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« Seeed Studio XIAO ESP32C3
« RISC-V 32bit CPU (RV32IMC)
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« Arduino IDE
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PARTERE [

Bt RAS FERS-E =ECrJl-E BERE  —REw

Bl >ARYJL-R-F > AR > X008 FXE > Seeed Studo XIAQ ESPI20CD
[117454]Seeed Studio XIAO ESP32C3

(RoHS2

BRD—F: 117454
o 113991054 1.¥1’080 S
RWH : 2022/08/30
RA—H—: Sesed Studiof =~ AT TA)
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FRAEE - N

MAmW : T |

i

1 1541
454)

-Q,f iR pul____ Q
- - AEIR A TTREER : 79280
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« RISC-V 32bit CPU: RO D/VI IVILESP32-CIF v IR ER
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. Digilent Cmod A7-35T (AMD Artix-7 35T FPGA)

- 17,900H
« Tang Nano 9K (Gowin GW1NR-9 FPGA)
- 3,780H

PARTHRS - - (o]

SHSE MRE BECR ESed-oN IReE e

el >N L T P > PLACAD  SHLGR- ¥ > EIGAL OMD - SPULE- LR > Tnog Meno SF

[117448]Tang Nano 9K

amoi— 1

FPOA + ORLD - SALDA - 60 | (GERERD
DK 117448
2 1 Tang Nano 9K
BNHE : 2072/067 18

18 ¥ 3,780nu;n{1~ ¥1,437

A== Sipeedd GmxEn

T

LS HIWIHOBAL WAnG 1| -

BEARE - NroeXCLCTCER,

1.
§117448)

| = T
’ o A - JRISES A ETRERR : 16308
T e I

Tang nano 9KI4, Gowin GWINR-9 FPGAF » TEA—ZICULBEN— 15T, HOMIDF249, RGBRAIU— A W8 —Jx 4 A7-249, 5P
AU =279, 2MbILSPI? Sy a, 6BOLEDEERLTOSLA, FPGAREE, risc-v/ 7 HOPRE. BERESE CBe s DRF &
FTEFY, 86A0DUTAODw 2T - w M2, FEIFLRMUOSY VEBOMHIRRTa I TR, FFRPIoRVY T FIP0RFTES
RHTEFT, T, FPGADYE, VI FIOPORIE. 25RSWHRE, 1- - 02FEFn= - L EMGIIRTT.
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[111552]Artix-7 35T FPGAE=1—Jl Cmod A7-35T

e

ERO—K: 111552
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EEMA TN : 1188
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Cmexd @ A7-35T

FPGARIE | XCTASST-10PG236L
IMSPS ADC : 10

T3 LR0M 1 Quad-SP] Flash/ITAG
LUTEX : 20,800

FFE% : 41,600

TOIw 2TRAM 1 225KB 3
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Configuration Logic Block (CLB) of 7 Series FPGA
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Figure 2-3: Diagram of SLICEM
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Configuration Logic Block (CLB) of 7 Series FPGA 5 e

7 Series FPGAs

Configurable Logic Block
Slices = SLICEL + SLICEM

User Guide Distributed RAM (bit) = SLICEM x 256

Table 1-2: Artix-7 FPGA CLB Resources

S i o
T Device | slices™ | suceL | sucem | O pRd! D""'"("‘(‘:;’ RAM ' Register  Flip-Flops
(Kb)

7A12T 2,0001%) 1,316 684 8,000 171 86 16,000
7AIST | 2600 | 180 | 800 | 10400 | 200 100 | 20,800
7A25T | 3650 | 2400 | 1250 | 14600 | 313 156 | 29200
7A35T 5,200 3,600 1,600 20,800 400 200 41,600 |
7AS0T 8,150 5,750 2,400 32,600 600 300 65,200
7A7ST | 11,8009 | 8232 | 3568 | 47200 | 892 L a6 | 94,400
7A100T | 15850 | 11,100 | 4750 | 63400 | 1,188 C 594 | 126800
7A200T | 33650 | 22100 | 11550 | 134600 | 2,888 L1444 | 269200
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« CFU Playground|[1]

« ASIP (Application-Specific Instruction-set Processor) ZFAUL\D S XA AHFE T, HEB
DmHty MeOR— 9370y Bt EenT Oty B ZERITDY I NI 1T 775%E
EWVWDEMIRBRERET I E(CIRD . ZORFEFRIORIMENEERE(CIRD TULVD,

o COFREICERDEOA—T >V —RXDOHW/SWIHHEET L —ALAD—2

o SCATHAZRDERRE

. BMIRTD 7 A )KERRICK DT\ IHEEE

o TEUIERETDIOHIC RAA D EBSEOEEMNMNETEE IR MMEL

« TATIAMNEMTHAE - EECTORXMYMMD, ERDURITHRH D

[1] S. Prakash et al ., “CFU Playground: Full-Stack Open-Source Framework for Tiny Machine Learning (TinyML)
Acceleration on FPGAs,” 2023 IEEE International Symposium on Performance Analysis of Systems and Software

(ISPASS), pp.157-167, 2023.
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CFU Proving Ground (CFU PG) dBER & &=ik

e H
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iy

FATHR (DL —LAD—20) OFREICHUT D
HFTUWHW/SWEERERET L — LD -0 &L T
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B

23MED T 7 1 )LKI2,700170D 11— R THER =1,
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D Bitstream file for FPGA
D Files edited by users

D Files by the framework
D Programs that run locally
D Executables that run locally
(O vibrary

‘ D Hardware
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CFU Proving Ground @ SoC (System on Chip) S His

« FPGAICERXRT DSoCOIEMER

. RISC-Vésitzw ROtz wH RVProc SoC [
R s 0{ In,;truction
- mwEXEY - | il
. F—HAEY s '
o ~ ~.~0 e S T
d / \j7|- V/ijlj /9 J——— . Performar’i’ce Video
Counter Memory
. t7‘7|'>(:EU tT"I’XjI/’]/j/ ~O— 7 t
- e —— = ST7789
\—\ F j_)H LS(0) 9’} Controller
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| o= . ] E
el . SOIE
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CFU Proving Ground ®Y J b7 0Ot wH RVProc 5 e

« RVProcOt&ERk P RISC-\V°
. IF ID, EX, MA, WBEWSS5EEM) (1 S > AUEDRVI2ZIMOY J ROty H

« FrwI a8, FPGAOABAETY(BRAM)ZrG AT, T—FXEUEULTEH
« CFU (Custom Function Unit)

IfId
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P | =
= -
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7\ 9 r | ~ | * >
5 | 88 > & > 27
n _/ ALU >iaz
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CFU Proving Ground @Y J hJ0O-

[l Files

¥ main

Q Goto file

>m

v

o000 O0DOo0OoODoDOoDoDoDoDOoOEEDYSN

app
constr

dispemu

figures

scripts

gitignore
CHANGELOG.md
LICENSE
Makefile
README.md
cfumd

cfuv

cfu hisc
configvh

main.c

main.y

proc.v

top.v

CFU-Proving-Ground / procv (5

BG@
B61
B62
B63
664
B65
866
867
BG8
B&9
B78
871
871
873

875
B76
877

Blame

wire lsu_cd « (op
wire lsu_c5 « (op

assign lsu_ctrl o

wire mul_c® ~ (op
wire mul_cl1 - (op
wire mul_c2 = (op
wire mul_c3 - (op
assign mul_ctrl o

wire div_c® « (op
wire div_cl « (op
wire div_c2 ~ (op

881 lines (785 loc) 38.6 KB

7w RVProc

“s O BE (3 «= 1 || €3 ==« 5)) || (op == 8 R& (3 == 1)); // HALFWORD

we @ &8 (€3 == 2)) || (op == B && (3 == 2));

« {1su_c5, lsu_c4, lsu_c3,

== 12) 8& (f7 =~ 1) B8& (f3
== 12) &% (7 -~ 1) B& (f3
== 12) 3% (7 == 1) B8 (f3
-= 12) 84 (7 == 1) 84 (3
= (mul_c3, mul c2, ml c1,

ws 12) BA (F7 =« 1) 84 (F3
“s 12) 84 (F7 == 1) &4 (F3
== 12) & (f7 =~ 1) B4 (f3

// WORD

lsu_c2, lsu_cl, lsu_cB};

-~ @ || £3
- 11| £3
- 1); I/
-1 3
nul_cB};

w4l
== 4 || €3
-~ 6 || £3

assign div_ctrl o = {div_c2, div_cl, div_cB};

wire [3:0] f1@ - {f7, £3};
wire alu_c® = (op==4 84 $3~=2) || (op==4 B f3-=5 &4 £7--7'0DO10006Q) ||
(op==5'001100 A& (f10--10'D10 || f10=-=18"bOLOGOOO181)); // IS_SIGNED
wire alu_cl « (op=<d &8 (£3<=2 || £34<3)) || (op==5'b01160 &%
(£18<10°0100200000 || F10-=10'b18 || F18<«18'b11)); // TS _NEG
wire alu_c2 « (op==d B& (f3==2 || f3==3)) ||
(op==5'bE110@ A& (f1@+=10'b18 || fl@==18°b11)); // IS_LESS
wire alu c¢3 - {op~4 88 3--0) ||
(op==5"00110@ B4 (f10--10"b0 || fl@--10°'b1C0000C9R)); // 1S_ADD
wire ali cA = (op == 4 84 #3 == | && 7 == 7'00) || (op == 12 && #10 = 1); // IS SHIFT_LEFT
wire alu_c5 = (op==4 8& F3~=5 B8 (§7==7'b0 || £7-=7'0100008)) || (op==12 &%
(£10-=10'0101 || £19--10°'b010600O1O1)); // IS_SHIFT_RIGHT
wire alu_cb = (op<sd B& (f3<sd || F3<5)) || (op=<12 B8 (F10-<4 || F10<=6));//TIS_XOR_OR
wirg alu_c7 « (op==d B& (f3=<6 || fI<s7)) || (op==12 84 (f10ws6 || £10<<7));//1I5_OR_AND

wire alu c8 » (op == 5'b@1101 || op == 5°bBO1OL);

w1 || F3 == 2 || £3 == 3); // IS ML

- 2);

// 1S_SRC1_SIGHED

1S _SRC2_SIGNED
- 2 || #3 == 3); /7 IS_HIGH

wa B || F3 we B || F3 «= 7); 4/ IS_DIV

= 6);
-7);

/! TS_SRC2

// 15 SIGNED
/1 IS REM

ansign alu_ctrl o » {alu_c8, alu c7, alu_c6, alu_c5, alu_cd4, alu_c3, alu c2, alu_cl, alu_cB);
endmodule
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7w 7% Verilog HDLC
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HTARAE
AL TR
2473

RISC-V
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TE AFPT
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g m ﬁ T Kawji Kise

®sim
1-1
12
13
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22
23

I
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310
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313
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315
316
317
318
319
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A a—~FOEREME 41
AV a—FOMHE 4.2
WEREO FR{EE FPGA 43
FAUENEROBR 55
WHEHYE i
Lhial pls
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N=FIx7iCit &l Verilog HDL

ESH

AND ¥ — FDES a— )Lt
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CoreMark ZRWzZ Ot v B DMEELLE o ks

« CoreMark
« VexRiscv EDLEE T ILFHMIIRIEZ 5S40 T speed grade -3 & U THIE
« ESP32C3 &DLEETIE. Cmod A7 h'f&E9 D FPGA M speed grade -1 & U THIE

« BN > ESP32-C3[1] DA77 483 (CILENT D
« A—T>2V-XDOREXNRXY T M TOtzwH VexRiscy [2] KD E%EE

Processor Frequency CoreMark (lteration/Second) CoreMark/MHz
ESP32-C3[3] 160 MHz 483 3.02
RVProc (Speed Grade -1) 175 MHz 464 2.65
VexRiscv (Spped Grade -3)[4] 200 MHz 514 2.57
RVProc (Speed Grade -3) 235 MHz 623 2.65

[1] ESPRESSIF, “ESP32-C3 Series Datasheet Version 2.0,” 2024.
[2] SpinalHDL, “VexRiscv,” https://github.com/SpinalHDL/ VexRiscv, 2025. GitHub repository. Accessed: March 7, 2025.
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CFU Proving Ground @ CFU S His

« Custom Function Unit (CFU)
e RIL—LT—=DICHFTBD7oOzL—5
2AN. IHPDEVWSALUNR—-RADEEZHEAITBCET. JOLy DT —45/\RZEHNL

RES RN
<7 ek srcl i src2_i functd_ifunct7_i  en_i okl l
T eni [\
Id: il Gl mi’ {32 }’32 /v/ 3 { ¢ v srel/2_i 78 sre X/
1~ uncia7_
05 \? i - > Custom Function Unit oall.p 4/ \—
37 —>i iy rsit_o res
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CFU Proving Ground (D3 X%

» CFUZRIHS DITHICHRY LdnR7aiE)
RISC-VTEZR =N CL\ DL

inst[4:2]
inst[6:5]
00
01
10
1

000

LOAD

STORE

MADD
BRANCH

Table 70. RISC-V base opcode map, inst[1:0]=11

v ~D1D

001 010
LOAD-FP custom-@
STORE-FP custom-1

MSUB NMSUB

JALR reserved

011 100
MISC-MEM  OP-IMM
AMO opP
NMADD 0P-FP

JAL SYSTEM

I—Y—MHBCT1—ILFZEXVUTREATED
ALUNR—X EWVWSCFUDFEN S, RIENZERAHT D

31

25 24

20 19

15 14 12 11

1935

NN
H[P T3

101

AUIPC

LUI

0P-V
0P-VE

7

110

0P-IMM-32
0P-32
custom-2/rv128
custom-3/rv128

funct?

rs2

rsl

funct3

rd

opcode

111 (>32b)
48b
64b
48b
>80b

R-type

~

Institute of

SCIENCE
TOKYO
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CFU Proving Ground: SWZ

(=] 1]}
c
=

W Institute of
SCIENCE
7 TOKYO

o DRI LG BECEEBNSFERITIEHIC. 1>SA2T7E2TSZMERATD

« GCCOAZI\ASICHET DHAEDLID

« A2SA2TEIISEIABLIETIOISA (VI RDITT7) DItk

#define cfu_op(funct?7, funct3, rsl, rs2) ({
unsigned int _ result;
asm volatie(
".insn r CUSTOM @, %3, %4, %0, %1, %2"
"=p"(__result)

rslt = cfu op(funct7, funct3, inl, in2);

Aplpipipipipipl
clk_i src1_i src2_i functd_ifunct7_i en_i
T en_| [\
%"‘ 2 A3 A1 src1/2_i 7 src X7
vy v

funct3/7_i 77K op ¥/
¢ SR epsl), Trt(es2);. S1TCRunctd), S (Functiy) ?m“m» Custom Function Unit sl / \
)3 rsit o res
__result; E §
Y =S
31 25 24 20 19 15 14 12 11 7 6 0
funct? rs2 rsil funct3 rd opcode R-type
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VI DT NNy JHEIE

- BiY : CFUDEREK TERARDINRZEFS
NBMRA > baiRS

« NIA—RURASATSUTEITIOYY
A UNZHETES

[st7789 display Iibrary] [ performance library ]

pg_perf_reset(); /] h > RX%E0IZHEAML
long long start = pg perf cycle(); // 77V RXDIEDFTHELY
pg_perf_enable(); // hov A

for (int i = @; i < SIZE; i++) {
for (int j = @; j < SIZE; j++) {
c[i] += a[i] * b[]]; HETHRA-7
}

}

pg_perf_disable(); /] h7v MELE
long long end = pg perf cycle(); // H v b DIEDTHENY

pg lcd prints("Elapsed Time:¥n");// XFMNEI=T 1 A7 L MIKTR
pg lcd printd(end - start); /] BEEIZT1RATLAICKRT

pg lcd prints("¥n");

e

Institute of

SCIENCE
TOKYO
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VORI JO9S5 LD

DA D)V

¢ HI\J : RI SC'VI_E.I ‘/j-g L] Z 1 > } f st7789 display library

performance library

TILEXTEY A A—=ZDFRL

$ make prog

o link.IdDXEU S XDISEEFR

A

main.c

RISC-V compiler ]

MEMORY {
0X00003000

imem : ORIGIN 0x00000000, LENGTH

0x00004000

dmem : ORIGIN 0x10000000, LENGTH

¥

A

i

memi.txtJ

memd.txtJ

« config.vhdDXEU Y1 XDIEEEE

// instruction memory size in byte

“define IMEM_SIZE (32*1024)

// data memory size in byte

“define DMEM_SIZE (16*1024)

e

Institute of

SCIENCE
TOKYO
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VIO 2>=alb—>3>yV—-X0I2)\A)L

BEHN:>=a2L—>3>0DE8
(CZ0OtwYdDVerilogatih Z
Verilator [1] TO>/)\AILT B

$ verilator --binary --trace --top-module top ¥ /,, \\
--Wno-WIDTHTRUNC --Wno-WIDTHEXPAND -o top *.v memi.txt | | memd.txt proc.v
4 4 4
top.v
! ! configvh | | main.v cfu.v
N

$ make build

top

[1] https://github.com/verilator/verilator

~

Institute of
SCIENCE
TOKYO
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VIRDIF: 221L—23>VY-OI2/)A(IL S

- B : A RATL1D=Z1L—
A1)\ 1)L T B

$ gcc -02 dispemu/dispemu.c -o build/dispemu ¥

-lcairo -1X11

$ make build |; 1;& ]

23



VI DT ETo0v oY1 0J)LDH

- B #8EULZRO—-TDEITIC
51 )L > TLDIHAISD

$ ./obj dir/top | build/dispemu

=

$ make drun

Simple dis... X

apse
aa1f332

“ “ d i s pem U ‘I
.’/"’

Institute of

Simulator

\
\».
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J\— R

ElgiRr)

- J1—H(FC

HBuNERS!
« FEEZITDSCFUDVerilogatit

70177 l/ QODDRD

. W:ﬁthWU&HDTMF
| 1t:?§_%§5(:F:LJZEiuSZn1_?3_%§5
C CHARALAO>Y D=

input
input
input
input
input
input
output
output
)
assign
assign
endmodule

module cfu (

wire
wire
wire [ 2:0]
wire [ 6:0]
signed wire
signed wire
wire
wire [31:0]

stall o = ©;
rslt o = (en_i) ? srcl i * src2 i

clk_1i,

en_i,
funct3_i,
funct7_1i,
[31:0] srcl i,
[31:0] src2_1i,
stall o,
rslt_o

P 0,

cfu.v

™ CiEnce
g TOKYO
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VI DT 7DIELE

« CFUZRIFIDLDIC. DAY LdnT
=Wl

[sl7789 display Iibrary] [ performance library ]

pg_perf_reset(); /] h > RX%E0IZHEAML
long long start = pg perf cycle(); // H 7V ZDEDFTHAEY
pg_perf_enable(); // hov A

for (int i = @; i < SIZE; i++) {
for (int j = @; j < SIZE; j++) {
c[i] += cfu_op(@, @, a[i], b[j]);
}

}
pg_perf_disable(); /] hov MBI

long long end = pg perf cycle(); // 77 FDEDFZHEY

pg lcd prints("Elapsed Time:¥n");// XFMNEI=T 1 A7 L MIKTR
pg lcd printd(end - start); /] BEEIZT1RATLAICKRT

pg_lcd prints("¥n");

e
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J\— D2

>3>9Bzsb(CVivado T
bitstreamZz= 4Rk 9 D

config.vhin S ENEELRE & i dr

=24

HYD. Clocking Wizard%z~£
ChitstreamZz= &9 D

$ make bit

- )7 bitstream® &k

B : FPGAZ 1> J+4F1L—

7

memi.txt

14

memd.txt

config.vh

main.bit

e

Institute of
SCIENCE
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J\—RDT

FPGAN®D

1 : &% U/=bitstream#*
Vivado CFPGA(ICO> T+ F+1
L—=3>93

scripts/prog_dev.tcl

set ip addr 192.168.0.xxXx

set port 3121

> JaFa2L—2 3> D5

Bitstream
Server PC Local PC
4 3 " N
VivedoHW | | _______ > VivadoHW
- Manager F Server ‘
X ¥/ ./
Configuration
FPGA board

$ make conf

— K

main.bit \

FPGA board

mini display

~

nnnnn

SCIENCE
TOKYO
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<N>TILD

« CERBTRIMUR—XASA>OO—R
« 240 x 240 EOILDFT 1 AT LA ZFIF

—SEaDERIEDS

e
g TOKYO

/********************************************************************************/

JX¥*¥*** 240%x240 ST7789 mini display project Ver.2024-12-21a PIIIS ]
/*¥***¥* Copyright (c) 2024 Archlab. Science Tokyo IS
/*¥**** Released under the MIT license https://opensource.org/licenses/mit  *****/
/********************************************************************************/
#include <stdio.h>
#include <stdlib.h>
#include <stdint.h>

#define X_PIX 240 // display width
#tdefine Y_PIX 240 // display height
#tdefine ITER_MAX 256 // max iteration of mandelbrot

float x_min = 0.270851;
float x_max = 0.270900;
float y_min = 0.004641;

float y_max = 0.004713;

void draw_pixel(int x, int y, int k)

{
int color = ((k & @x7f) << 11) ~ ((k & Ox7f) << 7) ~ (k & Ox7f);
int addr = ((x << 8) & OxFF@Q) | (y & OxFF);
printf("@D%d_%d¥n", addr, color);
fflush(stdout);
}

void mandelbrot()

{
float dx = (x_max - x_min) / X _PIX;
float dy = (y_max - y _min) / Y_PIX;
for (int j = 1; j <= Y_PIX; j++) {
float y = y_min + j * dy;
for(int i = 1; i <= X_PIX; i++) {
int k;
float u = 0.0;
float v = 0.0;
float u2 = 0.0;
float v2 = 0.0;
float x = x_min + i * dx;
for (k = 1; k < ITER_MAX; k++) {
v=2%*u*va+y;
u=u2 - v2 + X;
u2 = u * u;
v2 = v * v;
if (u2 + v2 >= 4.9) break;
s
draw_pixel(i, j, k);
}
}
}
int main()
{
int cnt = 0;

float delta = 0.0000030;

while(1){

cnt++;

if(cnt%512==0) delta *= -1;
y_max += delta;

x_max += delta;

mandelbrot();

if(cnt%10==0) fprintf(stderr, "cnt = %4d¥n"
¥
return 0;

, cnt);
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NFIILIO-&ED

« N—XTA )@ﬁ@%bZ/ﬂAn‘ﬁ%(Z

« CFUI(Z.
Synthe
Verilog

C=5E it LT High Level
sis (Bfi&kRk, HLS) ZRUL\ T
HDL (CZ A

=R D

void mandelb
{
float dx
float dy

for (int
floa
for(

rot()

= (x_max - x_min) / X_PIX;
= (y_max - y _min) / Y_PIX;

j =1; j <= Y_PIX; j++) {
ty=ymin + j * dy;
int 1 = 1; i <= X_PIX; i++) {
int k;
float u
float v
float u2
float v2
float x = x_min + i * dx;
for (k = 1; k < ITER_MAX; k++) {

v=2%u*v+y;

u=u2 - v2 + X;

u2 = u * u;

v2 = v * v;

if (u2 + v2 >= 4.0) break;

s
draw_pixel(i, j, k);

#include <string.h>
#define ITER_MAX 256

void cfu_hls(char funct3_i, char funct7_i, int srcl_i, int src2_i, int* rslt_o)

{
float x; memcpy(&x, &srcl_i, sizeof(float));
float y; memcpy(&y, &src2_i, sizeof(float));
float u = 0.0;
float v = 0.0;
float u2 = 0.0;
float v2 = 0.0;
int k;
for (k = 1; k < ITER_MAX; k++) {
v=2%*u*v+y;
us=u2 - v2 + X;
u2 = u * u;
v2 = v * v;
if (u2 + v2 >= 4.0) break;
s
*rslt_o = k;
b
void mandelbrot()
{
float dx = (x_max - x_min) / X_PIX;
float dy = (y_max - y_min) / Y_PIX;
for (int j = 1; j <= Y_PIX; j++) {
float y = y_min + j * dy;
for(int i = 1; i <= X_PIX; i++) {
int k;
float x = x_min + i * dx;
int srcl = *((int *)&x);
int src2 = *((int *)&y);
cfu_op(@, @, srcl, src2, &k); // custom instruction
draw_pixel(i, j, k);
}
)
)

Institute of

SCIENCE
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—EEZHEE LTzl S s

<A 2 R— REFPGAR— RTY>FILD

BEFYAO2AR—F (160MHz) TOY DI b 7ABR(CLDHEE (1 T —ADHEICHI33F
«  FRFFPGA/R—F (160MHz) (CT7OtvB&E7otESL—~FEFEE (1 JL—LAOHEBE(CHL.43%7, Y02 D231H)
Kl FPGAWRD7ZOtS L —5%2Z 12{ECEY™ LT (150MHz) #HiE (1 JL—ADHEE(CH0.152%, Y+ 1> dm2171F)

FHlF~¥1I>/R— KR XIAO ESP32C3
R, (& Cmod A7

https://www.youtube.com/watch?v=19PorSnwic

g
=
-
2

|\ F i : =% D e
OSSN NN— RO T T YWD E A DOFPGAICRISC-YV Otz v e 7 oS L —&R5EE T,
7= g UIEHME T A MRESoCE B EICIBRTET A L — LT — 0% 8N LET,
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AN

« Qlé.16EE/NFERAWCERERAWIWY TS A
o ITNIRIICFUZ UL DIERD

\|—h| Vaola

HE
B, 05 J(EREM

ECFUTHE

o RIL—ALDT—DDFITAILbOEBEHMNS. CFUZALDZ ETHS. 2EDERIL

= Speedup

N=128

—e— Execution Time

Lo

//////’

4

N=256

N=512

FFT Points

/}D

N=1024

14

1.2

0.8

0.6

0.4

0.2

0.0

Execution Time [ms]

o
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fix16_t
fix16_t
fix16_t
fixl6_t
fix16_t
fix16_t

fix16_t
fix16_t

F[2*idx

temp_varl
temp_var2
temp_var3

temp_var4

temp_varl_

2

temp_var3 4

real

imag =

_upper]
f[2*idx_
f[2*idx_
f[2*idx_

upper+1]
lower]

lower+1]

fix16_mul(f[2*idx_lower]
fix16_mul(f[2*idx_lower+1l], W _N[2*cnt_twiddle+1]);
fix16_mul(f[2*idx_lower]
fix16_mul(f[2*idx_lower+l], W_N[2*cnt_twiddle]);

fix16_add(real,
fix16_add(imag,
fix16_sub(real,
fix16_sub(imag,

D35 @

, W_.N[2*cnt_twiddle]);

fix16_sub(temp_varl, temp_var2);
fix16_add(temp_var3, temp_var4);

f[2*idx_upper];
f[2*idx_upper+l];

temp_varl 2);
temp_var3 4);
temp_varl 2);
temp_var3_4);

, W N[2*cnt_twiddle+1]);

CFUICF7RA—FT3R—XFA4DCTAITF L
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=1 : N-Queens S s

= s . Or\(.v)){ hﬂ?b‘lnp-n _@
FILECFUE U TEERT D ETHI8EDER 1f(r){
'ﬂ_/, int 1sb = (-r) & r;
alh+1].cdt = ( r & ~1lsb);
a[h+1].col = (a[h].col & ~1sb);
55 8 a[h+1].pos = (a[h].pos | 1sb) << 1;
- —= Speedup —o— Execution Time Q . a[h+1].neg = (a[h].neg | 1sb) >> 1;
/ 6.0 r = a[h+1].col & ~(a[h+1].pos | a[h+1].neg);
19 h++;
14 5.0 w0 }
Q
g 40 E else{
$ 10 S r = alh].cdt;
(% 8 30 5§ h--:
o J
5 56 5 if(h==0) break;
4 /J if(h==n) answers++;
1.0 }
2
: o p// }
0 & © 0.0 .
N=12 N=13 N=14 N=15 N=16 FEEIF ESTErss
Problem Size ¥

CFUIF7R—F¥3R—-RFM4vDC7ATFL 33



Configuration Logic Block (CLB) of 7 Series FPGA 5 e

7 Series FPGAs

Configurable Logic Block
Slices = SLICEL + SLICEM

User Guide Distributed RAM (bit) = SLICEM x 256

Table 1-2: Artix-7 FPGA CLB Resources

S i o
T Device | slices™ | suceL | sucem | O pRd! D""'"("‘(‘:;’ RAM ' Register  Flip-Flops
(Kb)

7A12T 2,0001%) 1,316 684 8,000 171 86 16,000
7AIST | 2600 | 180 | 800 | 10400 | 200 100 | 20,800
7A25T | 3650 | 2400 | 1250 | 14600 | 313 156 | 29200
7A35T 5,200 3,600 1,600 20,800 400 200 41,600 |
7AS0T 8,150 5,750 2,400 32,600 600 300 65,200
7A7ST | 11,8009 | 8232 | 3568 | 47200 | 892 L a6 | 94,400
7A100T | 15850 | 11,100 | 4750 | 63400 | 1,188 C 594 | 126800
7A200T | 33650 | 22100 | 11550 | 134600 | 2,888 L1444 | 269200
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Institute of

JLIC K DBRAMAMENN

=1 1] - A4 N Dir SN Y7 SCIENCE
=THii: FPGARIBRD) \— RO T 7 EIREDFIHAXK S fos
o 5_‘ j = JL I\ ( 32Ki B, 16Ki B) Resouces | CFU Usage | Others | Total Usage | Available | Total Usage Rate
‘ LUT 0 1771 1771 20800 8.51%
« THATYU32KIB., T—=FAEY FF 0 872 872 41600 2.10%
16KiBODTERK BRAM 0 19 19 50 38.00%
DSP 0 4 4 90 4.44%
* N‘QU eens (8K| B / 4K B) Resouces | CFU Usage | Others | Total Usage | Available | Total Usage Rate
= ORI A 4T LUT 1153 1666 2819 20800 13.55%
- EMIRIBEEEEITDCSH. LUTP :
FFD\\iEE'b[l LiEEEZ 503 FF 1279 1474 2753 41600 6.62%
= = A BRAM 0 10 10 50 20%
DSP 0 4 4 90 4.44%
* FFT (8K| B/ 32K| B) Resouces | CFU Usage | Others | Total Usage | Available | Total Usage Rate
e BERIJ—UIZTMTIIEELZHT LUT 537 1699 2236 20800 10.75%
o FF 598 910 1508 41600 3.63%
DIzsb. DSPHMMENIL TLVD :
BRAM 0 23 23 50 46.00%
« BEECWMEBERENZHREIDT—T | bDsp 16 4 20 90 22.22%
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CFU Proving Ground MD:%:t 7

« MBLIRBFEETY—IL
« RISC-V compiler (gcc)
o JOXAZ)\A SDIEBLE(CKI305)
« Vivado
- AMDHWEHtI B TIU—DYI T

- #100GBOI7AILDAFDI>O— R E
H. 1> X ~=JLICHI60TD

« Verilator

« Ubuntu Linux I ETI(E. apt TRIEICA
AB=ILTEDS
« gcc, libcairo
« Ubuntu Linux I ETI(E. apt TRIEICA
AB=ILTEDS

https://github.com/archlab-sciencetokyo/CFU-Proving-Ground

IIIIIIII

SCIENCE
TOKYO

_C‘:_DRD \J )I/ s

D Bitstream file for FPGA
D Files edited by users
D Files by the framework

main.c

D Programs that run locally
D Executables that run locally

. (O virary
[ FIDKe g ] : D Hardware
T e e e
=k . y Simulator ;
memi.txt memd. txt proc.v \
4 7 4 \
top.v dispemu.c :
config.vh main.v cfu.v
\— g 7 5
r
= BB
4
FPGA board mini display [ id l ol ]

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

CFU Proving Ground®&&st7 00—
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ACRIIN—LE, v 74 v TEEFNB TZHFPGADHIBIRIE T, EREIFARFICHKE I N7-100M Z B X 5 FPGAR — F & B
KAV 7 b7 zT7H2YE— DO TIEXLTHAT S,

o s t‘ % ACRi )L — .\ |

A F AT g
Start-upbt

éf 7717 Host Server

|

S~

GDEP FPGA <

T X N e s nedETR o Starter Kit
T Artyx 100
ACRI A7) )L ,’l’l’l
SN Q T Frofessors ACRi Founders
- SREOEMTEMEEETERL

r

e UE—FMHWBT7I7EXLTHABTEZAZAIL
e TJOUNTHr—T7 L%EBELTAKEHRECACRIEZEDNTINTIEZ 1

FPGA Server ﬂ

e CPU: Core i9 (8 core /16 thread)
e XFE1:DDR4 128GB (32GB x 4)
e XA hL—:SSDM21TBxXx?2

4 Arty A7-35T

o« 15 —/NCAtyE 15K EERE
« Digilent Arty A7-35T
o I—HEIIVMEEY HT

3EETVM % BE)

-

Alveo

o 1 —/N[CAVeo xR IRGRIE
« Xilinx Alveo
\ U50 / U200 / U250 / U280

TERTT47aA0a—T4 > 7HEHEENS (ACRI)  https://www.acri.c.titech.ac.jp/wp/
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CFU Proving Ground O#JHAZSTE

Step (1) : Install the required software

If you are using ACRi Room, these software are already installed and you can skip this step.

For RTL simulation, install Verilator version 5 if it is not installed. See the Verilator website for more information.
As an FPGA development tool, install Vivado 2024.2 if it is not installed. See the Vivado site for more information.

Our display simulator uses libcairo-deb package, please install it with the following command.

$ sudo apt -y install libcairo-dev d;

Please install the RISC-V compiler with the following commands. Installing the compiler can take a long time, so if you
don't need it, just skip this.

$ sudo apt -y install autoconf automake autotools-dev curl python3 libmpc-dev d;
$ sudo apt -y install libmpfr-dev libgmp-dev gawk build-essential bison flex texinfo

$ sudo apt -y install gperf libtool patchutils bc zliblg-dev libexpat-dev

$ git clone htips://github.com/riscv-collab/riscv-gnu-toolchain

$ cd riscv-gnu-toolchain

$ ./configure prefix=/tools/cad/riscv/rv32ima --with-arch=rv32ima --with-abi=ilp32

$ make

https://github.com/archlab-sciencetokyo/CFU-Proving-Ground

Institute of
SCIENCE
TOKYO

Step (2) : Clone the repository and edit the environment variables

Please clone this repository with the following command.

$ git clone https://github.com/archlab-sciencetokyo/CFU-Proving-Ground

Open and edit the Makefile on the CFU-Proving-Ground directory to specify proper absolute paths.

If you are using ACRi Room, these paths are already set correctly and you do not need to change them.

variable path to
GCC riscv32-unknown-elf-gec
GPP riscv32-unknown-elf-g++

OBJCOPY  riscv32-unknown-elf-objcopy
OBIDUMP  riscv32-unknown-elf-objdump
VIVADO vivado

RTLSIM verilator
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CFU Proving Ground OH#JERESTE

1 # CFU Proving Ground since 20825-82 Copyright(c) 2825 Archlab. Science Tokyo
2 # Released under the MIT license https://opensource.org/licenses/mit
3
4 GCC = ftools/cad/riscv/rv32ima/bin/riscv32-unknown-elf-gcc
5 GPP = ftools/cad/riscv/rv32ima/bin/riscv32-unknown-elf-g++
6 OBICOPY := /ftools/cad/riscv/rv32ima/bin/riscv32-unknown-elf-objcopy
7 OBIDUMP := ftools/cad/riscv/rv32ima/bin/riscv32-unknown-elf-objdump
a8 VIVADO = ftools/Xilinx/Vivado/2024.1/bin/vivado
9 VPP := Jtools/Xilinx/Vitis/2024.1/bin/v++
18 RTLSIM := /tools/cad/bin/verilator
11
12 TARGET := arty_a7
13 # TARGET := cmod_a7
14 # TARGET := nexys_a7
15
16 USE_HLS 2= @
17
18 PART _arty_a7 = xc/7a35tcsg32a-1
19 PART nexys a7 := xc7alBBtcsg324-1
20 PART _cmod_a7 := xc7a35ticpg236-1L

31

Makefile TH|FEd 2FPGAR— R ZFETE
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User-friendly two-wheeled self-balancing robot 6 e

« We propose robbit, a low-cost and user-friendly two wheeled self-
balancing robot that uses an FPGA.

« We detail the design and implementation of robbit and demonstrate its
stability and utility. Furthermore, we demonstrate the effectiveness of
robbit by presenting its hardware costs, assembly time, and use cases.

« We release the source code of robbit as open source, and have a wide
range of people using it as a learning material.

Hardware % SCIENCE TOKYO Hardware & SCIENCE TOKYO
® FPGA board: Cmod A7-35T = robbit ® Motor driver: TB6612FNG motor driver module
*  Size: 69.9mm x 18.8mm * Price : $130.1(FPGA board: $104.9) ® Wheels: Slim tire set (55mm diameter) 70193

FASy + RISC-V prosessor
* Weight: 10.7¢ - Cmod A7-35T(FPGA) m Display: ST7789 IC 240 x 240 display

® Sensor: MPU-6050(IMU) ® Battery: EEMB Lithium-ion battery 653042
+ Accelerometer and gyroscope

® Motor: Mini motor standard gearbox 70188(TAMIYA) @\ @ Q‘

TB6612FNG motor Slim tire set ST77891C Lithium-ion
batt: 653042
(55mm diameter) 240 X 240 display ery

20 21

Mini motor standard gearbox driver module
70188(TAMIYA)

Cmod A7-35T

Sl
Daichi Kumagai, Komei Kodera, Yuya Iwata and Keniji Kise, “Robbit: A User-Friendly and Two-Wheeled Self-Balancing Robot Using an robbit’s photograph
FPGA,” International Symposium on Embedded Multicore/Many-core Systems-on-Chip (MCSoC), pp. 780-787, Singapore, Dec. 2025. 40
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FEITDIIL—LT—7T S e

« CFU Playground[1]

« Chipyard[2]
- Rocket Chipt®BOOMZ R \T=SoCBENERKR I L —LT—2 $CH|P
« AA—TI—XRIESNIBRWTOLCSL—FZIKD T ENRIEETEH. B IHRE
« ASIP Designer[3]
« ASIPERETRADY I b 7YV —ILF T —2DEKETCZY/R— KT BIP
o ATV —XTIIIRVDTHEBE(CHARMEN /RN
« Open ASIP 2.0[4]
»  SDKOARM AIRE/RIFR (CEMEEIR T L — LT —0
o XMIXR—RDT7—FFTIF v ERAHNICKDBENHE

[1] S. Prakash et al ., “CFU Playground: Full-Stack Open-Source Framework for Tiny Machine Learning (TinyML) Acceleration on FPGAs,” 2023 |EEE

International Symposium on Performance Analysis of Systems and Software (ISPASS), pp.157-167, 2023.

[2] A. Amid et al., “Chipyard: Integrated Design, Simulation, and Implementation Framework for Custom SoCs,” IEEE Micro, vol.40, no.4, pp.10-21, 2020.

[3] Synopsys, Inc., “ASIP Designer,” https://www.synopsys.com/dw/ipdir.php?ds=asip-designer, 2024. Accessed: March 7, 2025.

[4] K. Hepola et al., ” 2022 IEEE 33rd International Conference on Applicationspecific Systems, Architectures and Processors (ASAP), pp.161-165, 2022. 41



EhE 9 DA5T RV-PC o i

+ AFIAE®D FPGA /R—RZES5—45'w MM, X2 RFPOC>THEI DA -T2V —-XT GUI (ST« 5
V- A—Y—A2F—=T A RX) MED RISC-V ZXAF LD RV-PC EVWSIHBI Ead—4 -2
RV-PC D% < DEZ1—)LIE Verilog HDL TEEmi&#1. A >EZ 21 —)LI& RVCorePL EWSS5E/ A TS5 1> D
VI hJOtwY, RV-PC (. A—HFRy b, SD H—BR. VGA T4 XTLA. YDR, F—R—RRE, MELL
I/0 Z2H7/R— KU, Linux ° GUI 77T U -2 322 SVZHDOYV I NI 7 Z2RITTED,

'J]{i" -

LSS
=

RVCorePL, RV-PCDTz&HD
SERI\ATSA>RF—>0nTOtvy

https://youtu.be/Kt_iXVAjXcQ 47



SEXMESEDTIE o i

Aoba Fujino and Kenji Kise, “CFU Proving Ground: a Hardware/Software Co-Design Framework for Leveraging
a Custom Function Unit and RISC-V Custom Instructions,” 2025 IEEE 18th International Symposium on
Embedded Multicore/Many-core Systems-on-Chip (MCSoC), pp. 199-206, Singapore, Dec. 2025.

« Daichi Kumagai, Komei Kodera, Yuya Iwata and Kenji Kise, “Robbit: A User-Friendly and Two-Wheeled Self-
Balancing Robot Using an FPGA,” 2025 IEEE 18th International Symposium on Embedded Multicore/Many-core
Systems-on-Chip (MCSoC), pp. 780-787, Singapore, Dec. 2025.

- FEEY BY, &/ B, “RISC-V VI hJOY Y THRI LtnRZEGE(CIRD I L — LT —72 CFU Proving Ground M
it EER, BFIFIRBEFASFMATTHRE, vol. 125, no. 66, RECONF2025-12, pp. 59-64, 2025 &£ 6 A.

imm][11:0] rsl | 110 | rd | 0000011 | LWU SoC
imm|[11:0] sl | 011 | rd | 0000001 | LD
mm[i15] ] 2 sl | 011 | imm[&:0] | 0100011 | SD = e .
000000 shamt w1 001 rd 0010011 | SLLI - J Video |gal ST7789 1
000000 | shami sl | 101 | od | 0010011 | SRLI l"‘,,,',',“,,;",;"" &"“VH Controller ‘_ Shns H |
010000 shamt sl 101 | rd 0010011 SRAI o
mm(110] | 000 | rd | 001I0IT | ADDIW & I [
0000000 | shumt rsl ] 001 | rd | 0011011 | SLLIW | g 8
0000000 shamt rsl 101 | rd 0011011 | SRLIW — 50 o
0100000 I shamt sl | 101 | rd | 0011011 | SRAIW | = | I
0000000 ‘ 152 | w1 | 000 | rd | onToTT ADDW — 3 -EH DDR3 [
0100000 | m2 | o1 | 000 | w | 0111011 | SUBW . |2
0000000 _ a2 [ w1 | 001 | vd | OIIION | SLLW (= [ Processor Domain
0000000 rs2 rsl i | 0111011 | SRLW ‘
0100000 | rs2 rsl 101 : rd oo SRAW D DRAM Controller Dormsain (50 MMz)
Fig Istruction Set (Source: RVB4I Base Instruction Set table In Volume |: Unprivileged - D DRAM PHY-Qomain (200 Mitr) "T-Keme| 3.0
ISA) i ] Display Doenain (100 MHz)
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— t &) o N CE
~ g TOKYO

ASIPZ UL\ S X7 LARFEORFEREORIMEN ZRE(C/E D T D,

C DRBEDOFRZHIE L T, CFU Proving Ground &ME(IN S, FPGAZ S —
v RITB/I\N—=RTTT77 /YT NI 7 ORRRETORIBZHFE L TLD,

C DB TIL. CFU (Custom Function Unit) EMFEND 705 L —5%HE
&9 DRISC-VVY I hJOYHZRAWTHIAHF S AT LADR{IEZIES,

Xz, BERSAISU. BAERD 714 UKEFER. ZRRIAETINYY TZIE
HosdcLca—bv—-EUTrOmELEZEIERD,

CFU Proving Ground®#gak &fEUVA. ACRIJL—ATOEIMN LG, CFUZALY
JcERIEDEHZFEIT LTS,
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Try me, CFU PG ®

$ git clone https://github.com/archlab-sciencetokyo/CFU-Proving-Ground

$ cd CFU-Proving-Ground
$ make
$ make drun

archlab-sciencetokyo/
CFU-Proving-Ground

O https://github.com/archlab-sciencetokyo/CFU-Proving-Ground

Simple dis... X

LY =T = I I« Y " I = )

[ R R S T T = T T o T T e e e
[T S S Y T R e B T L e Y I

/* CFU P
/ Releas

#include

#include
#include

#include

void Ran
int

whil

}

}

int main
pg_1
Rand
retu

}

Institute of
SCIENCE
TOKYO

roving Ground since 2025-82 Copyright(c) 2825 Archlab. Science Tokyo /

ed under the MIT license https://opensource.org/licenses/mit *f
<stdlib.h>»

"st7789.h"
"perf.h”
"util.h"

domChar() {

count = @;

e (1) {

count++;

char ¢ = "A" + rand() % 26;

pg_lcd draw_char{rand() % 248, rand() % 248, c, rand() & @x7, 1);
pg_lcd set pos(®, 14);

pg lcd prints{“steps :");

pg lcd printd(count);

0+

cd_reset();
omChar();

rn @;

main.c
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) (i AEYD LB TZITVFT B,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
«  EX (Execution) i FIREDETEITTFLADERZITD,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> ~ ~ | > BRY
g | 8 —> z
- ) Ifﬁbr‘ipr‘edfpc/.\ Slx g
IR bimodal \_/ ) AL 3§
—>{regfile 9/‘\ .9/ .
Ma_br_true_pc z || )
S *~> <
x g wn E Z
0 or‘49 S —=> 5? — %
5 H N e MUL/DIV/CFU
s N~ a =
) l'c > o ;% o o
o + = ﬁlg'
pre_
decoder
= N su
-
—> IE imem L |g decoder - . dmem LU
5 | imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

— =\
<l | e 47
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) (A mAEYD LB TZITVF T B,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
«  EX (Execution) i FIREDETEITTFLADERZITD,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa Malb
—> - ~ | BRU
g | § —> z
= Ifﬁbripr‘edipc/.\ Slx g
's |bimodal ~ \‘ 0 e
© I x
= —>|regfile Na ~ '9& 58
Ma_br_true_pc z || )
g *~> <
S v g =
) or*49 S —=> |3 ol —>%
Ny
5 + H N e MUL/DIV/CFU
—> ! —1% ~ a
© Q. =
) l'c > o ;% o o
o + = ﬁlg'
pre_
decoder
-
S 5 Su
—> IE imem L |g ( decoder - . dmem LU
5 | imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

— =\
<l | e 48
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IF (Instruction Fetch) stage

e e e L e L L
ipeline registers
always @(posedge clk_i) if (!w_stall) begin x_‘_’_? ________ ? _________________________________________________________________
ZEpEr;:)IZEEEE //Stpdakefpe // IF: Instruction Fetch
re "XLEN-1:0] r_pc; rogram counter
IFId v <= 0; gl 1 r_pc; // prog
IfId_pc <= 0;
IfId_ir <= "NOP; s
end else if (!ExMa_stall) begin .
o wpseen e
;fId_load_muldlv_usg <= If_loaq_muldlv_use; wire ['PC_W-1:0] If _pc; // the program counter of the next clock cycle
if (!IfId_load_muldiv_use) begin wire [ PC_W-1:0] If pc inc: 7/
- o = S L - )
;Ej—pi :: rI‘¥pc:‘ wire If pc_stall;
L =T wire [1:0] If pat_hist;
IfId_br_pred_tkn <= If_br_pred_tkn; wire If br pred_tkn;
IfId_Pat_hist <= If_Pat_hist; wire [BE:BT f br p;‘ed es
SR ANSE FYPE S5 I SR 265 wire [ ITYPE_W-1:0] If instr_type;
IfId_rf we <= If_rf_we; . — = - ’
- - - - wire If rf_we;
IfId_rd <= If_rd; 5 e .
wire [4:0] If_rd;
IfId_rsi <= If_rsi; 5 . = 1o
wire [4:0] If_rsi;
IfId_rs2 <= If_rs2; 3 . = o
end wire [4:0] If_rs2;
end wire [31:0] If_ir; // instruction from imem
S assign ibus_araddr_o = If pc; // read address of imem
assign If ir = ibus_rdata_i; // instruction from imem
IfId
If_pc
bimodal bimodal (
.clk_ i (clk_i), // input wire
.rst_i (rst), // input wire
- I-F_br*_pr‘ed_pc/_\ .stall i (w_stall), // input wire
's |bimodal .raddr_i (If_pc), // input wire [ XLEN-1:0]
o .pat_hist_o (If_pat_hist), // output reg [1:0]
.br_pred_tkn_o(If_br_pred_tkn), // output wire
Ma_br_true_pc z| | .br_pred_pc_o (If_br_pred_pc), // output reg [ XLEN-1:0]
g .br_tkn_i (Ma_br_tkn), // input wire
9 or 4 .br_tsfr_i (ExMa_j_b_insn), // input wire
.waddr_i (ExMa_pc), // input wire [ XLEN-1:0]
- + = .pat_hist_ i  (ExMa_pat_hist), // input wire [1:0]
*—> lﬁ —7% ~ lg .br_tkn_pc_i (ExMa_br_tkn_pc) // input wire [ XLEN-1:0]
= )
0
assign If pc_stall = ExMa_stall || IfId_load_muldiv_use;
decoder assign If_pc_inc = (If_pc_stall) ? @ : 4;
IF stage by assign If_pc = (w_stall) ? r_pc :
> Q imem P! a (Ma_br_misp ) ? Ma_br_true pc :
0 If_ir |:~ (!'If_pc_stall & If br _pred_tkn) ? If br pred pc : r_pc+If pc_inc;

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 49



RIEAAE! . JERIEAATEY

module am_mem (
input wire clk,
input wire [ ADDRW+1:0] addr_i,

output wire [31:0] data_o . . . .
B

reg [31:0] mem[@: MEM_ENTRIES-1]; mem mem mem mem

assign data_o = mem[addr_i]; (a) (b) (c) (d)

endmodule

(a) ERIEAAE

module sm_mem (
input wire clk,
input wire [ ADDRW+1:0] addr_i,

output wire [31:0] data_o
)s

reg [31:0] mem[©: MEM_ENTRIES-1];

reg [31:0] rdata;

always @(posedge clk) begin

r_data <= mem[addr_i];

end

assign data_o = r_data;
endmodule

module sm_mem (
input wire clk,
input wire [ ADDRW+1:0] addr_i,
output wire [31:0] data_o
)
reg [31:0] mem[@©: MEM_ENTRIES-1];

reg [ ADDRW+1:0] r_addr;
always @(posedge clk) begin
r_addr <= addr_i;
end
assign data_o = mem[r_addr];
endmodule

module sm_mem (
input wire clk,
input wire [ ADDRW+1:0] addr_i,
output wire [31:0] data_o
)s
reg [31:0] mem[0©: MEM_ENTRIES-1];

reg [ ADDRW+1:0] r_addr;

reg [31:0] r_data;

always @(posedge clk) begin
r_addr <= addr_i;
r_data <= mem[r_addr];

end

assign data_o = r_data;

endmodule

(b) RIHAAEY

(c) RHEAAEY

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

(d) EIEAAEY
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IF (Instruction Fetch) stage

cpu cpu (
.clk i (clk), // input wire
.rst_i (rst), // input wire
.stall i (9), // input wire
.ibus_araddr_o (imem_raddr), // output wire [ IBUS_ADDR_WIDTH-1:0]
.ibus_rdata_i (imem_rdata), // input wire [ IBUS_DATA_WIDTH-1:0]
.dbus_addr_o (dbus_addr), // output wire [ DBUS_ADDR_WIDTH-1:0]
If1d .dbus_wvalid o (dbus_we), // output wire
If_pc .dbus_wdata_o (dbus_wdata), // output wire [ DBUS_DATA_WIDTH-1:0]
.dbus_wstrb_o (dbus_wstrb), // output wire [ DBUS_STRB_WIDTH-1:0]
.dbus_rdata_i (dbus_rdata) // input wire [ DBUS_DATA WIDTH-1:0]
= I'F_br‘_pr'ed_pcm );
ls |bimodal . .
0 m_imem imem (
.clk i (clk), // input wire
Ma_br_true_pc - .raddr_i (imem_raddr), // input wire [ADDR_WIDTH-1:0]
= .rdata_o (imem_rdata) // output reg [DATA WIDTH-1:0]
0 or; );
5 5
> —7—) = &
A module m_imem (
input wire clk i,
dézszér input wire [31:0] raddr_i,
H output wire [31:0] rdata_o
> 5 | imem . 8 )s
I3} .
° (* ram_style = "block" *) reg [31:0] imem[@: IMEM_ENTRIES-1];
“include "memi.txt"
IF stage
wire [ IMEM_ADDRW-1:0] valid raddr = raddr_i[  IMEM_ADDRW+1:2];
reg [31:0] rdata = 0;
always @(posedge clk_i) begin
rdata <= imem[valid raddr];
end
assign rdata_o = rdata;
endmodule

51
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LIET7 ) EEBOI— DAl — 3y

reg r_rst = 0;
always @(posedge clk) r_rst <= Im@.rst;
always @(posedge clk) if (r_rst) begin
$write(" %06d: %x ", minstret, m@.cpu.r_pc);

if (Im@.cpu.Ifld_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss "); else $write("%x ", m@.cpu.IfId _pc);
if (!m@.cpu.IdEx_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss "); else $write("%x ", m@.cpu.IdEx_pc);
if (!m@.cpu.ExMa_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss "); else $write("%x ", m@.cpu.ExMa_pc);
if (!m@.cpu.MaWb_v) $write("-------- :"); else if(m@.cpu.stall) $write(«ssssssss:"); else $write("%x:", m@.cpu.MaWb_pc);

if (m@.cpu.stall i) $write(" stall");
$write("¥n");

fopv ZMRELT. ERDI—FEBMT 2,

app/crt0.s Z TRIDI—FIZHRET 5.

ROIATRETET
*  make

* make run

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.align 4

.section .text.init

.globl start

_start: E
1i x1, 2 0
1i X2, 0 0
1i t@, TO_HOST
1i tl, CMD_FINISH
sw t1l, o(to)

L1: j L1
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v

O

VIWNGETRVT)EED

« app/crtO.s Z TED
J—FICHRET 5o
« RMOAYUKTELT
* make
* make run

.align 4
.section
.globl
_start:
1i
1i
L2: addi
bne
1i
1i
Sw
L1: j

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000

.text.init

_start

x1l, 2

X2, ©

X2, x2, 1

x1l, x2, L2

t0, TO_HOST

t1l, CMD_FINISH

t1, o(te)

L1

|mu|1+|nn T|n| sh! !

assign If_pc_stall = ExMa_stall || IfId_load_muldiv_use;
assign If pc_inc = (If_pc_stall) ? @ : 4;
assign If pc = (w_stall) ? r_pc :

(Ma_br_misp ) ? Ma_br_true_pc :
('If_pc_stall & If br_pred_tkn) ? If br_pred_pc :

r_pc+If_pc_inc;
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\\:I

O

EXERAR

* make; make run

LINETEVIEED
« app/crtO.s z TRIDI—

.equ TO_HOST,
.equ CMD_FINISH, ©x00020000
.align 4
.section .text.init
.globl _start

_start:
1i x1,
1i X2,

L2: addi X2,
bne x1,
1i to,
1i t1,
SW t1,

L1: j L1

0x80000000

8

0

x2, 1

x2, L2
TO_HOST
CMD_FINISH
0(to)

O—kDoZalb—i3y

MIZHREL.

)

.clk_i
.rst_i
.stall i
.raddr_i
.pat_hist_o

bimodal bimodal (

(clk_1i),
(rst),
(w_stall),
(If_pc),
(If_pat_hist),

.br_pred_tkn_o(If_br_pred_tkn),

.br_pred_pc
.br_tkn_i
.br_tsfr i
.waddr_i
.pat_hist_i

o0 (If_br_pred pc),

(Ma_br_tkn),
(ExMa_j b _insn),
(ExMa_pc),
(ExMa_pat_hist),

.br_tkn_pc_i (ExMa_br_tkn pc)

input
input
input
input
output
output
output
input
input
input
input
input

wire
wire
wire
wire
reg

wire
reg

wire
wire
wire
wire
wire

[ XLEN-1:
[1:

[ XLEN-1:
[ XLEN-1:

:0]
:0]

o]
0]

o]

o]
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Simple branch predictor: bimodal

* Program has many static branch instructions. The behavior may depend on

each branch. Use plenty of counters (PHT) and assign a counter for a branch
Instruction.

* How to predict

« Select a 2-bit counter using PC, and it predicts 1 for taken if the MSB of
the register is one; otherwise, it predicts O for untaken.

* How to update
« Select a counter using PC, then update the counter in the same way as 2-

bit counter.
: Taken
Pattern History Table (PHT) Taken
Program N ont Strongly ‘: Weakly
Counter entry Taken (3) Untaken Taken (2)
| >,
) Taken e ~  Untaken
- : Prediction > /Taken
a > —> Weakly — Strongly
—_——
Untaken (1) Untaken Untaken (Oz \

)

‘@’

-
2 bit

P> CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

~ /
Untaken
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CFU PG @ bimodal branch predictor

module bimodal (
input wire clk i,
input wire rst_i,
input wire stall i,
input wire [ 31:0] raddr_i,
output wire [ 1:0] pat_hist_o,
output wire br_pred_tkn_o,
output wire [ PC_W-1:0] br_pred_pc_o,
input wire br_tkn_i,
input wire br_tsfr_i,
input wire [ 31:0] waddr_i,
input wire [ 1:0] pat_hist_i,
input wire [ 31:0] br_tkn_pc_i
)
integer 1i;
(* ram_style = "block"™ *) reg [ PC_W-1:0] btb[@: BTB_ENTRY-1]; // BTB, branch target buf
initial for (i = @; i < "BTB_ENTRY; i = i + 1) btb[i] = 0; // init with weak untaken
wire [1:0] w_cnt = (br_tkn_i) ? pat_hist i + (pat_hist i < 3) : pat_hist i - (pat_hist i > 9);
wire [ BTB_IDXW-1:0] btb_ridx = raddr_i[ BTB_IDXW+ BTB_OSTW-1: BTB_OSTW];
wire [ BTB_IDXW-1:0] btb_widx = waddr_i[ BTB_IDXW+ BTB_OSTW-1: BTB_OSTW];
reg [31:0] r_btb_entry;
always @(posedge clk_i) if (!stall i) begin
r_btb_entry <= btb[btb_ridx];
if (br_tsfr_i) begin
btb[btb_widx] <= {br_tkn _pc i[ PC_W-1:2], w_cnt}; // lower tow bits for counter
end
end
assign pat_hist o = r_btb_entry[1:0];
assign br_pred_tkn_o = r_btb_entry[1];
assign br_pred _pc_ o = {r_btb_entry[ PC W-1:2], 2'bO};
endmodule

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 56



IF (Instruction Fetch) stage

always @(posedge clk_i) if (!w_stall) begin
r_pc <= If pc; // update pc pre_decoder pre_decoder (
if (rst) begin Jir i (If_ir), // input wire [31:0]
Ifld v <= 0; .instr_type_o(If_instr_type), // output wire [ ITYPE_W-1:0]
IfId_pc <= 0; .rf_we_o (If_rf_we), // output wire
IfId_ir <= “NOP; .rd_o (If_rd), // output wire [4:0]
end else if (!ExMa_stall) begin .rsl_o (If_rs1), // output wire [4:0]
IfId_v <= If v; .rs2_o (If_rs2) // output wire [4:0]
IfId_load_muldiv_use <= If_load_muldiv_use; )5
if (!IfId_load_muldiv_use) begin
IfId_pc <= r_pc; wire If load _muldiv_use = IfId v && !Ma_br_misp && !IfId_load_muldiv_use
TfId_ir <= If ir; && (Id_lsu_ctrl[ LSU_CTRL_IS_LOAD] ||
IfId_br_pred_tkn <= If br_pred_tkn; Id_mul_ctrl[ MUL_CTRL_IS_MUL] ||
IfId_pat_hist <= If_pat_hist; Id_div_ctrl[ DIV_CTRL_IS_DIV] ||
IfId_instr_type <= If_instr_type; Id_cfu_ctrl[ CFU_CTRL_IS_CFU] )
IfId_rf_we <= If _rf_we; && IfId_rf_we & ((IfId_rd==If rsl) || (IfId_rd==If rs2));
IfId_rd <= If_rd;
IfId_rsi1 <= If _rsi;
IfId_rs2 <= If_rs2; module pre_decoder (
end input wire [31:0] ir_i,
end output wire [ 2:0] instr_type o,
end output wire rf_we_o,
output wire [ 4:0] rd_o,
If pc IfId output wire [ 4:0] rsi_o,
output wire [ 4:0] rs2_o
)
3 If_b{prerc(.\ wire [4:0] opcode = ir_i[6:2];
ls |bimodal assign instr_type o = (opcode == 5'b01101) ? "U_TYPE : // LUI
@ (opcode == 5'b00101) ? "U_TYPE : // AUIPC
(opcode == 5'b11011) ? “J_TYPE : // JAL
Ma_br_true_pc <4 (opcode == 5'bl11001) ? "I _TYPE : // JALR
£ (opcode == 5'b11000) ? “B_TYPE : // BRANCH
0 or 4 (opcode == 5'b00OOO) ? "I _TYPE : // LOAD
—> . (opcode == 5'b0100@) ? “S_TYPE : // STORE
5 A (opcode == 5'b@@100) ? "I_TYPE : // OP-IMM
*—> 'g —T—> N~ s (opcode == 5'b@1100) ? “R_TYPE : // OP
lg (opcode == 5'b00010) ? "R_TYPE : "NONE_TYPE; // CUSTOM-© : NONE
pre_ assign rd_o = ((instr_type o == °S_TYPE) | (instr_type o == "B_TYPE)) ? @ : ir_i[11:7];
IF sta decoder assign rsl o = ((instr_type o == U_TYPE) | (instr_type o == “J_TYPE)) ? @ : ir_i[19:15];
ge — . . -
- 5 assign rs2_o = ((%nstr_type_o==‘I_TYPE) | ) ‘ o
> 15 imem P! & (instr_type o=="U_TYPE) | (instr_type o=="J TYPE)) ? @ : ir _i[24:20];
) If ir = assign rf_we_ o = (rd_o != 0);
endmodule
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RISC-V RV32I instruction format

)

Af_-a‘

31 25 24 20 19 15 14 12 11 7 6 (%]
| funct?7 | rs2 | rsl | funct3 | rd | opcode |R—type
| imm[11:0] | rsl | funct3 | rd | opcode |I-type
| imm[11:5] | rs2 | rsl | funct3 | imm[4:0] | opcode |S-type
|iwﬂ12LimmUﬂ:5” rs2 | rsl | funct3 |mWMau,mmn1H opcode |B—type
| imm[31:12] | rd | opcode |U-type
| imm[20],imm[10:1],imm[11],imm[19:12] | rd | opcode |J—type
opcode5[2:0
P [ ] 000 001 010 011 100 101 110
opcode5[4:3]
LOAD MISC-MEM OP-IMM AUIPC
00 LOAD-FP | custom-0 OP-IMM-32
(I-type) (I-type) | (I-type) | (U-type)
STORE OoP LUI
01 STORE-FP | custom-1 AMO OP-32
(S-type) (R-type) | (U-type)
10 MADD MSUB NMSUB NMADD OP-FP op-y | custom-2/
rv128
11 BRANCH JALR reserved JAL SYSTEM reserved custom-3/
(B-type) | (I-type) (J-type) | (I-type) rv128
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RISC-V RV32I instruction format

31 25 24 26 19 15 14 12 11 7 9
[ funct7 [ rs2 | rsl | funct3 | | opcode | R-type
[ imm[11:0] | rs1 [ funct3 | rd | opcode | 1-type
[ imm[11:5] | rs2 | rsl | functd | imm[4:e] | opcode | S-type
module pre_decoder ( [ial32],4m(10:5]] rs2 | rsl | funct3 [tmfsa]im(1)]  opcode | B-type
input wire [31:0] ir_i,
output wire [ 2:0] instr_type_o, | imm[31:12) [ rd [ opcode | U-type
output wire rf_we_o,
output wire [ 4:0] rd_o, [ imm[2@],imm[1€:1],imm[11],imm[19:12] [ rd | opcode ] J-type
output wire [ 4:0] rsi_o, i o
output wire [ 4:0] rs2_o
) opcodeS[2:8]|  gog 01 010 011 100 101 110
opcodeS5[4:3]
wire [4:0] opcode = ir_i[6:2]; LOAD MISC-MEM | OP-IMM | AUIPC
assign instr_type o = (opcode == 5' b01191) ? "U_TYPE : // LUI 08 (I-type) LOAD-FP | custom-8 (I-type) | (I-type) | (U-type) | | OP-IMM-32
(opcode == 5'be@101) ? U TYPE : // AUIPC STORE 5P T :
(opcode == 5'b11011) ? “J_TYPE : // JAL o1 STORE-FP | custom-1 AMO OP-32
. (S-type) ‘ (R-type) | (U-type)
(opcode == 5'b11001) ? "I_TYPE : // JALR —rm—Y
(opcode == 5'b110008) ? “B_TYPE : // BRANCH 10 MADD MSUB NMSUB NMADD OP-FP oP-V A
(opcode == 5'be0OOO) ? "I _TYPE : // LOAD - TALR X e
(opcode == 5'b@1000) ? “S_TYPE : // STORE 11 :RANCH 1 i reserved B I IYS o reserved custo;;}/
(opcode == 5'b0@108) ? "I TYPE : // OP-IMM (B-type) | (I-type) (3-type) | (I-type) rvl
(opcode == 5'be1100@) ? "R_TYPE : // OP
(opcode == 5'b@0010) ? "R_TYPE : "NONE_TYPE; // CUSTOM-© : NONE
assign rd_o = ((instr_type o == “S_TYPE) | (instr_type o == "B_TYPE)) ? @ : ir_i[11:7];
assign rsl o = ((instr_type o == "U_TYPE) | (instr_type o == “J _TYPE)) ? @ : ir_i[19:15];
assign rs2_o = ((instr_type_o=="I_TYPE) |
(instr_type o=="U_TYPE) | (instr_type o=="J TYPE)) ? @ : ir_i[24:20];
assign rf_we o = (rd_o != 09);
endmodule
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) SR RAEYMNLMTZIIVFY b,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEAET
«  EX (Execution) i FIREDETEITTFLADERZITD,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> ~ ~ | > BRY
g —> | 8 —> z
- ) Ifﬁbr‘ipr‘edfpc/.\ Slx g
IR bimodal \_/ ) AL 3§
—>{regfile 9/‘\ .9/ .
Ma_br_true_pc z || )
S *~> <
x g wn E Z
0 or‘49 S —=> 5? — %
5 H N e MUL/DIV/CFU
s N~ a =
) l'c > o ;% o o
o + = ﬁlg'
pre_
decoder
= T\ su
-
—> IE imem L |g decoder - . dmem LU
5 \ imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

— =\
<A | e 60
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ID (Instruction Decode) stage

Jf/==========z=zccscsscscscssscsssosssoososososososooss oo oo s T osos oS osss oS oo e // data forwarding
// ID: Instruction Decode wire Id_rsl_fwd_Ma_to_Ex = IdEx_v &% IdEx_rf_we && (IdEx_rd == IfId_rsi);
R e e LT P PR T wire Id_rs2 fwd Ma_to Ex = IdEx_v &% IdEx_rf_we && (IdEx_rd == IfId_rs2);

// instruction decoder

wire [ SRC2_CTRL_WIDTH-1:0] Id_src2_ctrl;

wire [ “ALU_CTRL_WIDTH-1:8] Id_alu_ctrl;

wire [ “BRU_CTRL_WIDTH-1:8] Id_bru_ctrl;

wire [ ~LSU_CTRL_WIDTH-1:0] Id lsu_ctrl;

wire [ "MUL_CTRL_WIDTH-1:0] Id_mul_ctrl;
[

wire Id_rsl_fwd_Wb_to_Ex = ExMa_v &% ExMa_rf_we && (ExMa_rd == IfId_rsl);
wire Id_rs2_fwd_Wb_to_Ex = ExMa_v &% ExMa_rf_we && (ExMa_rd == IfId_rs2);

wire [31:0] Id_pc_in = (Id_src2_ctrl[ SRC2_CTRL_USE_AUIPC]) ? IfId_pc : O;
wire Id_use_imm = Id_src2_ctrl[ SRC2_CTRL_USE_AUIPC] |
Id_src2_ctrl[ SRC2_CTRL_USE_IMM];

)s

)5

// register file
wire [ XLEN-1:0] Id_xrsi;
wire [ XLEN-1:0] Id_xrs2;

.alu_ctrl o (Id_alu_ctrl), // output wire [ ALU_CTRL_WIDTH-1:
.bru_ctrl o (Id_bru_ctrl), // output wire [ BRU_CTRL_WIDTH-1:
.1su_ctrl o (Id_lsu ctrl), // output wire [ LSU_CTRL_WIDTH-1:
.mul_ctrl o (Id_mul ctrl), // output wire [ MUL_CTRL_WIDTH-1:
.div_ctrl o (Id_div_ctrl), // output wire [ 'DIV_CTRL_WIDTH-1:
.cfu_ctrl o (Id_cfu_ctrl) // output wire [ CFU_CTRL_WIDTH-1:

)5

o]
o]
o]
o]
o]
e]

wire [31:0] Id_j pc4 = (Id_

always @(posedge clk i) if
if (rst) begin
IdEx_v <= 0;
IdEx_pc <= 0;
IdEx_ir <= "NOP;

IdEx_pat_hist
IdEx_alu_ctrl
IdEx_bru_ctrl
IdEx_lsu_ctrl
IdEx_mul ctrl

bru_ctrl[ BRU_CTRL_IS_JAL JALR])

(!'w_stall) begin

// immediate value generator end else if (!ExMa_stall) begin

wire [ XLEN-1:0] Id_imm; IdEx_v <= Id_v;

imm_gen imm_gen ( IdEx_pc <= IfId_pc;
Lird (IfId_ir), // input wire [31:0] IdEx_j_pc4 <= Id_j_pc4;
.instr_type i(IfId_instr_type), // input wire [ ITYPE_W-1;0] IdEx_ir <= IfId_ir;
.imm_o (Id_imm) // output wire [*XLEN-1:0] IdEx_br_pred_tkn <= IfId_br_pred_tkn;

<= IfId_pat_hist;
<= Id_alu_ctrl;
<= Id_bru_ctrl;
<= Id_lsu_ctrl;
<= Id _mul_ctrl;

end

wire Wb_xreg_we = MaWb_v && MaWb_rf we &% !ExMa_stall; IdEx_div_ctrl <= Id_div_ctrl;

regfile xreg ( IdEx_rsl_fwd_Ma_to_Ex <= Id_rsl fwd Ma_to Ex;
.clk_ i (clk_ i), // input wire IdEx_rs2_fwd_Ma_to_Ex <= Id_rs2 fwd Ma_to Ex;
.rsl i (IfId_rsi), // input wire [4:0] IdEx_srcl <= Id_srci;
.rs2_i (IfId_rs2), // input wire [4:0] IdEx_src2 <= Id_src2;
.xrsl o (Id_xrsl), // output wire [ XLEN-1:0] IdEx_imm <= Id_imm;
.Xrs2_o (Id_xrs2), // output wire [ XLEN-1:0] IdEx_rf _we <= IfId_rf_we;
.we_i (Wb_xreg_we && !w_stall), // input wire IdEx_rd <= IfId_rd;
.rd_i (MaWb_rd), // input wire [4:0] IdEx_cfu_ctrl <= Id_cfu_ctrl; // Note
.wdata_i(MaWb_rslt) // input wire [ XLEN-1:0] end

wire "DIV_CTRL_WIDTH-1:0] Id_div_ctrl;

wire [ "CFU_CTRL_WIDTH-1:0] Id_cfu_ctrl; // source select

decoder decoder ( wire [ XLEN-1:0] Id_srcl = (Id_rsl fwd_Wb_to_Ex) ? Ma_rslt : Id_xrsi;
Lir i (IfId_ir), // input wire [31:0] wire [ XLEN-1:0] Id_src2 = (Id_rs2_fwd Wb_to Ex) ? Ma_rslt :
.src2_ctrl o(Id_src2_ctrl), // output wire [ SRC2_CTRL_WIDTH-1:0] (Id_use_imm) ? Id_pc_in+Id_imm : Id_xrs2 ;

? IfId_pc + 4

0
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) (i AEYD LB TZITVFT B,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
« EX (Execution) SiFIREDETERIETFLRADEREITD,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> - ~ | > BRU
g | § —> z
= Ifﬁbr‘ipr‘edipc/.\ Slx §
's |bimodal ~ \‘ 0 e
© I x
= —>|regfile Na ~ '9& 58
Ma_br_true_pc z || )
g *~> <
S v g =
) or‘49 S —=> |3 ol —> %
Ny
5 + H N e MUL/DIV/CFU
—> ! —1% ~ a
© Q. =
) l'c > o ;% o o
0 + = ﬁlg'
pre_
decoder
-
S 5 Su
—> IE imem L |g ( decoder - . dmem LU
5 | imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

~ ES 9’
=9 - S 62
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EX (Execution) stage

wire Ex_mul_stall;

wire [*XLEN-1:0] Ex_mul_rslt;

//---? ------ ;? ---------------------------------------------------------------- multiplier multiplier (
jj 288 [ZEaEien clk i (clk_i), // input wire
------------------------------------------------------------- .rst_i rst), input wire Note
wire Ex_valid = IdEx_v && !Ma_br_misp && !ExMa_stall; stail i EW siall) 5; inzut iy s
data £ di .valid_i (Ex_valid), // input wire
Y0 RIS LTI .mul_ctrl i(IdEx_mul_ctrl), // input wire [ MUL_CTRL_WIDTH-1:0]
wire [“XLEN-1:0] Ex_srcl = (IdEx_rsl_fwd_Ma_to_Ex) ? ExMa_rslt : IdEx_srcl; — (Ex_srcl) // input wire [ XLEN-1:0]
wire [“XLEN-1:0] Ex_src2 = (IdEx_rs2_fwd_Ma_to_Ex) ? ExMa_rslt : IdEx_src2; .srcz_i (EX_SPCZ), ) e wAre [‘XLEN—1:0]
. . . . .stali_o (Ex:mul_stall), // output wire
/{/// ?rlthmEtlc lezie wmiit .rslt_o (Ex_mul_rslt) // output wire [ XLEN-1:0]
wire ["XLEN-1:0] Ex_alu_rslt; D5
alu alu ( ’
.alu_ctrl_i(IdEx_alu_ctrl), // input wire [ ALU_CTRL_WIDTH-1:0]

///// divider unit

.srcl_i (Ex_srcl), // input wire [ XLEN-1:0] e Ex div stall:

.src2_i (Ex_src2), // input wire ["XLEN-1:0] wire [ XLEN-1:0] Ex_div_rslt',

.j_pc4_i  (IdEx_j_pc4), // input wire ["XLEN-1:0] divider divider ( ’

.rslt_o (Ex_alu_rslt) // output wire [*XLEN-1:0] clk i (clk i) // input wire
)5 .rst_i (rst), // input wire

. . .stall_i (w_stall), // input wire // Note

/{/// branch resoéut}on unit fr: .valid_i (Ex_valid), // input wire
LlrE Ex—is—ctr_—ts " .div_ctrl i(IdEx_div_ctrl), // input wire [ DIV_CTRL_WIDTH-1:0]
W%Pe Ex_br_t.n, 1t1: .srcl_i (Ex_srcl), // input wire [ XLEN-1:0]
W%Pe Ex_br_m}sp_rsltzf .src2_1i (Ex_src2), // input wire [ XLEN-1:0]
wire “XLEN-1:0 Ex—br—mtSp—P? e .stall_ o (Ex_div_stall), // output wire
gizebEu ( -1:@] Ex_br_tkn_pc; .rslt o (Ex_div_rslt) // output wire [ XLEN-1:0]

.bru_ctrl_i (IdEx_bru_ctrl), // input wire [ BRU_CTRL_WIDTH-1:0] )

.srcl_i (Ex_srcl), // input wire [ XLEN-1:0]

.src2_i (Ex_src2), // input wire [ XLEN-1:0]

-pc_1. (IdEX—PC)’ /7 }nput wire [‘XLEN-1:0] always @(posedge clk_i) if (!w_stall) begin

Limm_i (IdEx_imm), // input wire [ XLEN-1:0] ExMa mul stall <= Ex mul stall:

.npc_i (IfId_pc), // input wire [ XLEN-1:0] T = ’

ExMa_div_stall <= Ex_div_stall;
ExMa_stall <= Ex_mul_stall | Ex_div_stall | Ex_cfu_stall;
ExMa_mdc_rslt <= Ex_mul_rslt | Ex_div_rslt | Ex_cfu_rslt;
if (rst) begin
ExMa_v <= 0;
ExMa_pc <= 0;

.br_pred_tkn_i (IdEx_br_pred_tkn), // input wire
.is_ctrl tsfr_o (Ex_is_ctrl_tsfr), // output wire
.br_tkn_o (Ex_br_tkn), // output wire
.br_misp_rsltl_o(Ex_br_misp_rsltl), // output wire
.br_misp_rslt2_o(Ex_br_misp_rslt2), // output wire

.br_tkn_pc_o (Ex_br_tkn_pc) // output wire [ XLEN-1:0] 2 A o ‘&OP;

); end else if (!ExMa_stall) begin

///1] store unit g  Tabxpc;

wire [ "XLEN-1:0] dbus_addr = dbus_addr_o; // for simulation ExMa ir . IdEx_irf

wire [ "XLEN-1:0] dbus_wdata = dbus_wdata_o; // for simulation ExMa_pat hist . IdEx_pa; hist;

wire [ DBUS_OFFSET_W-1:0] dbus_offset; // Note PR s @il GsEr <= Bx ds el fedrg

store_unit store_unit ( ExMa br tkn ) Ex_br_tkn;_ ’
.valid_i (Ex_valid && !w_stall), // input wire ExMa_bP_misp reltl <= Ex_br_misp Pl
.lsu_ctrl_i  (IdEx_lsu_ctrl), // input wire [ LSU_CTRL_WIDTH-1:0] ExMa_bP_misp_rsltZ - Ex_br_misp_rsltz;
.srcl_i (Ex_srcl), // input wire [ XLEN-1:0] ExMa br tkn BC <= Ex br tkn Ec;
.src2_1i (Ex_src2), // input wire [ XLEN-1:0] ExMa 1su ctrl <= TdEx 1su Etrl;
Limm_i (IdEx_imm), // input wire [ XLEN-1:0] ExMa dbus offset . dbus_off;et;
.dbus_addr_o (dbus_addr_o), // output wire [ XLEN-1:0] ExMa rf we %= TR FF uas
.dbus_offset_o(dbus_offset), // output wire [OFFSET_WIDTH-1:0] ExMa rd <= TdEx rd: ’
.dbus_wvalid_o(dbus_wvalid_o), // output wire ExMa relt <= Ex alu ;slt'
.dbus_wdata_o (dbus_wdata_o), // output wire [ XLEN-1:0] ExMa_j_b_insn P — ctél[e] & Ex_v;
.dbus_wstrb_o (dbus_wstrb_o) // output wire [ XBYTES-1:0] - - = -

end

); end
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EX (Execution) stage

module alu ( module store_unit (
input wire [ ALU_CTRL_WIDTH-1:0] alu_ctrl_i, input wire valid_i,
input wire [31:0] srcl_i 9 input wire [ 5:0] 1lsu_ctrl_i,
input wire [31:0] src2_i 9 input wire [31:0] srcl_i,
input wire [31:0] j_pc4a_ i , input wire [31:0] src2_i,
output wire [31:0] rslt_o input wire [31:0] imm_i,
Db output wire [31:0] dbus_addr_o,
output wire [ 1:0] dbus_offset_o,
wire w_signed = alu_ctrl_i[ ALU_CTRL_IS_SIGNED]; output wire dbus_wvalid_o,
wire w_neg = alu_ctrl_i[ ALU_CTRL_IS_NEG]; output wire [31:0] dbus_wdata_o,
wire w_less = alu_ctrl_i[ ALU_CTRL_IS_LESS]; output wire [ 3:0] dbus_wstrb_o
)5
wire [33:0] adder_srcl = {w_signed && srcl_i[31], srcl_i, 1'b1l};
wire [33:0] adder_src2 = {w_signed && src2_i[31], src2_i, 1'b@} ~ {34{w_neg}}; assign dbus_addr_o = (valid_i && (lsu_ctrl_i[ LSU_CTRL_IS_STORE] ||
wire [33:0] adder_rslt_t = adder_srcl+adder_src2; lsu_ctrl_i[ LSU_CTRL_IS_LOAD])) ? srcl_i + imm_i : @;
wire less_rslt = w_less && adder_rslt_t[33]; assign dbus_offset_o = dbus_addr_o[1:0];
wire [31:0] adder_rslt = (alu_ctrl_i[ ALU_CTRL_IS_ADD]) ? adder_rslt_t[32:1] : ©; assign dbus_wvalid_o = valid_i && lsu_ctrl_i[ LSU_CTRL_IS_STORE];
wire signed [32:0] right_shifter_srcl = {w_signed && srcl_i[31], srcl_i}; wire w_sb = lsu_ctrl_i[ LSU_CTRL_IS_BYTE];
wire [4:0] shamt = src2_i[4:0]; wire w_sh = lsu_ctrl_i[ LSU_CTRL_IS_HALFWORD];
wire [31:0] left_shifter_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SHIFT_LEFT] ) ? wire w_sw = lsu_ctrl_i[ LSU_CTRL_IS_WORD];
srcl_i << shamt : 0;
wire [31:0] right_shifter_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SHIFT_RIGHT]) ? assign dbus_wdata_o[7:0] = src2_i[7:0];
right_shifter_srcl >>> shamt : 0; assign dbus_wdata_o[15:8] = (w_sb) ? src2_i[7:0] : src2_i[15:8];
assign dbus_wdata_o[23:16] = (w_sw) ? src2_i[23:16] : src2_i[7:0];
wire [31:0] bitwise_rslt = ((alu_ctrl_i[ ALU_CTRL_IS_XOR_OR]) ? assign dbus_wdata_o[31:24] = (w_sb) ? src2_i[7:0] : (w_sh) ? src2_i[15:8] : src2_i[31:24];
(srcl_i ~ src2_i) : @) |
((alu_ctrl_i[ ALU_CTRL_IS_OR_AND]) assign dbus_wstrb_o[@] = (w_sb && dbus_offset_o==0) || (w_sh & dbus_offset_o[1]==0) || w_sw;
? (srcl_i & src2_i) : 0); assign dbus_wstrb_o[1] = (w_sb && dbus_offset_o==1) || (w_sh && dbus_offset_o[1]==0) || w_sw;
wire [31:0] lui_auipc_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SRC2]) ? src2_i : 0; assign dbus_wstrb_o[2] = (w_sb && dbus_offset_o==2) || (w_sh && dbus_offset_o[1]==1) || w_sw;
assign dbus_wstrb_o[3] = (w_sb && dbus_offset_o==3) || (w_sh & dbus_offset_o[1]==1) || w_sw;
assign rslt_o = less_rslt | adder_rslt | left_shifter_rslt | right_shifter_rslt | endmodule

bitwise_rslt | lui_auipc_rslt | j_pc4_i;

endmodule
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EX (Execution) stage

module bru ( module multiplier (

input wire [ BRU_CTRL_WIDTH-1:0] bru_ctrl_i, input wire clk_i,
input wire [ 31:0] srcl_i, input wire rst_i,
input wire [ 31:0] src2_i, input wire stall i,
input wire [ 31:0] pc_i, input wire valid_i,
input wire [ 31:0] imm_1i, input wire [ 3:0] mul_ctrl_ i,
input wire [ 31:0] npc_i, input wire [31:0] srcl_i,
input wire br_pred_tkn_i, input wire [31:0] src2_i,
output wire is_ctrl_tsfr_o, output wire stall_o,
output wire br_tkn_o, output wire [31:0] rslt_o
output wire br_misp_rsltil_o, B

output wire br_misp_rslt2_o,

output wire [ 31:0] br_tkn_pc_o reg [ 1:0] state = "MUL_IDLE;

)5 reg signed [32:0] r_multiplicand; // 33bit
reg signed [32:0] r_multiplier; // 33bit

wire signed [32:0] sext_srcl = {bru_ctrl_i[ BRU_CTRL_IS_SIGNED] && srcl_i[31], srcl_i}; reg [63:0] product; // 64bit
wire signed [32:0] sext_src2 = {bru_ctrl_i[ BRU_CTRL_IS_SIGNED] && src2_i[31], src2_i}; reg is_high; //
wire w_eq = (srcl_i == src2_i); // equal assign rslt_o = (state != "MUL_RET) ? © : (is_high) ? product[63:32] : product[31:0];
wire w_1lt = (sext_srcl < sext_src2); // less than
wire w_mul = mul_ctrl_i[ MUL_CTRL_IS_MUL];

assign br_tkn_o = bru_ctrl_i[ BRU_CTRL_IS_JAL_JALR] | wire w_srcl_signed = mul_ctrl_i[ MUL_CTRL_IS_SRC1_SIGNED];

(bru_ctrl_i[ BRU_CTRL_IS BEQ] & w_eq) | wire w_src2_signed = mul_ctrl_i[ MUL_CTRL_IS_SRC2_SIGNED];

(bru_ctrl_i[ BRU_CTRL_IS_BNE] & !w_eq) | wire w_is_high = mul_ctrl_i[ MUL_CTRL_IS_HIGH];

(bru_ctrl_i[ BRU_CTRL_IS BLT] & w_1t) | wire [1:0] w_state = (state=="MUL_IDLE && valid_i &% w_mul) ? “MUL_EXEC :

wire [31:0] br_tkn_pc_t;
assign br_tkn_pc_t
assign br_tkn_pc_o =

assign is_ctrl_tsfr_o =
assign br_misp_rsltl_o =

assign br_misp_rslt2_o =
endmodule

= ((bru_ctrl_i[ BRU_CTRL_IS_JALR]) ? srcl_i :

(bru_ctrl_i[ BRU_CTRL_IS_BGE] & !w_1t);

pc_i) + imm_i;
{br_tkn_pc_t[31:1], 1'b0};

(bru_ctrl_i[ BRU_CTRL_IS_CTRL_TSFR] || br_pred_tkn_i);

(npc_i != br_tkn_pc_o);
(npc_i != (pc_i + 'h4));

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

(state=="MUL_EXEC) ? "MUL_RET : "MUL_IDLE;
always @(posedge clk_i) if (!stall_i) begin
if (rst_i) begin
state <= "MUL_IDLE;
end else if (!stall_i) begin

if (state == "MUL_IDLE) r_multiplicand <= {w_srcl_signed && srcl_i[31], srcl_i};
if (state "MUL_IDLE) r_multiplier <= {w_src2_signed && src2_i[31], src2_i};
if (state == "MUL_IDLE) is_high <= w_is_high;
if (state == "MUL_EXEC) product <= r_multiplicand * r_multiplier;
state <= w_state;
end
end
assign stall o = (w_state != "MUL_IDLE);
endmodule
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) (i AEYD LB TZITVFT B,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
«  EX (Execution) i FIREDETEITTFLADERZITD,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> ~ ~ | > BRY
g | 8 —> z
- ) Ifﬁbr‘ipr‘edfpc/.\ Slx g
IR bimodal \_/ ) AL 3§
—>{regfile 9/‘\ .9/ .
Ma_br_true_pc z || )
S *~> <
x g wn E Z
0 or‘49 S —=> 5? — %
5 H N e MUL/DIV/CFU
s N~ a =
) l'c > o ;% o o
o + = ﬁlg'
pre_
decoder
= N su
-
—> IE imem L |g decoder - . dmem LU
5 | imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

~ ES 9’
=i - e o 66
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INATS54o 70wy TOT—2EE (1)

If_pc e IdEx ExMa Malb
M) BRU
> |
solexl >
|_5 ) IF_br‘_pr‘ed_pcm le §
s [bimodal —/ L ALU = [
2 . o=
—>{regfile 9/\ > 2
Ma_br_true_pc < "9 < N\ /
9 or 4 ) = = 5 E S s
9 Qilx B3
| + 9 H —/ ~ MUL/DIV/CFU S
Pl 1T o =
5 ofe—>2 2|
+ = S
pre_
decoder
> o 3 su
—> '2 imem L = [ decoder ) dmem LU
5 { imm_gen | ~
WB
IF stage ID stage EX stage MA stage stage
. CcC1 cc2 Ccc3 cca CC5 CCé6 cc7 Time
Instructions >
32°h0e addi x1,xe,3 | IF | o [[EX | ma | ws[]

L | N -
32°he4 nop | o | o | ex [ ma| w | LORZT7AILDG
327he8 nop | 1 | o [ ex | ma | wB |

T
32’hec nop | 1r | o [l ex | ma | we |

v

! 32°h10 addi x2,x1,x1 | 1 | o | ex | ma | wB |
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INTZA4 Tty TOT—42##E (2)

IfId
If_pc IdEx ExMa MaWb
) BRU
> - | =
= If_br_pred_pc x S Q §
| . M | x
s [bimodal W, ) }‘ s
—>iregfile N .,9/ ﬁlﬁ
Ma_br_true_pc Z )
c [ "> <
x § wn E g
0 or‘; —> 5I>n<1 —>| &
+ H \_/ —/
I Q _ E MUL/DIV/CFU §
(gl | | 3
R i+ 8 > En% —
pre_
decoder
H
- y > su
—> '2 imem L E [ decoder ) . dmem LU
> { imm_gen | ~
WB
IF stage ID stage EX stage MA stage stage
. cci cc2 Ccc3 cca CC5 CCé6 cc7 Time
Instructions >

32°h0e addi x1,xe,3 | IF |  [[EX | ma | ws |

|
32°he4 nop | o | o | ex | ma | wB | T—RIA+D—T45
327he8 nop | 1 | o [ ex | ma | ws |
32°hec addi x2,x1,x1 | 1r | o | ex [ ma | wB |
|

327h16 nop | 1r |
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INATSAoTawyHTOT—2EE (3)

If_pc e IdEx ExMa Malb
M) BRU
> | =
solasl b
I_S ) If_br_pred_pc N le §
5 [bimodal / L ALU = [
0 . o=
—>{regfile 9/\ > 2
Ma_br_true_pc z| | J&N - ) /
@ or 4 i = —> 3 E S s
9 Qilx B3
S| + _ 5 ~ ~ MUL/DIV/CFU
Pl 1T = ~
5 ote—>A 2|
+ = ﬁlc'
pre_
decoder
3 o 3 su
—> '2 imem L = [ decoder ) dmem LU
5 { imm_gen | ~
WB
IF stage ID stage EX stage MA stage stage
. CcC1 cc2 Ccc3 cca CC5 CCé6 cc7 Time
Instructions >
32°h0e addi x1,x0,3 | IF |  [[BX ]| ma | we |
32°h@4 nop | 1r | o || ex | ma | wB | T—RIAT—T427
32°he8 addi x2,x1,x1 | 1 | o [ ex | ma | wB |
32’hec nop | 1r | o | ex | ma | wB |
4 327h10 nop | 1 | o | ex | ma | wB |
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INATSA Tty TOT—2{EEE (4)

If_pc e IdEx ExMa Malb
M) BRU
> | =
Sr>e & p—>
If_br_pred_pc x S Q §
] ) 7\ | 3
ls [bimodal ~ \\ 5 m
2 —>|regfile ~ ~ 09& ¥
—> '
Ma_br_true_pc z| | J&N - )
@ or 4 i = —> 3 E S s
9 Qilx B3
| + 9 H —/ ~ MUL/DIV/CFU S
Pl 1T = ~
5 oe—>|3 2|
+ = e
pre_
decoder
= 5 3 su
—> '2 imem L = [ decoder ) dmem LU
5 { imm_gen | ~
WB
IF stage ID stage EX stage MA stage stage
. CcC1 cc2 Ccc3 cca CC5 CCé6 cc7 Time
Instructions >
32°hee addi x1,xe,3 | IF | 10 | [EX {*MA | we |
32°he4 addi x2,x1,x1 | o | o | ex | ma | wB | T—RIAT—T429
327he8 nop | 1 | o [ ex | ma | wB |
32’hec nop | 1r | o | ex | ma | wB |
4 327h10 nop | 1 | o | ex | ma | wB |
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B-stage pipelining processor of CFU Proving Ground

If_pc

odu

If_br_pred_pc

bimodal

Ma_br_true_pc

odu

0 or 4
N
Bt

pre_
decoder

odu

imem

IF stage

IfId IdE MaWb
~ X BRU ExMa a
> |
Sr>e & >
< A m <
= S
- UTT] oo s 2
. L=
—>{regfile 9/\ .,9/ .
)
"> z L <
28 Bl—>( %
|
z —/ ~ MUL/DIV/CFU S
IQ S5 =
b o b% &“Z“ —
+ 2 +C
5 >
ui Su
|f: decoder | . dmem 9@3
3 { imm_gen | ~
WB
ID stage EX stage MA stage stage
. cCl1 CC2 cCcC3 CcC4 | CC5 CC6 CC7 Time
Instructions >

32°he addi x1,x0,3 | IF | 1 | Ex |

MA | mwB

32’h4 nop | 1f | o | ex | ma | wB |
32°h8 nop | 1 | o [ ex | ma | wB |
32°hc addi x30,x10,0 | 1r | o | ex | ma | uwB

~ “—1‘255”
'%&\ 71
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T30+ T—T427

« IF (Instruction Fetch) SR RAEYMNLMTZIIVFY b,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
« EX (Execution) i RIRIEEDETEIEITRFLADEREIT,

*  MA (Memory Access) BETHNIL, T—EAFRIDARIURIZTIERT S,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> | BRU
S48
If_br_pred_pc 2 x
S ) I X
s |bimodal _/ ) }‘ 5 3
—>{regfile 9/\ .9/ .
Ma_br_true_pc z || )
c > 2
x g wn E Z
ooty SR
5 H N e MUL/DIV/CFU
s N~ a =
) l'c > o ;% o o
o + = ﬁlg'
pre_
decoder
= N su
-
—> IE imem L |g decoder - . dmem LU
5 { imm_gen | ~ <
WB
IF stage ID stage EX stage MA stage stage

~ ES @'
=9 - S 72
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T30+ T—T427

app/crt0.s Z TRIDI—FIZHRET 5.

RO

TR TEST

 make
« make run

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.align 4

.section .text.init

.globl _start

_start:
1i x1, 1
1i X2, 2
add X3, X2, X2
1li t0, TO_HOST
1li t1l, CMD_FINISH
Sw t1l, 9(te)
L1: j L1
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T30+ T—T427

« A—R@EMNA—FLET—2ZEZOGENFATIGEEICE. T—274+T7—T«
DY TARSUREHRIETELGL, ZD=H. ERDFHFDTI—FRT—UMNBELT
ART—UADBEEI1HAVILELEL(NTILEVEDBATL),

« app/crtO.s Z THDI—FICHEET 5.

« ROIATUFTEST
*  make

«  make run

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.equ DMEM_ADDR, ©x10000000
.align 4

.section .text.init

.globl _start

_start:
1i x1, 1
1i x2, DMEM_ADDR
1w X2, 0(x2)
add X3, x2, x2
1i t0, TO_HOST
1i tl, CMD_FINISH
Sw tl, o(te)
L1: j L1




INATZAT Ay TOT—24HsE

If_pc Lide TdEx ExMa Malb
M) BRU
> - ~ | >
S d LR —>
If_br_pred_pc x S Q §
S . N\ | x
l5 [bimodal —/ \\ 37
2 —> regfile 9/\ ~ 19& &?
Ma_br_true_pc =z || J&N ~
g Z
9 or 4 ) = = 5 E S s
9 Qilx =
| + 9 H —/ ~ MUL/DIV/CFU S
Pl 1T o =
5 oe—>|3 2|
+ = ﬁlc'
pre_
decoder
3 3 2 su
—> Iﬁ imem L = [ decoder ) dmem LU
5 { imm_gen | ~
WB
IF stage ID stage EX stage MA stage stage
. cci cC2 CC3 cca CC5 CCé6 cc7 Time
Instructions >
32°hoe 1w x1,x6,3 | IF | 1 | ex |[[ma ]| ws[]
y
32°he4 addi x2,x1,x1 | o | o | ex | ma | wB |
327he8 nop | 1 | o [ ex | ma | wB |
32’hec nop | 1r | o | ex | ma | wB |
4 327h10 nop | 1 | o | ex | ma | wB |
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RIVFYHA I BEETHan T DA

» BREDOERTICIEISYAMILNZEZET D, D=
34T AVIILTA—=ILSE D,

 app/crt0.s Z TRIDI—FICHRET 5.
« RMAIKRTEFT
*  make

« make run

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.align 4

.section .text.init

.globl _start

_start:
1i x1, 1
1i X2, 2
div X3, x2, x2
1li t0, TO_HOST
li tl, CMD_FINISH
SwW t1, o(te)
L1: j L1

uxl.;, ]l
00018 000
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RIVFYHA I BEETHan T DA

o« EHDODEMTIZIXIVAIILNZET S, D= . 204 JILTRA—=ILEE D,
» app/crtO.s ZTRIDI—KFIZHRET 5.
+ ROITVETEST

*  make

* make run

3\

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.align 4

.section .text.init

.globl _start

_start:
1i x1, 1
1i X2, 2
mul X3, X2, X2
1li t0, TO_HOST
1li t1l, CMD_FINISH
SW t1, o(te)
L1: j L1

mumber of branch mispredictions

imulation finish!!




RIVFYHA I BEETHan T DA

ZHEDETICIEZIYAIILNEEST S, TD=6H. 2 (I TRAM—ILSE B,

« O—FMTERBRIZ. ERDMEIMNBREDEREZFABISESIZIE. T—2747
—T A TARSGURERIBTELGL, ZD=OH N\TILFVEDBAT B,

 app/crt0.s Z THDI—FIZHRET B,
« RMATUKRTELT
* make
* make run

.equ TO _HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.align 4

.section .text.init

.globl _start

_start:
1li x1, 1
1li X2, 2
mul X3, X2, X2
add x4, x3, X3
1li t@, TO_HOST
1li t1l, CMD_FINISH
sw t1l, o(te)
L1: j L1
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) (i AEYD LB TZITVFT B,

« ID (Instruction Decode) fisZETa—F (f#5) LEMNS, LORADEEZEA T,
«  EX (Execution) i FIREDETEITTFLADERZITD,

*  MA (Memory Access) HETHNIEX, T—RFAFRDARZIURIZTIERT B,

«  WB (Write Back) BETHNIL., FEREZLDRZZEEALD,

IfId
If_pc | TdEx ExMa MaWb
> ~ ~ | > BRY
g | 8 —> z
- ) Ifﬁbr‘ipr‘edfpc/.\ Slx g
IR bimodal \_/ ) AL 3§
—>{regfile 9/‘\ .9/ .
Ma_br_true_pc z || )
S *~> <
x g wn E Z
0 or‘49 S —=> 5? — %
5 H N e MUL/DIV/CFU
s N~ a =
) l'c > o ;9 o o
o + = ﬁlg'
pre_
decoder
= N su
-
—> IE imem L |g decoder - . dmem LU
5 | imm_gen | -
WB
IF stage ID stage EX stage MA stage stage

— =\
<l | e 79
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MA (Memory Access) stage

// load unit
wire [ XLEN-1:0] Ma_load_rslt;
load_unit load_unit (

.lsu_ctrl_i (ExMa_lsu_ctrl), // input wire [ LSU_CTRL_WIDTH-1:0]
.dbus_offset_i(ExMa_dbus_offset), // input wire [OFFSET_WIDTH-1:0]
.dbus_rdata_i (dbus_rdata_i), // input wire [ XLEN-1:0]
.rslt_o (Ma_load_rslt) // output wire [ XLEN-1:0]

)s

wire [ XLEN-1:0] Ma_rslt = ExMa_rslt | ExMa_mdc_rslt | Ma_load_rslt;

always @(posedge clk_i) if (!w_stall) begin module oadiunael (

if (rst) begin input wire [ 5:0] lsu_ctrl i,
MaWb_v <= 0; input wire [ 1:0] dbus_offset_i,
MaWb_pc <= 0; input wire [31:0] dbus_rdata_i,
MaWb_ir <= “NOP; output wire [31:0] rslt_o
end else if (!ExMa_stall) begin )5
Makb_v <= Ma_v; wire w_1lb = lsu_ctrl_i[ LSU_CTRL_IS_BYTE];
MaWb_PC <= EXMa—PC’ wire w_lh = lsu_ctrl_i[ LSU_CTRL_IS_HALFWORD];
MaWb_ir <= ExMa_ir; wire w_lw = 1su_ctrl i[ LSU_CTRL_IS_WORD];
MaWb_rf_we <= ExMa_rf_we; wire w_signed = 1lsu_ctrl i[ LSU_CTRL_IS_SIGNED];
MaWb_rd <= ExMa_rd; wire w_load = 1lsu_ctrl i[ LSU_CTRL_IS_LOAD];
MaWb_rslt <= Ma_rslt; wire [1:0] ost = dbus_offset_i; // offset
end wire [31:0] d = dbus_rdata_i; // data

end

wire w_lb_sign
wire w_lh_sign

w_1lb & ((ost==0) ? d[7] : (ost==1) ? d[15] :(ost==2) ? d[23] : d[31]) & w_signed;
w_lh & ((ost[1] == @) ? d[15] : d[31]) & w_signed;

wire [7:0] wl, w2, w3, w4;
assign wl = (w_load==0) ? @ : (w_lw || (w_lh & ost[1]==0) || (w_1lb & ost==0)) ? d[7:0] :
(w_1b && ost==1) ? d[15:8] : ((w_lb & ost==2) ||
(w_lh && ost[1]==1)) ? d[23:16] : d[31:24];
assign w2 = (w_load==0) ? @ : (w_lw || (w_lh & ost[1]==0)) ? d[15:8] :
(w_1lh && ost[1]==1) ? d[31:24] : (w_lb_sign) ? 8'hff : 0;
assign w3 = (w_load == ©) ? © : (w_lw) ? d[23:16] : ((w_lb_sign) || (w_lh_sign)) ? 8'hff : @;
assign w4 = (w_load == @) ? © : (w_lw) ? d[31:24] : ((w_lb_sign) || (w_lh_sign)) ? 8'hff : o;
assign rslt_o = {w4, w3, w2, wl};
endmodule
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MA (Memory Access) stage

O—RFRaaSMNO—FLI=T—42ZEZ0GENFI AT IEEIZIE. T—3274+7—T«
D TARTGURERBTELGWD, ZDH. BRGSO TIA—FRRAT—UNBET
AT—IOANDBENZE1HATILESGESUNTILEVDEDEAT D),

app/crtO0.s Z FTRIDI—KFIZHEET 5,
RDAR KR TEST

*  make

* make run

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, ©x00020000
.equ DMEM_ADDR, ©x10000000
.align 4

.section .text.init

.globl _start

_start:
1i x1, 1
1i x2, DMEM_ADDR
1w X2, 0(x2)
add X3, x2, x2
1i t0, TO_HOST
1i tl, CMD_FINISH
Sw tl, o(te)
L1: j L1
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MA (Memory Access) stage

e O—FaaSEHAA—FLE=T—2ZERDSNFATHIEEICIE. T—F274+4T—T«
LG TARTUREHBTERD, 2010, BEOBADTI—RRATF—SMHES
AT—IUADBIANZE1 A VILELEDNTILEVDEDEAT D),

« app/crt0.s Z FTRIDI—FICHwRET B,

e RMDATUKTELT
*  make
 make run
« cat mtrace.txt

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, 0©x00020000
.equ DMEM_ADDR, ©x10000000
.align 4

.section .text.init

.globl _start

_start:
1li x1, 9
1li X2, DMEM_ADDR
Sw x1, 0(x2)
1w x2, 0(x2)
add x3, x2, x2
1i t@, TO_HOST
li tl, CMD_FINISH
Sw t1, o(te)

f‘f_an L1: j L1
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MA (Memory Access) stage

s O—F@SAO—RLET—2ZFEZOGSHNFBITHEEICIE. T—3274+4T—T+«
DG TARSUREHBTELGLD, FOEH. . BEEDGRSDTI—RKRRAT—UMNSET
ART—IOADBENZE1HAIILESEB(NTILEVEDEATS),

« app/crtOs Z THDI—FIZHRET %,

e RMDAIUKTETT
*  make

 make run
« cat mtrace.txt

.equ TO_HOST, 0x80000000
.equ CMD_FINISH, 0©x00020000
.equ DMEM_ADDR, ©x10000000
.align 4

.section .text.init

.globl _start

_start:
1li x1, 9
1li X2, DMEM_ADDR
Sw x1, 0(x2)
1w x2, 0(x2)
add x3, x2, x2
1i t@, TO_HOST
li tl, CMD_FINISH
Sw t1, o(te)

i K —~ o L1: j L1 L . ] L 8 b
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ImIE S AL, BCiE - ECIR DGR

« Vivado 2024.1, xc7a100tcsg324-1

« “define CLK_FREQ_MHZ 120 // operating clock frequency in MHz
« “define IMEM_SIZE (32*1024) // instruction memory size in byte
« "define DMEM_SIZE (16*1024) // data memory size in byte

Resource Utilization Available Utilization %
LUT 1652 63400 2.61
LUTRAM 44 19000 0.23
FF 912 126800 072
BRAM 19 135 14.07
DSP 4 240 1.67
10 5 210 2.38
BUFG 2 32 6.25
MMCIM 1 6 16.67

Name Slack ™' Levels HighFanout From To Total Defay Logc Delay NetDelsy Requrement
Path 1 0661 3 10 cpubimodalbtd reg/CLKBWRCLK imemrdata_reg JADDRARDADDR[14] 6993 3.054 3939 83
Path 2 0877 3 10 cpubimodal’btd_reg/CLKBWRCLK memi'rdata_reg_7T/ADDRARDADDR[14] 6 967 3054 3913 83
Path 3 0696 3 10  cpubimodalbth_reg/CLKBWRCLK memvrdata_reg_S/ADDRARDADDR[9] 6876 3054 3822 83
Path 4 0696 3 10  cpubimodal/bth_reg/CLKBWRCLK imemvrdata_reg_7/ADDRARDADDR][12] 6947 3054 3.803 83
Path 5 0.706 3 10 cpubimodal/btd_reg/CLKBWRCLK memvrdata_reg_S/ADDRARDADDR[12] 6 866 3054 3812 8.3
Path 6 0.722 3 10 cputsmodal/blt_reg/CLKBWRCLK mem/rdata_reg_3/ADDRARDADDR[12] 6932 3.054 3878 8.3
Path 7 0745 3 10 cputsmodal’btd_reg/CLKBWRCLK imem/rdata_reg_JADDRARDADDRIE] 6908 3.054 3854 83
Path 8 0763 3 10 cpubimodal/btd_reg/CLKBWRCLK imemirdata_reg_4/ADDRARDADDR([12] 6.805 3.054 3.7 83
Path 9 0.781 3 10 cpuimodal/btd_reg/CLKBWRCLK memirdata_reg_S5'ADDRARDADDRIE) 6.9 3054 3737 8.3
Path 10 0.784 3 10 cpubimodal/bth_reg/CLKBWRCLK imemvrdata_reg_T/ADDRARDADDRI9) 6.859 3.054 3 805 83
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ImIE S AL, BCiE - ECIR DGR

« Vivado 2024.1, xc7a100tcsg324-1

« “define CLK_FREQ_MHZ 120 // operating clock frequency in MHz
« “define IMEM_SIZE (32*1024) // instruction memory size in byte
« "define DMEM_SIZE (16*1024) // data memory size in byte

. SlicelUTs Slice Registers Slice LUT as Logic  LUT as Memory  Block RAM DSPs  Bonded IOB  BUFGCTRL  MMCME2_ADV

LIl ! (63400) (126800) (15850) (63400) (19000) Tile (135) (240) (210) (32) (6)

main 1652 912 572 1608 44 19 4 5 2 1
clk_wiz_0 (clk_wiz_0 0 0 0 0 0 0 0 V] 2 1

¥l cpu (cpu 1383 550 449 1383 0 1 4 V] 0 0
alu (alu 122 0 54 122 0 0 0 0 0 0
bimodal (bimoda 28 0 19 28 0 1 0 0 0 0

bru (bru 17 0 51 17 0 0 0 o 0 0
divider (divider 379 108 112 379 ] ] ] 0 ] ]
multiplier (multiplier 95 38 48 95 0 0 4 0 0 0
store_unit (store_unit 79 0 35 79 0 0 0 1] 0 0
dmem (m_dmem 43 45 19 43 0 4 0 0 0 0
imem (m_imem 27 0 10 27 0 8 0 0 0 0
perf (perf_cntr 3 98 40 3 ] ] ] 0 ] ]
st7789_disp (m_st7789_disp 123 165 68 123 0 0 0 0 0 0
vmem (vimem 2 52 15 2 0 6 0 V] 0 0
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