SiFive E21 Core Complex Manual

21G1.01.00

Copyright © 2018-2021 by SiFive, Inc. All rights reserved.



SiFive E21 Core Complex Manual

Proprietary Notice

Copyright © 2018-2021 by SiFive, Inc. All rights reserved.

SiFive E21 Core Complex Manual by SiFive, Inc. is licensed under Attribution-NonCommercial-
NoDerivatives 4.0 International. To view a copy of this license, visit: http://creativecommons.org/
licenses/by-nc-nd/4.0

Information in this document is provided “as is,” with all faults.

SiFive expressly disclaims all warranties, representations, and conditions of any kind, whether
express or implied, including, but not limited to, the implied warranties or conditions of mer-
chantability, fitness for a particular purpose and non-infringement.

SiFive does not assume any liability rising out of the application or use of any product or circuit,
and specifically disclaims any and all liability, including without limitation indirect, incidental, spe-
cial, exemplary, or consequential damages.

SiFive reserves the right to make changes without further notice to any products herein.

Copyright © 2018-2021 by SiFive, Inc. All rights reserved.


http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0

SiFive E21 Core Complex Manual

Contents

Listof Tables ...
List Of FIQUIeS ...
1 Introduction ...
1.1 ADOUL thiS DOCUMENT......ciieieii et e e e e e

1.2 ADOUL thiS REIEASE....ccuuiiiii e

1.3  E21 Core ComPleX OVEIVIEW .....cc.uieeunieeiieieiiaeeeieeeeieeeaiaeeenaeeeneaeees

1.4 E2RISC-V COME .ottt

1.5 INEEITUPLS ooeeiiiii i

1.6 DEDUG SUPPOIT «.eieieeii et ee ettt et e et e e e e et e e e e e eeneeeeneees

1.7 COMPIANCE . .cetieeii e e e

2 List of Abbreviations and Terms ...
3 E2RISC-V COre ...
3.1 SUPPOIEDd MOUES ...eeniieiie et eeas

3.2 INStruction Memory SYSEM ......ccuuu it
3.2.1  EXecution MEmOrY SPACE ....c..veeeruieiiiieeiieeeie e e e e eeanes

3.2.2 Instruction Fetch UnNit..........couuiiiiiiiiiiiee e

3.3 EXecution PipeliNe .......ooeuiiiiiiiiieii e

3.4 Data MemOry SYSIEM ....c..iiiiiiiiiiei e e
3.4.1 Tightly-Integrated Memory (TIM) .....ccuuviieiiiiiiii e

3.5  Atomic Memory OPEratiONS.......c.uuvieuuieieeieeiee e e e e ennes

3.6 LOCAl INTEITUPLS ..eetueeit e ettt e e e e e e e eee e eeas

3.7  Physical Memory Protection (PMP).......c.oiiiiiiiiiiieieee e
3.7.1  PMP Functional DeSCrPtiON .........oeeeruiiveiiieeiiieeeeeeee e

3.7.2  PMP Region LOCKING «...ccevuiiiiiieiiieeeieeei et

3.7.3  PMP REQISIEIS ..ceuiiit ettt ettt

Copyright © 2018-2021 by SiFive, Inc. All rights reserved.

21G1.01.00



SiFive E21 Core Complex Manual 21G1.01.00

374 PMP and PMA ..o 29
3.7.5  PMP Programming OVEIVIEW ..........eceeuuuuieereiuuineeeeeiinneeseetiseeeeennssessesnaeaeenns 29
3.7.6  PMP ANnd PAgiNg ..cccuvuueiiiiiiieeieiiie e e ettt e ettt e s et e a et e e e e e e e e e aee 31
3.7.7  PMP LIMITAHONS ..eiieiiii ittt ettt e et e e e et s e e e eeb s e e e eeaa e e aaees 31
3.7.8  Behavior for Regions without PMP Protection .............cccoiveiiiiiiiiniieieeceeeeee, 31
3.7.9  Cache Flush Behavior on PMP Protected RegioN.........ccuvuvieiiiiiineeieeiineeeeeiinnnn 32

3.8  Hardware Performance MONITOI.........cuuuiiiiiiiiieeieii et a e et e e e e eaanas 32
3.8.1 Performance Monitoring Counters Reset Behavior ...........c.ocovviiiiiiiiiiiiniiecnnnnnn. 32
3.8.2  Fixed-Function Performance Monitoring COUNLErS ........c.cvveevieeiiiieiiieeeieeeeines 32
3.8.3 Event-Programmable Performance Monitoring CouNters..........cccvevevveeeieeennnnens 33
3.8.4  EVENt SElECtOr REGISIEIS . .c.uuuiiiiiiiiieie it e ettt e et e et e e et eeab e eeens 33
3.8.5  Event SElector ENCOTINGS «.vuuiiieiriiiiiiiiiiaeeeeeiin e e e e et e e s eeti e e e eeatn e e e eaba e aeenes 33
3.8.6 Counter-Enable REQISIEIS .......iieiiiiie e 35

G N =014 £ PP PUPPPR 35
I TN R = (o] | 4 = ) PP UPPPPTRRPPPPPIN 35
3.9.2  PelPNEIal PO ... ittt e et e a e 35
3.9.3  SYSIEM PO . iiiiiiiiieiiie ettt e e e 36

4 Physical Memory Attributes and Memory Map ..............cc.ccccceveeeinnn, 37
4.1  Physical Memory AtrbULES OVEIVIEW .......ccvuiiiieiiiiie et 37
N Y 1= 100 1o g 1V T o PP TP 38
5 Programmer’s Model...................ccocooo 40
5.1  Base INSIUCLION FOIMALS ....ccuuiiiitiieiiiiee ettt e et e e et e e e e e e e e e e e ea e eees 40
5.2 | Extension: Standard Integer INSrUCLIONS ........c..ivieuiiiiiiiiii e 41
5.2.1 R-Type (Register-Based) Integer INStrUCtiONS........cccvuviiiiiieiiiieeiieeee e, 42
5.2.2  I-Type INteger INSrUCHIONS .....uuiiiieeie et 43
5.2.3  I-Type Load INSIIUCLIONS ... cevtiiiiieieie et e e e 44
5.2.4  S-Type StOre INSIIUCLIONS .. ccvuuiieieeeie e et e e e e e e e eaaas 45
5.2.5  UNCONItioNal JUMPS ..uuiiiiiiiieiieeiiee ettt e et e e e e et e e e e eei e e aeees 46
5.2.6  Conditional BranCRES.........iiiiiiiiii et 47
5.2.7  Upper-Immediate INStUCHONS .......ieuuiiiiii e 48
5.2.8 Memory Ordering OPEerations .........c.uvieuuiieuiaeiieeerr et eei e e e e e e e eennas 48

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 2



SiFive E21 Core Complex Manual 21G1.01.00

5.2.9 Environment Call and Breakpoints ...........oeeeuuieiiiiiieieiiee e 49
5.2.10  NOP INSIUCHON ..cicitii ittt e et e et e e e et s e e e et s e e e eeaa e eaaees 49
5.3 M Extension: Multiplication OpPerationS............ceuuvieuiiiieiieei e e e 49
5.3.1  DiViSION OPEIALIONS ..vuuiiiirrinieeieiiiseeeeetiseeeeetii s e eeeata s e eeeeba e aeeasnaeeaeesnnaeaaees 50
5.4 A EXtension: AtOMIC OPEIatiONS ......c.uveeuuiieet et iei et e e e e e e e e eea e ean e enaeeenns 50
5.4.1  Atomic Memory Operations (AMOS) .....cccuuiiiuuiiieiieiiie et eanns 50
5.5 C Extension: Compressed INSrUCHIONS . ........uuiiiiiiiiii e 51
5.5.1 Compressed 16-bit INStruction FOIMALS .........oeiiiiiiiiiiiiiiee e 51
5.5.2 Stack-Pointed-Based Loads and StOreS ...........covveeevirieemmrriniisiieeeeeeeeeeennnnens 52
5.5.3 Register-Based Loads and StOreS..........viiiiiiiiiiiiiiiiineeeeeiine et eei e e eeeeas 53
5.5.4  Control Transfer INSIIUCIONS . .......uiiie e 54
5.5.5 Integer Computational INStrUCHIONS ........ccuuiiiiiiiiiiiieie e 55
5.6 B Extension: Bit Manipulation INSTIUCHIONS ........c..ivieeiiiii e 58
5.6.1 Basic Bit Manipulation INStrUCHIONS ........c.uuiiiiiiiiiiieie e 58
5.6.2  Bit Permutation INStrUCHIONS.........uiiiieiieiiee e 59
5.6.3  Address Calculation INStrUCHONS ......c.uiieriieiiiiee e 59
5.6.4  Bit Manupulation PSeUdOINSIUCHIONS ... .....iieiuiiiiiieiie e 59
5.7  Zicsr Extension: Control and Status Register INStructions .............ccceeveeieiiiiiinieiiiinneeens 60
5.7.1  Control and StatuS REQISIEIS .. .ceuuiiiiiieiiee e 61
B5.7.2  DEfINEA CSRS vttt ittt e e et e e e e et s e e e e et e e e eeba e aaae 61
5.7.3  CSR ACCESS OFUEING ... citetuiieieeiiiia ettt s e et eeti e e e e et s e e eeaaa s e eeestnneeaeesnnaeaenes 64
5.7.4  SiFive RISC-V Implementation Version ReQISterS.........ccovvveviiiiiiiiiiiieeeieeeeies 65
B.7.5  CUSIOM CSRS c.uuiiiiiiiiii ettt ittt e ettt e e et e e e e et e e e e e et s e e e eebaneaaee 66
5.8 Base Counters and TIMEIS .....ccuuuuieiieuitieeieiiieeeeetia e e eeeti e reeri e aeeerneeseeraa e aeesenns 66
5.8.1  TIMEIr REGISIET .uuiiiiiiii ettt e et e e e et e e e e et s e e eeeba e e aaees 68
B5.8.2  TIMEI AP .ottt e e e aene 68
5.9  Privileged INSIIUCHIONS ....cevuiiiiiiiiie ettt e et e et e e e et e e e e eba e e eeennas 69
5.9.1 Machine-Mode Privileged INSTIUCHIONS ........ccuuuiiiiiiiiiiee e 69
5.10 ABI - Register File Usage and Calling CONVENLIONS ........cccuivieiiiieiiieiieeeieeeie e 70
5.10.1  RISC-V ASSEMDIY .ccutiiiiiiitiiie ettt e et e e e e e e e et e e e eaaa e aaee 72
5.10.2  Assembler to Maching COOE........ccuuuiiiuiiiiiiieii e 72
5.10.3 Calling a Function (Calling CONVENLION) .....c.uiiirniiiiiieeiieeece e e 74
5.11  Memory Ordering - FENCE INSIUCHONS ......uiiiiiiiiieei e 77

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 3



SiFive E21 Core Complex Manual 21G1.01.00

ST A =T To | [0 L PP TPPPPRPT 78
B.13  LINKEE FlE ettt e e e 79
5.13.1  LinKer File SYMDBOIS ....oiiiiiiiiiiieeiiie ettt e e e 80
5.14  RISC-V COMPIIET FIAGS «rvuuiiiiitiiieiiiiiii ettt ettt e e e e e e e e e e eeeenns 81
5.14.1  arch, abi, An0 MEUNE.....uie it e e e e e e e et e e e e e e eaaes 81
5.15  COMPIlAtionN PrOCESS ....cevuuiiiiiiiiee ettt ettt s e et e e et s e e e et e e e e eba e e e eeeenas 85
5.16 Large Code Model WOTIKaroUNS ............oieeuiieuniieiieeei e eeie e e een e e e e e eeens 85
5.16.1  Workaround EXample #1 ........cccuuiiiiiiiiiieeiiiie ettt 86
5.16.2  Workaround EXample #2 .........ccuuiiiiiiiiiiieeiiis et 86
5.17  PIpeling HAZAIAS ... . iiiiiiiii ittt e e e e e e e e e e 87
5.17.1 Read-After-Write€ HazZards ...........oviiiiiiiiieieiiie ettt e e e e eeees 87
5.17.2  Write-After-Write Hazards.........cuuviiiiiiiiieeeiis et e 88
5.18  REAUING C SRS .. ittuuiiiiiiiti e e ettt e ettt e ettt e et et e e e e et e e e eeata e e aeesb s e e e eeba e eaeeenanns 88
6 Custom Instructions and CSRS..................cocooi, 90
B.1  CEASE ..iiiiiiieetitt e e ettt ettt e e e et e e e e 90
6.2 Other CUSLOM INSTIUCLIONS .....cieuiiiiieiiiiei e ee et e e e e e e e e e e e e e e e e erna e e e eenenns 90
7 Interrupts and EXCEPLiONS................cccocooiiiiiiiicnece e 91
% R 111 =T g 0o O] g [o1=T o £SO PTEPP T TR P RPPPPT 91
7.2 EXCEPLON CONCEPLS .uuuiiiiertiieeiiriiieeeeetttaseereeti s e esesstasseesesn s e aeessa e esearnneeeeernnsaaeennnnn 92
TS T L - 1o N @014 o1 =T o PRSP 93
7.4 Interrupt BIOCK DIAGIaM ... ieeeieeeieeet e e e e et e e e e e e e s e een e e een e e enn e eenn e eenns 94
ST Mo Tor- |l [ (=] £ (U] o PP TR 95
7.6 INTEIrTUPE OPEIALION cevuueiiiiiti e et e e ettt e et e e e e et e e e e e e e e e e e ebe s e e s eeraneeeeeran e eaeennan 95
7.6.1  Interrupt ENtry @nd EXIt .....cccvuiiiiiiiiieiiiiii e e e 95
7.6.2  Critical Sections in Interrupt HandIers............ccuuiiiiiiiiiiiiiieii e 96

7.7  Interrupt Control and Status REQISIEIS ......ccuuuiiiiiiiiiiie e 96
7.7.1  Machine Status RegiSter (MSTAtUS) ... ccuuruuieererruneereerireereerinaeereeneeeeeennaeaeees 96
7.7.2  Machine Trap VECIOI (MEVEE) ... cueurunieeiietiieeeeetiaeeeeetr e e e eeti s e e eeentaeeeennanaaaeenes 97
7.7.3  Machine Interrupt ENable (M1€)........oieiiieruiiiiieiiiiieeiee e eee e e e e e eene e 99
7.7.4  Machine Interrupt Pending (Mip) ......oieereeruiiierieiiisieeeeiiseeeeeeisseeeeea e e eeeennaeeeees 99
7.7.5 Maching CauSE (MCAUSE) «evverrurierrerrneereerueaseeeeeenseereernnseesrennnaeeeesnnaeereennaes 100

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 4



SiFive E21 Core Complex Manual 21G1.01.00

10

7.7.6  Machine Trap Vector Table (MEVE) ... e 102
7.7.7  Handler Address and Interrupt-Enable (mMnXti).......cceeiiiiieiiiiiiieiiiineeeeeiineeeeens 103
7.7.8  Machine Interrupt Status (MINTSTATUS) wuvurieeierruiieeeeeiieeeeeerr e e eerir e e eeeriaeeeees 103
7.7.9  Minimum Interrupt ConfigUration ............ccuuieeeiiieeriiiee e 104

7.8 INTEITUPE LAIEINCY .eettiieeieite e et et e et e e e e et s e e e ee s e e e e era s e e e esrn e e e eennnaeaeees 104
7.9  NON-MaSKabIe INTEITUPL ......u ittt et e e e e e e e e bt e e e e era e e aeeees 104
7.9.1  HaNAIEr AQOrESSES . ccevvunieeiiaiiieeeeeta e ettt e e e e eet e e e reer s e e e e asa e e e eeanaaeeeennnnnns 104
7.9.2  RNMI CSORS ..t e e e e e e e e e eaeas 104
7.9.3  MNRET INSIIUCHON .eevttieiieiiii ettt e et e e et e e e enn e e e eenaa e 105
7.9.4  RNMI OPEIALION ....eiiiiti ettt e e e e e e e e e e e et e e e eer e e e eeenan s 106
Core-Local Interrupt Controller (CLIC) ..o, 107
8.1  CLIC Interrupt Levels, Priorities, and Preemption .........ccoeovvuiiiiiiiiieiniieiin s eeeieeenen 108
8.2 CLIC VECIOr TADIE ...t ettt ettt e et e e e e e e e e ar e e e eena e aaeees 109
8.2.1  CLIC Vector Table Software EXample ........cccuuiiiiieiiiiieieeie e 109

8.3 CLIC INtEITUPE SOUICES ..cevvueeieetiieeeeette e eeeette e e e eesta s e aaeass e e eeesna e eaeesba s aeeennnnaaaeenns 110
8.4  CLIC INterrupt AttHDULE ... e 111
8.4.1 CLIC Preemption Interrupt Attribute ... 111

8.5 Details for CLIC Modes Of OPEIatioN.........cceuuuiiernieiiiieeeiee e e e ee e e e eeneees 112
8.6 IMEMOTY AP .etiiiiiieiiiie et e ettt e ettt e e ettt e e e et et e e e e e e e e e e e ra e e e ern e e e renna e aaees 112
S N S (=T o | 53 (] gl D= ox ] o] TP 113
8.7.1 Changes to CSRS iN CLIC MOUE........ccuuuiiiiieiiiieeeeeiie e et e e e e e een e eeees 113
8.7.2  CLIC Interrupt Pending Register (C1iCINtIP) ..cuuiiverurerrrnierniieenaeeeneereneeeennns 114
8.7.3  CLIC Interrupt Enable Register (C1iCINTIE) ...iiiiiuruureerrerriieererrnneeereennneeeeennnns 114
8.7.4  CLIC Interrupt Configuration Register (C1iCINtCTQ)...ccciverrrrrrrriiirereernireerennnnn 115
8.7.5  CLIC Configuration RegiSter (C11CCTQ) cuieerrrrunieererrraieerrernireereeinineereernneeeeeennns 115
TileLinK Error DEVICE ... 117
Power Management...............ccoooiiiniee s 118
L10.1  POWET IMOOES ..eeuuuieeeeeiee ittt e ettt e e e e e et e e ettt e e e e e e e e e e eeerebba e e e eeeeas 118
0.2 RUNMOGE ..ottt ettt e e e e e e et et e ee bbb e e e e e e e e eeeeebban e e e eeeas 118
10.3  WFI ClOCK Gate MOUE ....cevvetiiiiieeeeee ettt ettt e e e e e eere e e e e e e e e 118

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 5



SiFive E21 Core Complex Manual 21G1.01.00

10.3.1  WRFTWAEAKE UP . iiiiiiiiiiiiiii ettt e e et e e e et e e e e eaanns 118
10.4  CEASE Instruction for POWEN DOWIN .....cc.uuiiiiiiiii ettt e e 119
10.5  HArOWAre RESEL....cuuuiiiiiiiiiii ettt e et e e e et e e e e et e e e e et e e e eeaaa e eaaees 119
10.6  E@rly BOOt FIOW. . cccuuuiieiieiii ettt ettt e ettt e e e e e e e e e et e e aaee 120
10.7  Interrupt State DUring Early BOOL .........uuiiiieiiiiiiiieiiiii ettt ee e 120
10.8 Other Boot Time CONSIHEIatioNS ... ..c.uiiieeieiiieeeie et e e e e e e eeanes 121
10.9  POWEI-DOWN FIOW .ctuuiiiiiiii ittt ettt ettt e et s e e e e b e e e e et e e e eeta e eeaeee 122

11 DebUQ ... 123
11,1 DEBUG MOAUIE ...ttt e et e e e e et e e e e abn e e e e e anaeeaaen 123
11.2  Trace and DeDUG REGISIEIS. .....cuuuiiiiiiiiiee it e ettt e et e e et eeeet e e eaba e eeees 126

11.2.1  Debug Control and Status RegiSter (ACSI) ...cueuvuieeieiriiieiieeiiine e eeein e eeeiias 128

11.2.2  DEDUG PC (APC) tuuurieerinieaieiiaaee ettt e e ettt s e e e et e e e eet s e e e e ebta e e e e eana e eeeennnnes 128

11.2.3 Debug ScratCh (dSCratCh) ....ciiciieiiiiieiiiii e e 128

11.2.4 Trace and Debug Select Register (£SELECT) .icuuuiiriirruiiieiieiiiieeeeerie e e eeeinnns 129

11.2.5 Trace and Debug Data Registers (tdatal-3) ....ccoeceeerurreereenniriereenneeeeennnnnns 129
IO T = 1 =T 1o To 1 P 130

11.3.1 Breakpoint Match Control Register (NCONtrol).....cccuuureeererrnireeeeiriineereeennenns 130

11.3.2  Breakpoint Match Address Register (maddress) .....ccuvevveeeereiieeeeiiineereeinnens 132

11.3.3  Breakpoint EXECULION ......cuuuieii et e e e e e e e e e e et e e et e e e e e eanns 132

11.3.4 Sharing Breakpoints Between Debug and Machine Mode ..............ccccceeunneeee. 133
O S B 1= T o 0T TN 1Y =Y g To TV Y= T PP 133

11.4.1 Debug RAM and Program Buffer (0X300—0X3FF) .......eeevvuiereinieriiieeennneeenneens 133

11.4.2 Debug ROM (OX800—0XFFF) ciuuuiiituieeitueeeeteereieeetneeeetneeesteessneessneassnaeasnnnns 134

11.4.3 Debug Flags (0x100—0x110, OX400—0XT7FF) t.uutititieeeiiieeernneeeiniersieeeanneaennaaans 134

11,44 SAfE ACUIESS ...uueiiiiiiiiiiiiiiiiiet ittt ettt ettt e et e e e e e e e e e e e e e e e e e e e e e e e e e e e s s e 134
11.5 Debug Module INtEIACE........cceviii e e e e e eeees 134

11.5.1 Debug Module Status Register (dmStatus) ....cccevuuieeiiiieiiiieeiiiieeiiieeeaieeeeaneans 135

11.5.2 Debug Module Control Register (dmCONTIrol) .....cuuuviuruieeieeriineeeeeiineeeeeinnnns 136

11.5.3  Hart Info Register (Nartinfo) .....ccceeieiieriuiiieiiiiiie e e e e e eere s 137

11.5.4  Abstract Control and Status Register (abStractcs) ...oveeieereiireieirnreeeeiiinn 139

11.5.5 Abstract Command Register (COMMANG) .......cceuruuieereerinieeeeiianeeeeere e eeeneannns 140

11.5.6  Abstract Command Autoexec Register (abstractauto) .....cccoeeeerurirreereniinaees 140

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 6



SiFive E21 Core Complex Manual 21G1.01.00

11.5.7 Debug Module Control and Status 2 Register (dmcs2).......ccevviveevnieeeiieeennaens 141

11.5.8  ADSLraCt COMMANAS .....iiriieiiiieeii e e et e e e e e e e e e ennas 141

11.6 Debug Module Operational SEQUENCES ..........viieuiiiiiieeie e 143
11.6.1  ENtering DEDUG MOOE .....ccevvuuieiieiiiie ettt e e e s 143

11.6.2  EXiting DebUG MOE ......iiiiiiiii it 143

A SiFive Core Complex Configuration Options...............cccccccocevee. 145
NN R S ST = ] 1= PPN 145

B SiFive RISC-V Implementation Registers................ccccocoovnn. 148
B.1  Machine Architecture ID Register (marchid) ......cooveeeiiiiiiiiii e 148

B.2  Machine Implementation ID Register (mimpid) .......ccoiiiimiiiiiiiiiii e 148
REFEIENCES ... 149

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 7



SiFive E21 Core Complex Manual 21G1.01.00

Tables

Table 1 E21 Core ComPpIeX FEAtUIE ST .......iiiiiiiiiiiieei ettt e e enaes 15
Table 2  RISC-V Specification COMPIIANCE ... .ccuuiiiiiiiei e 18
Table 3 AbDreviations and TEIMIS......oiiicuii it e et e e e e aa e e eeeenns 20
TADIE 4 E2 FEAUINE ST .. ciiiiiiiiiiiiiiie ettt ettt ettt e ettt e e e e et e e e e et s e e e e eab s e e eeeba e eaeeees 22
Table 5 Executable Memory Regions for the E21 Core COMPIEX .....uvvvvnieiiiiiiiiiieiiiieeiiieeiis 23
Table 6  E2 INSrUCHON LAIENCY ...uuiieeiiieiieieie ettt e e e e e e e e ennes 24
Table 7  pmpXcfg Bitfield DeSCHPLON ...ccuuiiii e e e e eaa s 28
Table 8 pmpaddrX Encoding Examples for ASNAPOT ......oiiiiiiii e 29
Table 9  MhpPMeVENt REGISIEI.....ciiieiii ittt e e e et e e e e er e e e e era e e eeeneas 34
Table 10  Physical Memory Attributes for External REQIONS........c.oviviiiiiiiiiiiieeee e, 37
Table 11  Physical Memory Attributes for Internal REQIONS .........c.viviiiiiiiiii e 38
Table 12 E21 Core Complex Memory Map. Physical Memory Attributes: R—Read, W-Write,

X—-Execute, I-Instruction Cacheable, D—Data Cacheable, A—AtOMICS..........ccovvreeiiiirimiriiiiineeeen, 39
Table 13  Base INSIrUCLION FOIMALS ......c..iieiiieiii e e e e e e e e 40
Table 14  R-Type Integer INSIIUCHONS. . ... iiuiiiiee e e e e e eaas 42
Table 15 R-Type Integer INStruction DEeSCHPLION ......vuuiiiiiiiii e e 42
Table 16  [-Type INteger INSLIUCHIONS .. c.uniie it e e e e e e e e e e eaaas 43
Table 17  |-Type Integer INStruction DESCHPLION ...c.uieniiiiieii e e e 44
Table 18  [-Type Load INSITUCHIONS ......ieeiiiiee et e e et e e e e e e e e 45
Table 19  |-Type Load INStruction DESCIPLION .......evuieiiiiiii e e e 45
Table 20  S-Type Store INSIIUCLIONS .....ivuiiei et e e e e e aaas 46
Table 21  S-Type Store INStruction DESCHPLION .....cvuieiiii e 46
Table 22  J-Type INStruCtion DeSCHPLION .. ....iie it e e e e 47
Table 23  B-TYPE INSIIUCHIONS ....ceuiiietieeei et e e e e e e e e e e e e e e e e e enaes 47
Table 24  B-Type INStruction DESCHPLION .....uiueiieiie it e e e e 47
Table 25 RISC-V Base Instruction to Assembly Pseudoinstruction Example .............ccoeveeennneees 48
Table 26  Multiplication Operation DEeSCHPLION .......ccvuiieriieieiie e e e e enaes 49
Table 27  Division Operation DESCIIPHON ........iieriiiieie e e e e enaes 50
Table 28  Atomic Memory Operation DeSCHPLON. .......oiveui i e 51

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 8



SiFive E21 Core Complex Manual 21G1.01.00

Table 29
Table 30
Table 31
Table 32
Table 33
Table 34
Table 35
Table 36
Table 37
Table 38
Table 39
Table 40
Table 41
Table 42
Table 43
Table 44
Table 45
Table 46
Table 47
Table 48
Table 49
Table 50
Table 51
Table 52
Table 53
Table 54
Table 55
Table 56
Table 57
Table 58
Table 59
Table 60
Table 61

Stack-Pointed-Based Load Instruction DeSCHPLioN.........ccuuvieriiiieiieeeei e 52
Stack-Pointed-Based Store Instruction DeSCription .........c..ovveviiiiiiniiiiieeeieee e, 53
Register-Based Load InStruction DeSCIPLION .......vvevuiieiiiiieieeei e 53
Register-Based Store INStruction DeSCHPLON .......cceuvieeiiiiiiie e 54
Unconditional Jump INStruction DeSCHPLION .....c..uviiveiiiiieiie e 54
Unconditional Control Transfer Instruction DeSCription ...........ccvvveiiirieiiieeiineeeieeennn. 54
Conditional Control Transfer Instruction DeSCrPLioN ........c.vviiviieiiieeeie e, 55
Integer Constant-Generation Instruction DeSCriPtioN ............vvveeiiveiiirieiieeeeeeieeenenn 55
Integer Register-Immediate Operation DeSCriPtioN..........vveveiiiiiiieiieireeeee e 56
Integer Register-Immediate Operation Description (CON'L).......c.ovvvevieerinieeineeeieeeennn. 56
Integer Register-Immediate Operation Description (CON't).......c.ovvveeieeirinieerineeeieeeennn. 56
Integer Register-Immediate Operation Description (CON'L).......c.ovvveueeieiieeeiineeeieeeennn. 56
Integer Register-Immediate Operation Description (CON'L).......c.vvvereeirinieeineeeieeeennn. 57
Integer Register-Register Operation DeSCHPLON ......occvvviiiiiiiiiicee e 57
Integer Register-Register Operation Description (CON™) .......ovvvviiiiiiiiniiinii e 57
Count Leading/Trailing Zeroes Instructions DeSCriptioN ........occvviiviiniiinienieineeiineannns 58
Count Bits Set INStructions DeSCIPON ........uuiiiiiiiiii et 58
Logic-With-Negate INStructions DESCIPLION ......vvuiiiiiiiiii e 58
Comparison INStructions DESCIPLION ......vvuuuiieiieiei e 59
SIGN-EXIEN INSIIUCHIONS ...evuieiiee et e e e e e e e e e eees 59
Bit Permutation INStructions DEeSCHPLION.........iieei et e e ee e eees 59
Address Calculation INStructions DeSCHPLION .........vvevuiiiiii e 59
Bit Manipulation Pseudoinstructions DeSCrpioN ..........ccuuuiviiiiiiiiiieieiiin et eeeienn 60
Control and Status Register Instruction DesCription ............cceuviiiiiiiiiinneieiine e 60
CSR REads and WIEES .....cuuiiiiieeeii et e e e e e e et e e e e e e e e e e eaaeeeaen 61
USEI MOOE CSRS ...iitiiiiiiiie ittt et e e e e e et e e et e e et e e e et e e e et e e eaa e eetn e eetnaaes 62
MAChINE MOOE C SRS .. iiuiiiii e e e e e et e e et e e e et e e eaa e e et e e eateeeannaaes 63
DebUg MOAE REGISIEIS ...cevuuiiiieiiiii e et e et e et e et e e e et b s e e e eab e e e e eabaaeeaaees 64
Core Generator Encoding of marchid........cuuuiieiiiiiiiniiieiiiin e 65
Generator Release ENcoding Of Mimpid........ocieeeenieieeiiineeieiiiree et e ee e een s 66
Timer and Counter Pseudoinstruction DeSCriptioN...........vvveriiieiiieeeiieeeneeeeeeeeeees 67
Timer and COUNTEN CSRS .uuiiiiiiiiii e e e e e e e e eaa s 68
RISC-V REGISIEIS ...ttt e et e e e e e e e e e e e e e een e e een e eenn e 71

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 9



SiFive E21 Core Complex Manual 21G1.01.00

Table 62
Table 63
Table 64
Table 65
Table 66
Table 67
Table 68
Table 69
Table 70
Table 71
Table 72
Table 73
Table 74
Table 76
Table 77
Table 78
Table 79
Table 80
Table 81
Table 82
Table 83
Table 84
Table 85
Table 86
Table 87
Table 88
Table 89
Table 90
Table 91
Table 92
Table 93
Table 94
Table 95

RISC-V Assembly and C EXamMPIES.....cc.uiiiiiiiiiieiiie e 72
EXCEPLION PrIOMILY .ieevtiiieiiiite et ettt e et e et e ettt e e e et s e e e e et e e e eetbae e e e eebeaaeeaes 92
Summary of Exception and INterrupt CSRS ......cccvuuuiiiiiiiiiiieeieei et eeeeans 93
Machine Status Register (PArtial) .......c.uueiiiiiiiiiieiieiiie e 97
Machine Trap VECtOr REQISIEN .......iiur it e e e e r e eea e 97
ENCOdING Of MEVEC . MODE ...vuuiiiiiiiiieeee et e ettt e e e et e e et s e e e e et s e e e eab e e e e eabaeeaaee 98
Machine Interrupt Enable REGISEN .........iiiiiiiiiieiieiiie et 99
Machine Interrupt Pending REQISLEN .......iiiiuiuiieiiiiiie e 100
Maching CauSE REJISIEN ... .cuuiiiii et e e e e e ennns 101
Mcause EXCEPION COUES......c.uuuiiiiiiiii ettt e et e e e e e e e eaeas 102
MEVE REOISTEI .. iieitti ettt e et e et e e e ettt s s e e e ee s e e e e et e e eeeern e eeeennnaeaanes 103
MINESEALUS REQISTET .iettuiiiieii e eeet ettt e e e e e e e et s e e e e e bt e e e e erna e eaeenes 103
N LAY R O] o PPN 105
E21 Core CompleX INtErrupt IDS ......cceuuuiieiieeiieee e e eei e e e e e e e een e e e enna e eaees 110
CLIC BaSE AQUIESSES ..cceeitiuiiii e e e e e e ettt e e e e ettt e e e e e e e e e eeenbb e e e e e aaeeaas 112
CLIC Shared RegiSter Map........ceeeerueeeieeriiaeeeerie e e eeen e e eesnaa e e eeera e e eeerenaaeaeenens 113
CLIC Hart-Specific REGION MaP ....ccvvuieiiieiieeeeeies e e e e e e e e ene e e eeeenns 113
Changes t0 CSRS iN CLIC MOUE .......uuiiiieei et eee e e e e e e e e e eenenns 113
CLIC Interrupt Pending Register (partial) ............vveereeriieereeiiie e e e e e eeeennnns 114
CLIC Interrupt Enable Register (partial) .........cccuuuiiieeiiiiiieeeiii e 114
CLIC Interrupt Configuration Register (partial) ..........ccuiieeiemiiiieiiii e 115
CLIC Configuration REGISTEN .......ciieeriieeieei e eeeeis e e e e e ee e e e een e e e eeneas 115
=loloTo T aTo o] oM Kook ife T o W N = 1) TP 116
Debug Module Register Map Seen from the Debug Module Interface...................... 124
Debug Module Memory Map from the Perspective of the Core........cccccevevevvviieennnnn. 125
Debug Control and Status REGISIEIS ....uiiiiiuiiiieeeeiiii e ee e e e e e e e e e eea e eeens 127
Debug Control and Status REGISIEN ....uuuuiiieeiiii e e e e e eens 128
Trace and Debug Select REQISIEN.......ccvuuuii i 129
Trace and Debug Data REQISIEN L......cccuuuiiieiiiiiieee et e e e 129
Trace and Debug Data Registers 2 and 3 .........oooevveiiiieeeeiiieeeeeee e e e e e 129
L8 2 o= T 1Y/ 01 130
TDR CSRs When Used as Breakpoints .........cuuoiieriiiiinieeeeiineeeeeiisneeeeein e eseenn e 130
Breakpoint Match Control REQISIEN ........uiiiieiiiiiiee e e e e e e e e eees 131

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 10



SiFive E21 Core Complex Manual 21G1.01.00

Table 96
Table 97
Table 98
Table 99
Table 100
Table 101
Table 102
Table 103
Table 104
Table 105
Table 106
Table 107
Table 108

NAPOT Siz€ ENCOUING . ..ctevuuieiieiiiiieeeiti e e et e e e et e e st e e e e et e e e e eab e e e e eena e 132
Debug Module Interface SIgNalS ........ovieeiiiiie e 135
Debug Module Status REGISTET .....oiiiiuiiiiiiiiii et 136
Debug Module Control REGISTEN .......iveueiiiiiiiii et e e e e e eab e aees 137
HArt INfO REGISTEN ...t e et e e e e e aeees 138
Abstract Control and Status REGISTEN ........cuuuiiiiiiiiiiieiiiiir ettt e eeees 139
Abstract Command REGISTEN .......oiiuiieiii e eaaes 140
Abstract Command AUtOEXEC REGISIET ......uuuiiiiiiiiiieieiiir et e et e e eeees 140
Debug Module Control and Status 2 REJISIEr ........vveveiiieiieieiiecee e 141
Debug ADSIract COMMANTS .....uiiieiiiie i it e ettt e e et e e et e e e er e e eebe e aeeeenas 142
Abstract Command Example for 32-bit Block Wrte .........ccoovvviiiiiiiiiicii e 143
Core Generator Encoding of marchid........ooceeuuiieieeiiiiieieiiin e 148
Generator Release ENcoding Of MImpid......cccuuuuiieieeiiiiiiiiiiiieeeeeiie e e 148

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 11



SiFive E21 Core Complex Manual 21G1.01.00

Figures

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29

E2 Series BIOCK DIiagram.......c.uuiieeiiieiiieei ettt e e e e e e e e e e e 17
RV32 pmpCTgo REGISIEN ..evuiiiiiiie it e e e e e e e e s 26
RV32 pmPCTgl REGISIEN «.vvuniiiiii it e et e e e e e e e e e e e s 27
RV32 pmPCTg2 REGISIEN «.evviiiiiiiiiii ettt e e e e e s 27
RV32 pmPCTg3 REGISIEN ..evuiiiiiiiiiii ettt e e e e e e e e s 27
RV64 pmpXcTg DItFIEld ... .covneiiiei e 27
RV32 pmpaddrX REGISIEI .. .ccveuri i eeieeii e e e e e e e e e e e e e e e e e e eaa e e e eeaanns 29
PMP Example BIOCK Diagram ........ccuuuiieiieiriieeieeiseeeeeeiis e e s eees e e e seaas s e e s eann e e e eeennnas 30
EVENt SEIECIOr FIIAS ....ceeiiiiiiei e 33
o 1Y/ - 40
N Y/ L= 41
LT 1Y/ o1 41
2T 1Y/ o T 41
LU Y T 41
B 1Y/ o= 41
ADD INStruCtion EXAMPIE.......uiiieiiiiieieeiie e e et e e e e e e e e 42
ADDI INStruCtion EXAmMPIE......uiiiieiii e e e et e et e e e e e e e e 44
[T g1 (T 1T I %€= T ] o - 45
SEOTE INSITUCTIONS ...ttt e e ettt e e e e e e e e e rab b e e e as 45
SW INSErUCHON EXAMPIE ..vuuieieeii e e e e e e e e e e e e e e e eeaaneeaeees 46
JAL INSTIUCHION. ..ttt ettt ettt e e e et et et ettt e e e e e e e e e e eeaebb e e e e aaeeeas 46
JALR INSIIUCTION ...ttt ettt e e e e e e e e e eerabb e e e e as 46
BrancCh INSIIUCHIONS ... ...ttt e et e e e e e e e eeneenaaanas 47
Upper-Immediate INSIUCHIONS .......iieereeiereeeiiseeeeiis e e e eees e e e e eaesr e e e eee e e eeennaeeeeees 48
FENCE INSIIUCHONS ....iiiee ettt ettt e e e e e e e e e ea b e e e e e e e e eeeennennaanas 48
NOP INSIIUCTIONS .ttt e e e ettt e e et et e e e e e e e e e e e e bba e e e e e e e e eeeeeneneannas 49
MUltiplication OPEratiONS .......ceeeuueieeieeiiieieeeetes e e e eeis e e e e et s e e eeearar e e e eeeaeeeeeannaaeaeees 49
(DAY (o T @ =T = T o N 50
AOMIC MEMOTY OPEIAtIONS. . ...ieeieiieeeeeitee e e e et e e e e et e e e e e et e e e e et e eeeera e e e enranaaees 50

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 12



SiFive E21 Core Complex Manual 21G1.01.00

Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50
Figure 51
Figure 52
Figure 53
Figure 54
Figure 55
Figure 56
Figure 57
Figure 58
Figure 59
Figure 60
Figure 61
Figure 62

CR FOIMAL - REQISIET ..euuiiitie ettt e e e e e e e r e e et s e e et e e eeneees 51
Cl Format - IMMEIALE ... .ceuuieiii et e et e e et e een e 51
CSS Format - Stack-relative StOre.........oveeuiieiieeee e 51
CIW Format - Wide IMMEIALE .........oveeeiiiii et e e 51
CL FOrMAL = LOAA. ... ettt ettt e e e e e e e e e e e ean e eeaa e 51
CS FOMMAL = SEOME . eutuiiieiiti e ettt e e ettt e e et e e et et e e e e et e e e e e tta s e e e eata s e e eeebaneaaees 52
CA FOrmat - AfitNMELIC ....vuu ittt e e e e eee 52
CJ FOMMAL = JUIMPD ettt e ettt e e et s e e e et s e e et tb e e e e e et s e e e eabaneeeenba e aaees 52
Stack-Pointed-Based LOAOS. ........ooiieuuuiiiiiiiiiieeeeiiiie et e e e e b e eee 52
Stack-Pointed-Based STOrES ........oovveuuuiiiiiiiiii et e e e et eeeb e aeee 52
REGISTEr-BaSEd LOAUS .....cuuuuiiiiiiiiieeieeiie e ettt e e ettt e e e e et s e e e e et e e e eeb e e e eeabaeeaaees 53
REGISTEr-BASEA STOTES ...evvuiiiiiiiiieeie it e ettt e et e e e et e e e e rt s e e e eeb e e e eeabaeeaaees 53
Unconditional JUMP INSIUCHIONS .....c.uuiiiiieiiieeee e 54
Unconditional Control Transfer INSTrUCHIONS .........ocevuiiiiiiiiiiiec e 54
Conditional Control Transfer INStrUCIONS ..........uiieeieieie e e 55
Integer Constant-Generation INStUCHIONS ........cccvuiiiiiiiiiiee e 55
Integer Register-Immediate OpPerationS..........ovveuuieieiiieiiiieeiiee e 55
Integer Register-Immediate Operations (CON'L).......ceuurviriieeiiieieeeeee e 56
Integer Register-Immediate Operations (CON'L).......ccuuiieiiieeiiieiie e 56
Integer Register-Immediate Operations (CON'L).......couuieiriieeiiieieeee e 56
Integer Register-Immediate Operations (CON'L).......couuvviriieeiiieeieeee e 57
Integer Register-Register OPeratioNS.........cceuveiruiieeeieeeiie e 57
Integer Register-Register Operations (CON')......cuuveierieiiirieeiireeeie e e e 57
Defined lllegal INSIIUCTION .......oveuiiiieee e 58
ZICST INSTIUCTIONS ...uiiiietie e e ettt ettt e et e et s e e ettt s e e e e et s e e e e et e e e eebaa e eeeennan 60
Timer and Counter PSEUdOINSIIUCHIONS ......veviiiieiieii e 67
ECALL and EBREAK INStIUCHIONS.....ccuuuiiiiiiiiie it e et e e e e eeee 69
Waiit for INterrupt INSTrUCION ......cievii e e 69
RISC-V AsSembIY EXAMPIE ...cocuviiiiiiiiie ettt et e a e e eeee 72
RISC-V Assembly to0 Maching Code ..........cceuuiiiiiiiiiiiieiiiii e 73
ONE RISC-V INSIIUCTION ..eetee et e ettt ettt e et e e et e e et e e et e e eeneeeenaees 74
Stack Memory during FUNCiON CallS...........ovveuiiiiiiieiiie e 76
RV32 MEMOIY LAYOUL...cetuieieeeeiiieeeete ettt et e e e e e e et e e e e e ea e eeennes 77

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 13



SiFive E21 Core Complex Manual 21G1.01.00

Figure 63
Figure 64
Figure 65
Figure 66
Figure 67

E21 Core Complex Interrupt Architecture Block Diagram ............ccevvveviniieinneienneen. 94
CLIC BIOCK DIagram......ccvuueeieiiiiieeeeiiis e e ettt e e et e e e eet e e s e et s e e e e erb s e e e eena e e 107
CLIC Interrupts and VecCtor TabIE.........viiiiiuiiiiiieiiie et ee e eees 109
CLIC Interrupt Attribute EXamPIe ......ooeenieiii e 111
CLIC Preemption Interrupt Attribute EXample .........oooouiiiiiiiiiiieeeeeeeeie e 112

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 14



SiFive E21 Core Complex Manual 21G1.01.00

Chapter 1

Introduction

SiFive’s E21 Core Complex is an efficient implementation of the RISC-V RV32IMACB architec-
ture. The SiFive E21 Core Complex is guaranteed to be compatible with all applicable RISC-V
standards, and this document should be read together with the official RISC-V user-level, privi-
leged, and external debug architecture specifications.

b RISC

A summary of features in the E21 Core Complex can be found in Table 1.

E21 Core Complex Feature Set

Feature Description

Number of Harts 1 Hart.

E2 Core 1 x E2 RISC-V core.

Hardware Breakpoints 4 hardware breakpoints.

Physical Memory Protection PMP with 4 regions and a minimum granularity of 4 bytes.
Unit

Table 1: E21 Core Complex Feature Set

The E21 Core Complex also has a number of on-core-complex configurability options, allowing
one to tune the design to a specific application. The configurable options are described in
Appendix A.

1.1 About this Document

This document describes the functionality of the E21 Core Complex 21G1.01.00. To learn more
about the Evaluation RTL deliverables of the E21 Core Complex, consult the E21 Core Complex
User Guide.
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1.2 About this Release

This release of E21 Core Complex 21G1.01.00 is intended for evaluation purposes only. As
such, the RTL source code has been intentionally obfuscated, and its use is governed by your
Evaluation License.

1.3 E21 Core Complex Overview

The E21 Core Complex includes 1 x E2 32-bit RISC-V core, along with the necessary functional
units required to support the core. These units include a Core-Local Interrupt Controller (CLIC)
to support local interrupts, physical memory protection, a Debug unit to support a JTAG-based
debugger host connection, and a local cross-bar that integrates the various components
together.

The E21 Core Complex memory system consists of a Tightly-Integrated Memory (TIM). The E21
Core Complex also includes a Front Port, which allows external masters to be coherent with the
L1 memory system and access to the TIMs, thereby removing the need to maintain coherence
in software for any external agents.

An overview of the SiFive E2 Series is shown in Figure 1. Refer to the docs/
core_complex_configuration. txt file for a comprehensive summary of the E21 Core Com-
plex configuration.
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@EZ’ICore Complex

E21 Core
RV32IMAC
M+U Modes

AN

NS NS

32-bit 32-bit 32-bit
AHB-Lite AHB-Lite AHB-Lite

Figure 1: E2 Series Block Diagram

The E21 Core Complex memory map is detailed in Section 4.2, and the interfaces are described
in full in the E21 Core Complex User Guide.

1.4 E2 RISC-V Core

The E21 Core Complex includes a 32-bit E2 RISC-V core, which has an efficient, single-issue,
in-order execution pipeline, with a peak execution rate of one instruction per clock cycle. The E2
core supports machine and user privilege modes, as well as standard Multiply (M), Atomic (A),
Compressed (C), and Bit Manipulation (B) RISC-V extensions (RV32IMACB).

The core is described in more detail in Chapter 3.

1.5 Interrupts

The E21 Core Complex supports 127 core-local interrupts, in addition to the RISC-V architec-
turally-defined software, timer, and external interrupts. The Core-Local Interrupt Controller
(CLIC) is used to set interrupt levels and priorities, and can support up to 16 interrupt levels.
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Interrupts are described in Chapter 7. The CLIC is described in Chapter 8.

1.6 Debug Support

The E21 Core Complex provides external debugger support over an industry-standard JTAG
port, including 4 hardware-programmable breakpoints per hart.

Debug support is described in detail in Chapter 11, and the debug interface is described in the
E21 Core Complex User Guide.

1.7 Compliance

The E21 Core Complex is compliant to the following versions of the various RISC-V specifica-
tions:

ISA Version | Ratified | Frozen
RV32l Base Integer Instruction Set 2.0 Y
Extensions Version | Ratified | Frozen
M Standard Extension for Integer Multiplication and Division 2.0 Y

A Standard Extension for Atomic Instruction 2.0 Y

C Standard Extension for Compressed Instruction 2.0 Y

B Standard Extension for Bit Manupulation 1.0

Privilege Mode Version | Ratified | Frozen
Machine-Level ISA 1.10

User-Level ISA 1.10

Devices Version | Ratified | Frozen
The RISC-V Debug Specification 0.13

Table 2: RISC-V Specification Compliance
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Chapter 2

List of Abbreviations and Terms
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List of Abbreviations and Terms

Term Definition

AES Advanced Encryption Standard

BHT Branch History Table

BTB Branch Target Buffer

CBC Cipher Block Chaining

CCM Counter with CBC-MAC

CFM Cipher FeedBack

CLIC Core-Local Interrupt Controller. Configures priorities and levels for core-
local interrupts.

CLINT Core-Local Interruptor. Generates per hart software interrupts and timer
interrupts.

CTR CounTeR mode

DTIM Data Tightly Integrated Memory

ECB Electronic Code Book

GCM Galois/Counter Mode

hart HARdware Thread

IJTP Indirect-Jump Target Predictor

ITIM Instruction Tightly Integrated Memory

JTAG Joint Test Action Group

LIM Loosely-Integrated Memory. Used to describe memory space delivered in
a SiFive Core Complex that is not tightly integrated to a CPU core.

MDP Memory Dependence Predictor

MSHR Miss Status Handling Register

NLP Next-Line Predictor

OFB Output FeedBack

PLIC Platform-Level Interrupt Controller. The global interrupt controller in a
RISC-V system.

PMP Physical Memory Protection

RAS Return-Address Stack

RO Used to describe a Read-Only register field.

ROB Reorder Buffer

RW Used to describe a Read/Write register field.

RW1C Used to describe a Read/Write-1-to-Clear register field.

SHA Secure Hash Algorithm

TileLink A free and open interconnect standard originally developed at UC Berke-
ley.

TRNG True Random Number Generator

WARL Write-Any, Read-Legal field. A register field that can be written with any
value, but returns only supported values when read.

WIRI Writes-Ignored, Reads-Ignore field. A read-only register field reserved for
future use. Writes to the field are ignored, and reads should ignore the
value returned.

Table 3: Abbreviations and Terms
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Term Definition

WLRL Write-Legal, Read-Legal field. A register field that should only be written
with legal values and that only returns legal value if last written with a
legal value.

WPRI Writes-Preserve, Reads-Ignore field. A register field that might contain

unknown information. Reads should ignore the value returned, but writes
to the whole register should preserve the original value.

WO Used to describe a Write-Only registers field.

Wi1cC Used to describe a Write-1-to-Clear register field.

RVV RISC-V Vector ISA.

VLEN Parameter which defines the number of bits in a single vector register.
SLEN Parameter which specifies the striping distance.

ELEN Paramater which defines the execution length.

SEW Parameter which defines the selected element width.

LMUL Vector register grouping factor.

DLEN Vector ALU and memory datapath width.

Table 3: Abbreviations and Terms

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 21



SiFive E21 Core Complex Manual 21G1.01.00

Chapter 3

E2 RISC-V Core

This chapter describes the 32-bit E2 RISC-V processor core, instruction fetch and execution
unit, data memory system, Physical Memory Protection unit, Hardware Performance Monitor,
and external interfaces.

The E2 feature set is summarized in Table 4.

Feature Description

ISA RV32IMACB

SiFive Custom Instruction Extension (SCIE) Not Present

Modes Machine mode, user mode

Core Interfaces 2 core interfaces

Tightly-Integrated Memory (TIM) 32 KiB TIM 0 with 1 bank and 32 KiB TIM 1
with 1 bank

Physical Memory Protection 4 regions with a granularity of 4 bytes.

Table 4: E2 Feature Set

3.1 Supported Modes

The E2 supports RISC-V user mode, providing two levels of privilege: machine (M) and user
(V). U-mode provides a mechanism to isolate application processes from each other and from
trusted code running in M-mode.

See The RISC-V Instruction Set Manual, Volume II: Privileged Architecture, Version 1.10 for
more information on the privilege modes.

3.2 Instruction Memory System

This section describes the instruction memory system of the E2 core.

3.2.1 Execution Memory Space

The regions of executable memory consist of all directly addressable memory in the system.
The memory includes any volatile or non-volatile memory located off the Core Complex ports,
and includes the on-core-complex TIM.
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Table 5 shows the executable regions of the E21 Core Complex.

Base Top Description
0x2000_0000 | Ox3FFF_FFFF | Peripheral Port (512 MiB)
0x4000_0000 | OX5FFF_FFFF | System Port (512 MiB)
0x8000_0000 | 0x8000_7FFF | TIM 0 (32 KiB)
0x8000_8000 | Ox8000_FFFF | TIM 1 (32 KiB)

Table 5: Executable Memory Regions for the E21 Core
Complex

The E2 has two core interfaces, allowing the split TIMs simultaneous access to both banks.
When executing code solely from TIM address space, it is recommended to place code in one
TIM and data in the other.

Trying to execute an instruction from a non-executable address results in an instruction access
trap.

3.2.2 Instruction Fetch Unit

The E2 instruction fetch unit is responsible for keeping the pipeline fed with instructions from
memory. Fetches are always word-aligned and there is a one-cycle penalty for branching to a
32-bit instruction that is not word-aligned.

The E2 implements the standard Compressed (C) extension to the RISC-V architecture, which
allows for 16-bit RISC-V instructions. As two 16-bit instructions can be fetched per cycle, the
instruction fetch unit can be idle when executing programs comprised mostly of compressed
16-bit instructions. This reduces memory accesses and power consumption.

All branches must be aligned to half-word addresses. Otherwise, the fetch generates an instruc-
tion address misaligned trap. Trying to fetch from a non-executable or unimplemented address
results in an instruction access trap.

The instruction fetch unit always accesses memory sequentially. Conditional branches are pre-
dicted not-taken, and not-taken branches incur no penalty. Taken branches and unconditional
jumps incur a one-cycle penalty if the target is naturally aligned, i.e., all 16-bit instructions and
32-bit instructions whose address is divisible by 4; or a two-cycle penalty if the target is not nat-
urally aligned.

3.3 Execution Pipeline

The E2 execution unit is a single-issue, in-order pipeline. The pipeline comprises: Instruction
Fetch, described in the previous section, Execute, and Write-back.

The pipeline has a peak execution rate of one instruction per clock cycle. Bypass paths are
included so that most instructions have a one-cycle result latency. There are some exceptions:
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« The number of stall cycles between a load instruction and the use of its result is equal to
the number of cycles between the bus request and bus response. In particular, if a load is
satisfied the cycle after it is demanded, then there is one stall cycle between the load and
its use. In this special case, the stall can be obviated by scheduling an independent instruc-
tion between the load and its use.

 Integer division instructions have variable latency of at most 35 cycles. Division operations
can be interrupted, so they have no effect on worst-case interrupt latency.

Instruction Latency

LW Two-cycle latency, assuming cache hit’

LH, LHU, LB, LBU Two-cycle latency, assuming cache hit!

CSR Reads One-cycle latency

MUL, MULH, MULHU, One-cycle latency

MULHSU

DIV, DIVU, REM, REMU Between five-cycle and 35-cycle latency, depending on
operand values?

TIM has two-cycle access latency

°The latency of DIV, DIVU, REM, and REMU instructions can be determined by calculating:
Latency = 2 cycles + logz(dividend) - logp(divisor) + 1 cycle
if the input is negative + 1 cycle if the output is negative

Table 6: E2 Instruction Latency

In the Execute stage of the pipeline, instructions are decoded and checked for exceptions, and
their operands are read from the integer register file. Arithmetic instructions compute their
results in this stage, whereas memory-access instructions compute their effective addresses
and send their requests to the bus interface.

In the Write-back stage, instructions write their results to the integer register file. Instructions
that reach the Write-back stage but have not yet produced their results will interlock the pipeline.
In particular, load and division instructions with result latency greater than one cycle will inter-
lock the pipeline.

3.4 Data Memory System

The data memory system consists of on-core-complex Tightly-Integrated Memory (TIM) and the
ports in the E21 Core Complex memory map, shown in Section 4.2. The on-core-complex data
memory consists of a 32 KiB TIM 0 and 32 KiB TIM 1.

The E2 pipeline allows for two outstanding memory accesses. Store instructions incur no stalls if
acknowledged by the bus on the cycle after they are sent. Otherwise, the pipeline will interlock
on the next memory-access instruction until the store is acknowledged. Misaligned accesses
are not allowed to any memory region and result in a trap to allow for software emulation.
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3.4.1 Tightly-Integrated Memory (TIM)

The E21 Core Complex includes a 32 KiB TIM 0 with 1 bank and 32 KiB TIM 1 with 1 bank. The
TIMs can be utilized for either code or data storage. The E2 has two core interfaces, allowing
the split TIMs simultaneous access to both regions. When executing code solely from TIM
address space, it is recommended to place code in one TIM and data in the other. The TIMs
have an access latency of one-cycle.

3.5 Atomic Memory Operations

The E2 core supports the RISC-V standard Atomic (A) extension on the Peripheral Port and
internal memory regions.

The load-reserved (LR) and store-conditional (SC) instructions are not implemented and will
generate an illegal instruction exception.

Atomic memory operations are not supported on the System Port. Atomic operations that target
the System Port will generate a precise access exception.

See Section 5.4 for more information on the instructions added by this extension.

3.6 Local Interrupts

The E2 supports up to 127 local interrupt sources that are routed directly to the core. See Chap-
ter 7 for a detailed description of Local Interrupts.

3.7 Physical Memory Protection (PMP)

Machine mode is the highest privilege level and by default has read, write, and execute permis-
sions across the entire memory map of the device. However, privilege levels below machine
mode do not have read, write, or execute permissions to any region of the device memory map
unless it is specifically allowed by the PMP. For the lower privilege levels, the PMP may may
grant permissions to specific regions of the device’s memory map, but it can also revoke per-
missions when in machine mode.

When programmed accordingly, the PMP will check every access when the hart is operating in
user mode. For machine mode, PMP checks do not occur unless the lock bit (L) is set in the
pmpcfgY CSR for a particular region.

PMP checks also occur on loads and stores when the machine previous privilege level is user
(mstatus.MPP=0x0), and the Modify Privilege bit is set (mstatus.MPRV=1). For virtual address
translation, PMP checks are also applied to page table accesses in supervisor mode.

The E2 PMP supports 4 regions with a minimum region size of 4 bytes.
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This section describes how PMP concepts in the RISC-V architecture apply to the E2. For addi-
tional information on the PMP refer to The RISC-V Instruction Set Manual, Volume IlI: Privileged
Architecture, Version 1.10.

3.7.1 PMP Functional Description

The E2 PMP unit has 4 regions and a minimum granularity of 4 bytes. Access to each region is
controlled by an 8-bit pmpXcfg field and a corresponding pmpaddrX register. Overlapping regions
are permitted, where the lower numbered pmpXcfg and pmpaddrX registers take priority over
highered numbered regions. The E2 PMP unit implements the architecturally defined pmpcfgy
CSR pmpcfgo, supporting 4 regions. pmpcfgl, pmpcfg2, and pmpcfg3 are implemented, but
hardwired to zero.

The PMP registers may only be programmed in M-mode. Ordinarily, the PMP unit enforces per-
missions on U-mode accesses. However, locked regions (see Section 3.7.2) additionally
enforce their permissions on M-mode.

3.7.2 PMP Region Locking

The PMP allows for region locking whereby, once a region is locked, further writes to the config-
uration and address registers are ignored. Locked PMP entries may only be unlocked with a
system reset. A region may be locked by setting the L bit in the pmpXcfg register.

In addition to locking the PMP entry, the L bit indicates whether the R/W/X permissions are
enforced on machine mode accesses. When the L bit is clear, the R/W/X permissions apply only
to U-mode.

3.7.3 PMP Registers

Each PMP region is described by an 8-bit pmpXcfg field, used in association with a 32-bit
pmpaddrX register that holds the base address of the protected region. The range of each region
depends on the Addressing (A) mode described in the next section. The pmpXxcfg fields reside
within 32-bit pmpcfgY CSRs.

Each 8-bit pmpXcfg field includes a read, write, and execute bit, plus a two bit address-matching
field A, and a Lock bit, L. Overlapping regions are permitted, where the lowest numbered PMP
entry wins for that region.

PMP Configuration Registers
The pmpcfgY CSRs are shown below for a 32-bit design.

0000?2423 0 11 008 7 0000
l pmp3cfg pmp2cfg pmplcfg ‘ pmpOcfg

Figure 2: RV32 pmpcfg0 Register
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0000002423 0000000 16 15
‘pmp‘7cfg‘ ) ) ‘ L pmpﬁch

prpsclg | . pmacy

Figure 3: RV32 pmpcfgl Register

31 24 23 16 15

8 7 0
pmpllcfg ‘ pmpl0cfg pmp9cfg ‘ pmp8cfg
Figure 4: RV32 pmpcfg2 Register
31' . . . . . '24 23' . . . . . '16 15' . . . . '8 7' . . . . . '0
l pmp1l5cfg ‘ pmplacfg pmp1l3cfg ‘ pmpl2cfg ‘

Figure 5: RV32 pmpcfg3 Register

The pmpcfgY and pmpaddrX registers are only accessible via CSR specific instructions such as
csrr for reads, and csrw for writes.

7 6 5

4 2 1 0
[ Lowary | 0 (WARL) [ A (WARL)

| xwarL) [ wwarL) [ R(WARL)

Figure 6: RV64 pmpXcfg bitfield
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Bits | Description
0 R: Read Permissions

» 0x0 - No read permissions for this region

» 0x1 - Read permission granted for this region
1 W: Write Permissions

» 0x0 - No write permissions for this region

e 0x1 - Write permission granted for this region
2 X: Execute permissions

» 0x0 - No execute permissions for this region

» 0x1 - Execute permission granted for this region
[4:3] | A: Address matching mode

* 0x0 - PMP Entry disabled. No PMP protection applied for any privilege level.

* 0Ox1 - Top of range (TOR) region defined by two adjacent pmpaddr registers. The
upper limit of region X is defined by pmpaddrX, and the base of the region is
defined by pmpaddr (X-1). Address 'a’ matches the region if [pmpaddr (X-1) <a <
pmpaddrX]. If pmpecfg defines a TOR region, then the base address of that
region is 0x0, and pmpaddro defines the upper limit. Supports only a four byte
granularity.

« 0x2 - Naturally aligned four-byte region (NA4). Supports only a four-byte region
with four byte granularity.

» 0x3 - Naturally aligned power-of-two region (NAPOT), = 8 bytes. When this set-
ting is programmed, the low bits of the pmpaddrX register encode the size, while
the upper bits encode the base address right shifted by two. There is a zero bit in
between, we will refer to as the least significant zero bit (LSZB).

7 L: Lock Bit

* 0xO0 - PMP Entry Unlocked, no permission restrictions applied to machine mode.
PMP entry only applies to S and U modes.

» 0x1 - PMP Entry Locked, permissions enforced for all privilege levels including
machine mode. Writes to pmpXcfg and pmpcfgY are ignored and can only be
cleared with system reset.

Note: The combination of R=0 and W=1 is not currently implemented.

Table 7: pmpXcfg Bitfield Description
Out of reset, the PMP register fields A and L are set to 0. All other hart state is unspecified by
The RISC-V Instruction Set Manual, Volume Il: Privileged Architecture, Version 1.10.

Some examples follow using NAPOT address mode.
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Base Region LSZB

Address Sige* Position pmpaddrX Value
0x4000_0000 8B 0 (0x1000_0000 | 1'b0O)
0x4000_0000 32B 2 (0x1000_0000 | 3’b011)
0x4000_0000 4 KB 9 (0x1000_0000 | 10'b61_1111_1111)
0x4000_0000 64 KB 13 (6x1000_0000 | 14'bO1_1111_ 1111 1111)
0x4000_0000 1 MB 17 (0x1000_0000 | 18'bG1_1111 1111 1111_1111)
*Region size is 2(-528+3)

Table 8: pmpaddrXx Encoding Examples for A=NAPOT

PMP Address Registers

The PMP has 4 address registers. Each address register pmpaddrX correlates to the respective
pmpXcfg field. Each address register contains the base address of the protected region right
shifted by two, for a minimum 4-byte alignment.

The maximum encoded address bits per The RISC-V Instruction Set Manual, Volume II: Privi-
leged Architecture, Version 1.10 are [33:2].

=5
| address[33:2] (WARL)

Figure 7: RV32 pmpaddrX Register

3.7.4 PMP and PMA

The PMP values are used in conjunction with the Physical Memory Attributes (PMAs) described
in Section 4.1. Since the PMAs are static and not configurable, the PMP can only revoke read,
write, or execute permissions to the PMA regions if those permissions already apply statically.

3.7.5 PMP Programming Overview

The PMP registers can only be programmed in machine mode. The pmpaddrX register should
be first programmed with the base address of the protected region, right shifted by two. Then,
the pmpcfgy register should be programmed with the properly configured 32-bit value containing
each properly aligned 8-bit pmpXcfg field. Fields that are not used can be simply written to 0O,
marking them unused.

PMP Programming Example

The following example shows a machine mode only configuration where PMP permissions are
applied to three regions of interest, and a fourth region covers the remaining memory map.
Recall that lower numbered pmpXcfg and pmpaddrX registers take priority over higher numbered
regions. This rule allows higher numbered PMP registers to have blanket coverage over the
entire memory map while allowing lower numbered regions to apply permissions to specific
regions of interest. The following example shows a 64 KB Flash region at base address 0x0, a
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32 KB RAM region at base address 0x2000_0000, and finally a 4 KB peripheral region at base
address base 0x3000_0000. The rest of the memory map is reserved space.

0x0000_0000

Read, Execute Region 0: TOR for 64KB region
Flash |::: - pmpOcfg = 86"1000_1101 (0x8D)

- pmpaddr0 = 0x0000_4000

Read, Write Region 1: NAPOT for 32KB region
RAM
- pmplcfg = 80'1001_1011 (0x9B)

0x2000_8000 - pmpaddrl = 0x0800_0FFF (LSZB = 12)

0X3000_0000 o — Read, Write Region 2: NAPOT for 4KB region
Peri r
0x3000_1000 eripherals - pmp2cfg = 8b'1001_1011 (0x9B)

- pmpaddr2 = 0x0C00_01FF (LSZB = 9)

No Access E Region 3: NAPOT for 4GB region
(Al other memory) - pmp3cfg = 8b'1001_1000 (0x98)

- pmpaddr3 = OX1FFF_FFFF (LSZB = 29)

0x0001_0000

0x2000_0000

OXFFFF_FFFF

bit 7 bit 0

pmpXcfg |L|U|U|A[1:0]|X|W|R|

2b'01 = TOR
2b'11 = NAPOT

Figure 8: PMP Example Block Diagram

PMP Access Scenarios

The L, R, W, and X bits only determine if an access succeeds if all bytes of that access are cov-
ered by that PMP entry. For example, if a PMP entry is configured to match the four-byte range
0xC-0xF, then an 8-byte access to the range 0x8—0xF will fail, assuming that PMP entry is the
highest-priority entry that matches those addresses.

While operating in machine mode when the lock bit is clear (L=0), if a PMP entry matches all
bytes of an access, the access succeeds. If the lock bit is set (L=1) while in machine mode, then
the access depends on the permissions set for that region. Similarly, while in Supervisor mode,
the access depends on permissions set for that region.

Failed read or write accesses generate a load or store access exception, and an instruction
access fault would occur on a failed instruction fetch. When an exception occurs while attempt-
ing to execute from a region without execute permissions, the fault occurs on the fetch and not
the branch, so the mepc CSR will reflect the value of the targeted protected region, and not the
address of the branch.
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It is possible for a single instruction to generate multiple accesses, which may not be mutually
atomic. If at least one access generated by an instruction fails, then an exception will occur. It
might be possible that other accesses from a single instruction will succeed, with visible side
effects. For example, references to virtual memory may be decomposed into multiple accesses.

On some implementations, misaligned loads, stores, and instruction fetches may also be
decomposed into multiple accesses, some of which may succeed before an access exception
occurs. In particular, a portion of a misaligned store that passes the PMP check may become
visible, even if another portion fails the PMP check. The same behavior may manifest for float-
ing-point stores wider than XLEN bits (e.g., the FSD instruction in RV32D), even when the store
address is naturally aligned.

3.7.6 PMP and Paging

The Physical Memory Protection mechanism is designed to compose with the page-based vir-
tual memory systems described in The RISC-V Instruction Set Manual, Volume II: Privileged
Architecture, Version 1.10. When paging is enabled, instructions that access virtual memory
may result in multiple physical-memory accesses, including implicit references to the page
tables. The PMP checks apply to all of these accesses. The effective privilege mode for implicit
page-table accesses is supervisor mode.

Implementations with virtual memory are permitted to perform address translations speculatively
and earlier than required by an explicit virtual-memory access. The PMP settings for the result-
ing physical address may be checked at any point between the address translation and the
explicit virtual-memory access. A mis-predicted branch to a non-executable address range does
not generate a trap. Hence, when the PMP settings are modified in a manner that affects either
the physical memory that holds the page tables or the physical memory to which the page
tables point, M-mode software must synchronize the PMP settings with the virtual memory sys-
tem. This is accomplished by executing an SFENCE . VMA instruction with rs1=x0 and rs2=x0,
after the PMP CSRs are written.

If page-based virtual memory is not implemented, or when it is disabled, memory accesses
check the PMP settings synchronously, so no fence is needed.

3.7.7 PMP Limitations

In a system containing multiple harts, each hart has its own PMP device. The PMP permissions
on a hart cannot be applied to accesses from other harts in a multi-hart system. In addition,
SiFive designs may contain a Front Port to allow external bus masters access to the full mem-
ory map of the system. The PMP cannot prevent access from external bus masters on the Front
Port.

3.7.8 Behavior for Regions without PMP Protection

If a non-reserved region of the memory map does not have PMP permissions applied, then by
default, supervisor or user mode accesses will fail, while machine mode access will be allowed.
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Access to reserved regions within a device’s memory map (an interrupt controller for example)
will return @x0 on reads, and writes will be ignored. Access to reserved regions outside of a
device’'s memory map without PMP protection will result in a bus error.

3.7.9 Cache Flush Behavior on PMP Protected Region

When a line is brought into cache and the PMP is set up with the lock (L) bit asserted to protect
a part of that line, a data cache flush instruction will generate a store access fault exception if
the flush includes any part of the line that is protected. The cache flush instruction does an
invalidate and write-back, so it is essentially trying to write back to the memory location that is
protected. If a cache flush occurs on a part of the line that was not protected, the flush will suc-
ceed and not generate an exception. If a data cache flush is required without a write-back, use
the cache discard instruction instead, as this will invalidate but not write back the line.

3.8 Hardware Performance Monitor

The E2 processor core supports a basic hardware performance monitoring (HPM) facility. The
performance monitoring facility is divided into two classes of counters: fixed-function and event-
programmable counters. These classes consist of a set of fixed counters and their counter-
enable registers, as well as a set of event-programmable counters and their event selector reg-
isters. The registers are available to control the behavior of the counters. Performance monitor-
ing can be useful for multiple purposes, from optimization to debug.

3.8.1 Performance Monitoring Counters Reset Behavior

The instret and cycle counters are initialized to zero on system reset. The hardware perfor-
mance monitor event counters are not initialized on system reset, and thus have an arbirary
value. Users can write desired values to the counter control and status registers (CSRs) to start
counting at a given, known value.

3.8.2 Fixed-Function Performance Monitoring Counters

A fixed-function performance monitor counter is hardware wired to only count one specific event
type. That is, they cannot be reconfigured with respect to the event type(s) they count. The only
modification to the fixed-function performance monitoring counters that can be done is to enable
or disable counting, and write the counter value itself.

The E2 processor core contains two fixed-function performance monitoring counters.

Fixed-Function Cycle Counter (ncycle)

The fixed-function performance monitoring counter mcycle holds a count of the number of clock
cycles the hart has executed since some arbitrary time in the past. The mcycle counter is read-
write and 64 bits wide. Reads of mcycle return the lower 32 bits, while reads of mcycleh return

the upper 32 bits of the 64-bit mcycle counter.
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Fixed-Function Instructions-Retired Counter (minstret)

The fixed-function performance monitoring counter minstret holds a count of the number of
instructions the hart has retired since some arbitrary time in the past. The minstret counter is
read-write and 64 bits wide. Reads of minstret return the lower 32 bits, while reads of
minstreth return the upper 32 bits of the 64-bit minstret counter.

3.8.3 Event-Programmable Performance Monitoring Counters

Complementing the fixed-function counters are a set of programmable event counters. The E2
HPM includes one addtitional event counter, mhpmcounter3. These programmable event coun-
ters are read-write and 64 bits wide. Reads of any of mhpmcounter3h return the upper 32 bits of
their corresponding machine performance-monitoring counter. The hardware counters them-
selves are implemented as 40-bit counters on the E2 core series. These hardware counters can
be written to in order to initialize the counter value.

3.8.4 Event Selector Registers
To control the event type to count, event selector CSRs mhpmevent3 are used to program the
corresponding event counters. These event selector CSRs are 32-bit WARL registers.

The event selectors are partitioned into two fields; the lower 8 bits select an event class, and the
upper bits form a mask of events in that class.

o EventMaskfs::0]  |EventClass |

Figure 9: Event Selector Fields

The counter increments if the event corresponding to any set mask bit occurs. For example, if
mhpmevent3 is set to 6x4200, then mhpmcounter3 will increment when either a load instruction
or a conditional branch instruction retires. An event selector of 0 means "count nothing".

3.8.5 Event Selector Encodings

Table 9 describes the event selector encodings available. Events are categorized into classes
based on the Event Class field encoded in mhpmeventX[7:0]. One or more events can be pro-
grammed by setting the respective Event Mask bit for a given event class. An event selector
encoding of 0 means "count nothing". Multiple events will cause the counter to increment any
time any of the selected events occur.
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Machine Hardware Performance Monitor Event Register
Instruction Commit Events, mhpmeventX[7:0]=0x0
Bits | Description

8 Exception taken
9 Integer load instruction retired
10 Integer store instruction retired

11 Atomic memory operation retired

12 System instruction retired

13 Integer arithmetic instruction retired

14 Conditional branch retired

15 JAL instruction retired

16 JALR instruction retired

17 Integer multiplication instruction retired

18 Integer division instruction retired
Microarchitectural Events, mhpmeventX[7:0]=0x1

Bits | Description

8 Load-use interlock

9 Long-latency interlock

10 CSR read interlock

11 Instruction cache/ITIM busy

12 Data cache/DTIM busy

13 Branch direction misprediction
14 Branch/jump target misprediction
15 Pipeline flush from CSR write

16 Pipeline flush from other event
17 Integer multiplication interlock

Table 9: mhpmevent Register

Event mask bits that are writable for any event class are writable for all classes. Setting an
event mask bit that does not correspond to an event defined in Table 9 has no effect for current
implementations. However, future implementations may define new events in that encoding
space, so it is not recommended to program unsupported values into the mhpmevent registers.

Combining Events

It is common usage to directly count each respective event. Additionally, it is possible to use
combinations of these events to count new, unique events. For example, to determine the aver-
age cycles per load from a data memory subsystem, program one counter to count "Data cache/
DTIM busy" and another counter to count "Integer load instruction retired”. Then, simply divide
the "Data cache/DTIM busy" cycle count by the "Integer load instruction retired" instruction
count and the result is the average cycle time for loads in cycles per instruction.

It is important to be cognizant of the event types being combined; specifically, event types
counting occurrences and event types counting cycles.
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3.8.6 Counter-Enable Registers

The 32-bit counter-enable register mcounteren controls the availability of the hardware perfor-
mance-monitoring counters to the next-lowest privileged mode.

The settings in these registers only control accessibility. The act of reading or writing these
enable registers does not affect the underlying counters, which continue to increment when not
accessible.

When any bit in the mcounteren register is clear, attempts to read the cycle, time, instruction
retire, or hpmcounterX register while executing in U-mode will cause an illegal instruction excep-
tion. When one of these bits is set, access to the corresponding register is permitted in the next
implemented privilege mode, U-mode.

mcounteren is a WARL register. Any of the bits may contain a hardwired value of zero, indicat-
ing reads to the corresponding counter will cause an illegal instruction exception when execut-
ing in a less-privileged mode.

3.9 Ports

This section describes the Port interfaces to the E2 core.

3.9.1 Front Port
The Front Port can be used by external masters to read from and write into the memory system
utilizing any port in the Core Complex. The TIMs can also be accessed through the Front Port.

The E21 Core Complex User Guide describes the implementation details of the Front Port.

Note

Logic in the core prevents non-debug-mode code from accessing the debug region. How-
ever, this logic does not intercept accesses from the Front Port. This means that it is possi-
ble for Front Port accesses to interfere with a debug session by writing to various offsets
within the debug region. To work around this, do not access the debug module memory
region via the Front Port.

3.9.2 Peripheral Port

The Peripheral Port is used to interface with lower speed peripherals and also supports code
execution. When a device is attached to the Peripheral Port, it is expected that there are no
other masters connected to that device.

Consult Section 4.1 for further information about the Peripheral Port and its Physical Memory
Attributes.
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See the E21 Core Complex User Guide for a description of the Peripheral Port implementation
in the E21 Core Complex.

3.9.3 System Port

The System Port is used to interface with memory, like SRAM, memory-mapped 1/0O (MMIO),
and higher speed peripherals. The System Port also supports code execution.

Consult Section 4.1 for further information about the System Port and its Physical Memory
Attributes.

See the E21 Core Complex User Guide for a description of the System Port implementation in
the E21 Core Complex.
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Chapter 4

Physical Memory Attributes and Memory
Map

This chapter describes the E21 Core Complex physical memory attributes and memory map.

4.1 Physical Memory Attributes Overview

The memory map is divided into different regions covering on-core-complex memory, system
memory, peripherals, and empty holes. Physical memory attributes (PMAS) describe the proper-
ties of the accesses that can be made to each region in the memory map. These properties
encompass the type of access that may be performed: execute, read, or write. As well as other
optional attributes related to the access, such as supported access size, alignment, atomic
operations, and cacheability.

RISC-V utilizes a simpler approach than other processor architectures in defining the attributes
of memory accesses. Instead of defining access characteristics in page table descriptors or
memory protection logic, the properties are fixed for memory regions or may only be modified in
platform-specific control registers. As most systems don't require the ability to modify PMAs,
SiFive cores only support fixed PMAs, which are set at design time. This results in a simpler
design with lower gate count and power savings, and an easier programming interface.

External memory map regions are accessed through a specific port type and that port type is
used to define the PMAs. The port types are Memory, Peripheral, and System. Memory map
regions defined for internal memory and internal control regions also have a predefined PMA
based on the underlying contents of the region.

The assigned PMA properties and attributes for E21 Core Complex memory regions are shown
in Table 10 and Table 11 for external and internal regions, respectively.

The configured memory regions of the E21 Core Complex are listed with their attributes in Table
12.

Port Type Access Properties Attributes
Peripheral Port Read, Write, Execute | Atomics
System Port Read, Write, Execute | N/A

Table 10: Physical Memory Attributes for External Regions
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Region Access Properties Attributes
CLIC Read, Write Atomics
Debug None N/A
Error Device Read, Write, Execute | Atomics
Reserved None N/A
TIM Read, Write, Execute | N/A

Table 11: Physical Memory Attributes for Internal Regions

All memory map regions support word, half-word, and byte size data accesses.

Atomic access support enables the RISC-V standard Atomic (A) Extension for atomic instruc-
tions. These atomic instructions are further documented in Section 3.5 for the E2 core.

No region supports unaligned accesses. An unaligned access will generate the appropriate trap:
instruction address misaligned, load address misaligned, or store/AMO address misaligned.

The Physical Memory Protection unit is capable of controlling access properties based on

address ranges, not ports. It has no control over the attributes of an address range, however.

Note

The Debug and Error Device regions have special behavior. The Debug region is reserved
for use from a Debugger, and all accesses to it from the core in non-Debug mode will trap.
The Error Device will also trap all accesses, as described in Chapter 9.

4.2 Memory Map

The memory map of the E21 Core Complex is shown in Table 12.
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Base Top PMA Description
OXO0000_0000 | OXx0000_OFFF Debug
Ox0000_1000 | OXxO000_2FFF Reserved
Ox0000_3000 | 6x0000_3FFF | RWX A | Error Device
OXx0000_4000 | OXO1FF_FFFF Reserved
0x0200_0000 | OXO2FF_FFFF | RWw A | CLIC
Ox0300_0000 | OX1FFF_FFFF Reserved
0Xx2000_0000 | 6x3FFF_FFFF | RWX A | Peripheral Port (512 MiB)
0x4000_0000 | OX5FFF_FFFF | RwWX System Port (512 MiB)
0X6000_0000 | OX7FFF_FFFF Reserved
Ox8000_0000 | 0x8000_7FFF | RWX TIM 0 (32 KiB)
Ox8000_8000 | Ox8000_FFFF | RwWX TIM 1 (32 KiB)
0x8001_0000 | OXFFFF_FFFF Reserved

Table 12: E21 Core Complex Memory Map. Physical Memory Attrib-
utes: R—Read, W-Write, X—Execute, I-Instruction Cacheable, D—Data

Cacheable, A—Atomics
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Chapter 5

Programmer’s Model

The E21 Core Complex implements the 32-bit RISC-V architecture. The following chapter pro-
vides a reference for programmers and an explanation of the extensions supported by
RV32IMACB.

This chapter contains a high-level discussion of the RISC-V instruction set architecture and
additional resources which will assist software developers working with RISC-V products. The
E21 Core Complex is an implementation of the RISC-V RV32IMACB architecture, and is guar-
anteed to be compatible with all applicable RISC-V standards. RV32IMACB can emulate almost
any other RISC-V ISA extension.

5.1 Base Instruction Formats

RISC-V base instructions are fixed to 32 bits in length and must be aligned on a four-byte
boundary in memory. RISC-V ISA keeps the source (rs1 and rs2) and destination (rd) registers
at the same position in all formats to simplify decoding, with the exception of the 5-bit immedi-
ates used in CSR instructions.

The various formats are described in Table 13 below.

Format | Description
R Format for register-register arithmetic/logical operations.
[ Format for register-immediate ALU operations and loads.
S Format for stores.
B Format for branches.
U Format for 20-bit upper immediate instructions.
J Format for jumps.
Table 13: Base Instruction Formats
31' . . . '25 24' . . '20 19' . . '15 14' '12 11' . . '7 6' . . '0

funct7 rs2 rsl funct3 rd opcode

Figure 10: R-Type
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31V T T T T T T V20 19V T T V15 14V V12 11! T T V7 6V T T VO

—— —
imm[11:0] rsl funct3 rd opcode
PR T L M L M S

Figure 11: |-Type

31' . . '25 24' I '20 19' I '15 14' '12 11' I 7 6 . . '0

imm[11:5] rs2 rsl funct3 imm[4:0] opcode

Figure 12: S-Type

31 30 25 24 20 19 15 14 12 11 8 71 6 0

~ T T T T T T T T T T T T T T T T T T — T T T T T T

— —

B imm[10:5] rs2 rsl funct3 imm[4:1] = opcode

E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 E 1 1 1 1 1 1
Figure 13: B-Type

31 T T T T T T T T T T T T T T T T T T T 12 llv T T T 7 6 T T T T T T 0

imm[31:12] rd opcode

Figure 14: U-Type

31 30 21 20 19 12 11 7 6 0

o T T T T T T T — T T T T T T T T T T T T T T T T

o~ —

B imm[10:1] B imm[19:12] rd opcode

E 1 1 1 1 1 1 1 1 1 E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure 15: J-Type

The opcode field partially specifies an instruction, combined with funct7 + funct3 which
describe what operation to perform. Each register field (rs1, rs2, rd) holds a 5-bit unsigned inte-
ger (0-31) corresponding to a register number (x0 - x31). Sign-extension is one of the most criti-
cal operations on immediates (particularly for XLEN>32), and in RISC-V the sign bit for all
immediates is always held in bit 31 of the instruction to allow sign-extension to proceed in paral-
lel with instruction decoding.

5.2 | Extension: Standard Integer Instructions

This section discusses the standard integer instructions supported by RISC-V. Integer computa-
tional instructions don’t cause arithmetic exceptions.
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5.2.1 R-Type (Register-Based) Integer Instructions

funct?7 funct3 opcode | Instruction
00000000 | rs2 | rs1 | 000 rd | 0110011 | ADD
01000000 | rs2 | rs1 | 000 rd | 0110011 | SUB
00000000 | rs2 | rs1 | 001 rd | 0110011 | SLL
00000000 | rs2 | rs1 | 010 rd | 0110011 | SLT
00000000 | rs2 | rs1 | 011 rd | 0110011 | SLTU
00000000 | rs2 | rs1 | 100 rd | 0110011 | XOR
00000000 | rs2 | rs1 | 101 rd | 0110011 | SRL
01000000 | rs2 | rs1 | 101 rd | 0110011 | SRA
00000000 | rs2 | rs1 | 110 rd | 0110011 | OR
00000000 | rs2 | rs1 | 111 rd | 0110011 | AND

Table 14: R-Type Integer Instructions

Instruction Description

ADD rd, rs1, rs2 Performs the addition of rs1 and rs2, result stored in rd.

SUB rd, rs1, rs2 Performs the subtraction of rs2 from rsi, result stored in rd.

SLL rd, rsi, rs2 Logical left shift (zeros are shifted into the lower bits) shift
amount is encoded in the lower 5 bits of rs2.

SLT rd, x0, rs2 Signed and compare sets rd to 1 if rs2 is not equal to zero, oth-
erwise sets rd to zero.

SLTU rd, x0, rs2 Unsigned compare sets rd to 1 if rs2 is not equal to zero, other-
wise sets rd to zero.

SRL rd, rsi, rs2 Logical right shift (zeros are shifted into the lower bits) shift
amount is encoded in the lower 5 bits of rs2.

SRA rd, rs1, rs2 Arithmetic right shift, shift amount is encoded in the lower 5 bits
of rs2.

OR rd, rsi, rs2 Bitwise logical OR.

AND rd, rsi, rs2 Bitwise logical AND.

XOR rd, rsi, rs2 Bitwise logical XOR.

Table 15: R-Type Integer Instruction Description

Below is an example of an ADD instruction.

add x18, x19, x10

2524 02019 0 1514 1211 7 6 0000000
’ ADD ‘ rs2=10 ‘ rsl=19 ‘ ADD ‘ rd=18 ‘ Reg-Reg OP
o o o o 0o 0001 01 011 001110 0UO0O1 0 011 0011 00 1 1

Figure 16: ADD Instruction Example

Copyright © 2018-2021 by SiFive, Inc. All rights reserved. 42



SiFive E21 Core Complex Manual 21G1.01.00
Programmer’s Model

5.2.2 I-Type Integer Instructions

For I-Type integer instruction, one field is different from R-format. rs2 and funct7 are replaced

by the 12-bit signed immediate, imm[11:0], which can hold values in range [-2048, +2047]. The
immediate is always sign-extended to 32-bits before being used in an arithmetic operation. Bits

[31:12] receive the same value as bit 11.

imm func3 opcode | Instruction
imm[11:0] rs1 | 000 rd | 0010011 | ADDI
imm[11:0] rs1 | 010 rd | 0010011 | SLTI
imm[11:0] rsl | 011 rd | 0010011 | SLTIU
imm[11:0] rs1l | 100 rd | 0010011 | XORI
imm[11:0] rsl | 110 rd | 0010011 | ORI
imm[11:0] rsl | 111 rd | 0010011 | ANDI
00000000 | shamnt | rs1 | 001 rd | 0010011 | SLLI
00000000 | shamnt | rs1 | 101 rd | 0010011 | SRLI
01000000 | shamnt | rs1 | 001 rd | 0010011 | SRAI

Table 16: |-Type Integer Instructions

One of the higher-order immediate bits is used to distinguish "shift right logical" (SRLI) from
"shift right arithmetic" (SRAI).
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Instruction | Description

ADDI Adds the sign-extended 12-bit immediate to register rsi. Arithmetic overflow is
ignored and the result is simply the low 32-bits of the result. ADDI rd, rs1, 0 is
used to implement the MV rd, rs1 assembler pseudoinstruction.

SLTI Set less than immediate. Places the value 1 in register rd if register rsi is less
than the sign extended immediate when both are treated as signed numbers,
else 0 is written to rd.

SLTIU Compares the values as unsigned numbers (i.e., the immediate is first sign-
extended to 32-bits then treated as an unsigned number). Note: SLTIU rd, rs1,
1 sets rd to 1 if rs1 equals zero, otherwise sets rd to 0 (assembler pseudo
instruction SEQZ rd, rs).

XORI Bitwise XOR on register rs1 and the sign-extended 12-bit immediate and place
the result in rd.

ORI Bitwise OR on register rs1 and the sign-extended 12-bit immediate and place
the resultin rd.

ANDI Bitwise AND on register rsi1 and the sign-extended 12-bit immediate and place
the resultin rd.

SLLI Shift Left Logical. The operand to be shifted is in rsi1, and the shift amount is
encoded in the lower 5 bits of the I-immediate field.

SRLI Shift Right Logical. The operand to be shifted is in rs1, and the shift amount is
encoded in the lower 5 bits of the I-immediate field.

SRAI Shift Right Arithmetic. The operand to be shifted is in rsi, and the shift amount

is encoded in the lower 5 bits of the I-immediate field (the original sign bit is
copied into the vacated upper bits).

Table 17: |-Type Integer Instruction Description

Shift-by-immediate instructions only use lower 5 bits of the immediate value for shift amount
(can only shift by 0-31 bit positions).

Below is an example of an ADDI instruction.

addi x15, x1, -50

Figure 17: ADDI Instruction Example

5.2.3 I-Type Load Instructions

For I-Type load instructions, a 12-bit signed immediate is added to the base address in register
rs1 to form the memory address. In Table 18 below, funct3 field encodes size and signedness
of load data.
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imm func3 opcode Instruction
imm[11:0] | rs1 | 000 rd | 00000011 | LB
imm[11:0] | rs1 | 001 rd | 00000011 | LH
imm[11:0] | rs1 | 010 rd | 00000011 | LW
imm[11:0] | rs1 | 100 rd | 00000011 | LBU
imm[11:0] | rs1 | 101 rd | 00000011 | LHU
Table 18: [-Type Load Instructions
Instruction Description
LB rd, rsi, imm Load Byte, loads 8 bits (1 byte) and sign-extends to fill destina-
tion 32-bit register.
LH rd, rs1, imm Load Half-Word. Loads 16 bits (2 bytes) and sign-extends to fill
destination 32-bit register.
LW rd, rsi, imm Load Word, 32 bits.
LBU rd, rs1, imm Load Unsigned Byte (8-bit).
LHU rd, rs1, imm Load Unsigned Half-Word, which zero-extends 16 bits to fill des-
tination 32-bit register.
Table 19: |-Type Load Instruction Description

Below is an example of a LW instruction.

lw x14, 8(x2)

_ 00000000 2019 1514 1211 = = 7 6 00
’ imm=+8 rsl=2 ‘ Lw rd=14 ‘ LOAD
0o o0 o0 0o o0 0O 01 00 00 0011 0010 011100 00 00 1 1

Figure 18: LW Instruction Example

5.2.4 S-Type Store Instructions

Store instructions need to read two registers: rsi for base memory address and rs2 for data to
be stored, as well as an immediate offset. The effective byte address is obtained by adding reg-
ister rs1 to the sign-extended 12-bit offset. Note that stores don’t write a value to the register
file, as there is no rd register used by the instruction. In RISC-V, the lower 5 bits of immediate
are moved to where the rd field was in other instructions, and the rs1/rs2 fields are kept in
same place. The registers are kept always in the same place because a critical path for all oper-
ations includes fetching values from the registers. By always placing the read sources in the
same place, the register file can read the registers without hesitation. If the data ends up being
unnecessary (e.g. I-Type), it can be ignored.

2524 2019 001514 12 11 7 6 0
’ imm[11:5] ‘ rs2 ‘ rsl funct3 ‘ imm[4:0]
offset[11:5] src base width offset[4:0]

Figure 19: Store Instructions
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imm func3 | imm opcode Instruction
imm[11:5] | rs2 | rs1 | 000 imm[4:0] | 01000011 | SB
imm[11:5] | rs2 | rs1 | 001 imm[4:0] | 01000011 | SH
imm[11:5] | rs2 | rs1 | 010 imm[4.0] | 01000011 | SW

Table 20: S-Type Store Instructions

Instruction Description

SB rs2, imm[11:0](rs1) | Store 8-bit value from the low bits of register rs2 to memory.
SH rs2, imm[11:0](rs1) | Store 16-bit value from the low bits of register rs2 to memory.
SW rs2, Store 32-bit value from the low bits of register rs2 to memory.
imm[11:0](rs1)

Table 21: S-Type Store Instruction Description

Below is an example SW instruction.

sw x14, 8(x2)

31 . 25 24 . 20 19 . 15 14 12 11 . 7 6 . 0
’ offset[11:5] ‘ rs2=14 ‘ rsl=2 ‘ sw ‘ offset[4:0] ‘ STORE
o o o o0 o0 o0 o0 01110 0 0O0OT1 0 010 01 0 0 O0OO0OT1UO0 0 0 1 1

Figure 20: SW Instruction Example

5.2.5 Unconditional Jumps

The jump and link (JAL) instruction uses the J-type format, where the J-immediate encodes a
signed offset in multiples of 2 bytes. The offset is sign-extended and added to the address of the
jump instruction to form the jump target address. Jumps can therefore target a +1 MiB range.
JAL stores the address of the instruction following the jump (pc+4) into register rd. The stan-
dard software calling convention uses x1 as the return address register and x5 as an alternate
link register.

31 30 21 20 19 12 11 7 6 0

’iZO‘ imm[10:1] ‘ill‘ imm[19:12] ‘ rd ‘ opcode ‘
offset[20:1] dest JAL

Figure 21: JAL Instruction

The indirect jump instruction JALR (jump and link register) uses the I-type encoding. The target
address is obtained by adding the sign-extended 12-bit I-immediate to the register rs1, then set-
ting the least-significant bit of the result to zero. The address of the instruction following the
jump (pc+4) is written to register rd. Register X0 can be used as the destination if the result is
not required.

31' . . . '20 19' . . '15 14' '12 11' . . '7 6' . . '0

’ ) ) ir:nm[:11:0:] L ) ‘ ) ‘rsl‘ ) ‘ fynct‘3 ‘ ) ‘rd‘ ) ‘ ) ‘o:pcoc%e‘ ) ‘
offset[11:0] base 0 dest JALR

Figure 22: JALR Instruction
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Both JAL and JALR instructions will generate an instruction-address-misaligned exception if the
target address is not aligned to a four-byte boundary.

Instruction Description
JAL rd, imm[20:1] Jump and link
JALR rd, rs1, imm[11:0] | Jump and link register

Table 22: J-Type Instruction Description

5.2.6 Conditional Branches

All branch instructions use the B-Type instruction format. The 12-bit immediate represents val-
ues -4096 to +4094 in 2-byte increments. The offset is sign-extended and added to the address
of the branch instruction to give the target address. The conditional branch range is +4 KiB.

313 = 2524 2019 1514 12 11 = 8 7 6 00
lilz‘ imm[10:5] ‘ rs2 rsl funct3 ‘ imm[4:1] ‘ill‘ opcode ‘
offset[12,10:5] src2 srcl BEQ/BNE  offset[11,4:1] BRANCH
offset[12,10:5] src2 srcl BLT[U] offset[11,4:1] BRANCH
offset[12,10:5] src2 srcl BGE[U] offset[11,4:1] BRANCH

Figure 23: Branch Instructions

imm func3 | imm opcode | Instruction
imm[12,10:5] | rs2 | rs1 | 000 imm[4:1,11] | 110011 | BEQ
imm[12,10:5] | rs2 | rs1 | 001 imm[4:1,11] | 110011 | BNE
imm[12,10:5] | rs2 | rs1 | 100 imm[4:1,11] | 110011 | BLT
imm[12,10:5] | rs2 | rs1 | 101 imm[4:1,11] | 110011 | BGE
imm[12,10:5] | rs2 | rs1 | 110 imm[4:1,11] | 110011 | BLTU
imm[12,10:5] | rs2 | rs1 | 111 imm[4:1,11] | 110011 | BGEU

Table 23: B-Type Instructions

Instruction Description
BEQ rsi, rs2, Take the branch if registers rsi1 and rs2 are equal.
imm[12:1]

BNE rs1, rs2, imm[12:1] | Take the branch if registers rs1 and rs2 are unequal.
BLT rs1, rs2, imm[12:1] | Take the branch if rs1 is less than rs2.

BGE rs1, rs2, Take the branch if rs1 is greater than or equal to rs2.
imm[12:1]

BLTU rs1, rs2, Take the branch if rs1 is less than rs2 (unsigned).
imm[12:1]

BGEU rs1, rs2, Take the branch if rs1 is greater than or equal to rs2
imm[12:1] (unsigned).

Table 24: B-Type Instruction Description
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ISA Base Instruction | Pseudoinstruction | Description
BEQ rs, x0, offset BEQZ rs, offset Take the branch if rs is equal to zero.

Table 25: RISC-V Base Instruction to Assembly Pseudoinstruction Example

Note

Software should be optimized such that the sequential code path is the most common path,
with less-frequently taken code paths placed out of line. Software should also assume that
backward branches will be predicted taken and forward branches as not taken, at least the
first time they are encountered. Dynamic predictors should quickly learn any predictable
branch behavior.

5.2.7 Upper-immediate Instructions

0000000000001 7 6_ 0

’ imm[31:12] ‘ rd ‘ opcode
U-immediate[31:12] dest LUI
U-immediate[31:12] dest AUIPC

Figure 24: Upper-Immediate Instructions

LUI (load upper immediate) is used to build 32-bit constants and uses the U-type format. LUI
places the U-immediate value in the top 20 bits of the destination register rd, filling in the lowest
12 bits with zeros. Together with an ADDI to set low 12 bits, can create any 32-bit value in a reg-
ister using two instructions (LUI/ADDI).

For example:
LUI x10, 0x87654 # x10 = 0x8765_4000
ADDI x10, x10, 0x321 # x10 = 0x8765_4321

AUIPC (add upper immediate to pc) is used to build pc-relative addresses and uses the U-type
format. AUIPC forms a 32-bit offset from the 20-bit U-immediate, filling in the lowest 12 bits with
zeros, and adds this offset to the address of the AUIPC instruction, then places the result in reg-
ister rd.

5.2.8 Memory Ordering Operations

31 2827 26 252423 22212019 = 1514 12 11 = 7 6 = 0
’ ) fm ) ‘ Pl ‘PO‘ PR‘PW‘ Sl ‘SO‘ SR‘SW‘ ) ‘rsl‘ ) ‘ fynct‘3 ‘ ) ) rd‘ ) L opcoqe )
FM predecessor successor 0 FENCE 0 MISC-MEM

Figure 25: FENCE Instructions

The FENCE instruction is used to order device /O and memory accesses as viewed by other
RISC-V harts and external devices or coprocessors. Any combination of device input (1), device
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output (O), memory reads (R), and memory writes (W) may be ordered with respect to any com-
bination of the same. These operations are discussed further in Section 5.11.

5.2.9 Environment Call and Breakpoints

SYSTEM instructions are used to access system functionality that might require privileged access
and are encoded using the I-type instruction format. These can be divided into two main
classes: those that atomically read-modify-write control and status registers (CSRs), and all
other potentially privileged instructions.

5.2.10 NOP Instruction
31 T T T T T T T T T T T 20 19 T T T T 15 14 T T 12 11 T T T T 7 6 T T T T T T 0
’ imm[11:0] rsl ‘ funct ‘ rd opcode
S e T —— T Ve

Figure 26: NOP Instructions

The NOP instruction does not change any architecturally visible state, except for advancing the
pc and incrementing any applicable performance counters. NOP is encoded as ADDI x0, x0, 0.

5.3 M Extension: Multiplication Operations

31 25 24 20 19 15 14 12 11 7 6 0
’ funct?7 ‘ rs2 ‘ rsl ‘ funct3 ‘ rd ‘ opcode

MULDIV multiplier multiplicand  MUL/MULHI[[S]U] dest OP

MULDIV multiplier multiplicand MULW dest OP-32

Figure 27: Multiplication Operations

Instruction Description

MUL rd, rsi, rs2 Multiplication of rs1 by rs2 and places the lower 32-bits in the
destination register.

MULH rd, rs1, rs2 Multiplication that return the upper 32-bits of the full 2x32-bit
product.

MULHU rd, rsi, rs2 Unsigned multiplication that return the upper 32-bits of the full
2x32-bit product.

MULHSU rd, rsi, rs2 Signed rs1 multiple unsigned rs2 that return the upper 32-bits of
the full 2x32-bit product.

Table 26: Multiplication Operation Description

Combining MUL and MULH together creates one multiplication operation.
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5.3.1 Division Operations

31v T T T T v25 24v T T v20 19v T T v15 14v v12 11v T T T 7 6 T T T T T T 0
’ funct7 rs2 rsl ‘ funct3 rd opcode
MULDIV divisor dividend DIV[U]/REM[U] dest OP
MULDIV divisor dividend  DIV[UJW/REM[U]W dest OP-32

Figure 28: Division Operations

Instruction Description

DIV rd, rsi1, rs2 32-bits by 32-bits signed division of r1 by rs2 rounding towards
Zero.

DIVU rd, rs1, rs2 32-bits by 32-bits unsigned division of r1 by rs2 rounding
towards zero.

REM rd, rsi, rs2 Remainder of the corresponding division.

REMU rd, rsi, rs2 Unsigned remainder of the corresponding division.

REMW rd, rsi, rs2 Singed remainder.

REMUW rd, rsi, rs2 Unsigned remainder sign-extend the 32-bit result to 64 bits,
including on a divide by zero.

MULDIV rd, rs1, rs Multiply Divide.

Table 27: Division Operation Description

Combining DIV and REM together creates one division operation.

5.4 A Extension: Atomic Operations

Atomic operations are defined as operations that automatically read-modify-write memory to
support sychronization between multiple RISC-V harts running in the same memory space.

5.4.1 Atomic Memory Operations (AMOSs)

The atomic memory operation (AMO) instructions perform read-modify-write operations for mul-
tiprocessor synchronization. These AMO instructions atomically load a data value from the
address in rsi, place the value into register rd, apply a binary operator to the loaded value and
the original value in rs2, then store the result back to the address in rsi.

31 27 26 25 24 20 19 15 14 12 11 7 6 0
l funct5 ‘aq‘ rl ‘ rs2 ‘ rsl ‘ funct3 ‘ rd ‘ opcode
AMOSWAP.W/D ordering src addr width dest AMO
AMOADD.W/D ordering src addr width dest AMO
AMOAND.W/D ordering src addr width dest AMO
AMOOR.W/D ordering src addr width dest AMO
AMOXOR.W/D ordering src addr width dest AMO
AMOMAX[U].W/Dordering src addr width dest AMO
AMOMIN[U].W/D ordering src addr width dest AMO

Figure 29: Atomic Memory Operations
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Instruction Description

AMOSWAPW/D | Word / doubleword swap.

AMOADD.W/D Word / doubleword add.

AMOAND.W/D Word / doubleword and.

AMOOR.W/D Word / doubleword or.

AMOXOR.W/D Word / doubleword xor.

AMOMIN.W/D Word / doubleword minimum.

AMOMINU.W/D | Unsigned word / doubleword minimum.

AMOMAX.W/D Word / doubleword maximum.

AMOMAXU.W/D | Unsigned word / doubleword maximum.

Table 28: Atomic Memory Operation Description

5.5 C Extension: Compressed Instructions

The C Extension reduces static and dynamic code size by adding short 16-bit instruction encod-

ings for common operations. The C extension can be added to any of the base ISAs (RV32,

21G1.01.00

RV64, RV128), and we use the generic term "RVC" to cover any of these. Typically, 50%—-60%

of the RISC-V instructions in a program can be replaced with RVC instructions, resulting in a

25%-30% code-size reduction. The C extension is compatible with all other s