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ABSTRACT

This project is about theesign and implementation of a-BRs RISC7-Stage pipeline
processofor academic purpos&he main objective of this project is to improve the
performance of the existing 3fits RISC 5stage pipeline processor developed in
Faculty of Information, Commmication and Technology, University Tunku Abdul
Rahman.The performance of the processor is improved and optimized by increasing
the number of pipeline stages to obtain a shorter time delay for eachT$tagdEM
stages of the existing pipeline processontribute to the longest timing delay, which
reduce the performance of the processor due to the imbalance logics among the stages.
In this project, the data cache unitdecomposed and pipelinéato 2 stagesCache

unit access will now require two clockcle if a CACHE HIT is detectednother extra
stage is reserved for the implementation of Translation Look Aside Buffer (TLB) in the
future. Some modifications on the cache controller is done to improve its performance
too. The newly developed data caamit is modelled using Verilog coding follow with

its functional verification. Lastly, synthesis and implementation using Xilinx Vivado is

done to obtain the timing delay of the new developsthge RISC pipeline processor.

Bachelor of Information Technology (Honours) Computer Engineering Vi
Faculty of Information and Communication Technology (Kampar Campus), UTAR



TABLE OF CONTENTS

REPORT STATUS DECLARATION FORM ....ooiiiiiiiiiiiiiiiieeeeee e il.
SUBMISSION OF FINAL YEAR PROJECT / DISSERTATION / THESIS ...... i
DECLARATION OF ORIGINALITY oo escrrmmme e e iV
ACKNOWLEDGEMENTS ...ttt ettt a e e e e e e v
AB ST RACT ..t erer bt rr e et e e e e e e e e e aanraaaaaaaaaeas Vi
TABLE OF CONTENTS .ottt eee s e e s enssssseeeeeeeneaaaeess Vii
LIST OF TABLES ...ttt e e e e e e e e e e e e e e s e mnne s Xi
LIST OF FIGURES ......cooiiiiiiiiiii ettt eeena sttt e e e e e e e e ean Xiii
LIST OF ABBREVIATIONS ....coiiiiiiiiiiiiiieees s ennsss e eeeeees XVi
(@ gF=T o) (=1 g I 1101 o To [N ox 1o o [P PPUOTTR 1
1.1Background INfOrmation................eeiiiiiiiiceeece e eeeer e 1
L AMIPS e r e anan— s 1
1.1.2 PIPEIHNING. ...t e e e enenaas 2

IR |V [0 1 117 i o] PP PP PP P PP PR PPRPT 4
1.3 Problem DOmain..........oiiiiie e 6
1.4 PrOJECE SCOPE.. ..o i eeieeeeeeeee et et e e e e e e e e e e e e e e annen s 8
1.5 ProjeCt ODJECLVES.......ccooiiiiieeeeeiiieeme e e e e e e e e 8.
1.6 Impact, Significance and ContribULIoN...............evvviiiiiiceeiiiiiiiieeeeeee, 9.
1.7 Report OrganiZation...............uuuuueeiiimeeeeeeeiiiees e e e e e ememaasee e e e e e eeeaaes 10
Chapter 2:  Literature REVIEW ........cccceeeeeiiiiiiiiiiiieeee e emme e 11
2.1 MIPS R4000 Pipeline DetailS [Z].....ccouuiiiiiiiiiiiiie e 11
2.2 Branch and Load Delay............cccooiiiiiiiiieeee e 15
2.2.1 BranCh Delay............uuuuuiiiiiiii et eeee e 15
2.2.2 LOAA DEIAY......uuuiiiiiiiiiiiiiii ettt 16

2.3 Data Favarding (BYPasSiNg)..........uuuuuuuriiieiiiieeeeeriniiiise e e e e e e e e e e s eeeesnnnes 18
2.4 MemOry HIEIarChy.........ccoooiiiiieeieeee e 19
2.4.1 MIPS R4000 Memory Organization............ccoouuueieniicmeeee e 20

2.5 CACKNE. . ettt 21
2.5.1 Cache Opetan [5], [7]...cccveeeieeiieiiiie e eeee e eeeee e e 21
2.5.2 MIPS R4000 Cache Support and Brief Descriptian..............cccccouee. 22
2.5.3 Organizationf the Primary Data Cache {Dache) in R400Q............... 23
2.5.4 MIPS R400@ache Write POlICY.........ccoeevviiiiiiiiieiieeee e, 24
2.5.5 Cache UNit [2]....ccooiiiiiiiii e 24
2.5.6 CaChe SCENANO [2].....uuuurirriiiiiiiiiei ettt 25

2.6 UC Berkéey EECS Final Project8-Stage Deefipelined MIPS ProcessoR7

Bachelor of Information Technology (Honours) Computer Engineering Vil
Faculty of Information and Communication Technology (Kampar Campus), UTAR



2.7 Design of 6&tage Pipeline Processor [12].........cuuuuvveiiiiiccceeereeniennnnnns 28

Chapter 3:  Proposed Method / APProach..............eeeevveviiiiiieemniiiiiiiiieeeeeeeen 29
3.1 Proposed SOIULION.........ccooiiiiiiiii e 29
3.2 General Design Methodology and Work Procedures..............ccccvvveeeen... 29

3. 2.1 RTL DESIGN FIOW.....ccoiiiiiiieiiiiiieeeee e 30
3.2.2 Microarchitecture Specification...............cccccuuiviimmmnniieeeeee 30
3.2.3 RTL Modeling and Verification.............ccceeeeiiiiiiieeeii e 31
3.2.4 Logic Synthesis for FPGA.........cooo e 31
3.3Research Methodology of the Project...............eeeiiieeciiiiiiieeiieeeeeen 32
G =2 T | 10T £SO 35
3.4.1 ModelSim PE Student Edition 10.5..........oovviiiiiiiiiieeeiiiiiiineees 36
I = O3] o] /4 S UPUOPP 36
3.4.3 Xilinx Vivado DeSigN SUILE.........uuuiiiiiie e eeee s 36
3.5 Technologies INVOIVEd.............ooiiiiee e 37
3.5.1 Field Programmable Gate Array (FPGA)........ccccvvvvriiiiiieeeiiiiiennees 37
3.6 Implementation Issues and Challenges...........ccccovvviveeee e, 37
G T 1 1= ] SRR 38
3.7.1 Gantt Chafor Project L.........oooooiiiiiiiiiieees e 38
3.7.2 Gantt Chart for Project.ll........ccccccooeeeeiiiiiieeee e 39

Chapter 4:  System Specification..............cccceeevvviviieeeeeeeeeeeeveeieeee 1 40
4.1 SYSLEM OVEIVIEW......iiiiiiiiiiiiiieeieeeiiiisieineneeeeeeeeeeeesememsssseeeeeeeeeeeseeeeees e 40
4.2 System Design and SpecifiCation............ccooivieeiieeeciiiiiiiee e eeeeeeeee 40

4.2.1 32bits RISC 7stage Pipeline Processor Design Hidngtc.................. 42
4.2.2 Microarchitecture of 3Bits RISC 7stage Pipeline Processatr............. 46
4.2.3 MeMOIY MaAP.....ciiiiiiiiiiiii e eeeee e e e sennn e sesnneeenenn s Bl
4.3 32bits RISC #stagePipeline Processor Chip Interface.................cccc... 48
4.4 Pin Description of the 3dits RISC 7stage Pipeline Processor................. 48
4.4.1 InpuUt Pin DESCIPLION.....vveiiiiieeee e eenr e e e e e e 48
4.4.2 Output Pin DeSCHPLION.......uiiiiiiee e ceeeice e eeeeeeree e 49
4.4.3 Bidirectional Pin DeSCIPLION.........coooiiiiiiiiieeee e 49

Chapter 5:  Microarchitecture Specification .............cccoeveeiiiiiiiiccciiiie e, 51

5.1 Pipelined Cache Unit fBache).............cooouuiiiiiiiiieiee e eeee 51
5.1.1 DCache FUNCLIONAIILY...........coiiiiiiiiiiieeee e 51
5.1.2 Pipelined Cache Unit Block Diagram............cccceeeieeiieeeneeeeiiiiineeeeeenns 51
5.1.3 Pin Description of the Pipelined Cache.........c...ccooooviieeriiiinn, 52

5.2 Cache CONLIOIIEL.......cccoiieeeeeee e e e e e e e e 55
5.2.1 Cache Controller Functionality..............ooiiiiiiiimmmreeiiiiic s ees 55

Bachelor of Information Technology (Honours) Computer Engineering Viii

Faculty of Information and Communication Technology (Kampar Campus), UTAR



5.2.2 Cache Controller BIOCK Diagraml..............ceeeeieeseeeeeeniiinnnaeeeeeeeeaeens 55

5.2.3 Pin Description of the Cache Controller...........ccccoooiiiiiicccs 56
5.2.4Microarchitecture Drawing of Cache Controller.............ccccooviiiice 59
5.2.5 Cache Controller State Diagram............cccoevviiiiieemiiieee e 60
5.2.6 Cache Controller State Definitlan..............ouvveeiiiccceeeeiiiiicieeee e 61

5.3 Forwarding BIOCK. ...........uuuiiiiiii e 62
5.3.1 Forwarding Block Functionality..............c.ccoevviiiiieeeii e 62
5.3.2 Forwarding Block Block Diagram.............ccooeeviiiiiccceeeeeeeenen 4 62
5.3.3 PinDescription of the Forwarding BlocK.............cccccuvviiiiieeeniiiiiinnn) 63

5.4 INEErIOCK BIOCK ...ttt 66
5.4.1 Interlock Block Functionality.............ccoooviiiiiiiimmnn e 66
5.4.2 Interlock Block BIOCK DHGIAM..........uuuiiiiiiiiiiiiiiieeeieiiiieeeeeeee e e 66
5.4.3 Pin Description of the Interlock BlocK................ooovvvivinieeiiiieiiiiin, 67
5.4.4 Internal OPEration..........ccoeieiiiiiiiiiice e 69

5.5 Address Decoder BIOCK.............ooovviiiiiiiicccieeeeeeiiiiienn e eeeeinninn e L O
5.4.1 Address Decoder Block Functionality..................cciiccevieeeeiiiiinnnnnns 70
5.4.2 Address Decoder Block Block Diagram..............ccccceevvecceveeeeenenen 0
5.4.3 Pin Description of the Address Decoder BlockK............ccceeeiiiiieecennnees 71
Chapter 6:  Test and Verification ............cccceeeiiiiii e cceeeicicccce e eeeeeeeee s 73
6.1 Pipelined Cache Unit fBache)Test...........coovvviiiiiiiiiiieeeeiciee e 3
6.1.1 Pipelined Cache Unit {Dache)Test Plan..........ccccccociiiiiiiieannnnnnnn. 73
6.1.2 Pipelined Cache Unit {Dache)TestSimulation Result....................... 79

6.2 CPU Data Hazard Forwarding TeSt..........coooviiiiiiiiieemee e 91
6.2.1 CPU Data Hazafebrwarding Test Plan.............ccccvvviviiieeccniviniinnne. 91
6.2.3 CPU Data Hazard Forwarding Test Simulation Result................... 92

6.3 CPUI D-Cache Integration TeSt..........cooovviiiiiiiiiimeieeeeeeeee e e 94
6.3.1 CPU D-Cache Integration Test Plan.............cooooiiiimmmniiiciiiie, 94
6.3.2 CPU' D-Cache Integration Test Simulation Result.......................... 95
Chapter 7:  Synthesis and Implementation..............cccccoeeeiiiiceceiiccieeee e, 103
7.1 Synthesis and Implementation Settings..........cccccovviiiieemiiiiiiiiiieeeeeeee, 103
7.2 TIMING ANAIYSIS.. ..ot e e et e e e e eeaae 105
7.3 Timing Delay of 7Stage Pipeline ProCessor...........cccvvvviiiiiieeeieeeeeeiinnn. 106
7.4 Timing Delay of 6Stage Pipeline Processor...........cccccuvvvviiiieeeniiiiinnnnee. 107
7.5 Timing Delay of 5Stage Pipeline ProCessor...........cccvvuviiiiiieeenieeeeeiinnnnn. 107
Chapter 8:  Conclusion and Future Work.............cccoeeiiiiiiiiiimeceeicce e, 108
S 700 R o o (1] o 108
8.2 FULUIE WOTK ...ttt 109
Bachelor of Information Technology (Honours) Computer Engineering iX

Faculty of Information and Communication Technology (Kampar Campus), UTAR



2] 0] oo =1 o] 1) 2SI 110
Appendices A: Testbench for Pipelined Cache Unit.............ccceevviiiiiieeeinnnee. A-1

Appendices B: Timing Delay Details of 32bit 7-Stage Pipeline Processar....B-1
Appendices C: Timing Delay Details of 32bit 6-Stage Pipeline Processar....C-1

WEEKLY LOG ..ottt e e e mme e e e e et e e e e ra smnn s D-1
e 2 = E-1
PLAGIARISM CHECK RESULT ... F-1
CHECKLIST FOR FYP2 THESIS SUBMISSION .....cccviiiiiiiiciieeeeieeei G-1
Bachelor of Information Technology (Honours) Computer Engineering X

Faculty of Information and Communication Technology (Kampar Campus), UTAR



LIST OF TABLES

Table :1: Timing Delay for 5stage Pipeline Processor Pipeline Stages............ 6
Table 22: Timing Delay for 6stage Pipeline Processor Pipeline Stages............ 6
Table 21: R4000 Cache and Cohererfaypport [7, pp. 246].........ccccvvvvmverreeereenne 22
Table 31: Comparison among Verilog SIMUlator..............eevvvviiiiieeeiiieieiiiieeeenn. 35
Table 41: 32-bits RISC 7stage Pipeline Processor Specifications.................... 41
Table 42: 7-stage Pipeline Processor Design Hierarchy............cccovvvvvieeeeee. 45
Table 43: Memory MapDeSCrption [L3]........uuieiiiiiiiiiiieiei e a7

Table 44: 32bits RISC 7stage Pipeline Processor Input Pin Description......... 49
Table 45: 32-bits RISC 7stage Pipeline Processor Output Pin Description......49
Table 46: 32bits RISC 7stage Pipeline Processor Bidirectional Pin Descriptid®

Table5-1: Pipelined Cache Input Pin DeSCHPON..........cccvvviiiiiiiiieeniiiieieeeeeeen, 53
Table 52: Pipelined Cache Output Pin DeSCrption.............uvvvieeeeiieemiiiviriinnene 54
Table 53: Cache Controller Input Pin DeSCrption...........ccceeeeiieeeeeceeeiieeee e 57
Table 54: Cache Controller Output Pin Description.............cccoovvvviiieeeeeeeeeeeee, 58
Table 55: Cache Controller State Definition.............cccccvvvvvimemnniniiiiee 61
Table 56: Forwarding Block Input Pin DeSCription............coovviiviiiiiiccceeeeeennd 64
Table 57: Forwarding Block Output Pin DeSCrption...............eeveeeeiiieeevveneeeeeen. 65
Table 58: Interlock Block Input Pin DesCription..............eeeeeiiiiieceiiccecee e 67
Table 59: Interlock Block Output Pin DeSCription...........ccceeeeiiieeeeceeciciceeeeee. 68

Table 510: Load instruction (uram) followed by an immediate use resultsioyalé

Table 511: Load instruction (dcache) followed by an immediate use results-in a 2

CYCIE StAll....coeeeeeeeeeee e e rer e nnne e e e eeeennnens ) 69
Table 512: Address Decoder Block Input Pin Description.............ccccvvvvvieennnns 71
Table 513: Address Decoder Block Output Pin DescCription.............ccoovvvvvieee.. 72
Table 61: Pipelined Cache Unit (lCache) Test Plan.............ccccvviiiimeeeinnnnnnns 78
Table 62: CPU Data Hazard Forwarding Test Plan...............ccoooovimemriiiiinnl 91
Table 63: Forwarding Operation based on the Forwarding Value.................... 92
Table 64: CPUT D-Cache Integration Test Plan..............ccccviiiieeeiiiiiiiiinnneenn. 94
Table 71: Definition of Information in Timing Delay File [12]...........ccccccc...... 105

Table 72: Component Delay of Significant Functional Units in DF and TC st&0é

Bachelor of Information Technology (Honours) Computer Engineering Xi
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Table 73: Timing Delay of the &tage Pipeline Processar............ccccevvvvvvvieeen.
Table 74: Timing Delay of the 6tage Pipeline Processar..............ccccevvvvvveeen..
Table 75: Timing Delay of the Sstage Pipeline Processor.............cccccvvviviieennns

Bachelor of Information Technology (Honours) Computer Engineering
Faculty of Information and Communication Technology (Kampar Campus), UTAR

Xl



LIST OF FIGURES

Figure X1: Singlecycle, Nonpipelined Executid®, Ch.6.1].......cccccceeeeeeeeiiviriineen. 2
Figure 12: Pipelined Executiof6, Ch.6.1]...........cuuiiiiiiiiii e 2
Figure 13: 5-stage Pipeline Execution Cycle in Structural Vigwpp. A18].......... 3
Figure t4: Abstract View of Sstage Pipeline Execution Cycle [13]..................... 3
Figure 21: Instruction Pipeline Stages [7, pp. 74].....cccoovrrriieeiiiiieeeeeeeeeeeeiiens 11
Figure 22: The 8stage Pipeline Sicture of R4000 [4, pp. A4].....cccovvvvvvvvviinnnnns 14
Figure 23: Pipelines Activities of R4000 [11].........cuuuummmmimiiiiiieeeiiiieieieeeeeeeeeeeee 14
Figure 24: CPU Pipeline Branch Delay | [7, pp. 48] .. .uueeeeeiiiiiiiiiiiiiieeiee 15
Figure 25: CPU Pipeline Branch Delay Il [4, pp:@6]...........coevvrrrviiiiiiiicennnnns 15
Figure 26: CPUPIpeline Load Delay | [4, PP.A5]...uuceeeeiiiieieeeeeieiiiiieeee e 16
Figure 27: CPU Pipeline Load Delay Il [7, pp. 48].....cccooiiiiiiiiiiiieeee e 16
Figure 28: Load Interlock/ Slip Cycle [11]......cooviiiiiiiiiiiiiiieeee e 17
Figure 29: A load instruction followed by an immediate use results ircgck stall
.......................................................................................................................... 18
Figure 210: The Memory Hierarchy [8].........cuuvviiiiiiiiiiiien e, 19
Figure 211: R4000 Logical Hierarchy of Memory [7, pp. 244].........ccccccvvvvvnee 20
Figure 212: Cache Support in the R4000PC [7, pp. 247]....ccoooviiiiiiiieeenenne 22
Figure 213: R4000 8VNord Primary DCache Line Format [7, pp. 249]............. 23
Figure 214:Block Diagram of Cache Unit [2]...........cceiiiiiiiiiiicceciiiiieieeeee e 24
Figure 215: Berkeley EECS Final Projeefull Schematic of &tage Pipeline
PrOCESSON [L0] .. .uiiiiiiiitiiieieeie ettt e e e e e e e e e e e e e e e e e nnee e 27
Figure 216: The Structural View of the daits RISC 6stage Pipelin®rocessor [12]
.......................................................................................................................... 28
Figure 31: RTL DeSign FIOW.......ccooiiiiiiiiiiieeee e 30
Figure 32: The RISC32 &tage pipeline microprocessor microarchitecture.[1432
Figure 33: Gantt Chart | for ProjecCtl...........ovvvuiiiiiii i, 38
Figure 34: Gantt Chart Il for ProjeCt L.........ccooviiiiiiiii e eeee 38
Figure 41: Architectural Overview of the RISC32 Processor [14]........ccccc......: 41

Figure 42:
Figure 43:
Figure 44:

Bachelor of Information Technology (Honours) Computer Engineering

The Structural View of the 32its RISC 7stage Pipeline Processor..46
Memory Map of the 3bits RISC pipeline processor [13]................ a7
Chip Interface of th82-bits RISC 7stage Pipeline Processat........... 48

Xiii

Faculty of Information and Communication Technology (Kampar Campus), UTAR



Figure 51: Block diagram of Pipelined Cache Unit.............cccccovviiiieccvvnnnnnnnnnn. 51

Figure 52: Block diagram of Cache Controller...............ceiiiiiiceeeeiiiicceee e 55
Figure 53: Microarchitecture Drawing of Cache Controller................cccccoveeee. 59
Figure 54: Cache Controller State Diagram [13].......cccooiviiiiiiiiiiicniie, 60
Figure 55: Block Diagram of the Forwarding BlocK.................oovviicnniiiiinnnnnnd 62
Figure 56: Block Diagram of the Interlock BlockK...............cooovviiiieeeiiiiieeiiiiinns 66
Figure 57: Block Diagran of the Address Decoder Block..............eeevviiiiiieennnnee. 70
Figure 61: Simulation Result for Test 1: ReSet..........ccoovviiiiiiiiiieene s 79
Figure 62: Simulation Result folrest 2: Write Miss followed by Read Hit......... 80
Figure 63: Simulation Result fofest 3: Read Hit followed by Read Hit............ 81

Figure 64: Simulation Result folest 4: Write Miss followed by Read Hit......... 82
Figure 65: Simulation Result fofest 5: Read Miss FIFO Hit followed by Read Hit.

Figure 66: Simulation Result forest 6: Write Hit followed by Write Hit............ 84
Figure 67: Simulation Result fofest 7: Write Hit followed byrRead Miss FIFO
1SS UPPPRR 85
Figure 68: Simulation Result folest 8: Read Miss FIFO Miss followed by Read Hit

Figure 69: Simulation Result folest 9: Read Miss FIFO Miss followed by Read Hit
(1) OO 87
Figure 610: Simulation Result fofest 10: Write Miss FIFO Hit followed by Read
T SRS UPEPR PSPPSRI 38
Figure 611: Simulation Result | foifest 11: Read Miss FIFO Miss followed by
LAY L = o 1 P 89
Figure 612: Simulation Result Il fomest 11: Read Miss FIFO Miss followed by
LA L (= L OO RERT 39
Figure 613: Simulation Result | fotD.rs and ID.rt Route Forwarding Test........ 92
Figure 614: Simulation Result Il for ID.rs and ID.rt Route Forwarding Test....92
Figure 615: Simulation Result Il folD.rs and ID.rt Route Forwarding Test.....93

Figure 616: Simulation Result | foD-Cache Store (sw) TesL........ccceeeevvvvvinnnne. 95
Figure 617: Simulation Result Il foD-Cache Store (Sw) Test..........cccccvvvvvvnnnee 95
Figure 618: Simulation Result | for ECache Load (Iw) TeSt..........uvvveiiiviiiiinenes 96
Figure 619: Simulation Result Il foD-Cache Load (Iw) Test.......cccccooeevvvvinnnnne. 96
Figure 620: Simulation Result Ill foD-Cache Load (Iw) TeSt.........cccvvvvieieenens 96
Bachelor of Information Technology (Honours) Computer Engineering Xiv

Faculty of Information and Communication Technology (Kampar Campus), UTAR



Figure 621: Simulation Result foD-Cache Loaebtore TeSt...........ccovvvvvvvveeiiiiins 97

Figure 622: Simulation Result | foD-Cache LoadJse Test............cccovvvvvvviriniens 98
Figure 623: Simulation Result Il foD-Cache LoadJse TeSt.......ccccceeveiviieeeeenn. 98
Figure 624: Simulation Result foD-Cache SB TeSt.............uuviiiiiiiiiieeeiiinnnns 100
Figure 625: Simulation Result foD-CachelB Test..............vvvviiiiiiiiiiccceiiiinnnns 101
Figure 626: Simulation Result foD-Cache LBU TeSt.......ccccooeeiviieiviiiiiieeenennn. 102
Figure 71: Synthesis Setting required for this Project.............ccccevvvvieeecinnnnee. 103
Figure 72: Implementation Setting required for this Project............cccccceeeeeee. 104
Bachelor of Information Technology (Honours) Computer Engineering XV

Faculty of Information and Communication Technology (Kampar Campus), UTAR



ALU
CISC
CPU
D-Cache
DF

DS
EDA
EX

FP
FPGA
FYP
HDL

IC
I-Cache

RAM
RISC
RF
ROM
RTL
SDRAM
TC

TLB

LIST OF ABBREVIATIONS

Arithmetic Logic Unit

Complex Instruction Set Computer
Central Processing Unit

Data Cache

Data Fetch Stage, First Half

Data Fetch Stage, Second Half
Electronic Desigriutomation
Execution Stage

Floating Point

Field Programmable Gate Array
Final Year Project

Hardware Description Language
Integrated Circuit

Instruction Cache

Instruction Decode Stage
Instruction Fetclstage, (First Half)
Instruction Fetch Stage, Second Half
Instruction Set Architecture

Least Recently Used

Data Memory Access Stage
Microprocessor without Interlocked Pipelined Stages
Program Counter

Predict and Register Fetch Stage
Random Access Memory
Reduced Instruction Set Computer
Register Fetch Stage

Read Only Memory
Registertransfer Level

Sequential Dynamic RAM

Tag Check Stage

Translation LookAside Buffer

Bachelor of Information Technology (Honours) Computer Engineering
Faculty of Information and Communication Technology (Kampar Campus), UTAR

XVI



UC Berkeley EECS University of California, Berkeley, Department of Electrical

Engineering and Computer Science

UTAR Universiti Tunku AbduRahman
WB Write Back Stage
Bachelor of Information Technology (Honours) Computer Engineering XVii

Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapter lintroduction

Chapter 1: Introduction

1.1Background Information
Theoverview of the fields that matter for this project is provided to help in identifying

and understanding some facts or-kn@wledge related to this project.

1.1.1 MIPS

Microprocessor without Interlocked Pipelined Stages, also known as MIPS, is a
reduced instrction set computer (RISC) instruction set architecture (IBAch is
currently developed by the MIPS Technologies, based in the United States of America
nowadayq9]. The MIPS processor was first designed and developed by a group of
researchers at StambUniversity including John L. Hennessy, Chris Rowen and David

A. PattersonThe MIPS processor is well knowor pioneemg the RISC concept.
According to[3], RISC processors typically support small and simple instruction
compared to CISCMIPS emphasizes a simple loatbre instruction set, design for
pipelining efficiency and efficiency as a compiler taigetpp. A-33]. MIPS ismainly

usedas an embedded processor for the large market for embedded applications due to
its simple design and Higperformancenstead of the Intel 80x86 procesgbat is
primarily ACI SCO design with emphasis on
complex. Till nowadaysMIPS architecture supports up to & addressing and
operationand is able to operate amgle precision (3bit) and double precision (64

bit) floating point numbergl]. It is believed that this is the reason it is poputathe
embedded systems implementation such as video game conSolee MIPS
architecture designed include the MIP 282 MIPS64.
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1.1.2 Pipelining

In order to make a CPU processor run faster, pipelining is introduced. Pipelining is
known as an implementation technique where multiple instructions are overlapped in
execution[6, Ch.6.1]. As what discussed earlier, M¥basic processor consists of 5
stagesFigurel-1 shows a singleycle CPU executes the instruction whtigure1-2

shows thepipeline CPU executes the instruction.

Program
execution 200 400 600 800 1000 1200 1400 1600 1800
T T

Time T T T T T T T

order
(in instructions)

Iw $1, 100($0) ""Sructon g | Ay | D2 geg
w $2, 200(50) 800 ps S snctonl oo ay | Dot g
Iw $3, 300($0) - 800 ps - Ins:;g‘ion

- S

800 ps

Figurel-1: Singlecycle, Nonpipelined Executid®, Ch6.1].

Program
exaeution —. 200 400 600 800 1000 1200 1400
Time | \ \ \ \ \ \ =
order
(in instructions)
w $1,100($0) ["Srcton  |peg| ALy | Data lpe
- e .
w $2, 200($0) 200 ps || |Reg| A | %2 |Reg
- = ;
w $3, 300($0) 200 ps| "l [Res| AW | e, [Re

-

200 ps 200 ps 200ps 200 ps 200 ps

Figurel-2: Pipelined Executiof, Ch.6.1]

We clearly see that the next instruction will start to execute by being fetched into the
IF stage onlywhen the previous instruction has finished executing the WB stage in a
singlecycle CPU. However, in the pipeline CPU, the next instruction starts to execute

by fetching it into the IF stage once the IF stage finish executing the previous instruction.
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The 5stage pipelined processor is able to complete one instruction in one clock cycle.
Throughput of the processor is increased which indicates the increment in performance
for the processor. Nowadays, the pipelining is the key implementation techniques
introduced to improve the CPU processor performance.

Time (in clock cycles) >

Program

execution
order = 1 1
(in instructions)

Iw $10, 20($1) IM Reg| | —|: DM +— | Reg

sub $11, $2, $3 M — H Reg DM Reg

CC1 cc2 CC3 CC4 CCs CC6

Figurel-3: 5-stagePipeline Execution Cycle in Structural Vid®, pp. A-18]

Figure 1-4 shows a big picture on how the hardware components allocated in each
pipeline stages for a basiesfage pipeline processor.

Interlock block

Branch Branch . .
predictor| |predictor o5 SPL| [hata and
Boot 3l ALu | £ B LYART T stack e
O oo ¢ | Register -] GPIO || gram Register
ROM o 3 8 d < 0 D-CACHE )
S om File J ile
|I-CACHE ‘ slE 5
S E § CPO Multiplier| [Multiplier
PR Cllc 5 Stage 1 Stage 2
Controller| | | & z°
ontro
= - L L
L Forwarding block |

IF ID EX MEM WB
Figurel-4: Abstract View of 5stage Pipeline Execution CydIE3]
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1.2 Motivation

An existing32-bit RISC 5-stagepipeline microprocessor has been developed in the
FICT, UTAR by using VerilogHardwareDescriptionLangua@. The project is based
on theRISCarchitecture. The motivations to initiate the project@reaccount of the

following reasons:

1 Microchip design companies have designed microprocessors as Intellectual
Property(IP) for commercial purposes. The microprocessoeieompasses
information o thecompletedesign process fdvoth the frontend (modeling
and verification) and the baand (physical design) of the integrated circuit (IC)
design. These IPs are the trade secrets of a company and tdefirately not
available in the market ataaffordable price or without cost for research
purposes.

1 Several freely available microprocessor cores can be found in the Internet and
most of them are available at OpenCor@stp://www.opencores.org).
However,those processors do not implement the entire MIPS Instruction Set
Architecture (ISA) and they lackomprehensive documentation. Because of
these issues, it makes them not suitable for reuse and customization.

1 The verification specifications for a freelyalable RISC microprocessor core
that are available in the Internet arecompleteand not well developed.
Therefore, without @omprehensiveerification specification, the verification
process of a RISC microprocessor core will be siimng. Eventuallyit might
slow down the overall design process.

1 The physical design phasell inevitably be affected due tthe lack of well
developed verification specifications for these microprocessor cores. A design
needs to be functionallyerified before the physal design phase cée carried
out smoothly. Otherwiseif the front-end designneeds to bechanged the

physical design process has to be redone
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The RISC32 project that has been initiated in UTAR aims to provide solutions to all
the problemsmentionedaboveby creating a 3dit RISC corebased development
environmentin order toassistresearch workin the area of softore & well as the
application specific hardware modeling. Up to date, the RISC32 project that was
initiated in UTAR has completed ¢hCPU designs that supports basic instructions
similar to MIPS instructions. The system control coprocessor that is the Coprocessor O

(CPO0) is also available to interface with 1/0O devices and handle interrupts.

With the available microarchitecture desidaveloped in the UTAR FICT, we can
easily gain the software or firmware flexibility advantage without having to rely and

wait for third party community to develop for us.

With the completion of this project, a data cache unit that is decomposed dimtefipe
into two stages will be available. It is then toltegratedmto the existing 3bit RISC
5-stage pipeline processor. With further development and modificationba B2ESC
7-stage pipeline processor with improved timing delay will be developed for the

academic purpose in the future.
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1.3 Problem Domain

A basic 5stage pipeline processor definitely improves the CPU throughput compared
to the 5stage singleycle processotHowever there isstill a lack on the performance

of a basic Estage pipeline processor. This is due to the imbalance timing delay among
the pipe stages since the clock can run no faster than the time needed for the slowest
stagg5, pp. G10].

This pioblem is emphasized as it directly affects the processor clocKTiaée 1-1
shows the timing delay from each of the pipeline stigbe existing Estage pipeline

processor

Pipeline Stage IF ID EX MEM WB
Timing Delay (ns)| 14.118 12.551 14.717 18.262 3.332

Tablel-1: Timing Delay for 5stagePipeline ProcessoPipeline Stages

The problem is partially fixed by Teng Wen Jun, one of the seniors from FICT, UTAR.
A 6-stage pipeline processor is developed by decomposing the instruction cache unit
and branch predictor in the IF stage into three stfidggdsTablel-2 shows the timing

delay from each of the pipeline stanfehe 6stage pipeline processor developed

Pipeline Stage IF IS ID EX MEM | WB
Timing Delay (ns) | 7.126 | 13.063| 11.889 | 13.638| 17.511| 3.402

Tablel-2: Timing Delay for 6stagePipeline ProcessoPipeline Stages

We clearly see that the timing delaff MEM stage isstill the longest. As we know,
every pipeline stage of a pipeline processor is operating at everyasiolek Hence,

we have to compromise by using the longest time delay which in this casBlsnk7.

as our clock periodven though other stages require a shorter timing delay. The worst
case is when comparing the timing delay of MEM stage with the WB, statigéerence

of 14.10%s is observed.
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From the scenario above, the clock rate of the processor is determined using the longest
time delay of the pipeline stages.

& U v e ’ \ v oy R L ) 14 14 4 p\ 0y 1]

60 i @ | 0 ORJON Qi IOt &Qi T— . L By Oa

P X PP

The problem mentioned is faced by all the users that use computational cev s
most, specificallythe developers of computer software. No matter the one who use a
personal computer or a large server, as we all know, we, the human, egayss
the things around us better, faster and more advanced. Hence, human always make great
invention and improve things around us to be better and better. No matter how good a

software is, it still requires a faster enough processor for it to runrhtlbAs project

is going to improve the throughput of the processor.
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1.4 Project Scope

The project scope is mainly focus on designing and implementing the MEM stages of
the 7-stage pipeline processor. The MEM stages included the DF and TC stage. Th
specifications of th@-stage pipeline processor will be functionally verified by using
testbench. Besides, Field Programmable Gate Array (FPGA) technology will be used

to synthesize thé-stage pipeline processor designed.

Lastly, at the end of this project, a comprehensive documeniathuding the RTL
modelling and testbenddi this project will be well developed andimnulation results
are expected to be deliveréglynthesis and implementation model of the developed

works will also be submitted.

1.5Project Objectives

Theobjectivesof this projectare as follow:

1 To design and implement théstage pipeline processor (MEM stages) by
splitting the MEM stage of the basiesbage pipeline processor irttwo stages
which areknown as DF and TC stage in order to achieve a higher processor
clock rate.

1 To develop a completest plarto test and verify the functional correctness of
the 7-stage pipeline processor designed.

1 To synthesisand implementhe 7-stage pipeline processor using the FPGA

technology.
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1.6Impact, Significanceand Contribution

After this project is done, it can provide a complétestage pipeline RISC
microprocessor corbased development environment. The development environment
refers to the availability of the following:

1 A well-developed design documentation of chip specification, architecture
specification and micrarchitecturespecification.

1 Afully functional and weldeveloped-stage pipeline processor (MEM stages)
in the form of synthesiseady RTL written in Verilog HDL.

1 A well-developed verification specification of tifestage pipeline processor
(MEM stages) which contas suitable verification methodology, verification
techniques, test plan, testbench architecture and etc.

1 A complete design in FPGA with documented timing and resources usage

information.

Furthermore, a higher clock rate RISC processor that is MIPS |8patible with7
stages pipelining is developed. Imbalanced timing delay occurred in the MEM stage of
the basic Etage pipeline processor is tackled to increase the overall performance of

the pipeline processor.

In terms of contribution, this project casontribute to develop an environment
mentioned above by providing support to the hardware modeling research work later.
With the available weltleveloped basic RISC RTL model which has been fully
functionally verified, the verification environment and tdesign documents, a
researcher will be able to develop their own research specific RTL model as part of the
MIPS environment and can quickly verify the model to obtain result. As a result, the

research work could be done easier and speed up significantly.
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1.7 Report Organization

This report consists of 9 chapters and the details of the project are shown as follow:

In Chapter 1, some background information that mattensthis projectis provided
followed by the motivation of this project, the preivl statement, project scope and
objective in order to help readersunderstand some facts or knowledge related to this
project

In Chapter 2, a literature review othe 8stage pipeline processors designed by MIPS
and UC Berkeley, and cache unit desigrimgdseniors has been highlighted and
compared.

In Chapter 3, the methodologies and general work procedure for modeling, verifying,
and synthesizing th82-bits RISC 7-stage pipeline processors be builthas been
discussedit alsodiscusses about tlagpropriate design toolssed for the design work
the technologies involved, the implementation issues and challenges, as well as the
timeline of this project.

In Chapter 4, the system overview of th@ewly developed 3bits RISC 7-stage
pipeline processor. Thenicroarchitecture, memory map, chip interface, and pin
description of the processor used are stated in dethilsichapter

In Chapter 5, it shows the full information about the microarchitecture specification of
the newly designedcache unit and cache controllér gives an overviewon how the
datapath unitgache unitforwarding block, interlock block, address decoder block and
cache ontroller block worksin terms of their functionality, block interface, pin
description, and so on.

In Chapter 6, it discusses about how thewly developed -8tage pipeline processor
and the pipelined cache {Dache) are functionally verified All of the related
verification specifications, test plans, and stimulation results can be foutidsin
chapter tooThe testbenchbf the pipeline cacheould befurtherfound in Appendices

A.

In Chapter 7, it discusseshe synthesis and implentation setting for pneject. The
timing delay of thenewly developed -8tage pipeline processor, and alsodkisting
32-bit RISC 5stage and-6tage pipeline processors can be found in this chapter.

In Chapter 8, it concludes the overall project development, highlightifgwhave
been achievedr donein this project.Thefuture workfor thisis projectlso discussed

here.
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Chapter 2: Literature Review

As what is mentioned in the previous section, although pipelining has greatly improved
the throughput of the processor, the performance of the basig® pipeline processor

is still not yet maximized. This is mainly due to the imbalance timing delay é&ach
pipeline stages. Several researchers have put in effosolving the processor
performance issu®ne of he famousneasuress through decomposing the basic 5

stages pipeline of the processor intore pipeline stages such as developing-atage

pipeline processor

2.1 MIPS R4000 Pipeline Detaild7]

MIPS R4000 is introduced to the world in 19@1solve the performance issue due to
the imbalance timing delag-stage pipeline is firstly introducedtheMIPSR 4 0 0 0 0 s
pipeline stages allowt to process more instruction per clock cycle than the basic 5
stage pipeline processaéitom Figure2-1, we can see that once thesge pipeline is
filled, eight instructions are executed simultaneously. Superpipelining has spilt the

instruction and datmemory references across two stages. Consequently, the logics are

more evenly distributed across the pipeline stages.

PCycle

MasterClock | ‘ (8-Deep)
Cycle
IF [ IS]RF|EX]DF|[DS| TC | WB
[ IF]ISTRF[EX|DF[DS| TC [WB |
[IF]IS|RF[EX|[DF| DS |TC | WB|]
[IF] IS[RF[EX|DF [DS | TC [WB |
IF [ IS RF| EX|[DF[ DS[TC [WB |
[IF[IS|RF|EX|DF|[DS [TC [WB]
[IF| IS |RF [ EX|DF [ DS [ TC | WB]
IF [ IS [RF[EX|[ DF [DS [ TC [ WB|
Current
CPU
Cycle

Figure2-1: Instruction Pipeline Stag¢s, pp. 74]
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Basically, the execution of an instruction in R4000 can be done by 8 Jtagee2-2
belowshows the &tage pipeline structure using an abstracted version of data path. The

8 stages are as below:

IF  : Instruction Fetch, First Half

IS : Instruction Fetch, Second Half
RF : Reqgister Fetch

EX : Execution

DF : Data Fetch, First Half

DS : Data Fetch, Second Half

TC : Tag Check

= =4 4 A4 -4 A -5 -2

WB : Write Back

This section describes the 8 pipeline stages of R4000 processor.

IF - Instruction Fetch, First Half

During the IF stage, the following occurs:
1 PC selection happens here.
1 Branch logic selects an instruction address and the instruction cache fetch
begins.
1 The instruction translation lookaside buffer (ITLB) begins the virtoal

physical address translation.

IS - Instruction Fetch, Second Half

During the IS stage, the instruction cache fetch and the vidyalysical address

translation are completed.

RF - Register Fetch

During the RF stage, the following occurs:

1 Theinstruction decoder (IDEC) decodes the instruction and checks for interlock
conditions (hazard detection).

1 The instruction cache tag is checked against the page frame number obtained
from thelTLB (instruction cache hit detection).

1 Any required operands are fetched from the register file.
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EX - Execution

During the EX stage, one of the following occurs:
1 The arithmetic logic unit (ALU) performs the arithmetic or logical operation for
registerto-register instructions.
The ALU calculates the data virtual address for load and store instructions.
The ALU determines whether the branch condition is true and calculates the

virtual branch target address for branch instructions.

DF - Data Feth, First Half

During the DF stage, one of the following occurs:

1 The data cache fetch and the data virtagdhysical translation begins for load

and store instructions.

1 The branch instruction addresses translation and translation lookaside buffer
( T L Ripdate begins for branch instructions.
1 No operations are performed during the DF, DS, and TC stages for reégister

register instructions.

DS - Data Fetch, Second Half

During the DS stage, one of the following occurs:

1 The data cache fetch and data virtteaphysical translation are completed for
load and store instructions. The Shifter aligns data to its word or doubleword
boundary.

1 The branch instruction address translation and TLB update are completed for

branch instructions.

TC - Tag Check

For load ad store instructions, the cache performs the tag check during the TC stage.
The physical address from the TLB is checked against the cache tag to determine if

there is a hit or a miss.
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WB - Write Back

For registetto-register instructions, the instruati result is written back to the register

file during the WB stage. Branch instructions perform no operation during this stage.

IF IS RF EX DF DS TC WB

Instruction memory Reg ’ Data memory Reg

Figure2-2: The 8stage Pipeline Structure of R40[20 pp. A64]

Figure2-3 shows the pipeline activities that is more evenly distributed occurs in each
pipeline stages of R4000.
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Instruction : ' } ' N
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Figure2-3: Pipelines Activities of R400{11]
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2.2 Branch and Load Delay

2.2.1 Branch Delay

The R400006s pipeline has a -byclabnaodndethe | ay
is a result of the branch comparison logic operating during the EX stage of the branch
instruction, producing a valid instruction address that is avaiialthe IF stage, at the

fourth instructions later.

branch | IF [ 1S | RF| EX| DF| DS| TC|wa |

| IF [ 1s | RF| EX| DF | Ds| TC | wB |

three branch
IF [1s [|RF[ Ex[DF [ps] To[we]  |del&y

LF [lis|RF| Ex | DF | DS| Tc|wB]|

target IF | 1s | RF| Ex| DF| DS| TC| w8 |

-
Branch Delay

Figure2-4: CPU Pipeline Branch Delay[7, pp. 48]

Time (in clock cycles)

CCH cca cc3 [

4 el [eled] ccy cce cco cc10 cC 11

Figure2-5: CPU Pipeline Branch Delay 4, pp. A-66]

Figure 2-4 shows the basic branch delay of R4000 processor is 3 cycles using an
abstracted structural view of data path due to the branch condition evaluation is
performed during EX stage by using the ALMIPS architecture has a single cycle
delayed branchThe R4@O0 processor uses a predictant-taken strategy for the
remaining 2 cycles of the branch delay. This insists that untaken branches simply
consist of icycle delay slot and the processor will still continuing execute the
instruction that enters the pipedinrHowever, for taken branches, there will becydle

delay slot followed by 2 idle cycles. This means that R4000 will still execute one more
instruction after the branch instruction which known as the delayed slot instruction. By
the same time, the reming 2 instructions will be nullified by flushing the IF/IS and

| S/ RF pipeline register with 606 during
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2.2.2 Load Delay

There is a Zycle delay for the load instruction to be executed on the R4000 processor.
This is due to the data value can only be obtained at the end of the data cache access in
DS stageFigure2-6 shows the R1 value can only be used as the input opkmatice

ALU in EX stage from the third instruction onwards after the load instruction which
load values into R1 register is executed. If R1 value is used earlier than the third

instruction, false value will be used which leads to incorrect operation.

Time (in clock cycles)

CC1 cc2 olex:] CC4 CC5 CCé cC7 cCcs CCo Ccc 10 CC 11

om ] e,

Instruction 1 Instruction memory -m-a Data memory
Instruction memory @ Data memory I .

o 2 i N

Figure2-6: CPU Pipeline Load Delay[#, pp. A65]

Instruction 2

Figure2-7 shows the completion of a load at the end of the DS pipeline stage
produces an operand that is available for the EX pipeline stage of the tisejaent

instruction.

load | IF [ 1S | RF| EX| DF| DS] TC|wWB |

| IF | 18| RF| EX| DF | Bs| TC | wB| two load
delay
| IF [1s | RF| EX|DF[DS| TC|WB| instructions
f(load) | IF | 1s | RF| EX | DF | DS| TC | wB|
‘ Load ‘
Delay

Figure2-7. CPU Pipeline Load Delay [, pp. 48]
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In order to maximize the processor performance, R4000 only interlock the pipeline
stages if it is found that the two instructions after the load instruction access register
same as the destination register (rd) of the load instruction. This ensure thekithe
two instruction will use the correct value which is the results obtained from load

instruction.

When the hardware interlocks and slips, the PC and the IF/IS, IS/RF, RF/EX pipeline
registers will be hold and retaining the old values in it. Thistashat the DF, DS, TC

and WB stagesf the pipeline will advance while the IF, IS, RF and EX stage will not,
and this is shown in Figu8. In this case, the clock cycle that experiencing this type

of operation is called a slip run instead of a fulh as some stages are slip across the
clock cycle. This permits the load instruction to execute and complete its data cache
access in advance, while the next two instruction that depends on the load instruction

will remain in the EX and RF stage.

Full Slip Slip Full Ful
Run Run Run Run Run

A DFiDS!TCIWBI | | : | IA

Load B |EX:DF:DS!TC!WB: | | | !B
Useloadresut C tRF:EXyq + &+ &+ &+ 1 .
D IS RFQEXq &+ @ 1 ion

E | IF ! ISqRFQEX! DFDS!TCI!WB! iC

F! | IFqISyRFIEXiDF:DS!TCiWB ;D

b ;IF‘ISERFEEXEDFEDSETCEE

! vIF: IS 'RF!EX: DF'DS ' F
.+ ¢ ' 'IF!IS.|RF!EX! DF !
R |

Figure2-8: Load Interlock/ Slip Cycl¢11]
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2.3 Data Forwarding (Bypassing)

Data forwarding is a useful technique implements to resolve the data hazards of the
processor. Besides, it improves the performance of the processor by reducing the
number of stalling the processor. It takes the result from the earliest point thatsit exist

and forward it to the functional units at the EX stage that needs it.

The deeper pipeline introduced to the R4000 also contributes to the increment in the
number of levels of forwarding for ALU operations. Unlike the basstage where
forwarding usually happened from the EX/MEM and MEM/WB pipeline register, there
are actubly four possible sources for ALU data forwarding which is from the EX/DF,
DF/DS, DS/TC and TC/WB pipeline registers.

As what is shown ifrigure 2-7, the instruction after the load instruction actually use
data forwarding to obtain the valid operandsrfrime DS/TC pipeline register for ALU
operations after the st48, pp. G21].

Clock number

Instruction number 1 2 3 4 5 6 7 8 9
LD R1,... IF IS RF EX DF DS TC WB

DADD R2,R1,... IF IS RF Stall Stall EX DF DS
DSUB R3,R1,... IF 1S Stall Stall RF EX DF
OR  R4,R1,... IF Stall Stall IS RF EX

Figure2-9: A load instruction followed by an immediate use results ircacke stall
[4, pp. A65]

Another example woulte fromFigure2-9. Normal forwarding path can be used after

2 cycles, so the DADD and DSUB get the value by forwarding after the stall. The OR
instruction gets the value from the register file. Since the two instructions after the load
could beindependent and hence not stall, the bypass can be to instructions that are 3 or

4 cycles after the load.
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2.4 Memory Hierarchy

Basically, there is a tradeoff among the access time, cost and capacity of the memories.
Fast memories with short accéisse, like CPU registers and cache are low in capacity
and high in cost. On the other hand, a cheap and large capacity memories, where its

capacity is up to TBs (Terabytes), like the magnetic tape or optical disk, would has an

extremely long access time.

More Costly

Access
Times

ins—p2ns

Regisfers

........ Less Costly
agneti
-_h____hhh_“f_c Tape (Robotic Librar:
o larigg)

* If volume is mounted ———

Figure2-10: The Memory Hierarchy8]

FromFigure2-10, we also get to know that the faster memory is closer to the processor,
while the slower memory is relevantly further. The goal is to provide a memory system
with cost per byte as low as the cheapest level of memory and speed almost as fast as
the fastestlevel. Therefore, we have to take advantage by utilizing the memory

hierarchy and implements the suitable memory system in order to speed up the

processor perform ance.
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24.1 MIPS R4000Memory Organization

Cache memory is used in R4000 to speed up the memory access process, thus speed up
the performance of the processéigure 2-11 shows the R4000 system memory
hierarchy. The R4000 processor has twechip primary caches, the instruction cache

(I-Cache) ad the data cache (Pache) which holds instructions and data respectively

[71.

R4000 CPU

o
Registers Registers I &
@
Q
14

3

I-cache D-cache

[}
Primary Cache 2
r&
[&]

\

S-c‘ache Faster Access  Increasing Data
Y, Time Capacity

A
Main Memory I

Disk, CD-ROM,

Memory

Tape, etc.

Peripherals

Figure2-11: R4000 Logical Hierarchy of Memoly, pp. 244]

In the logical memory hierarchy, caches lie between the pracesgbthe main
memory (RAM). They are designed to speed up the instruction and data memory
accesses. Fromigure2-11, each functional block has a larger capacity to hold more
data than the block above it. For illustration, the main memory has a larger capacity

compared to the secondary cache.

However, at the same time, each functional block takes longer time to Hwessy
block above it. For instance, it takes longer to access data in main memory than in the
CPU onchip registers. This is what the tradeoff among the access time, cost and

capacity of the memories mentioned in the previous section.

Bachelor of Information Technology (Honours) Computer Engineering 20
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapter 2: Literature Review

25 Cache

2.5.1 CacheOperation [5], [7]

Caches provide fast temporary data storage, and they speed up the memory accesses
transparent to the user. In general, the processor accessesesidet instructions or

data through the following procedure:

1. The processor sgmpts to access the next instruction or data in the primary

cache through the echip cache controller.

2. The cache controller checks to see if this instruction or data is present in the
primary cache.
1 If the instruction/data is present, the processomenats it. This is called
a primary cache hit.
1 If the instruction/data is not present in the primary cache, the cache
controller must retrieve it from the secondary cache or memory. This is

called a primarycache miss.

3. If a primarycache miss occurs, the cache controller checks to see if the
instruction/data is in the secondary cache.
1 If the instruction/data is present in the secondary cache, it is retrieved
and written into the primary cache.
1 Ifthe instruction/datasinot present in the secondary cache, it is retrieved
as a cache line from the main memory and is written into both the

secondary cache and the appropriate primary cache.

4. The processor retrieves the instruction/data from the primary cache and

operation catinues.

It is possible for the same data to be in three places simultaneously: main memory,
secondary cache, and primary cache. This data is kept consistent through the use of
write back methodology, that is, modified data is not written back to menmbitythe

cache line is replaced and tlisviously reduces the frequency of writing data into the

main memory.
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2.5.2 MIPS R4000 Cache Support and Brief Description

As shown inFigure 2-11, the R4000 contains separate primary instruction and data
cacheslt also shows thatertain types othe R4000 supports a secondary cache (S
Cache) which can be split into two separate portions where one portion containing data
and the other portion containing instructions. It is also possible to act as a joint cache,
holding combined instructions and d@fh

Table 21 lists the cache and cache coherency support for the three types of R4000

models.
R4000 Su.pport Support Support
Model Primary Secondary Cache
Cache? Cache? Coherency?
R4000PC Yes No No
R4000SC Yes Yes No
R4000MC Yes Yes Yes

Table2-1: R4000 Cache and Coherency Supporpp. 246]

However, this project may only focus likely same as the R4000PC model which support

only the primary cache. The block diagram of R4000PC is showigime2-12.

Primary Cache Only

= Main Memory I

R4000PC

Cache Controller
A
v
\

|-cache I

D-cache

Primary
Caches

Figure2-12: Cache Support in the R4000F pp. 247]
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2.5.3 Organization of the Primary Data Cache (BCache) in R4000

Each line of primary Ecache data has an associateeb29ag that contains a Zit
physical address,-Bit cache line state, a writgack bit, a parity bit for the physical
address and cache state fields, and a parity bit for the vade bit. Byte paty is used
on D-cache datd7]

The R4000 processor primarydache has the following characteristics:
A write-back
A directmapped
A indexed with a virtual address
A checked with a physical tag
A organized with either a-word (16byte) or 8word (32byte)cache line

Figure2-13 shows the format of a®ord (32byte) primary Dcache line.

28 27 26 25 24 23 0
|W’ wW|P Ccs PTag
1 1 1 2 24
71 64 63 0

w’ Even parity for the write-back bit

W Write-back bit (set if cache line has been written)
P Even parity for the PTag and CS fields

Cs Primary cache state:

0 = Invalid in all R4000 configurations
1 = Shared (either Clean or Dirty) in R4000MC configuration only
2 = Clean Exclusive in R4000SC and MC configurations only
3 = Dirty Exclusive in all R4000 configurations
PTag  Physical tag (bits 35:12 of the physical address)

DataP  Even parity for the data
Data Cache data

Figure2-13: R4000 8Word Primary DCache Line Formd, pp. 249]
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25.4 MIPS R4000Cache Write Policy

The R4000processor manages its primary and secondary caches by using the write
back policy. The written data is first stored into the caches, instead of writing it directly
to memory. In the R4000 implementation, a modified cache line is not written back to
memoryuntil the cache line is replaced either in the course of satisfying a cache miss

or during the execution of a Writeack cache instructigf].

2.5.5 Cache Unit[2]

Cache is a small temporary data storage with faster speed compared to the SDRAM. It
is placed between the processor &RRAM to speed up the memory access process.

A cache unit with writeback scheme has been modelled by @@). A write buffer is
needed for the policy to store dirty block when there is a block replacementacir

is late written back toSDRAM later. This modelled caclwan be used as theCacle

in this project Figure2-14 shows the block diagram of cache unit modelled bly [2h

32

7524' uo cac cpu_data uo_cac_cpu_stall —
—#4— ui_cac_cpu_addr uo_cac_miss —
734 ui_cac_cpu_data uo_cac_mem_read ——
—— ui_cac_cpu_read uo_cac_mem_write ——
—— ui_cac_cpu_write uo_cac_mem_sel 7;4
— ui_cac_rst uo_cac_mem_addr 74
— ui_cac_clk uo_cac_mem_data 7324

32
uo_cac_mem_lImc_data —%

uo_cac_mem_data_ready ——
uo_cac_mem_complete ——
ui_cac_ mem_ack —
ui_cac_mem_data 7324-

ui_cac_mem_Imc same ——

u_cache

Figure2-14: Block Diagram of Cache Unj2]
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2.5.6 Cache Scenarid2]

Basically, there are 4 scenarios might be happened on cache, we need to decide what to

do when these scenarios happen.

1. Read Miss

1 Receive physical address and instructions of read frormtie controller of

the CPU.
Check validity and tag for the index of the physical address points nus#
signal is produced due to either it is invalid, or the tag is different.

Cache controller asserts strobe, cycle, and read signals to SBA#tMIler to

fetch new block of data.
Meanwhile, the pipelines of the CPU are stalled.

Check LRU to determine which slot is least recently used, storeeivty
fetched block of data in it.

Set valid bit for the index pointed.

Update LRU.

Deassert the mss strobe, cycle and read signal, the pipelinesiiassalled.

2. Read Hit

T

= =2 A =

Receive physical address and instruction of read from the main controller of
CPU.

Check validity and tag for index of the physical address points to.

Miss signal is active low.

Load the selected instruction or data by determining the byte offset to host.
Update LRU.

3. Write Miss (For BCache only)

1

= =4 A4 =4

Receive physical address, data, and instruction of write from the main controller
of CPU.

Check validity and tag for the index of the physical address points to.
A miss signal is produced due to either it is invalid, or the tag is different.
Stall the pipelines.

Check LRU to determine which is least recently used.
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Cache controller asserts dim cycle, and read to SDRAM controller to access
the data in SDRAM.

If the block of data was dirty, send the block of 8 words back to SDRAM.
Fetch new block of data from SDRAM.

After the new block is updated from SDRAM, strobe, cycle, read and miss
signak are deasserted.

Perform the write.

Update LRU.

4. Write Hit (For DCache only)

1

= =_ =2 =4

Receive physical address, data, and instruction of write from main controller of
CPU.

Check validity of tag for index of the physical address points to. Miss

signal is activdow.

Update the selected instruction or data.

Update LRU.
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2.6 UC Berkeley EECS Final Project- 8-Stage DeegPipelined MIPS Processor

In this project,Otto Chiu, Charles Choi, Teddy Lee, MHit Leung, Bruce Wang
designed an-8tageDeepPipelined MIPS ISA Compatible Processor. Forwarding path
and branch predictor is built to improve the processor performance. Other features

include the unsigned multiply and division and the jump target predicr

Figure2-15: Berkeley EECS Final Projeefull Schematic of &tage Pipeline

Processof10]

The above is still not the main focus of the project. The highlight is the way they build
and spilt the pipeline stages into 8 stages. In their project, as mentioned in the title, the

processor is pipelined into 8 stages. The eight stages are as below:

I= . Instruction Fetch

PR : Predict and Register
ID : Decode

EX : Execute

MR : Memory Read

MW : Memory Write

WB : Write Back

FW : Forward (WB to ID)

= =/ 4 4 -4 A - -2

The processor performance is improved due to the deeper pipeline introduced. However,
from Figure2-15, when we look through the pipeline by stages, we can actually notice

that the logic may not be evenly distributed. This may lead to unmaximize perf@manc
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for the processor. The logic used at WB and FW stage is relevantly less compared to
other stages.

As what is stated in the problem domain, the MEM stage of the basag8 pipeline
processor actually contributes to the longest timing delay, whiclawsay, it dragged

the clock rate of the processor, thus, reduced the processor performance. The key
solution is to balance the timing delay by evenly distribute the logics among the pipeline
stages, for example, decompose and realign the pipeline dtagesquire longer delay

into several clock cycles. Hendee unmaximize performance of the processor is the

weakness for this project.

2.7 Design of6-stage Pipeline Processdi 2]

Wen JunO6s project i s t heSinular mthis propee,MMen f or
Jun actually designs thestage Pipeline Processor by improving the timing delay of
the pipeline stages in the baskstage pipeline processfi2]. In his project the IF

stage of the Btage pipeline is decomposed and realigned into 2 extra stages which is
IF and IS stage. Primary Instruction Cache is implemented in his design to speed up the
instruction memory access. However, due to time and manpower condtfamtjun

is unable to continue improving the MEM stage ofghecessor developing itinto a 7

stage pipeline processor.

Figure2-16: The Structural View of the 3Bits RISC 6stage Pipeline Procesqad2]
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Chapter 3: Proposed Method / Approach

3.1ProposedSolution

In order to shorten the timing delay of the memory access in the bssigépipeline
processor, the-Stage pipeline of the processor will be spilt ifitstage pipeline. In

this project, the MEM stage of the basistage pipeline processor is decomposed and
realigredinto 2 new stages in thé-stage pipeline processor. Data cachecédhe) is
introduced and used for the data memory access to improve and increase the speed of
data memory access significantly. Cache unit designed by seniors of UTAR Computer
Engineering Course will be reviewed and utilized in this caee D-Cache will be

spilt into two separate stages with balanced lotgiagmprove the overall timing delay

of the processoAn extra stage is reserved for the TLB to be implemented in the future.

3.2General Design Methodologyand Work Procedures
Three types of design methodologies are available for the digital system design process.

These three methodologies are as below:

I.  Top-down design methodology
II.  Bottomup design methodology
lll.  Mixed design methodology

In this project, the tojplown design methodology will be used to design and develop
the 7-stage pipeline processor (MEM stages). By using thedtomn design
methodology, the tofevel representation of the chip is first defined, followed by each
lower-level representation based on several important criteria such as functionality and

speed.
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3.2.1 RTL Design Flow

The RTL design flow will be used throughout the whole project in designing and

developingthe 7-stage pipeline processor (MEM stagdapure 3-1 shows the RTL

design flow. In this project, the miciarchitectural level design of the RTL design flow

will be emphasized and focus more as the hardware to be designed for the MEEM stage

of the7-stage pipeline processor is in unit level.

‘ Written Specifications |

l Arch Level
C: Executable Specification
[

v

uArch Specification
(Partitioning)

—
~~AlUnit Level Spec, Modeling
and Verification
T L Mirco-architecture

—

Level Design

A Block Level Spec,
(/ Modeling and Verification

le—— 1

L Q Logic Synthesis for FPGA‘
— l o]

O Physical Design ]
Figure3-1: RTL Design Flow

3.2.2 Micro -architecture Specification

Micro-architecture specification will describe the internal design oftage pipeline

processor (MEM stages). The internal desifthe 7-stage pipeline processor (MEM

stage) will be described with detailed desigpecific technical information for the

RTL coding. In this project, the unit level of tifestage pipeline processor (MEM

stages) will include the following information:

T Functionality / Feature description
T Interfaces and I/O pin description
T Critical unit I/O timing and delay requirements
1 Functional partitioning into blocks and intelocks signaling
1 Test plan (focus on functional test)
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3.23 RTL Modeling and Verification

After the microarchitecture specification is well developed, the RTL coding af-the
stage pipeline processor (MEM stagenay begin. RTL models at each level are
verified for functional correctness after the RTL codiaglone. During the project
development, the design flow should be done and repeated untistage pipeline
processor (MEM stage) designed and built meet all the specific functional requirements.
Once the RTL models are successfully built and me#t@aBpecified requirements and
specifications, logic synthesis should be carried out on the targeted technology which
is the FPGA technology in this project.

3.24 Logic Synthesis for FPGA

After the7-stage pipeline processor has been functionallyiedrithe model is said to

be ready for logic synthesis. Logic synthesis is the process of converting the RTL
coding into an optimized gate level representation (a netlist). Based on the logic
synthesis result, the gate level netlist is verified againuoctfonal correctness. If it

can successfully meet all the necessary specifications, the gate level netlist is now ready
for physical design. However, if it cannot meet the required specifications, depending
on the severity, corrections need to be maderaaugly to the gate level netlist, the

RTL models or thenicroarchitecture.
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3.3 ResearchMethodology of the Project

Phase 1: Studgnd researcthe basic Estage pipeline processor.

In this phase, the pipelinmicroarchitecture of the basig-stage processor will be

studied. The weakness of the bas&t&ge pipeline processor is focused and should be
improved after this project is done. MIPEMO0ISA will be used as the study case

this project. Besi des, viewekin thie project.rFérs wor

example, the 3Dit RISC 5stage pipeline microprocessaricroarchitecture will aid
this project dot [13]. Figure3-2 show the 3zbit RISC 5stage pipeline microprocessor

microarchitecture drawn bigiat [14].

< IF ) < D >‘ EX } < MEM > EWBi
f : Multiphier | Multiphier | Multphier | PPlabiree |
i Stage 1 | Regilter Stage2 [ »LLO_reg |
Branch Branch
Predictor Predictor
> > Adds g ]
Register ress 32
Boot 0 ReE ALU
—> Rou E File Read > ?,, - Decoder ‘% PIC '% Register
Nex} PC a .‘_’.l o| DCache - gI File Write
g £ & l
8 E Stack and
—» ICache 2 2 5 Data RAM &
i J = Y
: b > »E
= e e
i A Ll A Cirl A Cul . A Crl il
— tr] trl trl
o] M 1AL Com -y foeeeeore e S EE > A
(e Contor | 3 3

A Cul Interlock

Interlock
Control Forwarding Control Control

Figure3-2: The RISC32%-stage pipelinenicroprocessomicroarchitecturg14]

Phase&: Gather requirement data

Deep pipelining
In this phase, the pipelimmicroarchitecture of the -8tage deejpipelined processor
will be studied. The Final Project 1 from EECS, UC Berkeley will be reviewed in detail

and is used as the guidance for this project. The weakness of the project mentioned

should also be identified and jproved in this project. Other than that, the MIPS R4000

processor from the industry will also be reviewed.
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Caching
D-Cache will be used to improve thpegd of data memory access for thetage

pipeline processor designed in this project. The canfite designed and modelled in
FICT, UTAR Computer Engineering program will be reviewed and modified to be

utilized in this projecif2].

Phase3: Design and Implementation

The MEM stage of the basiediage pipeline processor will be spilt itphases which
are DFand TC stage in thé-stage pipeline processor. Instead of only one memory
block, D-Cache and flash memory are implemented in7tiseage pipeline processor.

D-cache unit will be decomposed and pipelined into 2 separate stages

D-cache

For data load, the data stored in the data memory with the memory address specified
by the ALU will be loaded to the register file block. If the memory address specified is
found in the cache and read immediately in only one clock cycle, it is called read hit,
otherwise, it is called read miss. The processor pipeline will be stalled to allow the data
of that particular memory address to be transferred into the cache #rstutt read

by the processor. After all, the processor pipeline will resume full run state.

For data store, the output of the register file will be stored to the data memory with the
memory address specified by the ALU. If the memory address specif@idin the

cache, it is called write hit and the data would be written to the cache and write back to
the data memory based on the write policy set. In other hand, it is called write miss.
The processor pipeline will be stalled to allow the data of plaaticular memory
address to be transferred into the cache. The memory address is now found on the cache
and is ready to be overwritten with new value. After all, the processor pipeline will

resume full run state.

The process from checking the presentéhe memory address in the cache till the
reading or writing of data requires several clock cycles. This insists that decomposing
of cache units modelled by seniors is required so that the cache unit would function

optimally following the processor pipak execution cycle.
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Cache Controller

As the Dcache unit is decomposed irfi@eparate stages, the cache controller needs to
be modified. All the states in the cache controller are reviewed and analyamter

to be modified so that the control signetaild synchronized with the-Bache pipeline
stages. Besides, the new cache controller will be implemented using Registered Mealy

Machine instead of Moore or Mealy Machine.

Pipelining

The datapath unit is also decomposed in&iage. In this projecthe stage affected
would be the existing MEM stages in thestage or &tage pipeline processor. It is
then decomposed into 2 stages which will be known as DF and TC stage that is similar
to the pipelined BCache. Besides,ué to the increment in pipelirsgages introduck

and in order to stall the processor pipeline during the cache miss, the forwarding block
and interlock block of the processor requires modificatibhe control path unit
requires modification too so that the control signals are connectedpective stages

correctly.

After the microarchitecture specification is well developed, the RTL coding af-the

stage pipeline processwaill also be done in this stage.

Phased: Logic Synthesis of FPGA

The RTL codingfrom the previous phase is converiatb an optimized gate level

representation (a netlist). Based on the logic synthesis result, the gate level netlist is
verified again for functional correctness. If it can successfully meet all the necessary

specificdions, the gate level netlist is now ready for physical design.
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3.4 Design Tools

Each stage of the design jobs requires the use of appropriate design tools to help to
automate the design work. Hence, there exist Electronic Design Automation (EDA)
tods for digital system design work at each particular level of abstraction. Since
Verilog Hardware Descriptive Language (HDL) will be used to design the RTL model
of the 7-stage pipeline processor, hence, a Verilog simulator is definitely needed to
emulatethe Verilog HDL.

Some of the Verilog simulator ghown in Table-1 and comparison are made.

_ Incisive Enterprise _
Simulator . ModelSim VCS
Simulator
Company cadence G%gm?sr S‘/"[]PS‘/S
1 VHDL-2002 1 VHDL-2002 1 VHDL-2002
Language
1 V2001 1 V2001 1 V2001
Supported
1 SV2005 1 SV2005 1 SV2005
Platform 1 Sunsolaris 1 Windows OS
_ _ 1 Linux
supported { Linux {1 Linux
Availability for X v X
free? (SE edition only)

Table3-1: Comparison among Verilog Simulator

Based on the comparison above, it is clear that the ModelSim from Mentor Graphic is
the best choice among others to be chosen and used as the design tool for this project
as it offers aree license for Student Edition version. Even though there is still certain
degree of limitations on the ModelSim Student Edition version, it is adequate to be used

for this project. In addition, it is considered lightweight compared to the rest simulator.

In terms of the synthesis tools, there are a lot of logic synthesis tools targeting FPGA

in the market. Among all of them, Xilinx Vivado Design Suite is selected for this project
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as it is able to support the FPGA that we have in UTAR and the most anpisrit is
freely available in UTAR.

3.4.1 ModelSim PE Student Edition 10.5

ModelSim from Mentor Graphic is the indusisading simulation and debugging
environment for HDEbased design in which its license can be obtained freely by a
student. The student version of the ModelSim is sufficient to be used for Verilog design
stimulaion in this project. Furthermore, ModelSim supports the Verilog and VHDL
languages. This stimulator is also able to provide syntax error checking and waveform
simulation which play an important part in developing the project. The timing diagrams
and the vaveforms are very useful in verifying the model functionalities after writing

the testbench.

3.4.2 PCSpim

PCSpim is a Windowbased software stimulator that loads and executes assembly
language program for the MIPS RI&t@icroarchitecture. It provides @sple assembler,
debugger and a set of operating services, thus, it is used for developing the MIPS test

program for functional verification in this project.

3.4.3 Xilinx Vivado Design Suite

Xilinx Vivado Design Suite is a software designed for synthesis and analysis of HDL
designs which enables the developers to synthesize their designs, perform timing
analysis, examine RTL diagrams, simulate
configure the target device with the programmer easily.
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3.5 Technologies Involved

3.5.1 Field Programmable Gate Array (FPGA)

As what is mentioned, the logic synthesis of Thgtage pipeline processor will be
eventually carried out on the FPGA tectogyl. The FPGA technology is actually an
integrated circuit (IC) that is programmable in the field after manufacture. FPGAs have
been used widely by engineers in the design of specialized integrated circuits that can
be later produced hamlired in large qalities for distribution to computer
manufacturers and end users. It is commonly selected for prototype development due
to its benefits of cost efficiency, high flexibility and good scalability when compared

to the other technologies.

3.6 Implementation Issues and Challenges

This project tends to improve thiening delay for each pipeline stage of #dsting
32-bits RISC pipeline processor. Additional pipeline stages are inserted at suitable
position to obtain a lower timing delay for each stages.thncrease the overall
performance of the pipeline processor. However, inserting additional pipeline stages
requires modification on some functional units and block like control path unit,
interlock block, and forwarding block to ensure its functionblsiness. It is necessary

to study the whole existing pipeline processor before starting to work on it. Moreover,
some RTL modelling of the existing pipeline processwoe lack of complete
documentations which requires hard work to identify their fundiesed orsolely the

Verilog model.
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3.7 Timeline
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Chapter 4: System Specification

4.1 System Overview

The T7stage pipelined processor is built based on the exististade pipelined
processor developed by seniors from FICT, UTAR.-St&)e pipelined processor is
built by Teng Werdun by decomposing and pipelining thédche and branch predictor
in IF stage into three separate sta§fe®]. In this project, the BCache will be
decomposed and pipelined into two separate stages, which produsega pipelined

processor in the end.

4.2 SystemDesign and Specification

The 7stage pipelined processor made up of three main parts, which is the Central
Processing Unit (CPU), memory system and input/output (I/O) sygi&in The
developed processor is compatible to thebB2 MIPS ISA.49 instructions, covering
arithmetic instructions, logical instructions, data transfer instruction, program control
instruction and system instruction classes. Next,-level memory hierarchy is
developed for its memory system. The first level memorgists10f caches, which are
I-Cache and BCacheBootROM, and Data and Stack RAM. The second level memory
consists of the flash memory. Besides, the 1/0O system of this processor consists of GPIO
controller, SPI controller and UART controller which is uded data transfer with

other communication devices. The priority interrupt controller works with the
coprocessor 0 (cp0) and is mended to deal with multiple interrupt raised at the same
time based on the priority level set for various exceptions. A brarettictor is also
implemented to improve the performance of the processor. Figliie the next page

showsthearchitectural overviewf the 32-bits RISC 7-stagepipeline processor
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LEDs,
ZigBee EEPROM Sensors
SPI UART GPIO
CPU Controller |Controlle Controlle

I-CACHED-CACHE

t 3
ey vt

System Bus

Priority
RAM | | RAM || interrupt
controller
Flash Flash
Controlle Memory

Figure4-1: Architectural Overview of th®ISC32 Process¢i4]

Table 41 belowshows the %&tage pipeline processor specifications in detail.

Pipeline

Frequency (N50
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£ 5 - 8kBytes RAM (DkBywic&s
g_oO 1BytDecsaché&12Bytes Men
og? Register
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w— i nterfa
Parti al Bi tOXx00A8 0000O0
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4.2.1 32bits RISC 7-stage Pipeline Processor Design Hierarchy

Table 42 shows the #tage pipeline processor design hierarchy. The processor
developed is classified into 4 main levels, which are chip level, unit level, block level,
and sukblock level.

Chip Level | Unit Level Block Level Subblock Level
Processor | Data Path unit Branch Predictor
chip (udata_pathy block
(crisc3) (bbp_4way)
Register file block
(b_rf)
Forward control
block
(bfw_ctrl3)
Interlock control
block
(bitl_ctrl_v2
Co-processob block
(b_cp0)
Arithmetic Logic
block
(b_alb)
Multiplier block adder_Ivl1l
(b_mult) adder_IvI2
adder_IvI3
adder_Ivl4
adder_Ivl5
adder_Ivl1_firstrow
add_Ivl1l_lastrow
adder_Ivl2_lastrow
sub_Ivll_lastrow
Address decoder
block
Bachelor of Information Technology (Honours) Computer Engineering 42
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(baddr_decodewn?)

Control path unit
(uctrl_path)

ALB Control block
(balb_ctrl)

Main Controlblock

(bmain_ctrl)

Instruction Cache uni

(upipelined_cache)

Cache Controller
block
(bcache_ctrl_§)

Cache RAMblock

(bcache_ram)

FIFO Controller
block
(bfifo_ctrl)

FIFO block
(bfifo)

Data Cache unit
(upipelined_cache?2)

Cache Controller
block
(bcache_ctrl_86)

Cache RAMblock
(bcache_ram)

FIFO Controller
block

(bfifo_ctrl)

FIFO block

(bfifo)
FlashController unit | FIFO block
(ufc) (bfc_FIFO)

Flash ControlleESM
block
(bfc_fsm)

Bachelor of Information Technology (Honours) Computer Engineering
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Flash Controller
Clock Generator
block
(bfc_clk_gen)

FlashController
Transmitterblock
(bfcTX)

Flash Controller
Receivemlock
(bfcRX)

UART Controller unit| UART Transmitter
(uuart_v2) block (btx)

UART Receiver
block
(brx)

UART Baud Clock
Generatoblock
(bclketr)

SPI Controller unit SPI Clock Generator
block
(bspiclk_gen)

Receiveblock

(bspiRX)
Transmitteblock
(bspiTX)
SPI 1/O controblock
(bspilO_ctrl)
FIFO block
(bFIFO)

GPIO Controller

(ugpio_v2)

Data RAM

(uram)

Bachelor of Information Technology (Honours) Computer Engineering
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Boot ROM

(uboot_rom)

Programmable Priority resolver
InterruptController block
unit (bpic_resolver)

(upi_ctrl_v2)

Memory Arbiterunit

(umem_arbiter)

Table4-2: 7-stage Pipeline Processor Design Hierarchy
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4.2.2 Microarchitecture of 32bits RISC 7-stage Pipeline Processor

The 32bits RISCpipeline processor developed consists of 7 hardware stages, which
are Instruction Fetckirst stage (IF), Instruction Fetcdecond stage (IS), Register
Fetch Stage (RF), Execution Stage (EX), Data Fetch Stage (DF), Tag Check Stage (TC)
and Write Back Stag@/VB). Hardware components are allocated in respective stage.
A total of seven clock cycles is needed for a single instruction to complete its execution.

Figure 42 below shows théunctionalview of the 7stage pipeline processor.

IF 1S 1D EX i DF i TC i  WB
“—> < > <€ > <€ »<€ > E—> >
Newt PC Forwarding Control Multiplier | Multiplier | Multiplier HI reg Write
< - v Stage | | Register | Stage2 tLO_reg Write
Branch Branch Branch Cirl
Predictor Predictor Predictor =
~ache ~ache ~ache Register File >
bl ICache . ICache . ICache |-—rpf ReEREL 5 5 5 g
] 2 HI_reg Read &l &l -l L
E‘ E| LO_reg Read 5 5 B 3|
g g £ £ £ DCache H | )
Boot = ol 3 g 3| \% 'i_)_ Register
ROM z 2 £ & z [ [File Write
b a i % u. E =
E E : = E 8 =
L pC | T > > >
= : Cirl Ctrl Cirl Cirl
@ E M A A A A
{3l Control [1PA ontrol ""‘)}r L | L >
; A

ry
locl
trol

Yy i PR A
Tnterlock Control [Interlock Control | [ Interlock Control |
Control Con

Figure4-2: The StructuralView of the 32bits RISC 7stage Pipeline Processor
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4.2.3 Memory Map

The virtual and physical addresses are used in the implementation of memory space of
the 7stage pipelined processdihe virtualaddress is used for the purpose to access
program instruction and data; The physical addresses is used for the purpose to allocate
physical memory in flash memory, Data and Stack RAM and boot ROM. FigBre 4

shows the memory map of the-BRs RISC pipelne processor.

Virtual Memory

0xC000_0000
OxBFFF_FEOO

Physical Memory

0x2000_0000
Ox1FFF_FEOD

1/O peripherals register [+ 1/O peripherals register | 4

OxBFCO_1000
OxBFCO_0000 Ox1FCO_1000

Ox1FCD_0000

KSEG1
0xADO2_2000

FLASH
0xAD02_1000 . RAM
0xADO2_0800
OxA002_0000 BOOT ROM

KSEGO/

OxAO00_0000 KSEG1

0x0002_2000

0x0002_1000
0x0002_0800
O0x0002_0000

data 0x0001_FB00
.rodata 0x0001_F400

A pess
data
data
rodata

Exception handler

KSEGO

0xB001_FFFF
0x8001_FBOO
0x8001_F400

Exception handler

0x0001_B400

0x8001_B400

User program code User program code

0x8000_0000

0x0000_0000

Figure4-3: Memory Map of the 3its RISC pipeline processfir3]

Table 43 discussed the use of various memory allocation.

Memory Usage Description Memory Size
I/O peripheral Used as the memory-mapped registers for | 512 bytes
register I/O peripheral controllers.

Boot code Used to store bootloader program code for | 4k bytes
initial system configuration when powered
on.

Stack Used by procedure during execution to store | 8k bytes
register values.

Heap Used to hold variables declared dynamically.

Exception handler | Used to store the exception handler codes. 16k bytes

User program code | Used to store user program codes 128k bytes

Table4-3: Memory Map Descriptiofil 3]
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4.3 32bits RISC 7-stage Pipeline Processor Chip Interface

crisc

— uirisc_clk_100mhz urisc_GPIO[31:0] «—>
—— uirisc_rst
uiorisc_spi_mosi «—»
uiorisc_spi_miso *—>
uiorisc_spi_sclk «<—»
uiorisc_spi_ss_n €—»

——> uirisc_ua_rx_data uorisc_ua_tx_data —»
—» uirisc_fc MISO1 uorisc_fc_sclk —»
—— uirisc_fc_ MISO2 uiorisc_fc MOSI <—»
—» uirisc_fc MISO3 uorisc_fc_ss —»

Figure4-4: Chip Interface of the 3Bits RISC 7stage Pipeline Processor

4.4 PinDescription of the 32bits RISC 7-stage Pipeline Processor
4.4.1 Input Pin Description

Pin Name : uirisc_clk_100 PinClass : Global Pin Size : 1 bit
mhz

source to ExternalC crisc

Destination

Pin Function : To synchronizehesignals inthe pipeline processor

Pin Name . uirisc_rst Pin Class : Global Pin Size : 1 bit

source to ExternalC crisc

Destination

Pin Function : Toreset the pipeline processor

Pin Name . uirisc_ua_rx_da PinClass : Data PinSize : 1 bit
ta

source to ExternalUARTC crisc

Destination

Pin Function : UART standard pin: @ receive UART serial data

Pin Name : uirisc_fc_MISO PinClass : Data PinSize : 1 bit
1

Source to <.

Destination Flash memoryC crisc

Pin Function : SPI protocol serial pin

Pin Name . uirisc_fc_ MISO PinClass : Data PinSize : 1 bit
2

Source to <.

Destination Flash memoryC crisc

Pin Function : SPI protocol serial pin

Bachelor of Information Technology (Honours) Computer Engineering
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Pin Name

Source to
Destination
Pin Function

uirisc_fc MISO PinClass : Data PinSize : 1 bit

3

Flash memongC crisc

SPI protocol serial pin

Table4-4: 32-bits RISC 7stage Pipeline Processor Input Pin Description

4.4.2 Output Pin Description

Pin Name uorisc_ua_tx_de Pin Class : Data Pin Size : 1 bit
ta
Source to ExternalC crisc
Destination
Pin Function UART standard pin: @ transmit UART serial data
Pin Name uorisc_fc_sclk Pin Class : Data Pin Size : 1 bit
Source to < .
S ExternalC crisc
Destination
Pin Function SPIprotocol serial clock signal
Pin Name uorisc_fc_s Pin Class : Control Pin Size : 1 bit
Source to ExternalUARTC crisc
Destination
Pin Function To select slaves for SPI protocol

Table4-5: 32-bits RISC 7stage Pipeline Processor Output Pin Descmiptio

4.4.3 Bidirectional Pin Description

Pin Name urisc_GPIO Pin Class Data Pin Size : 32bits
Sour_cea.nd Externaldevicese crisc
Destination
Pin GPIO pins
Function
Pin Name uiorisc_spi_mos Pin Class Data Pin Size : 1 bit
Sour_cea_nd ExternalSPIé crisc
Destination
Pin SPI standard pin: Master Out Slave In (MOSI). The pin acts &
Function output pin when crisc is configured as master, else otherwise
Pin Name uiorisc_spi_nso Pin Class Data Pin Size : 1 bit
Sour_cea_nd ExternalSPIé crisc
Destination
Pin SPI standard pin: Master In Slave Out (MISO). The pin acts &
Function input pin when crisc is configured as master, else otherwise.
Pin Name uiorisc_spi_sclk Pin Class Control Pin Size : 1 bit
Sourceand . :
Destination ExternalSPIé crisc
Pin SPI standard pin: Serial Clock Signal. Used for data
Function synchronization. The pin acts as an output pin when crisc is
configured as master, else otherwise.
Bachelor of Information Technology (Honours) Computer Engineering 49
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Pin Name . uiorisc_spi_s_ n PinClass : Control Pin Size : 1 bit
Sourpea_nd ExternalSPIé crisc

Destination

Pin . SPI standard pin: Slave Select Control Signal. The pin acts &
Function " output pin when crisc is configured as master, else otherwise
Pin Name . uiorisc_fc_MOSI Pin Class : Data Pin Size : 1 bit
Sour_cea_nd Flash memorg crisc

Destination

Pin . SPI protocol bidirectional pin

Function

Table4-6: 32-bits RISC 7stage Pipeline Processor Bidirectional Pin Description

Bachelor of Information Technology (Honours) Computer Engineering 50
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Chapter 5: Microarchitecture Specification

5.1 Pipelined CachdJnit (D-Cache)
5.1.1 DCache Functionality

1 Increase and improve the speed of memory access by storing a small fraction of

data from the main memory.

Output desired data to the processor whessues a READ instruction.

Write data into desired location as instructed by the processor.

Stall the pipeline of the processor when READ MISS or WRITE MISS occur.

= =A A =

Check with FIFO block or communicate with the flash memory controller to
fetch new block otlata when READ MISS or WRITE MISS occur.

5.1.2 Pipelined CachéJnit Block Diagram
Figure 51 below shows the block diagram of tRipelinedCacheUnit.

uicac_cpu_addr
- = uocac_cpu_data
uicac_cpu_data
U uocac_mem_addr
uicac_cpu_read
—Cpu uocac_mem_data_wr

uicac_cpu_write uocac_mem_lmc_data

uicac_mem_data_rd uocac_cpu_stall

uicac_mem_ack uocac_miss

uicac_mem_lmec_same uocac_mem_read

uicac_reconfig uocac_mem_write

uicac_cp0_exc_flag uocac_mem_data_ready

uicac_pipe_stall uocac_mem_sel

T TTT T ¥eeere

uicac_fw_load_data uocac_mem_write_done

uicac_mem_busy

uicac_rst

HENERERERRSNNE

uicac_clk

upipelined_cache2

Figure5-1: Block diagram oPipelinedCacheUnit
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5.1.3 Pin Description of thePipelined Cache

Input Pin Description

Pin Name uicac_clk Pin Class : Global Pin Size 1 bit

Source to = L

Destination ExternalC upipelined_cacHe

Pin Function To synchronize the signals in the pipeline cache

Pin Name uicac_rst Pin Class : Global Pin Size 1 bit

Source to < L

Destination ExternalC upipelined_cacHe

Pin Function To reset the pipeline cache

Pin Name uicac_cpu_addr Pin Class : Addr. Pin Size : 32 bits

Source to < L

Destination udpC upipelined_cach

Pin Function Address to be used to access the cache RAM

Pin Name uicac_cpu_data Pin Class : Data Pin Size : 32 bits

Source to = .

Destination udpC upipelined_cach

Pin Function Data to be written into the cache RAM

Pin Name uicac_cpu_read Pin Class : Control Pin Size 1 bit

Source to = .

Destination uctrl_pathC upipelined_cachz

Pin Function Enable read from cache RAM

Pin Name uicac_cpu_write Pin Class : Control Pin Size 1 bit

Source to = .

Destination uctrl_pathC upipelined_cachz

Pin Function Enable write to cache RAM

Pin Name uicac_mem_ack Pin Class : Control Pin Size 1 bit

Source to X -

Destination umem_arbiteC upipelined_cachz
To acknowledge status of the flash memory.

Pin Function HIGH: Data from flash memory is ready.
LOW: Flash memory is ready to receive data.

Pin Name uicac_mem_date Pin Class : Data Pin Size : 32 bits
_rd

Source to < X .

Destination Flash memoryC umem_arbiteC upipelined_cache

Pin Function Carries data read from flash memory

Pin Name uicac_mem_Imc_¢ Pin Class : Status Pin Size 1 bit
ame

Source to X .

Destination umem_arbiteC upipelined_cachz

Pin Function Indicates the configuration of flash memory is same when HI(

Pin Name uicac reconfig  Pin Class : Control Pin Size 1 bit

Source to < o

Destination ufc C upipelined_cactHe

Pin Function Stop the cache operation f@configuration purpose when HIGH

Pin Name uicac_cp0_exc_1 Pin Class : Control Pin Size 1 bit
lag

Bachelor of Information Technology (Honours) Computer Engineering 52
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gglsjtri?;:%n udpC upipelined_cacte

Pin Function Stall the cache pipelines when exception occurs.

Pin Name uicac pipe stall PinClass : Control Pin Size : 1 bit

gglsjtrﬁlea:%n udpC upipelined_cacte

Pin Function Stall the cache pipelines.

Pin Name uicac fw_load_d Pin Class : Control Pin Size : 1 bit
ata

ggg{ﬁ%{%n bfw_ctrI3C udpC upipelined_cach

Pin Function Indicateshe forwarding of cache ram loaded data from TC to
stage.

Pin Name ui_cac_mem_bu Pin Class : Control Pin Size : 1 bit
Sy

I:S)lejtricneaéi%n ufc C upipelined_cach

Pin Function Indicates flasimemory is busy when HIGH.

Table5-1: Pipelined Cache Input Pin Description

Output Pin Description

Pin Name uocac_cpu_data Pin Class : Data Pin Size 32 bits

Source to . -

Destination upipelined_cacheC udp

Pin Function Data or instruction from cache RAM output to the processor.

Pin Name uocac_cpu_stall Pin Class : Control Pin Size : 1 bit

Source to o =

Destination upipelined_cach€& udp

Pin Function Stallthe processor stage pipelines when CACHE MISS.

Pin Name uocac_miss Pin Class : Status Pin Size : 1 bit

Source to . - ]

Destination upipelined_cach€ umem_arbiter

Pin Function Indicates cache miss to the memory arbiter.

Pin Name uocac_mem_writ Pin Class : Control Pin Size : 1 bit
e

Source to o = .

Destination upipelined_cach€ umem_arbiter

Pin Function Send a write signal to write data into the flash memory.

Pin Name uocac_mem_reac Pin Class : Control Pin Size : 1 bit

Source to L - )

Destination upipelined_cach€ umem_arbiter

Pin Function Send a read signal to read data from the flash memory.

Pin Name uocac_mem_sel Pin Class : Control Pin Size 4 bits

Source to L - )

Destination upipelined_cach€ umem_arbiter

Pin Function To mask the 32 bits data.
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Pin Name uocac_mem_add Pin Class : Addr. Pin Size 32 bits

Source to o < )

Destination upipelined_cach€ umem_arbiter

Pin Function Address to be used to access the flash meitoafion.

Pin Name uocac_mem_date Pin Class : Data Pin Size 32 bits
_wr

Source to T < .

Destination upipelined_cach€ umem_arbiter

Pin Function Data to be written into the flash memory.

Pin Name uocac_mem_Imc Pin Class : Global Pin Size 32 bits
_data

Source to o < )

Destination upipelined_cach€ umem_arbiter

Pin Function To configuretheflash memory

Pin Name uocac_mem_data Pin Class : Global Pin Size 1 bit
ready

Source to . < )

Destination upipelined_cach€ umem_arbiter

. . To indicates that data is ready to be written back from FIFO tq

Pin Function
flash memory.

Pin Name uocac_memwrit Pin Class : Global Pin Size 1 bit
e_done

Source to o < )

Destination upipelined_cach€ umem_arbiter

Pin Function To indicate that one block of data is written into the flash

memory.

Table5-2: Pipelined Cache Output Pin Description

Bachelor of Information Technology (Honours) Computer Engineering
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5.2 Cache Controller
5.2.1 Cache Controller Functionality
1 Control the main activity in the pipelined cache unit.
Output desired data when READ HIT.
Update data when WRITE HIT.
Read data from flash memory to cache RAM when CACHE MISS.
Output control and status signal to write data back from FIFO to cache RAM.

Output control and status signal to evict dirty data from cache RAM to FIFO.

= =/ =4 A4 A -2

Output control and status signal to processor pipelines and flash memory.

5.2.2 Cache Controller Block Diagram

Figure 55 below shows the block diagram of the cache controller.

—bi_cac_ctrl_dirty bo_cac_ctrl_cpu_data_output_en
—bi_cac_ctrl_hit bo_cac_ctrl_counter 734
—bi_cac_ctrl_cpu_read bo_cac_ctrl_cache_data_select——
—bi_cac_ctrl_cpu_write bo_cac_ctrl_mem_write ——
—bi_cac_ctrl_ mem_ack bo _cac_ctrl mem_ read
—bi_cac_ctrl_lmc_same bo_cac_ctrl_mem_sel 744
—bi_cac_ctrl_fifo_hit bo_cac_ctrl_update en——
—bi_cac_ctrl_fifo_full bo_cac_ctrl_update_dirty ——
—bi_cac_ctrl_fifo_busy bo_cac_ctrl_fifo_buffer en——
—bi_cac_ctrl rst bo cac ctrl cac fifo en——
—bi_cac_ctrl_clk bo_cac_ctrl_buffer cac_en—
bo_cac_ctrl_fifo_update_valid——
beache_ctrl

Figure5-2: Block diagram of Cache Controller

Bachelor of Information Technology (Honours) Computer Engineering 55
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapters: Microarchitecture Specification

5.2.3 Pin Description of the Cache Controller

Input Pin Description

Pin Name bicac_ctrl_clk PinClass : Global PinSize : 1 bit

Source to ExternalC upipelined_cach€ bcache_ctrl

Destination

Pin Function To synchronize the signals in the cache controller.

Pin Name bi_cac_ctrl_rst PinClass : Global Pin Size : 1 bit

Source to ExternalC upipelined_cach€ bcache_ctrl

Destination

Pin Function To reset the cache controller.

Pin Name bicac_ctrl_Imc_ Pin Class : Status Pin Size : 1 bit
same

Sourpe to umem_arbite€ upipelined_cach€ bcache_ctrl

estination

Pin Function Indicates theonfiguration of flash memory is same when
HIGH.

Pin Name bicac_ctrl_mem Pin Class : Control Pin Size : 1 bit
_ack

[S)ourpe to umem_arbite€ upipelined_cach€ bcache_ctrl

estination

To acknowledge status of the flash memory.

Pin Function HIGH: Data from flash memory is ready.
LOW: Flash memory is ready to receive data.

Pin Name bicac_ctrl_cpu_ Pin Class : Control Pin Size : 1 bit
read

ggg:ﬁié&n uctrl_pathC upipelined_cach€ bcache_ctrl

Pin Function Enable readrom cache RAM

Pin Name bicac_ctrl_cpu_ Pin Class : Control Pin Size : 1 bit
write

[S)Zl;[i?’]ea:i%n uctrl_pathC upipelined_cach€ bcache_ctrl

Pin Function Enable write to cache RAM

Pin Name bicac_ctrl_hit  Pin Class : Status Pin Size : 1 bit

[S)Zl;[i?’]ea:i%n upipelined_cach€&€ bcache_ctrl

Pin Function Indicates cache hit when HIGH

Pin Name bicac_ctrl_dirty Pin Class : Status Pin Size : 1 bit

[S)Zl;[i?’]ea:i%n upipelined_cach€&€ bcache_ctrl

Pin Function Indicates the data accessed is dirty.

Pin Name bicac_ctrl_fifo_ Pin Class : Status Pin Size : 1 bit
busy

source to bFIFOC bcache_ctrl

Destination

Pin Function Indicates FIFO is busy writing data into flash memory when
HIGH.

Pin Name bicac_ctrl_fifo_ Pin Class : Status Pin Size : 1 bit
full
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Source to bFIFOC bcache_ctrl

Destination -

Pin Function Indicates FIFO is full when HIGH.

Pin Name bicac_ctrl_fifo_hit Pin Class : Status Pin Size : 1 bit
Source to bFIFOC bcache_ctrl

Destination -

Pin Function Indicates latest copy of data is found in FIFO when HIGH.

Table5-3: Cache Controller Input Pin Description

Output Pin Description

bocac_ctrl_cpu_ Pin Class : Control Pin Size : 1 bit

Pin Name data output_en
Source to = o
Destination bcache_ctrC upipelined_cache
Pin Function Indicates that data is enabled to output to the data path unit.
Pin Name bocac_ctrl_count Pin Class : Control Pin Size 3 bits
er
Source to < .
Destination bcache_ctrC upipelined_cache
Pin Function Count the data when transferring a block of data (8 words).
: bocac_ctrl_cache_d Pin Class : Control Pin Size : 1 bit
Pin Name ata_select
Source to bcache_ctrC upipelined_cach€ bcache_ram
Destination
Pin Function Choose data from flash memory to cache RAM when HIGH
Choose data from data path unit to cache RAM when LOW
Pin Name bocac_ctrl_mem Pin Class : Control Pin Size : 1 bit
_read
Source to = o
Destination bcache_ctrC upipelined_cache
Pin Function Indicates to read from flash memory when HIGH
Pin Name bo_cac_ctrl_me Pin Class : Control Pin Size : 1 bit
m_write
Source to bcache_ctrC bfifo_ctrl
Destination - -
Pin Function Indicates to write télash memory when HIGH
Pin Name bocac_ctrl_mem Pin Class : Control Pin Size 4 bits
_sel
Source to bcache_ctrC upipelined_cach€ umem_arbiter
Destination
Pin Function To mask which byte of the data from/to the flash memory.
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bocac_ctrl_updat Pin Class : Control

Pin Name

e_en
Source to < T
Destination bcache_ctrC upipelined_cache

Pin Function : Enable update of cache RAM when HIGH

Pin Size : 1 bit

bocac_ctrl_upda Pin Class : Control
Pin Name . e

_dirty
Source to

Destination bcache_ctrC upipelined_cache

Pin Function : Enable update of dirty bits in cache RAM when HIGH

Pin Size : 1 bit

bocac_ctrl fifo_ Pin Class : Control

Pin Size : 1 bit

Pin Name buffer_en

Source to . .

Destination bcache_ctrC upipelined_cache

Pin Function : Enable to write data back from FIFO to temporary buffer wh¢
HIGH

. bocac _ctrl_cac { Pin Class : Control Pin Size : 1 bit

Pin Name .
ifo_en

Source to . .

Destination bcache_ctrC upipelined_cache

Pin Function : Enable to evict data from cache RAM to FIFO block when
HIGH

Pin Name bocac_ctrl_buffer_ Pin Class : Control Pin Size : 1 bit
cac_en

Source to ~ o

Destination bcache_ctrC upipelined_cache

Pin Function : Enable to move data from temporary buffer to cache RAM w
HIGH.

. bocac_ctrl fifo_ Pin Class : Control Pin Size : 1 bit

Pin Name -
update_valid

Source to . o

Destination bcache ctrC upipelined_cache

Pin Function : Enable update of valid bits of data in FIFO block when HIGH

Table5-4: Cache Controller Output Pin Description
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5.2.4Microarchitecture Drawing of Cache Controller

Figure 56 below shows the microarchitecture drawing of the cache controller. The
cache controller developed by seniors is modified and modelled using Registered Mealy
Machine Style to improve the logic delafthe cache controller.

N Qutput Flip-
Flop

\4

bicac_ctrl_fifo_hit —— //’ SN—
fitofull — 5 _— ™
_fita_ s )
oy
t States Flip-
| Fiop 2
4 7"‘\1—»\\
bleac_ctrl k o \/ Counter Logic %» Cour}\:tlgrpF\ip— bocac_ctri_counter[2:6]
(
\\\- 7.)
N\ 4

Figure5-3: Microarchitecture Drawing of Cache Controller
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5.2.5 CacheController State Diagram

Figure 57 below shows the cache controller state diagram for both read and write
operation. A REON B$abdda@ivVAh 3§ aondicgcebray o cy
FIFO controller to return to IDLE stat@/ithout this statehe FIFO controller will still

be in he REMOVE_DATA state when the cache controller enters the
BLOCK_EVICT_2 state. This will lead to lost of datdenthe firstblock of datais

evictedfrom cache ram to FIFO block

READ_WRITE_
CACHE
BUFFER_
TO_CACHE

BLOCK_
EVICT_1

Figure5-4: Cache Contréér State Diagranil3]

LOAD_MODE

Bachelor of Information Technology (Honours) Computer Engineering 60
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapters: Microarchitecture Specification

5.2.6 Cache Controller State Definition

Table 55 shows the Cache Controller State Definition.

State Name State Definition
READ_WRITE_CACHE | Read from cache or write to cache when CACHE H
FIFO_BUSY FIFO busywriting data to flash memory.
Reset and prepare ready counter for transferring
RST CNT_1 from temporary buffer to cache RAM after cache R/
evicted data to FIFO.
FIFO_WB FIFO writes back data to temporary buffer.
LOAD_ MODE Check and load flash memory configuration

READ_WRITE_MISS

CACHE MISS

REMOVE_DATA

Remove a data from FIFO

RST_CNT 2

Reset and prepare ready counter for reading 1

memory after cache RAM evicted data to FIFO.

BUFFER_TO_CACHE

Move data from temporgibuffer to cache RAM.

BLOCK_EVICT 1

Cache RAM evicts dirty data to FIFO to receive laf
copy of data from FIFO.

BLOCK_EVICT 2

Cache RAM evicts dirty data to FIFO to receive lal
copy of data from flash memory.

WRITE_MEM Write data from FIFO tdlash memory if FIFO full.
READ_MEM Read data from flash memory.
Wait one cycle dr FIFO controller to return to IDLE
WAIT_FIFO state so that FIFO is able to receive a new copy of
from cache ram without lost of data.
Table5-5: Cache Controller State Definition
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5.3 Forwarding Block
5.3.1 Forwarding Block Functionality

1 To generate forward control signal based on the presence instruction in each
pipeline stage.

5.3.2 Forwarding Block Block Diagram
Figure 55 below shows the block diagram of twewarding block

bifw _tc jal ——
bifw_tc_jalr ——
—— bifw_id_mfc0 bifw_tc_rf wr |—
bifw _tc load ——

— bifw ex ial 5
bifw ox jalr bifw id 1s5 |7
—| bifw_ex rf wr bifw id rt5 745
— bifw_ex_hilo_acc bifw_ex_rt5_rd 754
— | bifw_ex_hi_to rf bifw_df rt5_rd [~
. ) bifw_tc_rt5_rd 754
— bifw_df jal bifw_wb_rt5_rd (<

—— bifw_df jalr
— b%fwidfirfiwr bofw rs32 ctrl 742
— b}fW,df,load bofw_rt32_ctrl 7'4
—1 bifw_df mult bofw_hilo_ctrl —*
bofw_df |——
— bifw_wb_rf wr bofw_tc |—
bfw_ctrl3

Figure5-5: Block Diagram of the Forwarding Block
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5.3.3 Pin Description of theForwarding Block

Input Pin Description

Pin Name bifw_id_mfcO Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe mfcO instruction is in ID stage
Pin Name bifw_ex_jal Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethejal instruction is in EX stage
Pin Name bifw_ex_jalr Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethejalr instruction is in EX stage
Pin Name bifw_ex_rf_wr Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe enable write to Register File operation is in EX
stage
Pin Name bifw_ex_hilo_acc Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe mflo or mfhi instruction is in EX stage
Pin Name bifw_ex_hi_to_rf PinClass : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe mfhi instruction is in EX stage
Pin Name bifw_df_jal Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethejal instruction is inDF stage
Pin Name bifw_df_jalr Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethejalr instruction is inDF stage
Pin Name bifw_df rf_wr Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe enable write to Register File operation iDR
stage
Pin Name bifw_df load Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe load instructioms in DF stage
Pin Name bifw_df _mult Pin Class : Control Pin Size : 1 bit
Source to = =
Destination ucpC udpC bfw_ctrl
Pin Function Indicatethe mult or multu instruction is iIDF stage
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Pin Name bifw_tc_jal Pin Class : Control Pin Size : 1 bit

Source to = =

Destination ucpC udpC bfw_ctrl

Pin Function Indicatethejal instruction is inT C stage

Pin Name bifw_tc_jalr Pin Class : Control Pin Size : 1 bit

Source to = =

Destination ucpC udpC bfw_ctrl

Pin Function Indicatethejalr instruction is inTC stage

Pin Name bifw_tc_rf_wr Pin Class : Control Pin Size : 1 bit

Source to = =

Destination ucpC udpC bfw_ctrl

Pin Function Indicatethe enable write to Register File operation isTi@
stage

Pin Name bifw_tc_load Pin Class : Control Pin Size : 1 bit

Source to = =

Destination ucpC udpC bfw_ctrl

Pin Function Indicatethe load instructiots in TC stage

Pin Name bifw_wb_rf wr Pin Class : Control Pin Size : 1 bit

Source to = =

Destination ucpC udpC bfw_ctrl

Pin Function To indicatetheenable write to Register File operation isTi@
stage

Pin Name bifw_id_rs5 Pin Class : Addr. Pin Size : 5bits

Source to upipelined_cachécache) / uboot_ror® udpC bfw_ctrl

Destination - - -

Pin Function Carry theaddress of source register in ID stage

Pin Name bifw_id_rt5 Pin Class : Addr. Pin Size : 5 bits

Source to upipelined_cachécache) / uboot_ror® udpC bfw_ctrl

Destination - - -

Pin Function Carry theaddress ofargetregister in ID stage

Pin Name bifw_ex_rt5 rd5 Pin Class : Addr. Pin Size : 5bits

Source to o . < <

Destination upipelined_cachécache) / uboot_ror® udpC bfw_ctrl

Pin Function Carry theaddress oflestinatiorregister inEX stage

Pin Name bifw_df rt5 rd5 Pin Class : Addr. Pin Size : 5 bits

Source to o . < <

Destination upipelined_cachécache) / uboot_ror® udpC bfw_ctrl

Pin Function Carry theaddress oflestinatiorregister inDF stage

Pin Name bifw_tc_rt5 rd5 Pin Class : Addr. Pin Size : 5bits

Source to o . < <

Destination upipelined_cachécache) / uboot_ror@ udpC bfw_ctrl

Pin Function Carrytheaddress oflestinatiorregister inTC stage

Pin Name bifw_wb_rt5 rd5 Pin Class : Addr. Pin Size : 5bits

Source to L . - -

Destination upipelined_cach@cache) / uboot_ror@® udpC bfw_ctrl

Pin Function Carry theaddress oflestinatiorregister inWB stage

Table5-6: Forwarding Blocknput Pin Description

Bachelor of Information Technology (Honours) Computer Engineering
Faculty of Information and Communication Technology (Kampar Campus), UTAR

64




Chapters: Microarchitecture Specification

Output Pin Description

Pin Name bofw_rs32_ctrl Pin Class : Control Pin Size 4 bits
Source to =
Destination bfw_ctrlC - udp
Pin Function Indicatesheforward control signal for the rs path
Pin Name bofw_rt32_ctrl Pin Class : Control Pin Size 4 bits
Source to =
Destination bfw_ctrlC - udp
Pin Function Indicatestheforward control signal for the path
Pin Name bofw_hilo_ctrl Pin Class : Control Pin Size 4 bits
Source to =
Destination bfw_ctrlC - udp
Pin Function Indicatesheforward control signal for thBlILO path
Pin Name bofw_df Pin Class : Control Pin Size 1 bit
Source to =
Destination bfw_ctrlCudp
Pin Function 1: Forward data from DF stage to EX stage.
0: No data forwarding.
Pin Name bofw_tc Pin Class : Control Pin Size 1 bit
Source to < = o
Destination bfw_ctrlC udpC upipelined_cact(dcache)
Pin Function 1: Forward data from TC stage to DF stage.
0: No data forwarding.
Table5-7: Forwarding BlockOutputPin Description
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5.4 Interlock Block
5.4.1 Interlock Block Functionality
1 To generate pipeline interlock and flush control signal based on the presence
instruction in each pipeline stage.

5.4.2 Interlock Block Block Diagram
Figure 55 below shows the block diagram of timerlock block

— biitl id load boitl I1d use pc en ——
— biitl_id_store boitl Id use ifid en ——
— biitl_id_rtype boitl idex en ——
— biitl_id_mfco boitl exdf en ——
— biitl_ex load boitl_dftc en —
— biitl df load boitl tcwb en ——

boitl 1d use flush ex |——

754 biitl id rs5
7:4 biitl id rts
—£1 biitl_ex_rt5
1 biitl_df_rts
bitl ctrl v2
Figure5-6: Block Diagram of the Interlock Block
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5.4.3 Pin Description of thelnterlock Block

Input Pin Description

Pin Name biitl_id_load Pin Class : Control Pin Size 1 bit
gglsjtrﬁlea:%n ucpC udpC bitl_ctrl

Pin Function Indicate the load instruction is in ID stage.

Pin Name biitl_id_store Pin Class : Control Pin Size 1 bit
gglsjtrﬁlea:%n ucpC udpC bitl_ctrl

Pin Function Indicate the store instruction is in ID stage.

Pin Name biitl_id_rtype Pin Class : Control Pin Size 1 bit
gglsjtrﬁlea:%n ucpC udpC bitl_ctrl

Pin Function Indicate the Rype instruction is in ID stage.

Pin Name biitl_id_mfcO Pin Class : Control Pin Size 1 bit
Es)g:tri%il:i%n ucpC udpC bitl_ctrl

Pin Function Indicate the mfcO instruction is in ID stage.

Pin Name biitl_ex_load Pin Class : Control Pin Size 1 bit
ggg:ﬁié&n ucpC udpC bitl_ctrl

Pin Function Indicate the load instruction is in EX stage.

Pin Name biitl_df load Pin Class : Control Pin Size 1 bit
ggg:ﬁié&n ucpC udpC bitl_ctrl

Pin Function Indicate the load instruction is in DF stage.

Pin Name biitl_id_rs5 Pin Class : Addr. Pin Size 5 bits
source to upipelined_cachécache) / uboot_ror® udpC bitl_ctrl
Destination pip - - P -

Pin Function Carry theaddress of source register in 1D stage

Pin Name biitl_id_rt5 Pin Class : Addr. Pin Size 5 bits
source to upipelined_cachécache) / uboot_ror® udpC bitl_ctrl
Destination pip - - P -

Pin Function Carry theaddress ofargetregister in ID stage

Pin Name biitl_df rt5 Pin Class : Addr. Pin Size 5 bits
source to upipelined_cachécache) / uboot_ror® udpC bitl_ctrl
Destination pip - - P -

Pin Function Carry theaddress ofarget (destinatiomegister inDF stage
Pin Name biitl_ex_rt5 Pin Class : Addr. Pin Size 5 bits
source to upipelined_cachécache) / uboot_ror® udpC bitl_ctrl
Destination pip - - P -

Pin Function Carry theaddress ofarget (destinatiomegister inEX stage

Table5-8: Interlock Blockinput Pin Description
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Output Pin Description

boitl_Id_use_pc_e Pin Class : Control Pin Size : 1 bit

Pin Name N
Source to . x
Destination bitl_ctrl C udp
Pin Function Stall PC register whetieasserted.

. boitl_Id_use_ifid_ Pin Class : Control Pin Size : 1 bit
Pin Name en
Source to . =
Destination bitl_ctrl C udp
Pin Function Stall IFIS and ISIDpipeline register when deasserted.
Pin Name boitl_idex_en Pin Class : Control Pin Size : 1 bit
Source to = T
Destination bcache_ctrlC upipelined_cache
Pin Function Reserved for future development, temporary always enable
Pin Name boitl_exdf_en Pin Class : Control Pin Size : 1 bit
Source to = o
Destination bcache_ctrlC upipelined_cache
Pin Function Reserved for future development, temporary always enable
Pin Name boitl_dftc_en Pin Class : Control Pin Size : 1 bit
Source to < o
Destination bcache_ctrC upipelined_cache
Pin Function Reserved for future development, temporary always enable
Pin Name boitl_tcwb_en Pin Class : Control Pin Size : 1 bit
Source to < o
Destination bcache ctrC upipelined_cache
Pin Function Reserved for future development, temporary always enable

. boitl_Id_use flus Pin Class : Control Pin Size : 1 bit
Pin Name

h_ex
Source to = o
Destination bcache_ctrC upipelined_cache
Pin Function Flush IDEX pipeline register when asserted.
Table5-9: Interlock BlockOutputPin Description
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5.4.4 Internal Operation

For LoadUse Instruction related to uratnaded data ienly available at the end of DF

stage.
Clock number
Instruction 1 2 3 4 5 6 7 8 9
add $10,$t1,$2 IF IS ID EX DF TC WB
d $s0, é IF IS ID EX DF. TC, WB
sub isi'o ‘6 F 1S 1 st =X \Tc wa
and isg’o ‘6 IF IS Stal ID EX DF

Table5-10: Load instructior{uram)followed by an immediate use results if-aycle

stall.

For LoadUse Instruction related to dcache, loaded datemig available at the end of

TC stage.
Clock number
Instruction 1 2 3 4 5 6 7 8 9
add $10,$t1,$t2 IF IS ID EX DF TC WB
d $s0, ¢ IF IS ID EX DF TC~ WB
sub issl’o ‘g F 1S 1D stal sal X \T1C
and i‘f’o ‘g IF IS Stal Stal ID  EX

Table5-11: Load instruction (dcache) followed by an immediate use results-in a 2

cyclestall.

. Indicates the data forwarding path.
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5.5 Address Decoder Block
5.4.1 Address Decoder Block-unctionality
1 To enable the data access to a specific memory device and /O repaseds
on the address decoded from the instruction.

5.4.2 Address DecodemBlock Block Diagram
Figure 55 below shows the block diagram of thedress decodétock

— biad ex lw boad byte sel —;4
— biad_ex_lh boad_dcache rd 734
— biad_ex_lb boad_dcache_wr 734
— biad_ex_sw boad_dmem_en ——
— biad ex swl boad_io_en 3
—1 biad_ex_swr boad io we ——
— biad_ex_sh
— biad_ex_sb
73£ biad_ex_cpu_addr
—— biad_stall

baddr_decoder_v2

Figure5-7: Block Diagram of the Address Decoder Block
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5.4.3 Pin Description of theAddress Decoder Block

Input Pin Description

Pin Name biad_ex_Iw Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination - -
Pin Function Indicate thdw or Iwl or lwr instructionin EX stage.
Pin Name biad_ex_Ih Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination - -
Pin Function Indicate the |h or Ihu instruction in EX stage.
Pin Name biad_ex_Ib Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination - -
Pin Function Indicate the Ib or Ibu instruction in EX stage.
Pin Name biad_ex_sw Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Indicate the sw instruction in EX stage.
Pin Name biad_ex_swl Pin Class : Control Pin Size 1 bit
source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Indicate the swl instruction in EX stage.
Pin Name biad_ex_swr Pin Class : Control Pin Size 1 bit
source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Indicate the swmnstruction in EX stage.
Pin Name biad_ex_sh Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Indicate the sh instruction in EX stage.
Pin Name biad_ex _sb Pin Class : Control Pin Size 1 bit
source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Indicate the sb instruction in EX stage.
Pin Name 3|rad_ex_cpu_ac Pin Class : Control Pin Size 32bits
Source to bitl_ctrl C udpC baddr_decoder
Destination
Pin Function Used to decide which memory device to be accessed.
Pin Name biad stall Pin Class : Control Pin Size 1 bit
Source to bitl_ctrl C udpC baddr_decoder
Destination
. . Deassert write enable signal to themory device when CPU
Pin Function

stall.

Table5-12: Address Decoder Blodkput Pin Description
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Output Pin Description

Pin Name boad_byte_sel PinClass : Control Pin Size : 4 bits
Source to baddr_decodef udpC uram
Destination
Pin Function Select any one or more bytes to be output.
Pin Name boad_dcache_rd Pin Class : Control Pin Size : 3bits
Source to < = L
Destination baddr_decodef udpC upipelined_cache (dcache)
Pin Function Indicatetypes of load instruction to determine data to be reag
Pin Name boad_dcache_wi Pin Class : Control Pin Size : 3bits
Source to < < o
Destination baddr_decodeC udpC upipelined_cache (dcache)

. : Indicatetypes ofstoreinstruction to determine data to be
Pin Function :

written.

Pin Name boad_dmem_en Pin Class : Control Pin Size : 1 bit
Source to baddr_decodef udpC uram
Destination
Pin Function Enable uram for read and wribg@eration.
Pin Name boad_iomem_we Pin Class : Control Pin Size : 1 bit
Source to baddr_decodef udpC uram/ 1/O devices
Destination
Pin Function Enable write access to RAM or 1/O register.
Pin Name boad_io_en Pin Class : Control Pin Size : 1 bit
Source to baddr_decodef udpC uram/ 1/O devices
Destination
Pin Function Enable 1/0O devices for read and write operation.

Table5-13: Address Decoder BloadRutputPin Description
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Chapter 6: Test and Verification

6.1 Pipelined CacheUnit (D-Cache)Test
6.11 Pipelined Cache Unit (DCache)TestPlan

Test Expected Output Result
Test case 1: Reset Next 1st Clock cycle
Ingut All the signals are reset to their
1st Clock Cycle respective initial values
tb_uicac _rst <=1'bl;
PASS
2nd Clock Cycle
tb_ uvicac _rst <=1b O;
/I Wait for 1 clock cycle
Test case 2Vrite Miss followed | next 1st [ 10th Clock cycle
by Read Hit Cache miss (write miss) situation
Input occurred.
1st Clock Cycle Processor is stalled to read in memory
tb_uicac_cpu_addr <= from flash memory to D - Cache.
32'h8001_F800;
tb_uicac_cpu_data <= Next 11th Clock cycle
32'h8888_8888; Processor is resumed.
tb_uicac_cpu_write <= 3'h100;
Next 12th Clock cycle
2nd Clock Cycle Data ( 32'h8888_8888 ) with address
tb_uicac_cpu_addr <= (32'h8001_F800 ) is written into D PASS
32'h8001_F80C; Cache.
tb_uicac_cpu_write <= 3'b000; Processor is stalled to delay read
tb_uicac_cpu_read <= 3'b100; operat ion as cache ram is busy.
for (i=0; i<8; i= i+1) Next 13th Clock cycle
(2+i)th Clock Cycle Data ( 32'h 1111_1114) of address
tb_uicac_mem_ack <=1'b1; (32'h8001_F80 C)isread.
tb_uicac_mem_data_rd
<=32'h1111 1111 + i
/I Wait for 5 clock cycles
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Test case FRead Hit followedoy | next 1st Clock cycle
Read Hit Data( 32h 1111_1112) of address
Input (32'h8001_F80 4) s read.
1st Clock Cycle
tb_uicac_cpu_addr <= Next 2nd Clock cycle
32'h8001_F804; Data ( 32'h 1111_1113) of address
tb_uicac_cpu_read <= 3'b100; (32'h8001_F80 8)is read. PASS
2nd Clock Cycle
tb_uicac_cpu_addr <=
32'h8001_F80 8;
/I Wait for 1 clock cycle
Test case AVrite Missfollowed | next 1st [ 19th Clock cycle
by Read Ht Cache miss (write miss) situation
|nQUt occurred.
1st Clock Cycle Processor is stalled to evict dirty
tb_uicac_cpu_addr <= data from cache ram to FIFO block and
32'h8001_F880; read in  the intended block of memory
tb_uicac_cpu_data <= from flash memory
32'h6666_6666;
tb_uicac_cpu_write <= 3'b100; Next 20th Clock cycle
Processor is resumed.
2nd Clock Cycle
tb_uicac_cpu_addr <= Next 21th Clock cycle
32'h8001_F884; Data ( 32'h 6666 _6666 ) with address
tb_uicac_cpu_data <= (32'h8001_F8 80) is written into D -
32'h0000_0000; Cache.
tb_uicac_cpu_write <= 3'b000; Processor is stalled to delay read PASS
tb_uicac_cpu_read <= 3'b100; operation as cache ram is busy.
3rd L[ 11th Clock Cycle Next 22th Clock cycle
/I Wait for 9 clock cycles Data ( 32'h 2222 _2222) of address
(32'h8001_F8 84)is read.

for (i=0; i<8; i= i+1)

(11+i)th Clock Cycle

tb_uicac_mem_ac k <=1'bl;

tb_uicac_mem_data_rd

<=32'h2222_2221 +1i;

20th  Clock Cycle
tb_uicac_mem_ack <=1'b0
/I Wait for 4 clock cycles
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Test case FRead Miss FIFO Hit | next 1st [ 20th Clock cycle
followed by Read Hit Cache miss (read miss) situation
|nQUt occurred.
1st Clock Cycle Processor is stalled to evict dirty
tb_uicac_cpu_addr <= data from cache ram to FIFO block and
32'h8001_F810; readin  the intended block of memory
tb_uicac_cpu_read <= 3'b100; from FIFO block.
2nd Clock Cycle Next 21th Clock cycle PASS
tb_uicac_cpu_addr <= Processor is resumed.
32'h8001_F800; Data ( 32'h 1111_1115) of address
(32'h8001_F8 10) is read.
/I Wait for 21 clock cycles
Next 22th Clock cycle
Data ( 32'h 8888_8888) of address
(32'h8001_F8 00) is read.
Test cas®: Write Hit followed by | next 2nd Clock cycle
Write Hit Data ( 32'h 8686_8686) with address
Input (32'h8001_F8 20) is written into D -
1st Clock Cycle Cache.
tb_uicac_cpu_addr <=
32'h8001_F820; Next 3rd Clock cycle
tb_uicac_cpu_data <= Data ( 32'h 6868 _6868) with address
32'h8686_8686; (32'h8001_F8 40) is written into D -
tb_uicac_cpu_write <= 3'b100; Cache.
PASS
2nd Clock Cycle
tb_uicac_cpu_addr <=
32'h8001_F840;
tb_uicac_cpu_data <=
32'h6868_6868;
tb_uicac_cpu_write <= 3'b100;
/ I Wait for 1 clock cycle
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Test case 7: Writklit followed by

Read Miss FIFO Miss
Input

1st Clock Cycle
tb_uicac_cpu_addr <=
32'h8001_F860;
tb_uicac_cpu_data <=
32'h8888_8888;

tb_uicac_cpu_writ e <=3'hl00;

2nd Clock Cycle
tb_uicac_cpu_addr <=
32'h8001_F8EQ;

Next 1st Clock cycle
Write hit take place in TC stage.

Next 2nd Clock cycle
Data ( 32'h 8888 _8888) with address

(32'h8001_F8 60) is written into D -

Cache.

Next 2nd L[ 20th Clock cycle
Cache miss (read miss) situation
occurred.

Processor is stalled to evict dirty

data from cache ram to FIFO block and

tb_uicac_cpu_data <= readin  the intended block of memory
32'h0000_0000; from flash memory. PASS
tb_uicac_cpu_write <= 3'b000;
tb_uicac_cpu_read <= 3'b100; Next 21th Clock cycle
Processor is resumed.
Data ( 32'h 6666 _6661) of address
3rd L[ 12th Clock Cycle (32'h8001_F8 EO) is read.
/I Wait for 10 clock cycles
for (i=0; i<8; i= i+1)
(12+i)th Clock Cycle
tb_uicac_mem_ac k <=1'b1;
tb_uicac_mem_data_rd
<=32'h 6666_6661 +i;
/I Wait for 10 clock cycles
Test @se 8: Read Miss FIFO Mis| next 1st [ 19th Clock cycle
followed by Read Hi(|) Cache miss (read miss) situation
Input occurred.
1st Clock Cycle Processor is stalled to evict dirty
tb_uicac_cpu_addr <= data from cache ram to FIFO block and
32'h8001_F8C8; read in  the intended block of memory
tb_uicac_cpu_read <= 3'b100; from flash memory.
2nd Clock Cycle Next 20th Clock cycle
tb_uicac_cpu_addr <= Processor is resumed.
32'h8001_F8DC; Data ( 32'h 7777_7773) of address PASS
tb_uicac_cpu_read <= 3'b100; (32'h8001_F8 C8)isread.
3rd L[ 11th Clock Cycle Next 21th Clock cycle
/I Wait for 9 clock cycles Data ( 32'h 7777 _7778) of address
(32'h8001_F8 DC) is read.
for (i=0; i<8; i= i+1)
(11+i)th Clock Cycle
tb_uicac_mem_ac k <=1'b1;
tb_uicac_mem_data_rd
<=32'h 7777 _T7771+i;
/I Wait for 3 clock cycles
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Test cas®: Read Miss FIFO Misg next 1st [ 19th Clock cycle
followed by Read Hit (I1) Cache miss (read miss) situation
|nQUt occurred.
1st Clock Cycle Processor is stalled to evict dirty
tb_uicac_cpu_addr <= data from cache ram to FIFO block and
32'h8001_F8 BC readin  the intended block of memory
tb_uicac_cpu_read <= 3'b100; from flash memory.
2nd Clock Cycle Next 20th Clock cycle
tb_uicac_cpu_addr <= Processor is resumed.
32'h8001_F8 AO0; Data ( 32'h 8888 _8888) of address
tb_uicac_cpu_read <= 3'b100; (32'h8001_F8 BC) is read. PASS
3rd L[ 11th Clock Cycle Next 21th Clock cycle
/I Wait for 9 clock cycles Data ( 32'h 8888 _8881) of address
(32'h8001_F8 AO) is read.
for (i=0; i<8; i= i+1)
(11+i)th Clock Cycle
tb_uicac_mem_ac k <=1'b1;
tb_uicac_mem_data_rd
<=32'h 8888_8881 +i;
/I Wait for 3 clock cycles
Test case 10: Write Miss FIFO H next 1st [ 20th Clock cycle
followed by Read Hit Cache miss ( write  miss) situation
Input occurred.
1st Clock Cycle Processor is stalled to evict dirty
tb_uicac_cpu_addr <= data from cache ram to FIFO block and
32'h8001_F880; readin  the intended block of memory
tb_uicac_cpu_da ta <= from FIFO block.
32'hFFFF_FFFF;
tb_uicac_cpu_write <=3'b100; Next 21th Clock cycle
Processor is resumed.
2nd Clock Cycle
tb_uicac_cpu_data <= Next 22th Clock cycle PASS
32'h1010_1010; Data ( 32'h FFFF_FFFF)with  address
tb_uicac_cpu_write <= 3'b000; (32'h8001_F8 80) is written into D -
tb_uicac_cpu_read <= 3'b100; Cache.
Processor is stalled to delay read
/I Wait for 21 clock cycles operation as cache ram is busy.
Next 20th Clock cycle
Processor is resumed.
Data ( 32'h FFFF_FFFF) of address
(32'h8001_F8 80) is read.
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Test case 11: Read MiB$FO
Miss followed by Write Hit
Input

1st Clock Cycle

tb_uicac_cpu_addr <=
32'h8001_F980;

tb_uicac_cpu_read <= 3'b100;

2nd Clock Cycle
tb_uicac_cpu_addr <=
32'h8001_F98C;
tb_uicac_cpu_data <=
32'hAAAA_AAAA;
tb_uicac_cpu_read <= 3'b000;
tb_uicac_cpu_write <= 3'b100;

Next 1st L[ 29th Clock cycle

Cache miss (read miss) situation
occurred.

Processor is stalled to evict dirty

data from FIFO block to flash memory
to free out space to hold dirty data

evicted from cache ram to FIFO block
The intended block of memory is also

read from flash memory.

Next 30™ Clock cycle

Processor is resumed.

Data ( 32'h AAAA AAA1) of address
(32'h8001_F 980) is read.

Next 31th Clock cycle

3rd Clock Cycle Write hit take place in TC stage. PASS
tb_uicac_mem_ack <=1'b1;
Next 32th Clock cycle
4th [ 11th Clock Cycle Data ( 32'h AAAA AAAA) with address
/I Wait for 8 clock cycles (32'h8001_F 98C) is written into D -
tb_uicac_mem_ack <= 1'b0; Cache.
12th L[ 21th Clock Cycle
/I Wait for 10 clock cycles
for (i=0; i<8; i= i+1)
(21+i)th  Clock Cycle
tb_uicac_mem_ac k <=1'b1;
tb_uicac_mem_data_rd
<=32'h AAAA AAAL +i;
/l Wait for 3 clock cycles
Table6-1: Pipelined Cache Unit (iCache)Test Plan
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6.1.2 Pipelined Cache Unit (DCache)Test Simulation Result
Test 1: Reset

Figure 61 shows the simulation result for Test 1: Reset.

# tb_uicac_clk

W tb_testStatus[255:0)

4 tb_uicac_rst
oupr ]

W tb_uocac_cpu_data[31:0]

W tb_uocac_mem_addr{31:0] 00000000

W tb_uocac_mem_data_wr{31:0] | 00000000 000

< tb_uocac_mem_lmc_data[31:0] § 00000220 ] 00000220

o tb_uocac_cpu_stall

o tb_uocac_miss

o tb_uocac_mem_read

@ tb_uocac_mem_write

o tb_uocac_mem_data_ready
W tb_uocac_mem_sel[3:0)

o tb_uocac_mem_write_done

Figure6-1: Simulation Result for Test 1: Reset.

1 Theuicac_rstis asserted in théstclock cycle(blue rectangle) then deasserted in
the2ndclock cycle

1 All the signals are resdb their respective initial values in tl#nd clock cycle
(orange rectangje
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Test 2: Write Miss followed by Read Hit
Figure 62 shows the simulation result fdest2: Write Miss followed by Read Hit.

111... ‘lllllll R W

Figure6-2: Simulation Result folrest 2:Write Miss followed by Read Hit

1 In the 1st clock cycle3 2 6 h 8 8 88 wi&t8n8t® the dcache with address
3206 h 8 0 (light hluég Be€tangle).

1 In the 2nd clock cycle, data existed in the addBe&s6 h 8 0 (slread(@abge
rectangle)

1 There is a cache miss situation, implying that the add@ez< h 8 0 Gafhd it 8 0 0
data is not present in tltache ram

1 Theprocessois stalled to read in the block of data from the flash memory (dark
blue rectangle).

1 The processor is later resumed anel the dat® 2 6 h 8 8 8i8writed Bit8 the
cache ranin the next clock cycle (blue circle).
As thecache ranis busy writing in data, the processor is stalled again for one cycle.
After all, thedatd 3 2 6 h 1 1 bfladdied81246) h 8 0 Gskead aBdloatput to

the processor from the dcache (red rectangle).
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Test 3:Read Hit followed by Read Hit
Figure 63 shows the simulation result fdest 3:Read Hit followed by Read Hit

Figure6-3: Simulation Result folrest 3:Read Hit followed by Read Hit

1 In the 1st clock cycledata existed in the addre8s2 6 h 8 0 Oislread goluet
rectangle).

1 In the 2nd clock cycle, data existed in the add@®ss6 h 8 0 Oislreaid réd8
rectangle).

1 Thedata(32 6 h 111 df addieds??2 6 h 8 0 Oisl read &ral dutput to the
processor from the dcache in the 2nd clock cgiriee it is a cache hiblue circle).

1 Thedata(32 6 h 111 df addiedsB82 6 h 8 0 Oisl read &ral utput to the

processor from the dcache in the 3rd clock cgotee it is a cache hited circle).
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Test 4: Write Miss followed by Read Hit

Figure 64 shows the simulation result fdest 4:Write Miss followed by Read K.

XIOT0K = ] e e e e e, L es LA1L11108, 1111111

Figure6-4: Simulation Resulfor Test 4:Write Miss followed by Read H.

1 In the 1st clock cycle3 2 6 h 6 6 6i6 wiEtén6t® the dcache with address
3 2 6 h 8 0 (light hlueg Be€&angle).

1 In the 2nd clock cycle, data existed in the addBe2s6 h 8 0 Oslreadl @range
rectangle).

1 There is a cache miss situation, implying that the adde&3< h 8 0 Oafd it6 8 8 0
data is not present in tlwache ram

1 The processor is stalled (red arrow) to read in the block of data from the flash
memory (yellow rectangle).

1 However, before that, therg a block of dirty data with also index2=6 beQited
in thecache ram

1 Thecache ranevicted the dirty block of data into the FIFO block in advance (dark
blue rectangle).

1 The processor is later resumed and the 8aad h 6 6 6i6 writtéh Gnéo the
dcache in the next clock cycle (blue circle).
As the dcache is busy writing in data, the processor is stalled again for one cycle.
After all, the datd3 2 6 h 2 2 2 @f adArds8 2 6 h 8 0 Uslread aBdBodtput to
the processor from the dcache (red negle).
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Test 5:Read Miss FIFO Hit followed by Read Hit
Figure 65 shows the simulation result farest 5:Read Miss FIFO Hit followed by
Read Hit.

Name

Figure6-5: Simulation Resulfor Test 5:Read MisFIFO Hit followed by Read Hit

1 Inthe 1st clock cycle, data existed in the addBe&s6 h 8 0 Gslread (Bght Blue
rectangle).

1 In the 2nd clock cycle, data existed in the addBe&s6 h 8 0 Oslreafl @range
rectangle).

1 There is a cache miss situation, implying that the add@ez< h 8 0 Gahd itf 8 1 0
data is not present in tlwache ram
The processor is stalled to read in the block of @tatharrow)
The dcache recognized that the latest copy ofdlid intended dat is in the FIFO
block.

1 Theintended data is first evicted from the FIFO block to the cache temporary buffer
(yellow arrow).

1 Inthe next clock cycle, the dirty block of data with also ind@x & bie@icted by
the cache ram to the FIFO block (blue rectangle).

1 Later, the valid copy of data written backfrom the temporary buffer back to the
cache ram for read operation to perfqgrallow rectangle)

1 After all, the processor is resumed, atiek data( 3MHAHL1 1115 of address
3206 h80a® blug &rrow) and the datg3 2 6 h 8 8 § 8of G@IBSs
3 2 6 h 8 0 (Qatandge 8n@w) aneead and output to the processor from the dcache.
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Test 6: Write Hit followed by Write Hit
Figure 66 shows the simulatioresult forTest 6:Write Hit followed by Write Hit

Figure6-6: Simulation Result folrest 6:Write Hit followed by Write Hit

1 In the 1st clock cycle3 2 6 h 8 6 8i6 wi&tén8t® the dcache with address
3 2 6 h 8 0 QHue fe@daddde).

1 In the 2nd clock cycle,3 2 6 h 6 8 6i8 wrBt@&n6t® the dcache with address
3 2 6 h 8 0 (Qdrande &dtdngle).

1 The write instruction of datg82 6 h 8 6 8 Yo a8dBe8% 2 6 h 8 0 (Uslpas$ed 2 0
to the TC stage in the 2nd clock cycle and successfully written to the cache ram in
the 3rd clock cycle since it is a cache(biue arrow)

1 The write instruction of datg82 ®868 6868)to addres8 2 6 h 8 @0dslpassed
to the TC stage in the@ clock cycle and successfully written to the cache ram in
the 4th clock cycle since it is a cache(bitange arrow)
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Test 7: Write Hit followed by Read Miss FIFO Miss
Figure 67 shows the simulation result fdrest 7:Write Hit followed by ReadMiss
FIFO Miss

Figure6-7: Simulation Resultor Test 7:Write Hit followed by Read Miss FIFO

Miss.

1 In the 1st clock cycle3 2 88383388 is written to the dcache with address
3 2 6 h 8 8Alight Hlu@ rectangle).

1 In the 2nd clock cycle, data existed in the add8&s6 h 8 @ddslread (®range
rectangle).

1 The write instruction of datg82 6 888 8888)to addres8 2 6 h 8 @0Islpasted
to the TC stage in the 2nd clock cycle and successfully written to the cache ram in
the 3rd clock cycle since it is a cache hit (blue arrow).

1 For the read operation, there is a cache miss situation, implying that the address
3 2 6 h 8 @0tand itS data is rigpresent in the cache ram.

1 The processor is stalled (red arrow) to read in the block of data from the flash
memory (dark blue rectangle).

1 However, before that, there is a block of dirty data with also ind2xdebexisted
in the cache ram.

1 The cacheam evicted the dirty block of data into the FIFO block in advance
(yellow rectangle).

1 After all, the processor is resumed atite data(3 2 @666_666) of address
3 2 60 h 8 @lskead add output to the processor from the dcache (orange arrow).
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Test8: Read Miss FIFO Miss followed by Read Hif(l)
Figure 68 shows the simulation result fdest8: Read Miss FIFO Miss followed by
Read Hit(l).

Figure6-8: Simulation Resulfor Test8: Read Miss FIFO Missollowed by Read Hit
(0.

1 Inthe 1st clock cycle, data existed in the add8e8s6 h 8 @8iskead (Byht blue
rectangle).

1 In the2ndclock cycle, data existed in the addr8s2 6 h 8 @dcdslread (®range
rectangle).

1 There is a cache miss situation, implying that the add@e3 h 8 @8add it 8
data is not present in the cache ram.

1 The processor is stalled (red arrow) to read in the block of data from the flash
memory (dark blue rectangle).

1 However, before that, #ne is a block of dirty data with also index <GL@existed
in the cache ram.

1 The cache ram evicted the dirty block of data into the FIFO block in advance
(yellow rectangle).

1 After all, the processor is resumed atite data(3 ho777_7778 of address
3 2 6 h 8 @30skead aBd output to the processor from the dcache (blue arrow).

1 Later, the daté3 2 B6/%7_77730f addres8 2 6 h 8 @diskead a@d output to the
processor from the dcache since it is a cache hit (orange arrow).
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Test9: Read Miss FIFO Miss followed by Read Hit(Il)
Figure 69 shows the simulation result fdest9: Read Miss FIFO Miss followed by
Read Hit(ll).

B ssceasse
—

Figure6-9: Simulation Resultor Test9: Read Miss FIFO Mistollowed by Read Hit
(.

1 Inthe 1st clock cycle, data existed in the add8e2s6 h 8 bdiskead (Byht blue
rectangle).

1 In the 2nd clock cycle, data existed in the addBe&s6 h 8 @M@islreadl @range
rectangle).

1 There is a cache miss situatiomplying that the addres3 2 6 h 8 ®dadd it 8
data is not present in the cache ram.

1 The processor is stalled (red arrow) to read in the block of data from the flash
memory (dark blue rectangle).

1 However, before that, there is a block of dirty data wio index 2 @bexisted
in the cache ram.

1 The cache ram evicted the dirty block of data into the FIFO block in advance
(yellow rectangle).

1 After all, the processor is resumed atite data(3 h&€388 8883 of address
3 2 6 h 8 bdiskead aBautput to the processor from the dcache (blue arrow).

1 Later, the dat@3 2 888 8881 of addres8 2 6 h 8 @@skead a8d output to the

processor from the dcache since it is a cache hit (orange arrow).
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Test10: Write Miss FIFO Hit followed by Read Hit
Figure 610 shows the simulation result féest10: Write Miss FIFO Hit followed by
Read Hit

Figure6-10: Simulation Resulfor Test10: Write Miss FIFO Hit followed by Read
Hit.

1 In the 1st clock cycle3 hiiff_ffff is written to the dcache with address
3 2 6 h 8 B0 dranderBctangle).

1 Inthe 2nd clock cycle, data existed in the addBe8s6 h 8 @Qlslead [i§ht blue
rectangle).

1 There is a cache miss situation, implying that the ad@e&3< h 8 @0ahd it 8
data is not present in the cache ram.
The processor is stalled to read in the block of data (red arrow).
The dcache recognized that the latest copy of the valid intended data is in the FIFO
block.

1 Theintended data is first evicted from the FIFO block to the cache temporary buffer
(orangearrow).

1 Inthe next clock cycle, the dirty block of data with alstein=2 & bieficted by
the cache ram to the FIFO blogle(low rectangle).

1 Later, the valid copy of data written backfrom the temporary buffer back to the
cache ram fowrite operation to perform (yellow rectangle).

1 After all, the processor is nesed,the data3 2 fiffhffff is written into the dcache
in the next clock cycleréd rectangle
As the dcache is busy writing in data, the processor is stalled again for one cycle.
After all, the datg3 2 féffhffff) of addres8 2 6 h 8 0QUslread ahdutput to the

processor from the dcache (blue arrow).

Bachelor of Information Technology (Honours) Computer Engineering 88
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapter6: Verification Specification and Simulation Result

Test11l: Read Miss FIFO Miss followed by Write Hit
Figure 611 and 612 shows the simulation result fdest1l: Read Miss FIFO Miss
followed by Write Hit.

Figure6-11: Simulation Result for Test11l: Read Miss FIFO Miss followed by
Write Hit.

Figure6-12: Simulation Resultl for Test1l: Read Miss FIFO Miss followed by
Write Hit.

1 Inthe 1st clock cycle, data existed in the addB&s6 h 89B0slread (light blue
rectangle).

1 In the 2nd clock cycle3 héaaa_aaaais written to the dcache with address
3 2 6 h 89Bd]dtanderectangle).

i There is a cache miss situation, implying that the add@e3<H h 898Wahd ité
data is not present in the cache ram.

1 The processor is stalled to read in the block of data (red arrow) from the flash
memory (dark blue rectangle).

1 However, before that, the is a block of dirty data with also index2=@0bexisted
in the cache ram.

1 The cache ram has to evict the dirty block of data into the FIFO block in advance

(yellow rectangle).
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1 At the moment, the FIFO block is full, indicating that it has to first write back the
valid and dirty data back to the flash memory in order to rece&weltock of data
(pink rectangle).

1 After all, the processor is resumed and the d8téh@&aaa_ aaa)l of address
3 2 6 h 89@@@slread and output to the processor from the dcache (blue arrow).

1 Later, the data3 2 #aha_aaaais written into the dcache with dokss
3 2 6 h 89dxihce it is a cache hit (red rectangle).
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6.2 CPU Data Hazard Forwarding Test

6.2.1 CPU Data Hazard Forwarding Test Plan

2 H
. ex . Expected
E Instruction Description b Result
3 Code Output
. $s0, $zero, . $s0 =
addi 20 0x20100014 No Forwarding 0x0000_0014 PASS
. $s1, $zero, - . $s1 =
addi 8 0x2011fff8 No Forwarding Oxffif ff8 PASS
R —_
E addi $t0, $s1, 108 0x2228006¢ ID.rs forward from EX ﬁi%(_)OO_OOB " PASS
o | addiu $s2, $s1,2 0x26320002 ID.rs  forward from DF ﬁszﬁf: g PASS
£ $)s<3 =
-c% sub $s3, $s2, $t0 0x02489822 ID.rs forward from EX Oxffff 196 PASS
$s4 =
E subu $s4, $s2, $t0 0x0248a023 ID.rs forward from DF Oxffff 96 PASS
2 [ e $s5, $s3, $s3 | 0x0273ag21 | 'D:fs forward from DF $5 = PASS
) ’ ' ID.rt forward from DF Oxffff_ff2c
= ID.rs forward from WB | $t0 =
-]
3 and $t0, $s2, $s3 0x02534024 ID 1t forward from TC | Oxffft ff92 PASS
o ) $tl =
© andi $t1, $t0, 15 0x3109000f ID.rs forward from EX 0x0000 0002 PASS
a) ID.rs forward from DF | $t2=
= | nor $2, $0, St 0x01095027 | \h' " gonward from X | 0x0000 006d | FASS
= ID.rs forward from DF | $t3=
S| S5, 8, S22 | 0x012a5825 | \h' T qoward from  EX | 0x0000 006f PASS
] . $t3 =
5 ori , $t3,16 0x356b0010 ID.rs forward from EX 0x0000 007 PASS
= $t3 =
sl $t3 , , 10 0x000b5a80 ID.rs forward from EX 0x0001_fc00 PASS
$t3 =
srl $t3, $t3,10 0x000b5a82 ID.rs forward from EX 0x0000_007f PASS
$t3 =
sra $t3, $t3,6 0x000b5983 ID.rs forward from EX 0x0000 0001 PASS
Table6-2: CPUData Hazard Forwardingest Plan
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6.2.3 CPU Data Hazard Forwarding Test Simulation Result
Table 64 shows the forwarding value used to indicate which forwarding operation to
be carried out.

‘define F  WRD_EX "FWRD_ALB_NB'00100
“define FWRD_DF "FWRD_ALB_NB'b0101
“define FWRD_TC "FWRD_ALB_NB'b0110
‘define FWRD_WB 'FWRD_ALB_NB'b0111

Table6-3: Forwarding Operation based on therwarding Value

Figure 61371 6-15shows the simulation result ftid.rs and ID.rt Route Forwarding
Test

]
v
v
v
v
]
v
v
W 5t

Figure6-14: Simulation Resultlifor ID.rs and ID.rt Route Forwarding Test.
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Figure6-15: Simulation Resultll for ID.rs and ID.rt Route Forwarding Test

1 From figure 6137 6-15, we are able to observe that each instruction propagated
from ID stage to WB stage.

1 Each instruction is assigned with one colour and is indicated with its current stage
at a particular clock cycle.

1 The circles show the forwardinglue used to determine the forwarding operation
for ID.rs and ID.rt route during the execution (instruction decoding) of a particular
instruction in ID stage.

1 The arrows indicate the final outcorkalue written into specific location in the

register fie) of each respective instruction
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6.3 CPUT D-Cache Integration Test
6.3.1CPUT D-Cache Integration TestPlan

2 E
. e xpected
S Instruction Hex Code Description P Result
©
Output
zZ
. $s6, 0x8001 Load D - Cache starting
| ui ’ 0x3c16800 1 $s6 =
—| or $s6, $s6, Ox 3646300 gddress (0x8001_f800) 0x8001 _f 800 PASS
o = 0xF800 into $s6
c 0 Store $s1 content _
% Q| sw $s1,0($ s6) Oxaed10000 into location gi?%r;fe f[fcf)f] - PASS
&) B 0x8001_f8 00 -
© 7 Store $s 2 content dcache [1] =
sw $s2,4($ s6) Oxaed20004 into location OxF aff ffif B PASS
0x8001_f8 04 —
— Load content at $t1 =
g = | Iw $t2,0($ s6) 0x 8eca0000 location Ox 8001 _f 800 Ox ff;f 8 PASS
o <= into $t2 -
8 o] Load content at $t2 =
S © | |w $t1,4($ s6) 0x 8ec90004 location Ox 8001 _f 804 o PASS
o . Ox ffff_fffa
- into $t1
Load content at $t3 =
Iw $t3,4 ($s6) 0x 8ecb0004 location 0x 8001 _f 804 Oxfff; - a PASS
into$t 3 -
Store $ t3 content
D) into location dcache [2] =
g B sw $t3 ,8($ s6) 0x aech0008 0xOx8001_f 808 Oxf aff_fff PASS
SR DF.rt forward from TC
8 5 Load content at $t4 =
S © w $t4 ,0 ($s6) 0x 8ecc0000 location 0x 8001 _f 800 " PASS
o . oxffif_fff 8
= into$t 4
Store $ t4 content
into location dcache [2] =
sw $t4 ,8 ($s6) Ox aecc0008 0x0x8001_f 808 Oxf 8ff fif  f PASS
EX.rt forward from DF
Load content at $t5 =
Iw $t5, 0 ($s6) 0x 8ecd0000 location 0x8001 _f 800 Ox ffFf fffs PASS
K] into$t 5 -
e g Load content at 6 =
% 5 Iw $t6, 4($ s6) 0x 8ece0004 location 0x 8001 _f 800 0x frFf fffa PASS
O @© into$t 6 —
T o Stall 2 clock cycles $t8 =
add $t 8, $t5, $t6 0x0laec020 ID.rs forward from WB 0x frff_frfz PASS
ID.rt forward from TC -
. $t0,  $zero, . $t0 =
addi 0x99 0x200800 99 | Prepare value in $t0 0x0000_00 99 PASS
Store$ t0 byte _
sb $t0, 9 ($s6) 0xa2c80009 | contentinto location gi%cf?geggg_ PASS
0x8001 f 808
. $t0, $zero, . $t0 =
addi Oxaa 0x200800 aa | Prepare value in $t0 0x0000_00aa PASS
Store$ t0 byte _
= | sb $t0, 10 ($s6) Oxa2c8000a | contentinto location gi%C::gggza]gé PASS
L o 0x 8001 _f 809
s —
o - Load byte content at $t0 =
8 2 p $t0, 9 ($s6) 0x82c80009 | location 0x8001_f 809 Oxﬁﬁ_ﬁ99 PASS
S ~ into$t 0 -
8 Load byte content at $t0 =
Ib $t0, 10 ($s6) 0x82c8000a | location 0x 8001 _f 80a 0x ffff_ﬁaa PASS
into$t 0 -
Load unsigned byte $t0 =
Ibu $t0, 9 ($s6) 0x92¢8 0009 | content at location Ox 0060 0099 PASS
0x8001 f809 into$t O -
Load unsigned byte $t0 =
lbu $t0, 10 ($s6) 0x92c8 000a | content at location iy PASS
0x8001 f80a intogt o | 0X0000_00aa
Table6-4: CPUT D-Cache Integration Test Plan
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6.3.2CPUT D-Cache Integration TestSimulation Result

Notes:
1 The arrows indicate thignal outcome of each respective instruction.
1 Each instruction is associated with a specific colour and is innotated by the pipeline

stage the instruction is currently located in.

D-CacheStore (sw) Test
Figure 616 and 617 shows the simulation resutir D-CacheStore (sw) Test

Figure6-16: Simulation Result for D-CacheStore (sw) Test

Figure6-17: Simulation Resultl for D-CacheStore (sw) Test

1 Firstly, the starting address of the .data section of the flash meth@9Q1_f80D
is written into $s6 using instruction hex co@r3c168000(green colour)and
0x36d6f80(Qblue colour)

1 Instruction hex codéxaed1000@red colour)s used to store $s1 cont€Oxkfffffff8)
into location0x8001 f800 (dcache[0]).

9 Instruction hex cod®xaed20004(orange colour) is used to store $s2 content
(Oxfffffffa) into location0x8001 f804 (dcache[1]).
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