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Design and Evaluation of 32-Bit RISC-V Processor Using FPGA
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ABSTRACT

RISC-V is an open-source instruction set architecture which has a simple base structure and can be extensible depending on the
purpose. In this paper, we designed a small and low-power 32-bit RISC-V processor to establish the base for research on RISC-V embedded
systems. We designed a 2-stage pipelined processor which supports RISC-V base integer instruction set except for FENCE and EBREAK
instructions. The processor also supports privileged ISA for trap handling. It used 1895 LUTs and 1195 flip-flops, and consumed 0.001W
on Xilinx Zyng-7000 FPGA when synthesized using Vivado Design Suite. GPIO, UART, and timer peripherals are additionally used to
compose the system. We verified the operation of the processor on FPGA with FreeRTOS at 16MHz. We used Dhrystone and Coremark
benchmarks to measure the performance of the processor. This study aims to provide a low-power, high-efficiency microprocessor for

future extension.
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A 55 ETS 24 A9 DA EC] AT AYska 9
t}. RISC-VE 7]&9] Arm, x86 5 A [SAS} &8 8=
AR 7H53F @ & A A(open source) ISAS |35t 3], of
7IEA AT d w8 EFEG op el {Ast Po] gt 3
“Hextension)& &9l STFE, Al ARERIEY 5 FHS
Sk A Fopoll = H83t 5= Qlch4,5]. 3 ofn] 1gH
ol J3t ool AR 999 HHo] A 71 4= A
of 4 ZHo| EslH ZRAME AAT & Ah6,7]. =
Yo A diREo] RISC-V & A7}t AlEF o] B o]
1] ZAJE RISC-V SoColl 75kstal 1om([8,9], ZEA|A]
AA AA gt FEEE F2 Ho|th B =REJAE
Verilog HDLS ©]&3}o] RISC-V ISAZ 7|59 & FPGA
(Field Programmable Gate Array)ol4 S25= in-house
Z2AAE A4 9 Bkt Aljtels A4 RISC-V
49 1SA 2 JHAE HHE 3 EW(privileged) ISA
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£ A 4 9ok Y 727} ket 29 sojmafelo
Tt 2SR, 7] AeolAe] de AnE 2 4

= 29 Aol¥(clock gating) 71H<S L3513 o &
PULPissimo SoC[10]& HHAAZ dlo] A|AHE A5}
1!, FreeRTOS[11] ¥ Dhrystone[12], Coremark[13]
|Pt=E o]-83to] FPGAOIA AAIRE Z2AAM9] 522 3
23511 LS A9 B =52 o] B 48, AAY
RISC-V Z2AAE BtE3lo] 35 Al 7I&7](accelerator),
AAE ARERIEY A|AY 59 AFE g 7|9kE AlSSte
o FZ&o] it

32,

L 30 [
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B =5o] 242 033 At} 23oA B A1E A
skal, 3% A RISC-V &d 4 v]EHd [SAC] tholo] A3t
ok 404 AR Z2AA L2 I EXS Ayttt 5
oA FRHAAE ES Al A" TS Aysta, AF g
7 % FPGAZ o|&st Ad Ao tfg] =ofstct. 63 olA

RISC-V ISAE 7|Wto 2 thefet ZeAAE0] A+ A 7h
ek sl I Todgtus E2U tiga $
2013 E¥ PULP(Parallel Ultra Low Power) Z2AEES
Z1ggsto] RISC-V 7|8t @& EWES +5512 Slth PULP
2 gy ol AAst dAE 435 AY 452 %o,
ol A Hdt= Z2AAE I Ut} Riscyl6l= 424
wtojmetelo 2 FAH 32-bit TRZA|AE, RV32IMCF ISA
& AL} Zero-riscyll4le 2AAY AAHS 5] A
A" 32-bit ZEAAR, 26A To|ZERI0RE A=
RV32IMCE ISAE ARttt o5 ol&stq A= i°1
PULPissimo SoC ¥ €] o] Mr.Wolf SoC[15] 5&
Shdeh E3E, 6TA molmElQl F29 64-bit ZEAAQL
Ariane[16]2 FAA A ¥ AT EA ASS A5

HZ2] 82 Scala dofo]l 715k st=go] AA] AdofQl
Chisel2 AF&-3l9] RTL(Register Transfer Level)= A§Als}t
= Rocket Chip Generator &S =351 cH17]. 4=
gZho|Be|glE AZdste] o 7Fsd RTL € Al&dold &2
E 52 A4 & Atk Rocket core 5THA mo]mgQlo
2 A" x4 AY(in-order) ZZAAZE, RV32G ¥
RVG64G ISAE T&sIIt}. 3 7H3 v=e], Al &7] o
Z 52 AYsk= MMU(Memory Management Unit)g& &
sttt Booml[18]2 Rocket chip2 7|HtC & sl= H|eA}
A3 (out-of-order) FH2ZEHsuperscalar) TZAAZ, 6
oA mpojmelQlo g FHH RVOAG ISAS &SI

PicoRV32[19]= £Fsl 23S & A= APO]EL
(single cycle) ZEAAZ, RV32IMC ISAE A5ttt £
FoE ol gHol 17K Agsty] 96 4 3 29
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3. RISC-V ISA

3.1 Unprivileged ISA

RISC-V ISAE 7]&0] == Z4F(Integer) FFol J&
3} 3714991 B Bo] YRS Pk A5F FYol
Aol RV32I, RV64I, RV12817F e, Z+2 32-bit,

64-bit, 128-bit HIE AZ7th of7]o] 4% mlo|la =
AEEHE AL A3t RV32E(Embedded)S Z315}]
A 4719] 712 o] Aik(base ISA)O] ATt FHHof wh
2t 2 7 et HEo] Aol A3 ‘é‘*é/‘/]‘:':*é Sikis
M(Multiplication and Division), ®3%E E5457 ALk
2 93t F(Floating-point), ZE9 A71& &4 & U
C(Compressed) 5°] St} £ =A== AHtE A
da AFEE RV32I HEo] A A 7l Za A
£ AAst

iérlrr

3.2 Privileged ISA
RISC-VE E4 g3o] A3 ¥ CSR(Control and Status
Register(& Bx9] 240 71&3kt. &R UlUser), S (Supervisor),
M(Machine) 5 3709] H3t =50 HoJ=o] Slth. M HEV}
7P =2 A3 oy stego] ESiEolA BHHo R A
Ao} st} RISC-VE= Al Z0] W olo} dixty v AR
Al A oll9(exception)g} sk, 25F-9] H]F7]Z<Ql ol
EZ QIHHE(interrupt)gt Sttt o] 22 El(trap)2 2 5
i, EfY T4 Al ESY @52 (trap handlen)® 2713t}
=4 ““EﬂoiL A A" E(system call), JEHE A & &
A58t} CSRS Z2AA Q] AJElE Hafoh=
V“ﬂi i"ﬂ/ﬂ AEE UyElAY EFS Adste 5
Avt Z4 R AH} D] Al Tl Qltt. & =EolA
TAS ZEAAE= M BEoA 9] ER] AYE 9l 54 HH
o] A% 9 CSRE F&surt.
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4. 32-bit RISC-V Z2MM HA & #X

B =Ho|A AIshe 32-bit TEAAE RV32I 7]&
#ol 4070 & dlelE A2 ¥Eol, 271 Pol, du HZ
g0l 5 3870 AYY 5 em, CSRo| Hsto] LAt
Z|(atomic) 7] % £7] 2Y4& k= CSR BHolE AL
o AR Z2AAE “% o] FolA Hgols =4 A
Fot7] dzol wie] M <AE JEst= FENCE H3°
£ NOP(No OPeration) BPol2 A5t £33 4T
3= fls) dHd 2Ee A5k @il TUES 57 oY
73 748 A Ysto] EBREAK P 0lE ECALL HHol= of
AskA.
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In-house CPU

‘. IF/EX
. address [
Instruction Instruction
Memory Fetch Logic <::
register data
[ o |
> CSR RegFile
Module |
request
current pe aluout Data
Dt Toglc Memory
data
instruction Tnstraction \I instruction immediate
: Select Logic ) flags
Interrupt
Control [Exception
: Branch
& Unit interrupt Control Topic interrupt
next PO PC+4 GED handler branch destination
[ Next PC(Program Counter) Logic )

Fig. 1. Processor Schematic Diagram

AAG Z2AAN= PHo] A&(Fetch)dt HHol A3
(Execute)®] 274 molZaRoloz FA5IY o, Fig. 19
ZFFeket 25 UGl HAAH fde x0RE x31
7HA 32719] 32-bit URE H& HAAHE SHEFLE T
Aottt 022 o] 1 H x0E A Qe UHA= AL
g 7] Aol AZE oot ZY9 A5 oA(rising
edge)ollAl ol AT AIE AT FFo] Hzet
glole WmelE 7} 32KBE Hejsle] 22 Z2o] ZAo|
A £ =2 Y

4.1 HHO Q2E oA

g0l JIES 8] ZEAA9 AHE Aolsk= FSM
(Finite State Machine)& AASIHT. TZA|A Q] AR AF
glof] we} QA& PWHolo FAE Aok, Pl HZE
o sig F4o et 8 H(request)Z ElTh WKe= 2%
< "o Fig. 2()2t 2ol aig S 5<(grany) ASE
By, o 280 SR (valid) A3 Ag Z golg AR
(load) E= A (store) YL FHotEE Wy H 9
Folle 2 29 Alo]Zo] ARdn o]E 1 Y AIER &
o[7] fJsll 17§ HHolE nlg] @Fok= 2AE A
o}t g0l /IE EA oA PPolE 8H5IH thZ 2 3
golg g 4 ok wEbA sig ¥l PC(Program
Counten)g EHEES 59l 1 28 AAAZIH. o] &5
Fig. 2(b)2t 2ol 7 o] 48} P oi7t mto]maelo] 2]
Ae BolgE WHFH, 780z 1 28 Alo]Zo| ¥
o] 17h& 7tH e+ AT} Zo] SAFITt

FHol 21& DA E Aol AS(control signa)ll ot
2t g0l & AEste HHo A3 TAZ dAET. guty
o7 o] HEIRE AET PPolg Agstt. &7

ak L LI LT 1_

request | |
address ( Address )

grant | |
valid | |
data

(@) Memory Transaction Timing Diagram

1 I R I
request __|
address . Address 1_X_ Address2 X Address 3 _
gramt ___ |
valid | L

data [N Tustr1 X Insw2 X Instw3 Y@M
inste_Ferch Y o X s X s @
instr_Exe [ st 1 X Tustr2

(b) Adjusted Memory Transaction Timing Diagram

Fig. 2. Memory Transaction Timing Diagram

Aol JIERE o] 4l NOP ol Adst &
oA mojme}elo]l WHolE flush ot dlolg A ¢
WFI(Wait For Interrupt) 830l 5& A3YsH T ZAA
= W7l FHi(stalled)7t =]o] PCY Fto]l F7FsA]l grom,
A& A FHole thE 29 Aol Ho] ARt} o
A Z2AAE PART o 2 28 Alo]EE At <l
£ A PCol tigt P olE K z]o] thA] g sfof
o} o233 QWS == Holy A7t v 2273 A
Al 85 Aot HQlo] Hug EYEES ol-8sto] Fig. 33
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clk | | | | |
request I

address

data imstr 2 instr 3 NOP NOP instr 3
instr_Fetch instr 2 instr 3 NOP instr 2 instr 3
instr_Exe | 4 instr 1 ? X stz @
stall |
stored instr [T instr 2 v X_~or_ Yl

Fig. 3. Instruction Fetch after Stall

o] ZEA7} 7] Aei7t @ we Beolg Agstaint.
2% sfo| ekl Fxo] A 27191 32-bie ¥ o]
o 1748 AFFOEH ZEANE AT 0 AFAD 3
olg Wgol A% WA Aol th7] AolA A%
@ o oWs|=S T

e HgolE tJZY(decoding)dto]

A 5, @eolo] net FAAE melot vm o] A
9 27] 29l St

Aol F3(Control Unit) 35F79] HIE=E st H
9l fZgE ¥Hol9 opcode(operation code)?}t funct3
(function 3) EE tzdste] wze] ¥, JRAAH 27], &
71 59 Ao} A15& AAgsict. ALU(Arithmetic Logic Unit)
tFe= QA WA 59 AARE I3 ALU Alof A5 /et
t}. £d o] @ CSR HHolo] tigt HEeE HQl Haset
E2sto] BIEH Fo] Ao} 459} =5

ALU= Alo] 450 wa} Abke=d] A4t 9 7KV E o] &
gt E(flag) AAbS 33 7H719] XA Al7Hdelay)
2 XRoH= WAL gotHr] Y8 Ripple Carry Adder
(RCA), Ripple-block Carry-Lookahead Adder (RCLA),
Kogge Stone Adder(KS)E v s}t Xilinx Zyng-7000
oA g3t A7 RCAY A Al 19.24ns°1™ 40719
LUT(Look-Up Table)& AH&sIH Lt 8-bit 502 149
RCLA9] A A7k 11.2ns0]™ 92719] LUTS AR&-sH{TH
Prefix adder®] &1 KS&= 200709] LUTS AREoIA ARk
8.06ns9] 71 #-2 XA AZRE EQlth. 294 mhojZeel
o] A% ol Ay dACIA 2 HZE(critical path)7t
Zdojx= o] 9lo] o]F Hestr] Yol KSE ARE-sttt.
Wz J< BFolY Ff ol wry JZ Tt

FSME AAIsH3iT. ol A% o] Ad) Al 521 4l

£ WowH g7o] A= Ucta Bkt Hole A4 ¥
A Al 591 A5 E Whotk oS E80] §-a3 HolHE
F7] wf2of stall Alo] ASE AAdst] TEA|ATL 1 S
Aol ERtE 715t koot

Ir

M @, for 1

4.3 QHEE 2 o] X2| 23
AASE Z2AAA XYot= M ZE EH gHo] d
CSRE Table 13 Zt}.

Table 1. Implemented RISC-V Privileged ISA

Type Mnemonic Description

Privileged MRET Return from trap

instructions WFI Wait for interrupt
MISA Machine ISA information

Control MSTATUS Machine status

and Status MTVEC Machine trap-vector base address
Registers MEPC Machine exception PC

MCAUSE Machine cause

el A] MSTATUS HAIAE 9 mie(interrupt enable)
HES 028 Z27|3l6lo] QIHYEE WA o= AHE 44
gtet. o] ARRA 2 TIHo|A CSR BB OE B3l mie H
EZ 18 MAste] JIEHEES WES o 5 Qlth ER I
239 3o MTVEC ZHIAAHO| EHY WE HolE A%
F4E ARSI ojdf, MTVEC FHAAE 2] mode H|IEQ]
T 12 145t weba] JIEHEZ} WA¥std PCoj s
3 JAHHE IDE 49 3 g ©et 4R E7|oks W,
del= EA A EF] WE Hol&9 AlF AR E7|Fh

AHHE WA A] MSTATUS #HAAE Q| mie HIEZ} 10]
A FEo] Q& ©A Y BPolE NOPLE ATt flush
gteh HEgo] A% @A) oo dsiA= Ao ASE
H5E 002 ¥iFsto] AR &2 A 22 a9 doh
CSR HEOA MSTATUS HAAES] mie H]EE mpie
(previous interrupt enable) H|EC] A&t & mie HIES
002 AAsto] 2L JIEHES WA gEF git) o|%
Ao w2t =4 mie HIEE 12 AAsto] S
JEHES ¥=s & & Sl JIHHES] IDE MCAUSE
YA AE| A, o] o]&sto] E71T HE HolE9
FAE AR Ay Fold ¥Pol F4a+= MEPC HA|
LB AR JIEHE A & dfF FPol= 54 4
NP E Bt QJIFHE A2 F9& MRET(return) 8
Fol AgS F3f o]FojA ™, MSTATUS HAAEQ] mpie
HEE mie HEO] EHsto] oA QIFHES W2 = &
g 3}

dlel= AEHES} I B7|H o TAYst, HAS n8
AMAE ECALL g#olo] oIgt 9¢] H illegal instruction,
misaligned instruction addressol 2Jgt Q& AT &
Atk Ao FHofA FRol H3tel SAGHA] U= FHoE
2514 illegal instruction Q€ WPA7IH, £7] A] &
2 F47F ofd &7] B¥golY FAE AN

4.4 2 Holg

AAT Z2AA= WF B30l A3 Al 22 Aleld 7Y
= A&t di7] Aol Soldezy H8 £2E S0l
A sl Alo] g4 WFI Alo] A5g AAdsto] ZaA
A FSMel Aot Z2A|XA= sleep AHI7F Hof B
274 flo] IHYEE 7|ttt oy, Z2AAd SH5+=



22S HolEozZH Yo RE ZYPEFO A HolE
gh=t}. JIHHEZ W8t 29& A TFoHES Ao
A5 AYAstal, mie HEZ} 10]H QIHHE A FHES
Z=38%tt}. mie H]EZ} 00]H ZEA|AE WFI Tt gaoj®
B A& Ao, 0|39 FR2 A4 HHo| wat X
2I0A ATt olF Boll th7] AdEiol A AR 4E
59 oMIEE AAITE 7|thEoF ot AHE 717] oA A
g AR5 24 5

5. TRHA 5% A5 Y 45 5%

5.1 A 24 9 AAH 1Y

2 =RoAe ZEAAN HFE Hd WA Siemens
Modelsim= ©]-85t0] Al&go]4skal, Vivado Design Suite
£ o]&st] F(synthesis) ¥ place & route Z1H5tA
t}. Xilinx Zyng-7000 FPGAE AMHE5F3AL, 16MHzOlA &
Zt 3% 4 A F8E S

AASE ZZAA ] PULPissimo SoC[10]& HHAAZ
sto] W®2 2], UART(Universal Asynchronous Receiver/
Transmitter), GPIO(General Purpose I/O) & Elo]H(timer)
FHAAE Zook= AAFES F30HAH. Fig. 4+ AAFE
Zyng-7000°4 place & routeE ZYst Avlo|ct gAY
2 AT TEAA, L B, 2542 FHAAE
Ehdith, AREX; 25 A Qo T2 IS Autdel vt
ojg] o= WrE 27|55l standalone 402 &
2ot skgith. UARTE 53 AHFH o4 minicom &
Z|d SAlo] 715%t Huld 2 O3S o]gsto] It T
EAAL BAlsH, o]& o]gste] THUE wHAoR Ty
< 4= AUtk GPIO«= FPGAS] HIE, 2914, LED 59 A
= Aoj5lH, B =R Z2AA 452 93t T2 1Y
oA o]&stitt. EBlolHe E9& 7IESHA AIE 573
3 4= qlom, Ao wet JHFPEES WAHAZE & ok £
=EolA= A 58 2 A 2AIEH (task scheduling)S

9Jh AF83HATt.

>

il

Fig. 4. Place&route Result of In-house Processor
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Table 2. Hardware and Power Consumption Comparison

Z2AA LUT(%) Flip-Flop(%) Power(W)
Riscy 21.3% 3.22% 0.01W
Zero-riscy 6.33% 1.3% 0.004W
In-house 3.56% 1.12% 0.001W

Table 20 Z2A|A9] StELo] ALE-E E AR HES Ut
Wolom, Hlng 98] em@AAz ARESE PULPissimo SoCel
Riscy ¥ Zero-riscy Z2AA|9] sf=go] ARS-EX 3 UE}
Waich

Riscy 49A molmgie]l L2 & o|Fojz] ZEAAE, 2
A mho]maElol 2%9Ql in-house EZEAAETE critical
path7} &th. w2bA 29 S5 &Y 4 AR hazard
dhjo] mE Alo] 2Z|9] Z7IE ISt st=go] AHgE ¢ A
g Ango] F7FoHA Hot T3 Aljbel= ZEAAL 22
2TA Tho]ZeQl X9l Zero-riscy ZZRA|AE AP
o}, Hgo] Q& =Zo] A% HHo] Aol ¥ X3} o]
Hast, E35F AT RES BAAE THdo] ARt

bz AR ZEAAMA StEo] ARE H AR Aol
H A @25 Qe & Qo HiEEE A5k ZUHTY
A2"20, 211 H 3 AA Ux=(always-on) 2] AAH

[22] & A9 H ALF 27171 A2l @A s A A
€E°] ¥ in-house ZEAIA7} ¥]-E SHA {5t

5.2 FreeRTOS EIS 55t 2 A

E =Fo|A+E= RTOS(Real-Time Operating System)2]
UE<! FreeRTOSE E¥(porting)ste] AATH ZEAA 9|
522 AU FreeRTOSE FEZ HEEE= RTOS #
d(kerneDZE, vlolqe] A7|7} &1 27} 7hdsto] @2
o] A2HEER ] XY EHIIH. £ =wollA= HESS 26l
FreeRTOS v8.2.2& ©]&stqtt. 16MHz CPU S33
32KHz golH E8& AMgstla, 459 glo] 10ms &
712 BolH QIEHEE S &Y AAELEE SN EE
A5t S AFL F 1msY A Fof 0% 157+
A 7REESt] 1 Z3E o|xHoe R [EDO EAloh= &Y 1,
Dhrystone #IA|nt35 Adot= 2 2, 9F 1ms9] A &
o 2A& | & &5k &Y 3 5 VIR A5k
F(heap)? Z7]+= 5000 bytese]H, &+ 12 480 bytes,
2+ 2+ 2800 bytes, 2 32 480 bytes?] AElS S|
2t Modelsim& o]-&s}to] AlEdo]A%E A3t Fig. 59
Zou, etoju] JAEHE(Ox0a) LAY Al FSM € Ao] A&
of wet JAEHE A2 £ AIF F4(0x1C008028)=
715k A& AT ¢ A
O]Z FPGAY| EHsto] TZAA H FHAFX 9 T2
QIsH3IT. Fig. 6(a)2t 2ol &Y 37171 ®Mizdo} 7 AA
B Z3E UARTE B9 A 4= J2m, Fig. 6(b)l
2t 19 A3 A3t LED EAHE A& & 5 Aot

M

2o 1o
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E/IFC_CORE/clk

N T | S [ A [ O % I

|

IFC_CORE/i_datapath/pc_stat_n
IFC_CORE/i_datapath/pc_stat_c
IFC_CORE/i_datapath/pc_next
IFC_CORE/i_datapath/pc_IF
IFC_CORE/instr_IF
IFC_CORE/i_datapath/pc_ID

IFC_COREIi_datapath/mtvec
IFC_CORE!i_datapath/mepc
|FC_CORE/i_datapath/mcause

IRQ_TAKEN RUN

IRQ_TAKEN RUN

1c009dde 1c009de0

/ 1c009dde
1010113

e ————

00000013 ebaff0Bf 00000013

Fig. 5. Modelsim Simulation Screen. It Shows the Flow of PC and Instructions of Interrupt Handling

sun@sun-esca: ~
Discr: 2]
should b
[Task1l] scheduled
e:  ©
Enum_Comp: 1
should be: 1
Int_Comp: 18
should be: 18
str_comp: DHRYSTONE PROGRAM, SOME STRING
should be: DHRYSTONE PROGRAM, SOME STRING
Int_1_Loc:
should be:
Int_2_Loc:
should be:

Id
[<<Task3>> scheduled:
i

278 times

Enum_Loc:
should be:
Str_1_Loc: DHRYSTONE PROGRAM, 1'ST STRING
should be: DHRYSTONE PROGRAM, 1'ST STRING
[Str_2_Loc: DHRYSTONE PROGRAM, ND STRING
should be: ) N AM, ND STRING

UART connection /

(b) LED Dlsplaylng 13(2’b1101)
Fig. 6. FreeRTOS Porting Result on Zyng-7000 FPGA

5.3 HIX|OZ M3s S5t ’é% =3
AARE Z2AMY F5S £745H7] Hdll Dhrystone ¥
Al

Coremark HIX|ul2.E A3 ’5}85\‘1} GCC 7.1.1 HjAE o]&
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