PCI/PCI-X,
and is intended to allow an adequate amount of time for devices which
require self initialization.

e When attempting a Configuration access to devices on a PCI or PCI-X segment
behind a PCI Express/PCI(-X) Bridge, the timing parameter T, must be respected
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When a Link is in normal operation, the following rules apply:

e If, for whatever reason, a normally operating Link goes down, the Transaction and
Data Link Layers will enter the DI._Inactive state (see Sections 2.13 and 3.2.1)

e For any virtual or actual PCI Bridge, any of the following must cause a reset of the
secondary side of the Bridge using the Physical Layer mechanism for communicating
Link Reset (see Section 4.2.4.5):

o Setting the Secondary Bus Reset bit of the Bridge Control register
o Entering DI_Inactive on the primary side of the Bridge

o Link reset using the Physical Layer mechanism for communicating Link
Reset

Certain aspects of “Power Good Reset” are specified in this document and others are
specific to a platform, form factor and/or implementation. Specific platforms, form factors
or application spaces may require the additional specification of the timing and/or
sequencing relationships between the components of the system for “Power Good Reset”.
For example, it might be required that all PCI Express components within a chassis observe
the assertion and deassertion of “Power Good Reset” at the same time (to within some
tolerance). In a multi-chassis environment, it might be necessary to specify that the chassis
containing the Root Complex be the last to exit “Power Good Reset.”

In all cases where power is supplied, the following parameters must be defined:

® T, ,a— “Power Good” must remain inactive at least this long after power becomes
valid
® T, — When deasserted, “Power Good” must remain deasserted at least this long

e T.,— When power becomes invalid, “Power Good” must be deasserted within this
time

Additional parameters may be specified.

In all cases where a reference clock is supplied, the following parameter must be defined:

T yrgaar — “Power Good” must remain inactive at least this long after any supplied
reference clock stable

Additional parameters may be specified.
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7.7. PCI Express Native Hot Plug Support

The PCI Express architecture is designed to natively support both hot plug and hot remove
of devices. This section defines the standard usage model defined for all PCI Express form
factors supporting Hot plug and hot removal of devices. This usage model provides the
foundation for how indicators and push-buttons should behave if implemented in a system.
The definitions of indicators and push-buttons apply to all PCI Express Hot-Plug models.

7.7.1. PCIl Express Hot Plug Usage Model

7.7.1.1. Why Specify a Usage Model?

A standard usage model is beneficial to customers who buy systems with hot-plug slots
because many customers utilize hardware and software from different vendors. A standard
usage model allows customers to use the hot-plug slots on all of their systems without
having to retrain operators. The PCI Express Hot-Plug standard usage model is derived
from the standard usage model defined in the PCI Standard Hot-Plug Controller and Subsystem
Specification, Rev 1.0 and 1s identical from the user perspective. Note that only slight changes
were made in register definitions and conformance to the standard usage model is required
by all PCI Express form factors that implement hot-plug and use indicators and buttons.

Implementation Note: All PCI Express Form Factors that Support Hot-
Plug/Remove Should Not Deviate from the Standard Usage Model

Deviating from the Standard Usage Model causes the solution to be non-PCI Express
complaint and will create issues that would not exist otherwise, such as:

e User confusion
e More extensive hardware testing

e Functional incompatibilities with system software

e Encountering untested paths in system software
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7.7.1.2. Elements of the Standard Usage Model

Table 7-5: Elements of the Standard Usage Model

Element Purpose
Indicators Shows the power and attention state of
the slot

Manually-operated Retention Latch (MRL) Holds add-in cards in place

MRL Sensor Allows the port and system software to
detect the MRL being opened

Electromechanical Interlock Prevents removal of add-in cards while
slot is powered

Attention Button Allows user to request hot-plug
operations

Software User Interface Allows user to request hot-plug
operations

Slot Numbering Provides visual identification of slots

7.7.1.2.1. Indicators

The Standard Usage Model defines two indicators; the Power Indicator and the Attention
indicator. The Platform can provide the two indicators per slot or module bay and the
indicators can be can be implemented on the chassis or the module, see form factor hot plug
requirements for implementation details. Each indicator is in one of three states: on, off, or
blinking. Hot-plug system software has exclusive control of the indicator states by writing
the command status registers associated with the indicator.

The Hot-Plug capable port controls blink frequency, duty cycle, and phase. Blinking
indicators operate at a frequency of 1 to 2 Hz and 50% (+/- 5%) duty cycle. Blinking
indicators are not required to be synchronous and in-phase between ports.

Indicators must be placed in close proximity to their associated hot-plug slot if indicators are
implemented on the chassis so that the association between the indicators and the hot-plug
slot is clear.

Both indicators are completely under the control of system software. The Switch device or
Root Port never changes the state of an indicator in response to an event such as a power
fault or unexpected MRL opening unless commanded to do so by software. An exception is
granted to Platforms capable of detecting stuck-on power faults. In the specific case of a
stuck-on power fault, the Platform is permitted to override the Switch device or Root Port
and force the Power Indicator to be on (as an indication that the add-in card should not be
removed). In all cases, the ports internal state for the Power Indicator must match the
software selected state. The handling by system software of stuck-on faults is optional and
not described elsewhere. Therefore, the Platform vendor must ensure that this optional
feature of the Standard Usage Model is addressed via other software, Platform
documentation, or by other means.
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7.7.1.2.1.1 Attention Indicator

The Attention Indicator is yellow or amber in color and is used to indicate that an
operational problem exists or that the hot-plug slot is being identified so that a human
operator can locate it easily.

Table 7-6: Attention Indicator States

Indicator Appearance Meaning

Off Normal - Normal operation

On Attention - Operational problem at this slot

Blinking Locate - Slot is being identified at the user’s request

Attention Indicator Off

When the Attention Indicator is off, it means that neither the add-in card (if one is present)
nor the hot-plug slot requires attention.

Attention Indicator On

When the Attention Indicator is on, it means an operational problem exists at the card or
slot.

An operational problem is a condition that prevents continued operation of an add-in card.
The operating system or other system software determines whether a specific condition
prevents continued operation of an add-in card and whether lighting the Attention Indicator
is appropriate. Examples of operational problems include problems related to external
cabling, add-in cards, software drivers, and power faults. In general, when the Attention
Indicator is on, it means that an operation was attempted and failed or that an unexpected
event occurred.

The Attention Indicator is not used to report problems detected while validating the request
for a hot-plug operation. Validation is a term applied to any check that system software
performs to assure that the requested operation is viable, permitted, and will not cause
problems. Examples of validation failures include denial of permission to perform a hot-
plug operation, insufficient power budget, and other conditions that may be detected before
an operation begins.

Attention Indicator Blinking
When the Attention Indicator is blinking, it means that system software is identifying this

slot for a human operator to find. This behavior is controlled by a user (for example, from a
software user interface or management tool).
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7.7.1.2.1.2 Power Indicator

The Power Indicator is green in color and is used to indicate the power state of the slot.

Table 7-7: Power Indicator States

Indicator Appearance Meaning

Off Power Off - Insertion or removal of add-in cards is
permitted. All supply voltages (except Vaux) have
been removed from the slot if required for add-in
card removal. Note that Vaux is removed when the
MRL is open.

On Power On - The slot is powered on. Insertion or
removal of add-in cards is not permitted.

Blinking Power Transition - The slot is in the process of
powering up or down. Insertion or removal of add-in
cards is not permitted.

Power Indicator Off

When the Power Indicator is off, it means that insertion or removal of an add-in card is
permitted. Main power to the slot is off if required by the form factor, example of main
power removal is the PCI Express card form factor. If the Platform provides Vaux to hot-
plug slots and the MRL is closed, any signals switched by the MRL are connected to the slot
even when the Power Indicator is off. Signals switched by the MRL are disconnected when
the MRL is opened. System software must cause a slot’s Power Indicator to be turned off
when the slot is not powered and/or it is permissible to insert or remove add-in cards. See
the appropriate electromechanical specifications for form factor details.

Power Indicator On

When the Power Indicator is on, it means that main power to the slot is on and that
insertion or removal of an add-in card is not permitted.

Power Indicator Blinking

When the Power Indicator is blinking, it means that the slot is powering up or powering
down and that insertion or removal of an add-in card is not permitted. A blinking Power
Indicator also provides visual feedback to the human operator when the Attention Button is
pressed.

7.7.1.2.2. Manually-operated Retention Latch (MRL)

An MRL is a manually-operated retention mechanism that holds an add-in card in the slot
and prevents the user from removing the card. The MRL rigidly holds the card in the slot so
that cables may be attached without the risk of creating intermittent contact. MRLs that
hold down two or more add-in cards simultaneously are permitted in Platforms that do not
provide MRL Sensors.
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7.7.1.2.3. MRL Sensor

The MRL Sensor is a Switch, optical device, or other type of sensor that reports the position
of a slot’s MRL to the port. The MRL Sensor reports closed when the MRL is fully closed
and open at all other times (that is, fully open and intermediate positions).

If Vaux is wired to hot-plug slots, the signals switched by the MRL must be automatically
removed from the slot when the MRL Sensor indicates that the MRL is open and must be
restored to the slot when the MRL Sensor indicates that MRL has closed again.

The MRL Sensor allows the port to monitor the position of the MRL and therefore allows
the port to detect unexpected openings of the MRL. When an unexpected opening of the
MRL associated with a slot is detected, the port changes the state of that slot to disabled and
notifies system software. The port does not autonomously change the state of either the
Power Indicator or Attention Indicator.

7.7.1.2.4. Electromechanical Interlock

An electromechanical interlock is a mechanism for physically locking the add-in card or
MRL in place until the system software and port release it. Implementation of the interlock
is optional. There is no mechanism in the programming interface for explicit control of
electromechanical interlocks. The Standard Usage Model assumes that if electromechanical
interlocks are implemented, they are controlled by the same port output signal that enables
main power to the slot. Systems may optionally expand control of interlocks to provide
physical security of the add-in cards.

7.7.1.2.5. Attention Button

An Attention Button is a momentary-contact push-button, located adjacent to each hot-plug
slot or on a module that is pressed by the user to initiate a hot-insertion or a hot-removal at
that slot.

The Power Indicator provides visual feedback to the human operator (if the system software
accepts the request initiated by the Attention Button) by blinking. Once the Power Indicator
begins blinking, a 5-second abort interval exists during which a second depression of the
Attention Button cancels the operation.

If an operation initiated by an Attention Button fails for any reason, it is recommended that
system software present a message explaining the failure via a software user interface or add
the message to a system log.

7.7.1.2.6. Software User Interface

System software provides a user interface that allows hot-insertions and hot-removals to be
initiated and that allows occupied slots to be monitored. A detailed discussion of hot-plug
user interfaces is operating system specific and is therefore beyond the scope of this
document.

On systems with multiple hot-plug slots, the system software must allow the user to initiate
operations at each slot independent of the states of all other slots. Therefore, the user is
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permitted to initiate a hot-plug operation on one slot using either the software user interface
or the Attention Button while a hot-plug operation on another slot is in process, regardless
of which interface was used to start the first operation.

7.7.1.2.7. Slot Numbering

A Physical Slot Identifier (as defined in PCI HP 1.1, Section 1.5) consists of an optional
chassis number and the physical slot number of the hot-plug slot. System software
determines the physical slot number from registers in the port. The chassis number is 0 for
the main chassis. The chassis number for other chassis must be a non-zero value obtained
from a PCI-to-PCI bridge’s Chassis Number register (see PCI Bridge 1.1, Section 13.4).

The Standard Usage Model also requires that each physical slot number is globally unique
within a chassis.

7.7.2. Event Behavior

Depending on the power state of the Switch device or Root Port, it may be programmed to
generate a system interrupt or PME (see Table 7-8).

Table 7-8: Event Behavior

Port Optionally
Register Bit Set Generates the
Event When Detected Cleared by Following When
Event is Detected:
Presence Presence Detect Writing a 1 to the System Interrupt, PME
Detect Event Status detected bit
Change
Attention Attention Button Writing a 1 to the System Interrupt, PME
Button Pressed Event detected bit
Pressed
MRL MRL Sensor Writing a 1 to the System Interrupt, PME
Sensor Change Detected detected bit
Changed Event
Power Power Fault Writing a 1 to the System Interrupt, PME
Fault Detected Event detected bit.

7.7.3.

Registers Grouped by Device Association

The registers listed below are grouped by device to convey all registers associated with
implementing each device in ports. These registers are unique to each Switch device or Root
Port implementing hot plug slots.
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7.7.3.1. Attention Button Registers

Description Register Attribute Default Value
Attention Button Present — This bit indicates if HwInit N/A
an Attention Button is implemented on the
chassis or card.
Attention Button Pressed — This bit is set RW1C 0
when the Attention Button is pressed. This
register is set by the debounced output of an
Attention Button. This bit is also set by the port
receiving the Attention_Button_Pressed
message from the end device.
Attention Button Pressed Enable — This bit RwW 0
when set enables the generation of the hot plug
interrupt or a wake signal on an Attention Button
Pressed event.
7.7.3.2. Attention Indicator Registers

Description Register Attribute Default Value
Attention Indicator Present — This bit indicates | Hwinit N/A
if an Attention Indicator is implemented on the
chassis or card.
Attention Indicator Control — When read this RW N/A

register returns the current state of the Attention
Indicator; when written the Attention Indicator is
set to this state. If an Attention Indicator is
implemented on the card, when written, the port
will send the appropriate Attention Indicator
message (determined by the decoding) to the
device on the card. Defined encodings are:

00b | Reserved
0lb | On

10b | Blink

11b | Off
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7.7.3.3. Power Indicator Registers

Description

Register Attribute

Default Value

Power Indicator Present — This bit indicates if
a Power Indicator is implemented on the chassis
or card.

HwiInit

N/A

Power Indicator Control — When read this
register returns the current state of the Power
Indicator; when written the Power Indicator is set
to this state. If a Power Indicator is

implemented on the card, when written, the port
will send the appropriate Power Indicator
message (determined by the decoding) to the
device on the card. Defined encodings are:

00b | Reserved
0lb | On

10b | Blink

11b | Off

RW

N/A

7.7.3.4. Power Controller Registers

Description

Register Attribute

Default Value

Power Controller Present — This bit indicates if
a Power Controller is implemented for this slot.

HwiInit

N/A

Power Controller Control — When read, this
register returns the current state of the Power
applied to the slot; when written, the Power
Controller turns on or off power to slot. Defined
encodings are:

Ob | Power On
1b | Power Off

RW

N/A

Power Fault Detected — This bit is set when the
Power Controller detects a power fault at this
slot.

RW1C

Power Fault Detected Enable — This bit when
set enables the generation of the hot plug
interrupt or a wake signal on a power fault
event.

RW
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7.7.3.5. Presence Detect Registers

Description

Register Attribute

Default Value

Presence Detect State — This bit indicates the
presence of a card. in the slot. The bit will
reflect the status of the Presence Detect pin as
defined in the PCI Express Card
Electromechanical Specification. Defined
encodings are:

Ob | Slot Empty
1b | Card Present in slot

This register is required to be implemented on
all Switch devices and Root Ports. The
presence detect pin for Switch devices or Root
Ports not connected to slots should be
hardwired to 1.

RO

N/A

Presence Detect Changed Event — This bit is
set when the value of Presence Detect State
changes.

RwW1C

7.7.3.6. MRL Sensor Registers

Description

Register Attribute

Default Value

MRL Sensor Present — This bit indicates if an
MRL Sensor is implemented on the chassis.

Hwinit

N/A

MRL Sensor Changed — This bit is set when
the value of the MRL Sensor State changed.

RW1C

Presence Detect Changed Enable — This bit
when set enables the generation of the hot plug
interrupt or a wake signal on a presence detect
changed event.

RW

MRL Sensor State — This register reports the
status of the MRL sensor if it is implemented.
Defined encodings are:

Ob | MRL Closed

1b | MRL Open

RO

N/A
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7.7.3.7. Port Capabilities and Slot Information Registers

Description

Register Attribute

Default Value

Slot Implemented — This bit when set indicates
that the Link associated with this downstream
port is connected to a slot, as oppose to being
connected to an integrated device or being
disabled.

HwiInit

N/A

Physical Slot Number — This hardware
initialized field indicates the physical slot number
attached to the port. This field must be
hardware initialized to a value that assigns a slot
number that is globally unique within the
chassis. These registers should be initialized to
0 for ports connected to integrated devices on
the motherboard or integrated within the same
silicon as the Switch device or Root Port.

Hwinit

N/A

Hot-Plug capable — This bit when set indicates
this slot is capable of supporting Hot-Plug.

Hwinit

N/A

Hot-Plug Surprise — This bit when set indicates
that the device might be removed from the
system without any prior notification.

HwiInit

N/A

7.7.3.8. Hot Plug Interrupt Control Registers

Description

Register Attribute

Default Value

Hot Plug Interrupt enable — This bit when set
enables generation of the hot plug interrupt on
enabled hot plug events.

RW

0

Command Completed Interrupt Enable — This
bit when set enables the generation of hot plug
interrupt when a command is completed by the
hot plug control logic.

RW
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7.7.4. Messages

The messages defined here allow for cards to implement indicators and buttons on the card
without having to connect signals directly to the port. Detailed explanation of each message
is located in Chapter 2.

7.7.4.1. Messages for Attention Indicator

This series of messages allows the Attention Indicator be implemented on the card as
opposed to the chassis. These messages are sent by the downstream port to the device and
instruct the device to set its Attention Indicator to the indicated state. The following
messages are used:

ATTENTION_INDICATOR_ON
ATTENTION_INDICATOR_BLINK
ATTENTION_INDICATOR_OFF

All Endpoint devices are required to handle the Attention Indicator messages even if the
device does not implement the indicators.

7.7.4.2. Messages for Power Indicator

This series of messages allows the Power Indicator be implemented on the card as opposed
to the chassis. These messages are sent by the downstream port to the device and instruct
the device to set its Power Indicator to the indicated state. The following messages are used:

POWER_INDICATOR_ON
POWER_INDICATOR_BLINK
POWER_INDICATOR_OFF

All Endpoint devices are required to handle the Power Indicator messages even if the device
does not implement the indicators.

7.7.4.3. Messages for Attention Button

ATTENTION_BUTTON_PRESSED - This message allows the attention button to be
implemented on the card and informs the port that the attention button has been pressed.
Upon receipt of this message the port terminates the message and sets the Attention Button
Pressed bit in the Hot-plug Event Register.

All down stream ports of switches and root ports are required to handle the
Attention_Button_Pressed message.
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7.7.5. PCI Express Hot Plug Interrupt/Wake Signal Logic
A port with hot plug compatibilities supports generation of hot plug interrupts on the
following hot plug events:

e Attention Button Pressed

e Power Fault Detected

e MRL Sensor Changed

e Presence Detect Changed

When the system is in a sleep state or if the hot plug capable port is in a device state D1, D2,
or D3hot, the enabled hot plug controller events generate a wake message (using PME
mechanism) instead of a hot plug interrupt.

A hot plug capable port also supports generation of hot plug interrupt when the hot plug
control logic completes an issued command. However, if the system is in a sleep state or if
the hot plug capable port is in a device state D1, D2, or D3hot, a wake event will not be
generated.

Figure 7-8 shows the logical connection between the hot plug event logic and the system
interrupt/wake generation logic.
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7.7.6. The Operating System Hot Plug Method

Some systems that include hot plug capable root ports and switches that are released before
ACPI-compliant operating systems with native hot plug support are available, can use ACPI
firmware for propagating hot plug events. Firmware control of the hot plug registers must
be disabled if an operating system with native support is used. Platforms that provide ACPI
firmware to propagate hot plug events must also provide a control method to transfer
control to the operating system. This method is called Operating System Hot Plug (OSHP)
and is provided for each port that is hot plug capable and being controlled by ACPI

firmware.

Operating systems with native hot plug support must execute the OSHP method, if present,
for each hot plug capable port before accessing the hot plug registers and when returning
from a hibernated state. If a port’s OSHP method is executed multiple times, and the switch
to operating system control has already been achieved, the method must return successfully
without doing anything. After the OSHP method is executed, the firmware must not access
the ports hot plug registers. If any signals such as the System Interrupt or PME# have been
redirected for servicing by the firmware, they must be restored appropriately for operating
system control.

The following is an example of a namespace entry for an SHPC that is managed by
firmware.

Device (PPB1) {

Method (OSHP, 0)
// Disable firmware access to SHPC and restore
// the normal System Interrupt and Wakeup Signal
// connection.

Implementation Note: Controlling Hot Plug by Using ACPI
When using ACPI to control the hot plug events, the following should be considered:

Firmware should redirect the System Interrupt to a GPE so that APCI can service the
interrupts instead of the operating system. An appropriate _Exx GPE handler should be
provided. When an operating system with native hot plug support executes the OSHP
method, the firmware restores the normal System Interrupt so the interrupts can be serviced
by the operating system.
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7.8. Power Budgeting Capability

With the addition of a hot plug capability for add-in cards, the need arises for the system to
be capable of propetly allocating power to any new devices added to the system. This
capability is a separate and distinct function from power management and a basic level of
support is required to ensure proper operation of the system. The power budgeting concept
puts in place the building blocks that allow devices to interact with system to achieve these
goals. There are many ways in which the system can implement the actual power
management capabilities, and as such, they are beyond the scope of this specification.

Devices that will be present on hot pluggable add-in cards are required to implement the
power budgeting capabilities. Devices that are implemented for use on add-in cards or on
the motherboard have the option of supporting the power budgeting capability. Devices
that are designed for both add-in cards and modules must implement power budgeting. The
devices and/or add-in cards are required by PCI Express to remain under the configuration
power limit specified in the corresponding electromechanical specification until they have
been configured and enabled by the system. The system should guarantee that power has
been propetly budgeted prior to enabling an add-in card.

7.8.1. System Power Budgeting Process Recommendations

It is recommended that system firmware provide the power budget management agent the
following information:

e Total system power budget (power supply information).
e Total power allocated by system firmware (motherboard devices).

e Total number of slots and the types of slots.

System firmware is responsible for allocating power for all devices on the motherboard that
do not have power budgeting capabilities. The firmware may or may not include standard
PCI Express devices that are connected to the standard power rails. When the firmware
allocates the power for a device then it must set the SYSTEM_ALLOC bit to “1” to indicate
that it has been properly allocated. The power budget manager is responsible for allocating
all PCI Express devices including motherboard devices that have the power budgeting
capability and have not been marked allocated. The power budget manager is responsible
for determining if hot plugged devices can be budgeted and enabled in the system.

There are alternate methods which may provide the same functionality, and it is not required
that the Power Budgeting Process be implemented in this manner.

380



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

7.9. Slot Power Limit Control

PCI Express provides a mechanism for software controlled limiting of the maximum power
pet slot that PCI Express card/module (associated with that slot) can consume. The key
elements of this mechanism are the:

e Slot Power Limit Value and Scale fields of the Slot Capability register implemented
in the Downstream Ports of a Root Complex and a Switch

e Slot Power Limit Value and Scale fields of the Device Capability register
implemented in the Upstream Ports of a Endpoint, Switch and PCI Express-PCI
Bridge

e Set_Slot_Power_Limit message that conveys the content of the Slot Power Limit
Value and Scale fields of the Slot Capability register of the Downstream Port (of a
Root Complex or a Switch) to the corresponding Slot Power Limit Value and Scale
fields of the Device Capability register in the Upstream Port of the component
connected to the same Link

Power limits on the platform are typically controlled by the software (for example, platform
firmware) that comprehends the specifics of the platform such as:

e partitioning of the platform, including slots for IO expansion using add-in
cards/modules

e power delivery capabilities
e thermal capabilities

This software is responsible for correctly programming the Slot Power Limit Value and Scale
fields of the Slot Capability registers of the Downstream Ports connected to IO expansion
slots. After the value has been written into the register within the Downstream Port, it is
conveyed to the other component connected to that port using the Set_Slot_Power_Limit
message (see Section 2.8.1.5. The receipient of the message must use the value in the
message data payload to limit usage of the power for the entire card/module, unless the
card/module will never exceed the lowest value specified in the correspondnig
electromechanical specification. It is assumed that device driver software associated with
card/module will be able (by reading the values of the Slot Power Limit Value and Scale
fields of the Device Capability register) to configure hardware of the card/module to
guarantee that the card/module will not exceed imposed limit. In the case where the
platform imposes a limit that is below minimum needed for adequate operation, the device
driver will be able to communicate this discreprency to higher level configuration software.

The following rules cover the Slot Power Limit control mechanism:

For Cards/Modules:

e Until and unless a Set_Slot_Power_Limit message is received indicating a Slot Power
Limit value greater than the lowest value specified in the electromechanical
specification for the card/module's form factor, the card/module must not consume
more than the lowest value specified.
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e A card/module must never consume more power than what was specified in the
most recently received Set_Slot_Power_Limit message.

e Endpoint, Switch and PCI Express-PCI Bridge components that are targeted for
integration on a card/module where total consumed power is below lowest limit
defined for the targeted form factor are permitted to ignore Set_Slot_Power_Limit
messages, and to return a value of 0 in the Slot Power Limit Value and Scale fields of
the Device Capability register

e Such components still must be able to receive the Set_Slot_Power_Limit message
correctly but simply discard the message

For Root Complex and Switches which source slots:

e A Downstream Port must not transmit a Set_Slot_Power_Limit message which
indicates a limit that is lower than the lowest value specified in the electromechanical
specification for the slot's form factor.

Implementation Note: Slot Power Limit Control Registers

Typically Slot Power Limit registers within Downstream Ports of Root Complex or a Switch
Device will be programmed by platform-specific software. Some implementations may use a
hardware method for initializing the values of these registers and therefore not require
software support.

Endpoint, Switch and PCI Express-PCI Bridge components that are targeted for integration
on the card/module where total consumed power is below lowest limit defined for that form
factor are allowed to ignore Set_Slot_Power_Limit messages. Note that PCI Express
components that take this implementation approach may not be compatible with potential
future defined form factors. Such form factors may impose a lower power limit which is
below the minimum required by a new card/module based on the existing component.
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A.lsochronous Applications and Support

A.1l. Introduction

Data traffic in PCI Express environment can be generally classified in two categories: bulk-
data traffic and real-time traffic.

While a PCI Express Endpoint device with bulk data transfer generally requires high
throughput and low latency to achieve good performance, it can tolerate occasional data
transfers that complete with arbitrarily long delays. The normal semantics for general-
purpose I/O transactions, as defined for PCI Express default Traffic Class (TCO0), are
supported by the default PCI Express Virtual Channel (VCO). VCO supports bulk data
transfer by providing “best-effort” class of service. This means, since there is no traffic
regulation for the VCO, during any given time period, any device may issue more transactions
than PCI Express Links can support and may saturate the physical PCI Express Links.
Therefore, there is no guaranteed bandwidth or deterministic latency provided to the device
by the VCO. This is why the default general purpose 1/O Traffic Class is referred to as the
"best-effort" Traffic Class.

On the other hand, a PCI Express Endpoint device with real-time data transfer
requirements, such as audio and video data streaming, would continuously/periodically
generate PCI Express transactions. The amount of bandwidth that device can consume will
depend on device’s requirements and may be subject of limitation that can be imposed by
the PCI Express platform software and hardware. Isochronous data transfer protocol in
PCI Express is designed to provide not only guaranteed data bandwidth but also
deterministic service latency. The design goal of isochronous mechanisms in PCI Express is
to ensure that isochronous traffic receives its allocated bandwidth over a relevant time
period while also preventing starvation of other non-isochronous traffic.

Furthermore, there may exist data traffic that requires level of service falling in between what
are required for bulk data traffic and isochronous data traffic. These types of transactions
can be supported in general by using Traffic Classes (T'C1 to TC7) associated with
differentiated services. However, details of service policies for these Traffic Classes are not
addressed in this section.

Two paradigms of PCI Express communication are supported by the PCI Express
isochronous mechanisms: Endpoint-to-Root-Complex communication model and Peer-to-
Peer (Endpoint-to-Endpoint) communication model. In the Endpoint-to-Root-Complex
communication model, the primary isochronous traffic is memory read and write requests to
the Root Complex and read completions from the Root Complex. In the Peer-to-Peer
model, isochronous traffic is limited to unicast push-only transactions (memory writes or
messages). The push-only transactions can be within a single host domain or across multiple
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host domains. Figure A-1 shows an example of a simple system with both communication
models. In the figure, devices A, B, called Requesters, are PCI Express Endpoint devices
capable of issuing isochronous request transactions, while device C and Root Complex,
called Completers, are capable of being the targets of isochronous request transactions. An
Endpoint-to-Root-Complex communication is established between device A and the Root
Complex, and a Peer-to-Peer communication is established between device B and device C.
In the rest of this section, Requester and Completer will be used to make reference to PCI
Express elements involved in transactions. The specific aspects of each communication
model will be called out explicitly.

Root Complex
(Compl eter)

I
: | Read/Write
I

Read |
Completions |
I

DeviceC
(Completer)

Figure A-1: An Example Showing Endpoint-to-Root-Complex and Peer-to-Peer
Communication Models

Dexrce A Dev%e B
(Requester) (Requester)

= = = =% |sochronous traffic flow

e Guaranteed bandwidth and deterministic latency requires end to end isochronous
service. If the Isochronous TC is ever mixed with other Traffic Classes in the same
Virtual Channel on a PCI Express Link, then head of line blocking caused by traffic
interaction and flow control may compromise the Quality of Service (QoS) for
isochronous transactions. Although some level of QoS may be provided if this traffic
mixing occurs only on a small portion of the data path, it may not be quantifiable.
Therefore, for the rest of this Section, we assume that dedicated Virtual Channels are
provided for the Isochronous TC on each PCI Express Link to provide end to end
isochronous service and all PCI Express components along the path between the
Requester and the Completer meet the requirements described in this Section. The
dedicated Virtual Channel for the Isochronous TC can also be called Isochronous VC.
Specifically, system software must obey the rules described in Section 2.6.4.
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A.2. Isochronous Contract and Contract Parameters

In order to support isochronous data transfer with guaranteed bandwidth and deterministic
latency, an isochronous contract must be established between a Requester/Completer pair
and the PCI Express fabric. This contract must enforce both resource reservation and
traffic regulation. Without such contract, two basic problems, over-subscription and
congestion, may occur as illustrated in Figure A-2. When interconnect bandwidth resources
are over-subscribed, the increased latency may cause failure of isochronous service and
starvation of non-isochronous services. Traffic congestion occurs when too many
isochronous requests are issued in a short time window. This potentially causes excessive
service latencies for both isochronous traffic and non-isochronous traffic.

,uumumu

Over-subscription

Congestio”\»/\
Isochronous | A [ w | A A ly

Requests:

| sochronous
Requests:

Time

Figure A-2: Two Basic Bandwidth Resourcing Problems: Over-Subscription and
Congestion

The isochronous transfer mechanism in this specification addresses these problems with
traffic regulation including admission control and service discipline. Under a software
managed admission control, a Requester must not issue isochronous transactions unless the
required isochronous bandwidth and resource have been allocated. Specifically, the
isochronous bandwidth is given by the following formula:

Bw =Y

T

The formula defines allocated bandwidth (BW) as a function of specified number (IN) of
transactions of a specified payload size (Y) within a specified time period (T). Another
important parameter in the isochronous contract is latency. Based on the contract,
isochronous transactions are completed within a specified latency (). Once a
Requester/Completer pair is admitted for isochronous communication, the bandwidth and
latency are guaranteed to the Requester (A PCI Express Endpoint device) by the Completer
(Root Complex for Endpoint-to-Root-Complex communication and another PCI Express
Endpoint device for Peer-to-Peer communication) and by the PCI Express fabric
components (Switches). Specific service disciplines must be implemented by isochronous-
capable PCI Express components. The service disciplines are imposed to PCI Express
Switches and Completers in such a manner that the service of isochronous requests is
subject to a specific service interval (/). This mechanism is used to provide the method of
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controlling when an isochronous packet injected by a Requester is serviced. Consequently,
isochronous traffic is policed in such manner that only packets that can be injected into the
fabric in compliance with the isochronous contract are allowed to make immediate progress
and start being serviced by the PCI Express fabric. A non-compliant Requester that tries to
inject more isochronous transactions than what was being allowed by the contract is
prevented from doing so by the flow-control mechanism. In this way the isochronous
service to other well-behaved (compliant) Requesters will not be affected by the non-
compliant device.

In the Endpoint-to-Root-Complex model, since the aggregated isochronous traffic is
eventually limited by the host memory subsystem's bandwidth capabilities, isochronous read
requests, write requests (and messages) are budgeted together. A Requester may divide the
isochronous bandwidth between read requests and write requests as appropriate.

In the (push-only) Peer-to-Peer model, isochronous bandwidth only applies to request
transactions.

A.2.1. Isochronous Time Period and Isochronous Virtual
Timeslot

The PCI Express isochronous time period () is uniformly divided into units of virtual
timeslots (7. Up to one isochronous request is allowed within one virtual timeslot. The
virtual timeslot supported by a PCI Express component is reported through the Reference
Clock field in the PCI Express Virtual Channel Capability Structure defined in Section 5.11.
When Reference Clock = 00b, duration of a virtual timeslot #is 100 ns. Duration of
isochronous time period T depends on the number of phases of the supported time-based
WRR port arbitration table size. When the time-based WRR Port Arbitration Table size
equals to 128, there are 128 virtual timeslots (#) in an isochronous time period, i.e.

T =12.8 ms.

Note that isochronous period T as well as virtual timeslots # do not need to be aligned and
synchronized among different PCI Express isochronous devices, i.e., notion of {7, #} is local
to each individual isochronous device.

A.2.2. Isochronous Payload Size

The payload size (Y) for isochronous transactions must not exceed Max Payload Size (see
Section 5.8.4). After configuration, Max Payload Size is fixed within a PCI Express
hierarchy domain. The fixed Max Payload Size value is used for isochronous bandwidth
budgeting regardless of the actual size of data payload associated with isochronous
transactions. For isochronous bandwidth budgeting, we have

Y = Max_Payload_Size.

In order for Completers to meet isochronous contract, Requesters must ensure that any
isochronous request contains a naturally aligned data block. A transaction with partial write
is treated as a normally accounted transaction. A Completer must account for partial writes
as part of bandwidth assignment (for worst case servicing time).
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A.2.3. Isochronous Bandwidth Allocation

Given T, and Y, the maximum virtual timeslots within a time period is

and the maximum specifiable isochronous bandwidth is

BW _Y

The granularity with which isochronous bandwidth can be allocated is defined as:

BW, Y

granularity — ? .

Given T and 7at 12.8 ms and 100 ns, respectively,
are functions of the isochronous payload size Y.

BW,,. and BW,

max granularity

N

is 128. As shown in Table A-1,

Table A-1: Isochronous Bandwidth Ranges and Granularities

Y (bytes) 128 256 512 1024
BW ,ox (MB/s) 1280 2560 5120 10240
BW granularity (M B/S) 10 20 40 80

Assigning isochronous bandwidth BIV,, to a PCI Express Link is equivalent to assigning
N, virtual timeslots per isochronous period, where N, is given by
N, = BVVlink
link BW ‘
granularity

For a Switch port serving as an Egress Port (or a RCRB serving as a 'virtual' Egress Port) for
an isochronous traffic, the N, virtual timeslots within T are represented by the time-based
WRR Port Arbitration Table in the PCI Express Virtual Channel Capability Structure
detailed in Section 5.11. The table consists of N, entries. An entry in the table represents
one virtual timeslot in the isochronous time period. When a table entry is given a value of
PN, it means that that timeslot is assigned to an ingress port (in respect to the isochronous
traffic targeting the Egress Port) designated by a Port Number of PN. Therefore, N,
virtual timeslots are assigned to the ingress port when there are N, entries in the table are
given value of PN. The Egress Port may admit one isochronous request transaction from
the ingress port for further service only when the table entry reached by the Egress Port's
isochronous time ticker (that increments by 1 every # time and wraps around when reaching
T) is set to PN. Even if there are outstanding isochronous requests ready in the ingress port,
they will not be served until next round of time-based WRR arbitration. In this manner, the
time-based Port Arbitration Table serves for both isochronous bandwidth assignment and
isochronous traffic regulation.

For a PCI Express Endpoint device serving as a Requester or a Completer, isochronous
bandwidth allocation is accomplished through negotiation between system software and
device driver, which is outside of the scope of this specification.
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A.2.4. Isochronous Transaction Latency

Transaction latency is composed of the latency through the PCI Express fabric and the
latency contributed by the rest of the system. For memory transactions, transaction latency
is the accumulated delay across the PCI Express fabric plus the service delay of the
Completer. Isochronous transaction latency is defined for each transaction and measured in
units of virtual timeslot £

e For a Requester in the Endpoint-to-Root-Complex model, the read latency 1s defined as
the round-trip latency. This is the delay from the time when the device submits a
memory read request packet to its Transaction Layer (transmit side) to the time when the
corresponding read completion arrives at the device's Transaction Layer (receive side).

e For a Requester in both Endpoint-to-Root-Complex and Peer-to-Peer models, the write
lateney 1s defined as the delay from the time when the Requester posts a memory write
request to its PCI Express Transaction Layer (transmit side) to the time when the data
write becomes globally visible within the memory subsystem of the Completer. A write
to memory reaches the point of global visibility when all agents accessing that memory
address get the updated data.

As part of the isochronous contract, the upper bound and the lower bound of isochronous
transaction latency are provided. The size of isochronous data buffers in a Requester can be
determined using the minimum and maximum isochronous transaction latencies. As shown
later, for most of common platforms, the minimum isochronous transaction latency is much
smaller than the maximum isochronous transaction latency. As a conservative measure, we
set the minimum isochronous transaction latency to zero and only provide guidelines on
measuring the maximum isochronous transaction latency.

For a Requester, the maximum isochronous (read or write) transaction latency (L)) can be
accounted as the following:

L = LFabric + L

Completer >

where L, 1s the maximum latency of the PCI Express fabric and L is the maximum

latency of the Completer.

Completer

Transaction latency for a PCI Express Link or a PCI Express fabric, L., is defined as the
delay from the time a transaction is posted at the transmission end to the time it is available
at the receiving end. This applies to both read and write transactions. (Note that read
transactions traverse PCI Express fabric twice, first time during the request phase and
second time during the completion phase.) L, depends on the topology, latency due to
each PCI Express Link and arbitration point in the path from the Requester to the
Completer. The latency on a PCI Express Link depends on pipeline delays, width and
operational frequency of the Link, transmission of electrical signals across the medium, wake

up latency from low power states, and delays caused by Data Link Layer Retry.

As specified later, a restriction on the PCI Express topology is imposed for each targeted
platform in order to provide a practically meaningful guideline for I,.. The values of L,

provided in the guideline should be reasonable and serve as practical upper limits under
normal operating conditions.
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The value of L, depends on the memory technology and specific memory configuration
settings and the arbitration policies in the Completer that comprehend PCI Express
isochronous traffic. The target value for L should provide enough headroom to allow
for implementation tradeoffs.

Completer

Definitions of read and write transaction latencies for a Completer are different:

e Read transaction latency for the Completer is defined as the delay from the time a
memory read transaction is available at the receiver end of a PCI Express Port in the
Completer to the time the corresponding read completion transaction is posted to the
transmission end of the PCI Express Port.

e Write transaction latency is defined as the delay from the time a memory write
transaction is available at the receiver end of a PCI Express Port in the Completer to the
time that the transmitted data is globally visible.

All of the isochronous transaction latencies defined above are based on the assumption that
the Requester injects isochronous transactions uniformly. According to an isochronous
contract of {N, T, #}, the uniform traffic injection is defined such that up to N transactions
are evenly distributed over the isochronous period T based on a ticker granularity of virtual
timeslot z For a Requester with non-uniform isochronous transaction injection, the
Requester is responsible of accounting for any additional delay due to the deviation of its
injection pattern from a uniform injection pattern.

A.2.5. An Example lllustrating Isochronous Parameters

Figure A-3 illustrates the key isochronous parameters using a simplified example with

T =20tand LL = 22¢. A Requester has reserved isochronous bandwidth of four transactions
per T. The device shares the allocated isochronous bandwidths for both read requests and
write requests. As shown, during one isochronous time period, two read requests and two
write requests are issued by the Requester. All requests are completed within the designated
transaction latency L. Also shown in the figure, there is no time dependency between the
service time of write requests and the arrival time of read completions.

T

-

- t
R W R W
ReqUﬁS ! ll 11 l* l2 11 1 1 l* 1 2l 11 L ©

1 L 1 1 1 1 >
P—— A
ompletions L Wi W, Ry 1

-
- >

Figure A-3: A Simplified Example Illustrating PCI Express Isochronous Parameters
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A.3. Isochronous Transaction Rules

Isochronous transactions follow the same rules as described in Chapter 2. In order to assist
the Completer to meet latency requirements, the following additional rules further illustrate
and clarify the proper behavior of isochronous transactions:

e The value in the Length field of read requests must never exceed Max Payload Size.

e All read and write requests must never cross naturally aligned address boundaries.

A.4. Transaction Ordering

In general, isochronous transactions follow the same ordering rules as described in Section
2.5. The following ordering rules further illustrate and clarify the proper behavior of
isochronous transactions:

e There is no ordering between isochronous transactions and other PCI Express
transactions, since on each PCI Express Link isochronous transactions are mapped to a
dedicated Virtual Channel and are not mixed with transactions of other Traffic Classes.

e Isochronous write requests are served on any PCI Express Link in strictly the same
order as isochronous write requests are posted.

e Switches must allow isochronous write requests to pass isochronous read completions.

A.5. Isochronous Data Coherency

Cache coherency for isochronous transactions is not an I/O interconnect issue but rather an
operating system software and Root Complex hardware issue. This specification provides
the necessary mechanism to control Root Complex behavior in terms of enforcing hardware
cache coherency on a transaction basis.

For platforms where snoop latency in a Root Complex is either unbounded or can be
excessively large, in order to meet tight maximum isochronous transaction latency L,

or
ompleters
more precisely Ly, ¢, all isochronous transactions must have the “Snoop Not Required”
Attribute bit set.

Root Complex must report the Root Complex's capability to the system software by setting
the Snoop Transaction Permitted field in the VC Resource Capability Register (for the VC
resource intended for isochronous traffic) in RCRB. Based on whether or not a Root
Complex is capable of providing hardware enforced cache coherency for isochronous traffic
while still meeting isochronous latency target, system software can then inform device drive
of Endpoint devices to set or unset the “Snoop Not Required” Attribute bit for isochronous
transactions.

Note that cache coherency considerations for isochronous traffic do not apply to Peer-to-
Peer communication.
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A.6. Flow Control

Completers (PCI Express Endpoint device or Root Complex) and PCI Express fabric
components should implement proper sizing of buffers such that under normal operating
conditions, no back-pressure due to flow control should be applied to isochronous traffic
injected uniformly by a Requester. For Requesters that are compliant to the isochronous
contract, but have bursty injection behavior, Switches and Completers may apply flow
control back-pressure as long as the admitted isochronous traffic is uniform and compliant
to the isochronous contract. Under abnormal conditions when isochronous traffic jitter
becomes significant or when isochronous traffic is oversubscribed either due to excessive
Data Link Layer Retry, flow control provides a natural mechanism to ensure functional
correctness.

A.7. Topology Restrictions

Total service latency for a Requester depends on the position of that device within a
particular PCI Express topology. In order to provide a realistic upper bound of such
latency, it is necessary to establish topology restrictions for target platforms.

For desktop, volume workstation and mobile platforms, the worst case topology is 3-level
deep as shown in Figure A-4. In other words, for Endpoint-to-Root-Complex
communication, a PCI Express Endpoint device with isochronous service request needs to
be able to work on a platform with two levels of Switches between it and the Root Complex.
Peer-to-Peer communication should also work for the same 3-level deep PCI Express
topology for two PCI Express Endpoint devices that support Peer-to-Peer communication.

For server, high-end workstation and embedded communication platforms, the worst case
topology can go beyond 3-level deep. In these platforms, a PCI Express Endpoint device
with isochronous service request may connect to a Root Complex or other peer Endpoint
devices through cascaded Switches.
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Figure A-4: An Example of PCI Express Topology Supporting Isochronous
Applications

A.8. Transfer Reliability

Same as for non-isochronous traffic, reliable transfer is provided for isochronous traffic by
PCI Express interconnect and Completet's memory subsystem. In other words, once an
isochronous request is accepted in the PCI Express fabric, it will not be dropped by any PCI
Express component. When the request requires completion, corresponding completion
packet(s) will be returned to the requester. Requesters are responsible for shaping and
conditioning isochronous traffic. With resource reservation and traffic regulation
mechanism described above, guaranteed isochronous service is provided under normal
operating conditions. When such conditions are not met, errors due to retry and flow
control manifest in excessive latencies for isochronous transactions. In order to resolve the
congestion caused by excessive retries and flow control (for example, one retry per
isochronous period per Link may be budgeted in isochronous resource reservation managed
by system software), a Requester may delay or drop non-committed isochronous requests. It
may also drop late-received completions. For late-received data packets in the Completer's
memorty subsystem, it is up to the application and/or driver software to determine if data
should be discarded.
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A.9. Considerations for Bandwidth Allocation

A.9.1. Isochronous Bandwidth of PCI Express Links

Isochronous bandwidth budgeting for PCI Express Links can be derived based on Link
parameters such as isochronous payload size, the speed, and the width of the Link.

Isochronous bandwidth allocation for a PCI Express Link is limited to certain percentage of
the maximum effective Link bandwidth in order to leave sufficient bandwidth for non-
isochronous traffic and to account for temporary Link bandwidth reduction due to retries.
Link utilization is counted based on the actual cycles consumed on the physical PCI Express
Link. The maximum number of virtual timeslots allowed per Link (IN,,,) depends on the
isochronous packet payload size and also the speed and width of the Link. Table A-2: shows
N,,, and Link utilization as functions of isochronous payload size and PCI Express Link
width when the Link runs at 2.5 GHz and isochronous Link utilization limited to 50%. For
low to medium PCI Express Links width (with number of Lanes between 1 and 8), the
relatively slow Link bandwidth limits the isochronous resource (virtual timeslot) allocation.
However, for wider PCI Express Links (with 12 or 16 Lanes), the relatively large virtual
timeslot (at 100 n) limits the isochronous resource allocation.

Table A-2: Maximum Number of Virtual Timeslots Allowed for Different PCI
Express Links at 2.5 GHz

# Lanes 1 2 4 8 12 16

Y (Bytes)] N |% Util| Nin |% Util] Ny [% Util] Nine % Utill N [% Util] Ny |9 Ut
128] 11 [ 50% | 22 | 50% | 44 [50% | 88 | 50% | 128 | 48% | 128 | 36%
256] 5 |[43% | 11 [47% | 23 |49% | 46 [49% | 70 | 50% | 93 [ 50%
512 3 [50% | 6 [50%]| 12 [50% | 24 [50% | 36 |50% | 48 [50%

As isochronous bandwidth allocation on a PCI Express Link is based on number of
transactions [N, per isochronous period. There is no distinction between read requests and
write requests in budgeting isochronous bandwidth on a PCI Express Link. In other words,
even though a read request packet (without payload) can be much smaller than a write
request packet (with payload), their Link utilization is accounted as the same according to the
larger one (a write request). This is because for each read request in one direction of a PCI
Express Link there will be one or more read completions with payload on the other
direction of the PCI Express Link. Without differentiating between read and write request
transactions, the allocated isochronous bandwidth for a PCI Express Link in the Endpoint-
to-Root-Complex model is assumed to consume bandwidth in both directions. For the
push-only Peer-to-Peer model, software may take advantage of the unidirectional
isochronous traffic pattern in budgeting PCI Express Link resource.
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A.9.2. Isochronous Bandwidth of Endpoint Devices

For Peer-to-Peer communication, when a PCI Express Endpoint device serves as the
Completer of isochronous traffic, its device driver is responsible for reporting to the
operating system-level PCI Express isochronous configuration software if the device is
capable of being a Completer for isochronous transactions. In addition, the device driver
must report if there is enough bandwidth to service the requests within the Completer’s
memory subsystem. The specifics of the reporting mechanism are outside of the scope of
this specification.

A.9.3. Isochronous Bandwidth of Switches

Allocation of isochronous bandwidth for a Switch must consider the capacity and utilization
of PCI Express Links associated with the ingress Port and the Egress Port of the Switch that
connect the Requester and the Completer, respectively. The lowest common denominator
of the two determines if a requested isochronous bandwidth can be supported.

A.9.4. Isochronous Bandwidth of Root Complex

Isochronous bandwidth of Root Complex is reported to the software through RCRB
Structure. Specifically, the Maximum Time Slots field of the VC Resource Capability Register
in VC Capability Structure indicate the total isochronous bandwidth shared by the Root
Ports associated with the RCRB. Details of the platform budgeting for available isochronous
bandwidth within a Root Complex are outside of the scope of this specification.

A.10. Considerations for PCI Express Components

A.10.1. A PCIl Express Endpoint Device as a Requester

Before a PCI Express Endpoint device as a Requester can start issuing isochronous request
transactions, the following configuration steps must be performed by software:

e Configuration of an Isochronous Virtual Channel that Isochronous Traffic Class is
mapped to.

e Enabling of the Isochronous VC.

According to the rules stated in Chapter 2, an Endpoint Requester must issue isochronous
transactions using Flow Control credits available for the corresponding Isochronous VC.

When isochronous transactions (requests) are injected uniformly, the receive Port, being a
Switch Port or a Root Port, will issue Flow Control credit back promptly such that no back-
pressure is applied to the Isochronous VC. Therefore, the Endpoint Requester can size its
buffer based on the PCI Express fabric latency L., plus the completer's latency L

‘Completer

When isochronous transactions are injected non-uniformly, either some transactions
experience longer PCI Express fabric delay or the Endpoint Requester gets back-pressured
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on the Isochronous VC. This kind of Requester must size its buffer to account for the
deviation of its injection pattern from uniformity.

A.10.2. A PCIl Express Endpoint Device as a Completer

A PCI Express Endpoint device may serve as a Completer for isochronous Peer-to-Peer
communication. Before a PCI Express Endpoint device starts serving isochronous
transactions, its PCI Express Port must be configured by operating system-level
configuration software to enable an Isochronous VC.

An Endpoint Completer must observe the maximum isochronous transaction latency

(L.,

Compie)- HOW an Endpoint Completer schedules memory cycles for PCI Express

isochronous transactions and other memory transactions is outside of the scope of this

specification as long as L

compier 18 et for PCI Express isochronous transactions.

An Endpoint Completer communicates with a Requester through PCI Express fabric
components such as Switches. Since isochronous requests injected to an Endpoint
Completer have already been regulated by Switches to conform to the isochronous contract,
the Endpoint Completer does not have to regulate isochronous request traffic. However, an
Endpoint Completer must size its internal buffer such that no back-pressure is applied to the
Isochronous VC.

Since Switches do not check for the additional isochronous transactions rules stated in
Section A.3, an Endpoint Completer may perform the following operations for invalid
isochronous transactions:

Return partial completions for read requests with the value in the Length field exceeding
Max Payload Size.

Return partial completions for read requests that cross naturally aligned address
boundaries.

Write partial data for write requests that cross naturally aligned address boundaries.
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A.10.3. Switches

A Switch may have multiple ports capable of supporting isochronous transactions. Before a
Switch starts serving isochronous transactions for a port, the following configuration steps
must be performed by the software:

e  Configuration of an Isochronous Virtual Channel that Isochronous Traffic Class is
mapped to.

e  Configuration of the port as an ingress port:

o Configuration (or reconfiguration if the Egress Port Isochronous VC is already
enabled) of the time-based WRR Port Arbitration Table of the targeting Egress
Port to include N, entries set to the ingress port's Port Number. Here N, is
the isochronous allocation for the ingress port.

o Enabling the targeting Egress Port to load newly programmed Port Arbitration
Table.

e  Configuration of the port as an Egress Port:

o Configuration of the Isochronous VC's Port Arbitration Table with number of
entries set according to the assigned isochronous bandwidth for all ingress ports
with isochronous traffic targeting the Egress Port.

o Select proper VC Arbitration such as strict-priority based VC Arbitration.

o If required, configuration of the port's VC Arbitration Table with large weights
assigned to the Isochronous VC.

e  Enabling of the Isochronous VC for the port.

The Isochronous VC needs to be served as the highest priority in arbitrating for the shared
PCI Express Link resource at an Egress Port. This is comprehended by a Switch's internal
arbitration scheme. As the Isochronous VC is assigned with highest VC ID, for Switch port
that supports priority-based VC arbitration, the Isochronous VC is served with the highest
arbitration priority. For Switch port that supports WRR-based VC arbitration, software
must program the weights for the Isochronous VC to be large enough so that the service is
equivalent to a highest priority one.

In addition, a Switch port may use “just in time” scheduling mechanism to reduce VC
arbitration latency. Instead of pipelining non-isochronous Transport Layer packets to the
Data Link Layer of the Egress Port in a manner that Data Link Layer transmit buffer
becomes saturated, the Switch port may hold off scheduling of a new non-isochronous
packet to the Data Link Layer as long as it is possible without incurring unnecessary Link
idle time.

When an Isochronous VC is enabled for a Switch port (ingress) that is connected to a
Requester, the Switch must enforce proper traffic regulation to ensure that isochronous
traffic from the ingress port conforms to this specification ([N, transactions per
isochronous period programmed in the target Switch Egress Port's Port Arbitration Table).
With a such enforcement, normal isochronous transactions from compliant Requesters will
not be impacted by ill behavior of any incompliant Requester.
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Isochronous traffic regulation from any ingress port is implemented as part of the Port
Arbitration of the target Egress Port. Specifically, a time-based WRR Port Arbitration is
used to schedule isochtonous read and/or write request transactions. The N virtual
timeslots (7 within the isochronous time period (1) are represented by the time-based WRR
Table in the PCI Express Virtual Channel Capability Structure detailed in Section 5.11. The
table consists of I\, entries. A table entry represents one virtual timeslot. An ingress Port
is assigned with IN,,, virtual timeslots when N, entries in the target Egress Port's time-based

WRR Port Table are set to the ingress port's Port Number.

The above isochronous traffic regulation mechanism only applies to request transactions but
not to completion transactions. As read completion transactions only come from upstream
port and go to downstream ports, no Port Arbitration is needed. When Endpoint-to-Root-
Complex and Peer-to-Peer communications co-exist in a Switch, a downstream (egress) port
may mix isochronous write requests and read completions in the same direction. In the case
of contention, the Egress Port must allow write requests to pass read completions to ensure
the Switch meet latency requirement for isochronous requests.

A.10.4. Root Complex

A Root Complex may have multiple Root Ports capable of supporting isochronous
transactions. Before a Root Complex starts serving isochronous transactions for a Root Port,
the port must be configured by the operating system-level PCI Express configuration
software to enable an Isochronous VC using the following configuration steps:

e  Configuration of an Isochronous Virtual Channel that Isochronous Traffic Class is
mapped to.

e  Configuration of the Root Port as an Ingress Port:

o Configuration (or reconfiguration if the Isochronous VC in RCRB is already
enabled) of the time-based WRR Port Arbitration Table of the targeting RCRB
to include N, entries set to the ingress port's Port Number. Here N, , is the
isochronous allocation for the ingress port.

o Enabling the targeting RCRB to load newly programmed Port Arbitration
Table.

e  Configuration of the Root Port as an Egress Port:

o If supported, configuration of the Root Port's VC Arbitration Table with large
weights assigned to the Isochronous VC.

e  Enabling of the Isochronous VC for the Root Port.

A Root Complex must observe the maximum isochronous transaction latency (L, Of
more precisely Ly, ¢,,.) that applies to all the Root Ports in the Root Complex. How a
Root Complex schedules memory cycles for PCI Express isochronous transactions and
other memory transactions is outside of the scope of this specification as long as L,
met for PCI Express isochronous transactions.

oot_Complex 18

When an Isochronous VC is enabled for a Root Port, the Root Complex must enforce
proper traffic regulation to ensure that isochronous traffic from the Root Port confirms to
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this specification (IN,,, transactions per isochronous period). With such enforcement,
normal isochronous transactions from compliant Requesters will not be impacted by ill
behavior of any incompliant Requesters. Isochronous traffic regulation is implemented
using the time-based Port Arbitration Table in RCRB.

As Switches do not check for the additional isochronous transaction rules stated in
Section A.3, Root Complex may perform the following operations for invalid isochronous
transactions:

e Return partial completions for read requests with the value in the Length field exceeding
Max Payload Size.

e Return partial completions for read requests that cross naturally aligned address
boundaries.

e Write partial data for write requests that cross naturally aligned address boundaries.
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B. Symbol Encoding

Table B-1 shows the Byte to Symbol encodings for data characters. Table B-2 shows the

Symbol encodings for the Special Symbols used for TLP/DLLP Framing and for interface

management. RD- and RD+ refer to the Running Disparity of the Symbol sequence on a

per-Lane basis.

Table B-1: 8b/10b Data Symbol Codes

Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj
D0.0 00 000 00000 100111 0100 011000 1011
D1.0 01 000 00001 011101 0100 100010 1011
D2.0 02 000 00010 101101 0100 010010 1011
D3.0 03 000 00011 110001 1011 110001 0100
D4.0 04 000 00100 110101 0100 001010 1011
D5.0 05 000 00101 101001 1011 101001 0100
D6.0 06 000 00110 011001 1011 011001 0100
D7.0 07 000 00111 111000 1011 000111 0100
D8.0 08 000 01000 111001 0100 000110 1011
D9.0 09 000 01001 100101 1011 100101 0100
D10.0 0A 000 01010 010101 1011 010101 0100
D11.0 0B 000 01011 110100 1011 110100 0100
D12.0 ocC 000 01100 001101 1011 001101 0100
D13.0 0D 000 01101 101100 1011 101100 0100
D14.0 OE 000 01110 011100 1011 011100 0100
D15.0 OF 000 01111 010111 0100 101000 1011
D16.0 10 000 10000 011011 0100 100100 1011
D17.0 11 000 10001 100011 1011 100011 0100
D18.0 12 000 10010 010011 1011 010011 0100
D19.0 13 000 10011 110010 1011 110010 0100
D20.0 14 000 10100 001011 1011 001011 0100
D21.0 15 000 10101 101010 1011 101010 0100
D22.0 16 000 10110 011010 1011 011010 0100
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D23.0 17 000 10111 111010 0100 000101 1011
D24.0 18 000 11000 110011 0100 001100 1011
D25.0 19 000 11001 100110 1011 100110 0100
D26.0 1A 000 11010 010110 1011 010110 0100
D27.0 1B 000 11011 110110 0100 001001 1011
D28.0 1C 000 11100 001110 1011 001110 0100
D29.0 1D 000 11101 101110 0100 010001 1011
D30.0 1E 000 11110 011110 0100 100001 1011
D31.0 1F 000 11111 101011 0100 010100 1011
D0.1 20 001 00000 100111 1001 011000 1001
D11 21 001 00001 011101 1001 100010 1001
D2.1 22 001 00010 101101 1001 010010 1001
D3.1 23 001 00011 110001 1001 110001 1001
D4.1 24 001 00100 110101 1001 001010 1001
D5.1 25 001 00101 101001 1001 101001 1001
D6.1 26 001 00110 011001 1001 011001 1001
D7.1 27 001 00111 111000 1001 000111 1001
D8.1 28 001 01000 111001 1001 000110 1001
D9.1 29 001 01001 100101 1001 100101 1001
D10.1 2A 001 01010 010101 1001 010101 1001
D111 2B 001 01011 110100 1001 110100 1001
D12.1 2C 001 01100 001101 1001 001101 1001
D13.1 2D 001 01101 101100 1001 101100 1001
D14.1 2E 001 01110 011100 1001 011100 1001
D15.1 2F 00101111 010111 1001 101000 1001
D16.1 30 001 10000 011011 1001 100100 1001
D17.1 31 001 10001 100011 1001 100011 1001
D18.1 32 001 10010 010011 1001 010011 1001
D19.1 33 001 10011 110010 1001 110010 1001
D20.1 34 001 10100 001011 1001 001011 1001
D21.1 35 001 10101 101010 1001 101010 1001
D22.1 36 001 10110 011010 1001 011010 1001
D23.1 37 001 10111 111010 1001 000101 1001
D24.1 38 001 11000 110011 1001 001100 1001
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D25.1 39 001 11001 100110 1001 100110 1001
D26.1 3A 001 11010 010110 1001 010110 1001
D27.1 3B 001 11011 110110 1001 001001 1001
D28.1 3C 001 11100 001110 1001 001110 1001
D29.1 3D 001 11101 101110 1001 010001 1001
D30.1 3E 001 11110 011110 1001 100001 1001
D31.1 3F 001 11111 101011 1001 010100 1001
D0.2 40 010 00000 100111 0101 011000 0101
D1.2 41 010 00001 011101 0101 100010 0101
D2.2 42 010 00010 101101 0101 010010 0101
D3.2 43 010 00011 110001 0101 110001 0101
D4.2 44 010 00100 110101 0101 001010 0101
D5.2 45 010 00101 101001 0101 101001 0101
D6.2 46 010 00110 011001 0101 011001 0101
D7.2 47 010 00111 111000 0101 000111 0101
D8.2 48 010 01000 111001 0101 000110 0101
D9.2 49 010 01001 100101 0101 100101 0101
D10.2 4A 010 01010 010101 0101 010101 0101
D11.2 4B 010 01011 110100 0101 110100 0101
D12.2 4C 010 01100 001101 0101 001101 0101
D13.2 4D 010 01101 101100 0101 101100 0101
D14.2 4E 010 01110 011100 0101 011100 0101
D15.2 4F 010 01111 010111 0101 101000 0101
D16.2 50 010 10000 011011 0101 100100 0101
D17.2 51 010 10001 100011 0101 100011 0101
D18.2 52 010 10010 010011 0101 010011 0101
D19.2 53 010 10011 110010 0101 110010 0101
D20.2 54 010 10100 001011 0101 001011 0101
D21.2 55 010 10101 101010 0101 101010 0101
D22.2 56 010 10110 011010 0101 011010 0101
D23.2 57 010 10111 111010 0101 000101 0101
D24.2 58 010 11000 110011 0101 001100 0101
D25.2 59 010 11001 100110 0101 100110 0101
D26.2 5A 010 11010 010110 0101 010110 0101
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D27.2 5B 010 11011 110110 0101 001001 0101
D28.2 5C 010 11100 001110 0101 001110 0101
D29.2 5D 010 11101 101110 0101 010001 0101
D30.2 5E 010 11110 011110 0101 100001 0101
D31.2 5F 01011111 101011 0101 010100 0101
D0.3 60 011 00000 100111 0011 011000 1100
D1.3 61 011 00001 011101 0011 100010 1100
D2.3 62 011 00010 101101 0011 010010 1100
D3.3 63 011 00011 110001 1100 110001 0011
D4.3 64 011 00100 110101 0011 001010 1100
D5.3 65 011 00101 101001 1100 101001 0011
D6.3 66 011 00110 011001 1100 011001 0011
D7.3 67 011 00111 111000 1100 000111 0011
D8.3 68 011 01000 111001 0011 000110 1100
D9.3 69 011 01001 100101 1100 100101 0011
D10.3 6A 011 01010 010101 1100 010101 0011
D11.3 6B 011 01011 110100 1100 110100 0011
D12.3 6C 011 01100 001101 1100 001101 0011
D13.3 6D 011 01101 101100 1100 101100 0011
D14.3 6E 011 01110 011100 1100 011100 0011
D15.3 6F 01101111 010111 0011 101000 1100
D16.3 70 011 10000 011011 0011 100100 1100
D17.3 71 011 10001 100011 1100 100011 0011
D18.3 72 011 10010 010011 1100 010011 0011
D19.3 73 011 10011 110010 1100 110010 0011
D20.3 74 011 10100 001011 1100 001011 0011
D21.3 75 011 10101 101010 1100 101010 0011
D22.3 76 011 10110 011010 1100 011010 0011
D23.3 77 011 10111 111010 0011 000101 1100
D24.3 78 011 11000 110011 0011 001100 1100
D25.3 79 011 11001 100110 1100 100110 0011
D26.3 A 011 11010 010110 1100 010110 0011
D27.3 7B 011 11011 110110 0011 001001 1100
D28.3 7C 011 11100 001110 1100 001110 0011
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D29.3 7D 011 11101 101110 0011 010001 1100
D30.3 7E 011 11110 011110 0011 100001 1100
D31.3 7F 011 11111 101011 0011 010100 1100
D0.4 80 100 00000 100111 0010 011000 1101
D1.4 81 100 00001 011101 0010 100010 1101
D2.4 82 100 00010 101101 0010 010010 1101
D3.4 83 100 00011 110001 1101 110001 0010
D4.4 84 100 00100 110101 0010 001010 1101
D5.4 85 100 00101 101001 1101 101001 0010
D6.4 86 100 00110 011001 1101 011001 0010
D7.4 87 100 00111 111000 1101 000111 0010
D8.4 88 100 01000 111001 0010 000110 1101
D9.4 89 100 01001 100101 1101 100101 0010
D10.4 8A 100 01010 010101 1101 010101 0010
D11.4 8B 100 01011 110100 1101 110100 0010
D12.4 8C 100 01100 001101 1101 001101 0010
D13.4 8D 100 01101 101100 1101 101100 0010
D14.4 8E 100 01110 011100 1101 011100 0010
D15.4 8F 100 01111 010111 0010 101000 1101
D16.4 90 100 10000 011011 0010 100100 1101
D17.4 91 100 10001 100011 1101 100011 0010
D18.4 92 100 10010 010011 1101 010011 0010
D19.4 93 100 10011 110010 1101 110010 0010
D20.4 94 100 10100 001011 1101 001011 0010
D21.4 95 100 10101 101010 1101 101010 0010
D22.4 96 100 10110 011010 1101 011010 0010
D23.4 97 100 10111 111010 0010 000101 1101
D24.4 98 100 11000 110011 0010 001100 1101
D25.4 99 100 11001 100110 1101 100110 0010
D26.4 9A 100 11010 010110 1101 010110 0010
D27.4 9B 100 11011 110110 0010 001001 1101
D28.4 9C 100 11100 0011101101 001110 0010
D29.4 9D 100 11101 101110 0010 010001 1101
D30.4 9E 100 11110 011110 0010 100001 1101
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D31.4 oF 100 11111 101011 0010 010100 1101
D0.5 A0 101 00000 100111 1010 011000 1010
D15 Al 101 00001 011101 1010 100010 1010
D25 A2 101 00010 101101 1010 010010 1010
D3.5 A3 101 00011 110001 1010 110001 1010
D4.5 A4 101 00100 110101 1010 001010 1010
D5.5 A5 101 00101 101001 1010 101001 1010
D6.5 A6 101 00110 011001 1010 011001 1010
D7.5 A7 101 00111 111000 1010 000111 1010
D8.5 A8 101 01000 111001 1010 000110 1010
D9.5 A9 101 01001 100101 1010 100101 1010
D10.5 AA 101 01010 010101 1010 010101 1010
D11.5 AB 101 01011 110100 1010 110100 1010
D125 AC 101 01100 001101 1010 001101 1010
D13.5 AD 101 01101 101100 1010 101100 1010
D14.5 AE 101 01110 011100 1010 011100 1010
D15.5 AF 101 01111 010111 1010 101000 1010
D16.5 BO 101 10000 011011 1010 100100 1010
D17.5 Bl 101 10001 100011 1010 100011 1010
D18.5 B2 101 10010 010011 1010 010011 1010
D19.5 B3 101 10011 110010 1010 110010 1010
D20.5 B4 101 10100 001011 1010 001011 1010
D21.5 BS 101 10101 101010 1010 101010 1010
D22.5 B6 101 10110 011010 1010 011010 1010
D23.5 B7 101 10111 111010 1010 000101 1010
D24.5 B8 101 11000 110011 1010 001100 1010
D25.5 B9 101 11001 100110 1010 100110 1010
D26.5 BA 101 11010 010110 1010 010110 1010
D27.5 BB 101 11011 110110 1010 001001 1010
D28.5 BC 101 11100 001110 1010 001110 1010
D29.5 BD 101 11101 101110 1010 010001 1010
D30.5 BE 101 11110 011110 1010 100001 1010
D315 BF 101 11111 101011 1010 010100 1010
D0.6 Co 110 00000 100111 0110 011000 0110
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D1.6 C1 110 00001 011101 0110 100010 0110
D2.6 Cc2 110 00010 101101 0110 010010 0110
D3.6 C3 110 00011 110001 0110 110001 0110
D4.6 C4 110 00100 110101 0110 001010 0110
D5.6 C5 110 00101 101001 0110 101001 0110
D6.6 C6 110 00110 011001 0110 011001 0110
D7.6 Cc7 110 00111 111000 0110 000111 0110
D8.6 C8 110 01000 111001 0110 000110 0110
D9.6 C9 110 01001 100101 0110 100101 0110
D10.6 CA 110 01010 010101 0110 010101 0110
D11.6 CB 110 01011 110100 0110 110100 0110
D12.6 CcC 110 01100 001101 0110 001101 0110
D13.6 CD 110 01101 101100 0110 101100 0110
D14.6 CE 110 01110 011100 0110 011100 0110
D15.6 CF 110 01111 010111 0110 101000 0110
D16.6 DO 110 10000 011011 0110 100100 0110
D17.6 D1 110 10001 100011 0110 100011 0110
D18.6 D2 110 10010 010011 0110 010011 0110
D19.6 D3 110 10011 110010 0110 110010 0110
D20.6 D4 110 10100 001011 0110 001011 0110
D21.6 D5 11010101 101010 0110 101010 0110
D22.6 D6 110 10110 011010 0110 011010 0110
D23.6 D7 11010111 111010 0110 000101 0110
D24.6 D8 110 11000 110011 0110 001100 0110
D25.6 D9 110 11001 100110 0110 100110 0110
D26.6 DA 11011010 010110 0110 010110 0110
D27.6 DB 11011011 110110 0110 001001 0110
D28.6 DC 110 11100 001110 0110 001110 0110
D29.6 DD 11011101 101110 0110 010001 0110
D30.6 DE 11011110 0111100110 100001 0110
D31.6 DF 11011111 101011 0110 010100 0110
DO0.7 EO 111 00000 100111 0001 011000 1110
D1.7 El 111 00001 011101 0001 100010 1110
D2.7 E2 111 00010 101101 0001 010010 1110
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Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

D3.7 E3 111 00011 110001 1110 110001 0001
D4.7 E4 111 00100 110101 0001 001010 1110
D5.7 ES 111 00101 101001 1110 101001 0001
D6.7 E6 111 00110 011001 1110 011001 0001
D7.7 E7 111 00111 111000 1110 000111 0001
D8.7 E8 111 01000 111001 0001 000110 1110
D9.7 E9 111 01001 100101 1110 100101 0001
D10.7 EA 111 01010 010101 1110 010101 0001
D11.7 EB 111 01011 110100 1110 110100 1000
D12.7 EC 111 01100 001101 1110 001101 0001
D13.7 ED 111 01101 101100 1110 101100 1000
D14.7 EE 111 01110 011100 1110 011100 1000
D15.7 EF 111 01111 010111 0001 101000 1110
D16.7 FO 111 10000 011011 0001 100100 1110
D17.7 F1 111 10001 100011 0111 100011 0001
D18.7 F2 111 10010 010011 0111 010011 0001
D19.7 F3 111 10011 110010 1110 110010 0001
D20.7 F4 111 10100 001011 0111 001011 0001
D21.7 F5 111 10101 101010 1110 101010 0001
D22.7 F6 111 10110 011010 1110 011010 0001
D23.7 F7 111 10111 111010 0001 000101 1110
D24.7 F8 111 11000 110011 0001 001100 1110
D25.7 F9 111 11001 100110 1110 100110 0001
D26.7 FA 111 11010 010110 1110 010110 0001
D27.7 FB 111 11011 110110 0001 001001 1110
D28.7 FC 111 11100 001110 1110 001110 0001
D29.7 FD 111 11101 101110 0001 010001 1110
D30.7 FE 111 11110 011110 0001 100001 1110
D31.7 FF 111 11111 101011 0001 010100 1110
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Table B-2: 8b/10b Special Character Symbol Codes

Data Byte Data Byte Bits HGF EDCBA | Current RD - Current RD +
Name Value abcdei fghj abcdei fghj

K28.0 1C 000 11100 001111 0100 110000 1011
K28.1 3C 001 11100 001111 1001 110000 0110
K28.2 5C 010 11100 001111 0101 110000 1010
K28.3 7C 011 11100 001111 0011 110000 1100
K28.4 9C 100 11100 001111 0010 110000 1101
K28.5 BC 101 11100 001111 1010 110000 0101
K28.6 DC 110 11100 001111 0110 110000 1001
K28.7 FC 111 11100 001111 1000 110000 0111
K23.7 F7 111 10111 111010 1000 000101 0111
K27.7 FB 111 11011 110110 1000 001001 0111
K29.7 FD 111 11101 101110 1000 010001 0111
K30.7 FE 111 11110 011110 1000 100001 0111

407




PCI EXPRESS BASE SPECIFICATION, REV. 1.0

408



PCI EXPRESS BASE SPECIFICATION, REV. 1.0

C. Physical Layer Appendix

C.1. Data Scrambling

The following subroutines encode and decode an eight-bit value contained in “inbyte” with
the LESR. This is presented as one example only; there are many ways to obtain the proper
output. This example demonstrates how to advance the LFSR eight times in one operation
and how to XOR the data in one operation. Many other implementations are possible but
they must all produce the same output as that shown here.

The following algorithm uses the “C” programming language conventions, where “<<” and
“>>” represent the shift left and shift right operators, “>" is the compare greater than
operator, and “ ™ 7 is the exclusive or operator, and & is the logical “AND” operator.

/*
this routine implements the serial descrambling algorithm in parallel form
this advances the Ifsr 8 bits every time it is called
this fewer than 36 xor gates to implement (with a static register)

The XOR required to advance 8 bits / clock is:

bit 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

8 9 10 11 8 9 10 11 O 1 2 3 4 5 6

9 10 11 12 9 10 11 12 12 13 14 15 9

i0 11 12 13 10 11 12 13 13 14 15 9 10

12 13 14 15 13 14 15 14 15 10 11 11

15 14 15 12 13 14
15 15 15

*/
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/* XOR required for creating the serial data is

bi 0 1 2 3 4 5 6 7

15 14 13 12 11 10 9 8
15 14 13 12 11 10 9

15 14 13 12 11 10

15 14 13 12

15
*/
int scramble byte (int inbyte)
{
static int scrambit[16];
static int bit[16];
static int bit out[16];
static unsigned short 1lfsr = Oxffff; // 16 bit short for polynomial
int i, outbyte;
if (inbyte == COMMA) // 1f this is a comma
{
lfsr = Oxffff; // reset the LFSR
return (COMMA) ; // and return the same data
}
if (inbyte == SKIP) // don't advance or encode on skip
return (SKIP);
for (i=0; i<16;i++) // convert LFSR to bit array for legibility
bit[i] = (1fsr >> 1) & 1;
for (i=0; 1i<8; i++) // convert byte to be scrambled for legibility
scrambit [i] = (inbyte >> i) & 1;
// apply the xor to the data
if (! (inbyte && 0x100) && // 1f not a KCODE, scramble the data
! (TrainingSequence == TRUE)) // and if not in the middle of a
training sequence
{
scrambit [0] *= bit[15];
scrambit [1] *= bit[14] * bit[15];
scrambit [2] %= bit[13] * bit[14] * bit[15];
scrambit [3] %= bit[12] * bit[13] * bit[14];
scrambit [4] "= bit[11] * bit[12] © bit[13] * bit[15];
scrambit [5] "= bit[10] * bit[11] * bit[12] * bit[14];
scrambit [6] “= bit[9] ~ bit[10] * bit[11] * bit[13];

A

scrambit [7] “= bit[8] * bit[9] * bit[10] * bit[12] bit [15];
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outbyte = 0;
for (i= 0; 1<8; i++)
outbyte += (scrambit [i]

// Now advance

/*

*/

bit out [0]
bit out[1]
bit out [2]
bit out [3]
bit out [4]
bit_out [5]
bit out [6]
bit out [7]
bit out [8]
bit out [9]
bit out [10]
bit out [11]
bit out [12]
bit out [13]
bit out [14]
bit out [15]

lfsr = 0;
for (i=0; i
lfsr +=

PCI EXPRESS BASE SPECIFICATION, REV. 1.0

// convert data back to an integer

<< 1);

the LFSR 8 serial clocks

A

A

A

A

bit[15]

A

bit [14]
bit[15]

A
7

’

’

bit[12]
* bit[13]
bit[14]

= bit[8] bit[9] bit[10] bit[12]
= bit[9] * bit[10] * bit[11] * bit[13];
= bit[10] * bit[11] * bit[12] * bit[14];
= bit[11] * bit[12] * bit[13] * bit[15];
= bit[8] ® bit[9] ® bit[10]” bit[13] *
= bit[9] * bit[10] * bit[11] * bit[14]
= bit[10] * bit[11] * bit[12] * bit[15]
= bit[11] * bit[12] * bit[13];
= bit[0] * bit[12] * bit[13] * bit[14]
= bit[1] * bit[13] * bit[14] * bit[15]

= bit[2] * bit[14] * bit[15];

= bit[3] * bit[15];

= bit[4] ;

= bit[5] * bit[8] * bit[9] * bit[10] *
= bit[6] © bit[9] * bit[10] * bit[11]

= bit[7] * bit[8] * bit[9] * bit[11] *
<16; i++) // the LFSR back to an integer
(bit_out[i] << 1i);

return outbyte;

7

A

A

bit [15]

7

7

bit[15]

bit[15]

7

7

7

this routine implements the serial descrambling algorithm in parallel form

this advances the lfsr 8 bits every time it is called

this fewer than 36 xor gates to implement

(with a static register)

The XOR tree is the same as the scrambling routine

int unscramble byte (int inbyte)

{

static
static
static
static
int outbyte,

int desc
int bit[

ij;

int bit
unsigned short lfsr

rambit [8] ;
161 ;
out [16] ;

Oxffff;

// 16 bit short for polynomial
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if (inbyte == COMMA) // 1f this is a comma
{
lfsr = Oxffff; // reset the LFSR
return (COMMA) ; // and return the same data
}
if (inbyte == SKIP) // don't advance or encode on skip

return (SKIP) ;

for (i=0; i<16;1i++) // convert the LFSR to bit array for legibility
bit[i] = (lfsr >> i) & 1;
for (i=0; 1<8; 1i++) // convert byte to be de-scrambled for 1
legibility
descrambit [i] = (inbyte >> i) & 1;

// apply the xor to the data

if (! (inbyte && 0x100) && // 1f not a KCODE, scramble the data

! (TrainingSequence == TRUE)) // and if not in the middle of a
training sequence

descrambit [0] "= bit[15];

descrambit [1] = bit[14] * bit[15];
descrambit [2] “= bit[13] * bit[14] * bit[15];
descrambit [3] “= bit[12] * bit[13] * bit[14];

descrambit [4] = bit[11] * bit[12] * bit[13] * bit[15];
descrambit [5] “= bit[10] * bit[11] * bit[12] * bit[14];

A A

descrambit [6] "= bit[9] * bit[10] bit[11] bit[13];
descrambit [7] = bit[8] * bit[9] * bit[10] * bit[12] * bit[15];

!

outbyte = 0;

for (i= 0; 1<8; i++) // convert output back to int

outbyte += (descrambit[i] << 1);

// now step the LFSR 8 serial clocks



bit_out [0]
bit out [1]
bit out [2]
bit out [3]
bit_out [4]
bit_out [5]
bit out [6]
bit_out [7]
bit out [8]
bit out [9]
bit out [10]
bit out[11]
bit out[12]
bit out [13]
bit out [14]
bit out[15]

lfsr = 0;

for (i=0; 1

lfsr +=
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bit[8] *
bit[9] *
bit[10]
bit[11]
bit[8] *
bit[9] *
bit[10]
bit[11]
bit [0]
bit[1] *
bit[2] *
bit[3] *
bit [4]
bit [5]
= bit[6] ©
= bit[7]

A

A

A

A

A

<16; 1i++)

(bit_out[i] << 1);

return outbyte;

bit[9] * bit[10] * bit[12] * bit[15] ;
bit[10] * bit[11] * bit[13];

bit[11] * bit[12] * bit[14];

bit[12] * bit[13] * bit[15];
bit [9] * bit[10]1”™ bit[13] * bit[14] * bit[15]
bit[10] * bit[11] * bit[14] * bitl[15] ;
bit[11] * bit[12] * bit[15] ;

bit[12] * bit[13];

bit[12] * bit[13] * bit[14] ;

bit [13] * bit[14] * bit[15] ;

bit[14] * bit[15];

bit [15];

bit[8] * bit[9] * bit[10] * bit[12] * bit[15]
bit[9] * bit[10] * bit[11] * bit[13] ;

bit[8] * bit[9] ® bit[11] * bit[14] * bit[15]

// convert the LFSR back to integer

7

0,8 1,9 2,A 3,B 4,C 5,D 6,E 7,F
00 | FFFF | 5FEF | BFDE | DFAD | 1F4B | 3E96 | 7D2C | FA5S8
08 | 54A1 | A942 | F295 | 453B | 8A76 | B4FD | CO9EB | 33C7
10 | 678E | CF1C | 3E29 | 7C52 | F8A4 | 5159 | A2B2 | E575
18 | 6AFB | D5F6 | OBFD | 17FA | 2FF4 | 5FE8 | BFDO | DFB1
20 | 1F73 | 3EE6 | 7DCC | FB98 | 5721 | AE42 | FC95 | 593B
28 | B276 | C4FD | 29EB | 53D6 | A7AC | EF49 | 7E83 | FD06
30 | 5A1D | B43A | C865 | 30DB | 61B6 | C36C | 26C9 | 4D92
38 | 9B24 | 9659 | 8CA3 | B957 | D2BF | 056F | OADE | 15BC
40 | 2B78 | 56F0 | ADEO | FBD1 | 57B3 | AF66 | FEDD | 5DAB
48 | BB56 | D6BD | 0D6B | 1AD6 | 35AC | 6B58 | D6B0O | 0D71
50 | 1AE2 | 35C4 | 6B88 | D710 | OE31 | 1C62 | 38C4 | 7188
58 | E310 | 6631 | CC62 | 38D5 | 71AA | E354 | 66B9 | CD72
60 | 3AF5 | 75EA | EBD4 | 77B9 | EF72 | 7EF5 | FDEA | 5BC5

7

7

The initial 16 bit values of the LFSR for the first 128 LFSR advances following a reset are
listed below:
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0,8 1,9 2,A 3,B 4,C 5,D 6,E 7,F

68 | B78A | CFO5 | 3E1B | 7C36 | F86C | 50C9 | A192 | E335
70 | 667B | CCF6 | 39FD | 73FA | E7F4 | 6FF9 | DFF2 | 1FF5
78 | 3FEA | 7FD4 | FFA8 | 5F41 | BE82 | DD15 | 1A3B | 3476

An 8 bit value of 0 repeatedly encoded with the LLFSR after reset produces the following

consecutive 8 bit values:

00 {01 |02 |03 |04 |05 |06 |07 |08 |09 |0OA |OB |OC |OD | OE | OF
00 [8D |76 |D2 |C2 |68 |B3 |26 |1F |6C |43 |08 |A5 |54 | D3 |52 |34
10 {02 |95 |55 |8A |1B |BE | 1A |BB (3D |B7 |56 |FA |1B | OB | F6 |53
20 |41 |9C |80 |FO |4A |C3 |7F |74 |91 |52 |86 |BE |B6 |A7 |6F | 7A
30 |D6 |E6 |63 |31 |0OC |FE |36 |FO |29 |EA |F3 |1E |94 |26 |34 |EB
40 |17 |3B |85 |53 |4D |DC |4A |E9 |88 |OE |20 |5D |DO |ED |01 |69
50 |[DE |38 |9E |FA |07 |4B |DB |68 | 7B |43 |0OA |45 |08 |D7 | OD | 96
60 |98 |E6 |35 |3F |A5 |98 |76 |FE |15 |F7 |OE [C8 |AF |90 |60 |66
70 |CB |D5 |FO |FA |9F |00 |82 |2B |91 |74 |31 |OE |1E |6A |F4 |76
80 |48 |69 |6D |F4 |93 |8A |CD | 7B |7E |AD |13 |15 |EE |FE |72 | 1E
90 [3B |AA |14 |AO |E7 |D4 |AA |23 |67 |9E |DC |BO |FB | 73 | A5 | EO
AO |4F |94 |CA |06 |12 |92 |E2 |63 |6D |62 |78 |45 |93 |0C |26 |53
BO |02 |22 |59 |3E |63 |CA |6E |2B |1F |1F |6A |63 |ED |A9 | B5 | 35
CO |FD |AO |A2 |4A |96 |E1 |AF |71 |62 | 7B |D5 |E1 | 8A |56 |AQ |55
DO |68 |89 |D1 |82 |FF |B4 |4C |23 |7F |1E |48 |83 |7F |E8 | 1A | B2
EO (CD |EA |C5 |A9 |C3 |AC |01 |62 |CE |39 |09 |F6 |7D |76 | 5F |39
BO |41 |58 |A5 |2F |7A |4A |6D |83 |7A |58 | 8D |38 |5C |FF | 3D | 77
CO |[B3 |9C |23 |3C |A0 |91 | 4D |56 |E1 | OB |ED |43 |A7 |29 |74 |98
DO |A2 |DB (2D |E5 |7F |C8 | 8D |E7 |69 |C6 | B8 |OA |C9O |83 |DO |64
FO [3A |F9 |3D |05 |EA |D9 |E9 |EE |97 | 3B |BD |44 |8C (4B |E2 | OF

Scrambling produces the power spectrum shown in Figure C-1.
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Figure C-1: Scrambling Spectrum for Data Value of 0
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