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K] 1: Datapath
XFFASEI hazard ) CPU, SEfr Lt RIEH A Y CPU M&EANHBIT, 7N
PAF FANB B
1. IF: B LB
2. ID: 82RO B, XHHE BT IR, HRFE X MGG S, SLRIHEE
3. EX: PUATHr B, ARYEIEHNIE S MSLEIESE, #H4T ALU i85

4. MEM: WA M B, MR¥iEtE S, T WA m, [T Branch A1 Jump
T84 1) ] Wy

5. WB: 5 RIE:, Bas 5 A

I EBr B A7 es, ARG AT IR EAE, X —88 0 Loy i, 3R B He e B H 3
CPU [y2hil it &k, 53] 7 AL hazard ) CPU;

5-2 FRIREHR I
TR, ST T AT

L S5 WA RS IF B BRI 25T, SkEmR, X—ia&kilcsid
L AE P AN 1) A A RAF AR 2 ANEE A gt 1
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rIIE I forwarding SR

3. ¥EHIMR: 2 Branch Ml Jump 8 RAER, SRAEEHIMR; Xt
¥ Branch 1 Jump 82 FIHATIATE] ID B B AR

BRR, FRAB D M At R A e SRR A o SR B8 5

Forwarding fRREHEHZE
A e R AE B i R R AR U R A AT e
1. ID frEcte 4 a REATH EX FrEtde4 b MHUTE e £ EX BB R E b A

MEM BB, #ry EX-MEM forwarding;

2. ID BrBtf6 4 a FEAH MEM MrBH4E4 b INPATE Ria £ EX BN R E b
M WB BrBcaTiE#, #89 EX-WB forwarding;;

%t F EX-MEM forwarding, 24484 b N load 84 i, i& 75 BAAME N —A> bubble,
S MEM BT 52 N WB BB
%t EX-WB forwarding, A7 Z&i4ME A bubble;

HXE B
= ID/EX
'M EX/MEM
et [ i MEM/WB
IF/ID > \x/ .
FiD &) ad
] ‘ [
—fu
: Registers ‘ 14 L] Mﬂ,
IF/ID.RegisterRs 1 <|.
IF/ID.RegisterRs2 [
IF/ID.RegisterRd Rd
l_‘ — I Rs1 ‘\_‘_] gi‘l
Rs2 t l
K] 2: Forwarding
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© 0 N O Uk W N =

R W W W W W W W W W W N NNN NN NN NN S e R e e e e e e e
= O © ® N O O kA W N = O © W N O U kK W N O © 0N O Uk W NN = O

42

“timescale 1ns / 1ps

module Forwarding(
input [4:0] EX_MEM_rd,
input [4:0] MEM_WB_rd,
input [4:0] ID_EX_rsi,
input [4:0] ID_EX_rs2,
input EX_MEM_RegWrite,
input MEM_WB_RegWrite,
output reg [1:0] forward_rsl, // 00 for Regs, 01 for EX_MEM, 10 for MEM_WB
output reg [1:0] forward_rs2 // 00 for Regs, 01 for EX_MEM, 10 for MEM_WB
D5

always @(*) begin

// forwarding for rsi

if (EX_MEM_RegWrite = 1 && EX_MEM_rd == 0 && EX_MEM_rd = ID_EX_rsl) begin
forward_rsl = 2'b01;//forward from EX_MEM

end

else if (MEM_WB_RegWrite = 1 && MEM_WB_rd =+ 0 &&% MEM_WB_rd = ID_EX_rsl1) begin
forward_rsl = 2'b10; //forward from MEM_WB

end

else bhegin
forward_rsl = 2'b00; //there is no forwarding

end

// forwarding for rs2

if (EX_MEM_RegWrite = 1 &% EX_MEM_rd =+ 0 &% EX_MEM_rd = ID_EX_rs2) begin
forward_rs2 = 2'b01;//forward from EX_MEM

end

else if (MEM_WB_RegWrite = 1 && MEM_WB_rd =+ 0 &% MEM_WB_rd = ID_EX_rs2) begin
forward_rs2 = 2'b10; //forward from MEM_WB

end

else begin
forward_rs2 = 2'b00; //there is no forwarding

end

end

endmodule

ATLAESR], ERXBAUG T, X sl A7 4 ) Forwarding (%14 (5 Bl THI ) 4
LN a, JEHITEL N b)

1

X rs2 ZFA7E a1 Forwarding B 26442 2L AHY

HHFHELLFE EX-MEM forwarding, B¥|l EX-WB forwarding; 1X 45 1) 4
Ak X T4 5
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add x1 x1 x1
add x1 x1 x1
add x1 x1 x1

BRI M Hazard #ARA T, AR ERATFHR Z K Z EX-MEM forwarding, KA1
BT RIEE, BT PASCEE T EX-MEM forwarding & PRIEH AT else if AWM A S A
X B2 EX-MEM forwarding, 7% Z-4di A\ bubble HIACASHIWT a0~

assign bubble2 = ID_EX_MemRead && (ID_EX_Wt_addr!= &&
- ID_EX_Wt_addr==IF_ID_inst_field : | [ CID_EX_Wt_addr==IF_ID_inst_field

bubble 7E b £ EX,a 7E ID B BoafAa 2], Frif#H A bubble, Bt N —ANH 4 &
HFkm, 484 a (B8E ID BB, 154 b Hidk, K ID EX MBS hils 5%
BN 0; Bk LT AR

always posedge clk or posedge rst) begin
if(rst) begin

end
else begin
if(bubble) begin//if bubble, do not update PC
PC <= PC
IF_ID_PC <= IF_ID_PC
IF_ID_inst_field <= IF_ID_inst_field
end
else if
end
end

always posedge clk or posedge rst) begin
if(rst) begin

end
else begin
if(bubble) begin//set all control signal to 0
ID_EX_ALU_Control <=
ID_EX_Branch <=
ID_EX_MemtoReg <=
ID_EX_Jump <=
ID_EX_ALUSrc_B <=
ID_EX_RegWrite <=
ID_EX_MemRW <=
ID_EX_sign <=
ID_EX_MemRead <=
ID_EX_width <=
end
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else begin

end
end
end

E: B R ARG T KIS

A T Forwarding, % FRAFTEME EX BrBOR RS H R rs1 BRI rs2 Fidi ik
B NE forwarding P EHE, H3EAT ALU @8 B10]; [FE ¥ Forwarding i i rs2 %
s E) MEM BB

HARS T

always *) begin
case(forward_rsl
2'b01: rsl_temp = Wt_data_temp;//EX/MEM
2'b10: rsl_temp = Wt_data;//MEM/WB
default: rsl_temp = ID_EX_rsil_data;//No forwarding
endcase
case(forward_rs2
2'b01: rs2_temp = Wt_data_temp
2'b10: rs2_temp = Wt_data
default: rs2_temp = ID_EX_rs2_data
endcase
end

31:0] A,B,ALU_out
zero
assign A = rsl_temp
assign B = ID_EX_ALUSrc_B ? ID_EX_imm_data : rs2_temp

ALU alu
ACA
B(B
ALU_operation(ID_EX_ALU_Control
res(ALU_out
zero(zero

always posedge clk or posedge rst) begin

EX_MEM_rs2_data <= rs2_temp

end

XA, BATHI RS PR T 5

fRRIE ISR
X TR, R FIEEFE:
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¥ Branch #= Jump 45449 #ATIRATE] ID M, ﬁ-ii*‘l‘fl‘%ﬁ, KIRET —AH
B L AT45 4 R G A Bl-type 8989155 e RiZE5H 1 ARSI S, AT —
AP ESHE BB, B IRiZ Bl-type 89 F — & 454 ¥ 24 FLush # (£ 4 nop) 45
4 PC £ A B) 540470 TFT —APCRm R, IR 2 F 2T H B 154 69 3k4E 1t
So R, W E A4k FLush #6945 469 #onk)

BPFR 2N Bl-type 22 HATI;

3R 7, VAT EM forwarding, 1H2 558 i S0 AG AN H, BRI B R 7
X MEM B B AT i, a2 WB BB, FIH RegFile FE#TS K double pump A
PAORIE RS 45 SR IR, 2R BX BBy, WA bubble f H#E A MEM BB

BRI

//ID stage do BJ detection
assign is_Branch = (Branch[0] | Branch[1] | Branch[2] | Branch[3
assign is_BJ = (Jump[1] | is_Branch

assign is_fwl = is_BJ && EX_MEM_RegWrite && (EX_MEM_Wt_addr != 0) && (EX_MEM_Wt_addr ==
— IF_ID_inst_field[19:15
assign is_fw2 = is_BJ && EX_MEM_RegWrite && (EX_MEM_Wt_addr != 0) && (EX_MEM_Wt_addr ==
— IF_ID_inst_field[24:20

assign fw_rsl_data = is_fwl ? Wt_data_temp : rsil_data;//forwarding from MEM stage
assign fw_rs2_data = is_fw2 ? Wt_data_temp : rs2_data;//forwarding from MEM stage

do_branch

31:0] ID_ALU_res
ID_zero

31:0] PC_remain

ALU alu_branch
A(fw_rsl_data
B(fw_rs2_data
ALU_operation(ALU_Control
res(ID_ALU_res
zero(ID_zero

assign do_branch= (Branch[0] & ID_zero) | (Branch[1] & ~ID_zero) | (Branch[2] &
— ID_ALU_res[0 | (Branch[3] & ~ID_ALU_res[0
assign PC_remain = is_BJ? PC : PC + 4

31:0] jalr_addr

assign jalr_addr = fw_rsl_data + imm_data
31:0] jump_addr

assign jump_addr = IF_ID_PC + imm_data

assign next_PC = Jump[1]?
Jump[0]? jalr_addr : jump_addr
do_branch ? (IF_ID_PC + imm_data) : PC_remain

// prepare next pc
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bubblel is_BJ ID_EX_RegWrite ID_EX_Wt_addr
— ID_EX_Wt_addr==IF_ID_inst_field ID_EX_Wt_addr==IF_ID_inst_field

bubble bubblel|bubble2

B —RRE, EXEERINT —DESMN ALU, HTHWr Branch 18425 7
Bk

WRIG, TEERE nextPC MIBTEL, &5 A Bl-type FEMIBH AR, —MEIX
%842 Bl-type 184, HEZEAME, 7H—M2X%HEL A% Bl-type 54

Fr LA PCremain /2 HI W AT fE 2 & %4 Bl-type 84, WA 1, N PCremain
NN R B EE 261, R —A PC Rtk flush B4 AL (B4 PC), &0, X
a2 A2 Bl-type 8%, 4 PCremain 42417 PC+4;

)5, (EXHEG] AR bubblel 5T forwarding 51 Aff) bubble2 #ATEHE S, 15
2 Ja SR bubble 1555

Sfe4 flush AUACHS IR

clk rst
rst

bubble //if bubble, do not update PC

is_BJ
PC next_PC
IF_ID_PC B
IF_ID_inst_field //nop

//normal process

Bl PC W{E AN BJ-type & Hi3KH) nextPC,IF ID inst field W& A nop,IF ID -
PC RN PC;

THE N

B 1 A S AR B 5 2 8, BORER 1 B ARG EEAT 1 05 A









© N O U A W N

AR R A A W W W W W W W W W W NNN NN NNNN R R R R R e R R e e
AW N2 O © 00 Otk WO © 00Ok W RO © 0O W N = O

FARI 5 A5 RAE T — BT 0 #T;
B 2T AR (B 22 gor
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1L #) Forwarding #2t ALU Fl1 Regfile, CPUctrl

“timescale 1ns / 1ps

“include ”SCPU_header.vh”

module MyScpu(
input clk,
input rst,
// input MIO_ready,
input [31:0] inst_in,
input [31:0] Data_in,
"RegFile_Regs_Outputs
"Pip_Regs_Outputs
output reg [3:0] RAM_wt_bits,
output reg [31:0] Data_out,
output reg [31:0] PC_out,
output reg [31:0] Addr_out,
output reg [31:0] Wt_data,
output reg MemRW
// output reg CPU_MIO
)5

//Instruction Fetch
// IF/ID (PC,inst)
reg [31:0] PC;

wire [31:0] next_PC;

always @(*) begin
PC_out = PC;
end

always @(posedge clk or posedge rst) begin
if(rst) begin
PC <= 32'h0;
IF_ID_PC <= 32'h0O;
IF_ID_inst_field <= 32'h0;
end
else begin

if(bubble) begin//if bubble, do not update PC

PC <= PC;
IF_ID_PC <= IF_ID_PC;

IF_ID_inst_field <= IF_ID_inst_field;

end
else if (is_BJ) begin
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102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

118

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

.Jump (Jump) ,

.Branch(Branch) ,

.RegWrite(RegWrite),

.MemRW(MemRW_temp) ,

.ALU_Control(ALU_Control),

// .CPU_MIO(CPU_MIO),

.signal(sign),

.width(width),

.Memread (Memread_temp) //for stall
IF

// 1D stage do BJ detection
assign is_Branch = (Branch[0] | Branch[1] | Branch[2] | Branch[3]);
assign is_BJ = (Jump[1] | is_Branch);

assign is_fwl = is_BJ && EX_MEM_RegWrite && (EX_MEM_Wt_addr != 0) && (EX_MEM_Wt_addr ==
— IF_ID_inst_field[19:15]);
assign is_fw2 = is_BJ && EX_MEM_RegWrite && (EX_MEM_Wt_addr != 0) && (EX_MEM_Wt_addr ==
< IF_ID_inst_field[24:20]);

is_fwl ? Wt_data_temp : rsl_data;//forwarding from MEM stage
is_fw2 ? Wt_data_temp : rs2_data;//forwarding from MEM stage

assign fw_rsl_data
assign fw_rs2_data

wire do_branch;

wire [31:0] ID_ALU_res;
wire ID_zero;

wire [31:0] PC_remain;

ALU alu_branch(
.A(fw_rsil_data),
.B(fw_rs2_data),
.ALU_operation(ALU_Control),
.res(ID_ALU_res),
.zero(ID_zero)

);

assign do_branch= (Branch[0] & ID_zero) | (Branch[1] & ~ID_zero) | (Branch[2] &

— ID_ALU_res[0]) | (Branch[3] & ~ID_ALU_res[0]);

// assign do_branch = (EX_MEM_Branch[B] & EX_MEM_ALU_zero) | (EX_MEM_Branch[1l] &

— ~EX_MEM_ALU_zero) | (EX_MEM_Branch[2] & EX_MEM_ALU_out[0]) | (EX_MEM_Branch[3] &
< ~EX_MEM_ALU_out[0]);

assign PC_remain = is_BJ? PC : PC + 4;

wire [31:0] jalr_addr;

assign jalr_addr = fw_rsl_data + imm_data;
wire [31:0] jump_addr;

assign jump_addr = IF_ID_PC + imm_data;

assign next_PC = Jump[1]?

(Jump[0]? jalr_addr : jump_addr)

(do_branch ? (IF_ID_PC + imm_data) : PC_remain);
// prepare next pc
Immgen imm(

.inst_field(IF_ID_inst_field),
.ImmSel(ImmSel),

14
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209

.Imm_out(imm_data)

)5
wire bubble;

wire bubblel;
wire bubble2;

assign bubblel = is_BJ &% ID_EX_RegWrite && (ID_EX_Wt_addr!=0) &&
— ((ID_EX_Wt_addr==IF_ID_inst_field[19:15]) || (ID_EX_Wt_addr==IF_ID_inst_field[24:20]));

//ID/EX (PC,rsl_data,rs2_data,imm_data,ALU_Control,Wt_addr
// ,Branch,MemtoReg, Jump,ALUSrc_B,RegWrite,MemRW,sign)
always @(posedge clk or posedge rst) begin
if(rst) begin
ID_EX_PC <= 32'h0;
ID_EX_rsl <= 5'h0;
ID_EX_rs2 <= 5'h0;
ID_EX_rsl_data <= 32'h0O;
ID_EX_rs2_data <= 32'h0;
ID_EX_imm_data <= 32'h0;
ID_EX_ALU_Control <= 4'b0;
ID_EX_Wt_addr <= 5'b0;
ID_EX_Branch <= 4'b0;
ID_EX_MemtoReg <= 3'b0;
ID_EX_Jump <= 2'b0O;
ID_EX_ALUSrc_B <= 1'b0;
ID_EX_RegWrite <= 1'b0;
ID_EX_MemRW <= 1'bh0;
ID_EX_sign <= 1'b0;
ID_EX_MemRead <= 1'bh0;
ID_EX_width <= 2'b0;
end
else begin
if(bubble) begin//set all control signal to O
ID_EX_ALU_Control <= 4'b0;
ID_EX_Branch <= 4'b0;
ID_EX_MemtoReg <= 3'b0O;
ID_EX_Jump <= 2'bh0;
ID_EX_ALUSrc_B <= 1'b0;
ID_EX_RegWrite <= 1'b0;
ID_EX_MemRW <= 1'bh0;
ID_EX_sign <= 1'b0;
ID_EX_MemRead <= 1'b0O;
ID_EX_width <= 2'b0;
end
else bhegin
ID_EX_PC <= IF_ID_PC;
ID_EX_rsl <= IF_ID_inst_field[19:15];
ID_EX_rs2 <= IF_ID_inst_field[24:20];
ID_EX_rsl_data <= rsl_data;
ID_EX_rs2_data <= rs2_data;
ID_EX_imm_data <= imm_data;
ID_EX_Wt_addr <= IF_ID_inst_field[11:7];
ID_EX_ALU_Control <= ALU_Control;

15



210 ID_EX_Branch <= Branch;

211 ID_EX_MemtoReg <= MemtoReg;
212 ID_EX_Jump <= Jump;

213 ID_EX_width <= width;

214 ID_EX_ALUSrc_B <= ALUSrc_B;
215 ID_EX_RegWrite <= RegWrite;
216 ID_EX_MemRW <= MemRW_temp;
217 ID_EX_MemRead <= Memread_temp;
218 ID_EX_sign <= sign;

219 end

220 end

221 end

222

223 //end of Instruction Decode

224

225  assign bubble2 = ID_EX_MemRead && (ID_EX_Wt_addr!=0) &&
— ((ID_EX_Wt_addr==IF_ID_inst_field[19:15])||(ID_EX_Wt_addr==IF_ID_inst_field[24:20]));

226

227 assign bubble = bubblel | bubble2;

228

229 //Execution

230

231 wire [1:0] forward_rsl, forward_rs2;

232

233 Forwarding fw_inst(

234 .EX_MEM_rd(EX_MEM_Wt_addr),

235 .MEM_WB_rd(MEM_WB_Wt_addr),

236 .ID_EX_rs1(ID_EX_rs1),

237 .ID_EX_rs2(ID_EX_rs2),

238 .EX_MEM_RegWrite (EX_MEM_RegWrite),

239 .MEM_WB_RegWrite(MEM_WB_RegWrite),

240 .forward_rsi(forward_rsl),

241 .forward_rs2(forward_rs2)

242 );

243

244 reg [31:0] rsl_temp, rs2_temp;

245

246 always @(*) begin

247 case(forward_rsl)

248 2'b01: rsl_temp = Wt_data_temp;//EX/MEM
249 2'b10: rsi_temp = Wt_data;//MEM/WB
250 default: rsi_temp = ID_EX_rsil_data;//No forwarding
251 endcase

252 case(forward_rs2)

253 2'b01: rs2_temp = Wt_data_temp;

254 2'b10: rs2_temp = Wt_data;

255 default: rs2_temp = ID_EX_rs2_data;
256 endcase

257 end

258

259 wire [31:0] A,B,ALU_out;

260 wire zero;

261 assign A = rsl_temp;

262 assign B = ID_EX_ALUSrc_B ? ID_EX_imm_data : rs2_temp;
263 ALU alu(

264 .A(A),

265 .B(B),

16



266 .ALU_operation(ID_EX_ALU_Control),

267 .res(ALU_out),
268 .zero(zero)
269

270

271

272 //EX/MEM (PC,ALU_out(mem_rw_addr),rs2_data(For s-type),
273 //imm_data(lui auipc),Wt_addr(wb),Branch,MemtoReg,Jump,RegWrite,
274 //MemRW, sign,ALU_zero)

275
276

277 always (@(posedge clk or posedge rst) begin
278 if(rst) begin

279 EX_MEM_PC <= 32'b0;

280 EX_MEM_ALU_out <= 32'b0;

281 EX_MEM_imm_data <= 32'b0;

282 EX_MEM_Wt_addr <= 5'b0O;

283 EX_MEM_rs2_data <= 4'bh0;

284 EX_MEM_Branch <= 4'b0;

285 EX_MEM_MemtoReg <= 3'b0;

286 EX_MEM_Jump <= 2'b0;

287 EX_MEM_width <= 2'b0;

288 EX_MEM_RegWrite <= 1'b0;

289 EX_MEM_MemRW <= 1'bh0;

290 EX_MEM_sign <= 1'b0;

291 EX_MEM_ALU_zero <= 1'b0;

292 end

293 else bhegin

294 EX_MEM_PC <= ID_EX_PC;

295 EX_MEM_ALU_out <= ALU_out;

296 EX_MEM_rs2_data <= rs2_temp;

297 EX_MEM_imm_data <= ID_EX_imm_data;
298 EX_MEM_Wt_addr <= ID_EX_Wt_addr;
299 EX_MEM_Branch <= ID_EX_Branch;

300 EX_MEM_MemtoReg <= ID_EX_MemtoReg;
301 EX_MEM_Jump <= ID_EX_Jump;

302 EX_MEM_width <= ID_EX_width;

303 EX_MEM_RegWrite <= ID_EX_RegWrite;
304 EX_MEM_MemRW <= ID_EX_MemRW;

305 EX_MEM_sign <= ID_EX_sign;

306 EX_MEM_ALU_zero <= zero;

307 end

308 end

309 //end of Execution

310

311 //Memory Access

312

313 // wire do_branch;

314

315

316

317 // sb sh sw choose data
318 always @(*) begin

319 Addr_out = EX_MEM_ALU_out;

320 MemRW = EX_MEM_MemRW;

321 case({EX_MEM_sign, EX_MEM_width, EX_MEM_ALU_out[1:0]})
322 { FUNC_BYTE, "MOD_ZERO}: begin

17



323 Data_out = {24'b0, EX_MEM_rs2_data[7:0]};

324 RAM_wt_bits = 4'b0001;

325 end

326 { FUNC_BYTE, "MOD_ONE}: begin

327 Data_out = {16'b0, EX_MEM_rs2_datal7:0], 8'b0O};
328 RAM_wt_bits = 4'b0010;

329 end

330 { FUNC_BYTE, "MOD_TWO}: begin

331 Data_out = {8'b0, EX_MEM_rs2_data[7:0], 16'b0};
332 RAM_wt_bits = 4'b0100;

333 end

334 {"FUNC_BYTE, "MOD_THREE}: begin

335 Data_out = {EX_MEM_rs2_datal[7:0], 24'b0};
336 RAM_wt_bits = 4'b1000;

337 end

338 {"FUNC_HALF, 'MOD_ZERO}: begin

339 Data_out = {16'b0, EX_MEM_rs2_data[15:0]};
340 RAM_wt_bits = 4'b0011;

341 end

342 { FUNC_HALF, "MOD_ONE}: begin

343 Data_out = {8'bO, EX_MEM_rs2_data[15:0], 8'b0O};
344 RAM_wt_bits = 4'b0110;

345 end

346 { FUNC_HALF, "MOD_TWO}: begin

347 Data_out = {EX_MEM_rs2_datal[15:0], 16'b0};
348 RAM_wt_bits = 4'b1100;

349 end

350 {"FUNC_WORD, "MOD_ZERO}: begin

351 Data_out = EX_MEM_rs2_data;

352 RAM_wt_bits = 4'b1111;

353 end

354 default: begin

355 Data_out = 32'b0O;

356 RAM_wt_bits = 4'b0000;

357 end

358 endcase

359 end

360 //pass data to next stage

361

362 reg [31:0] Mem_data_in;

363 always @(*x) begin

364 case({EX_MEM_sign, EX_MEM_width, EX_MEM_ALU_out[1:0]})

365 { FUNC_BYTE, "MOD_ZERO}: Mem_data_in = {{24{Data_in[7]}}, Data_in[7:0]1};

366 "FUNC_BYTE, “MOD_ONE}: Mem_data_in = {{24{Data_in[15]}}, Data_in[15:8]};
367 "FUNC_BYTE, "MOD_TWO}: Mem_data_in = {{24{Data_in[23]}}, Data_in[23:16]};
368 "FUNC_BYTE, "MOD_THREE}: Mem_data_in = {{24{Data_in[31]}}, Data_in[31:24]};
369 "FUNC_HALF, “MOD_ZERO}: Mem_data_in = {{16{Data_in[15]}}, Data_in[15:0]};
370 "FUNC_HALF, “MOD_ONE}: Mem_data_in = {{16{Data_in[23]}}, Data_in[23:8]};
371 "FUNC_HALF, "MOD_TWO}: Mem_data_in = {{16{Data_in[31]1}}, Data_in[31:16]};
372 "FUNC_WORD, “MOD_ZERO}: Mem_data_in = Data_in;

373 "FUNC_BYTE_UNSIGNED, "MOD_ZERO}: Mem_data_in = {{24{1'b0O}}, Data_in[7:0]1};
374 "FUNC_BYTE_UNSIGNED, "MOD_ONE}: Mem_data_in = {{24{1'b0}}, Data_in[15:8]};
375 "FUNC_BYTE_UNSIGNED, "MOD_TWO}: Mem_data_in = {{24{1'b0}}, Data_in[23:16]};
376 "FUNC_BYTE_UNSIGNED, "MOD_THREE}: Mem_data_in = {{24{1'b0O}}, Data_in[31:24]1};
377 "FUNC_HALF_UNSIGNED, "MOD_ZERO}: Mem_data_in = {{16{1'b0}}, Data_in[15:0]};
378 "FUNC_HALF_UNSIGNED, "MOD_ONE}: Mem_data_in = {{16{1'b0}}, Data_in[23:8]};
379 "FUNC_HALF_UNSIGNED, "MOD_TWO}: Mem_data_in = {{16{1'b0}}, Data_in[31:16]};

P S SR T U S S U S g SIS U T S Sy
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380 default: Mem_data_in = 32'b0;
381 endcase

382 end

383

384

385 //prepare for wt_data

386 reg [31:0] Wt_data_temp;

387 always (@(*) begin

388 case (EX_MEM_MemtoReg)

389 "MEM2REG_ALU: Wt_data_temp = EX_MEM_ALU_out;
390 "MEM2REG_MEM: Wt_data_temp = Mem_data_in;

391 "MEM2REG_PC_PLUS: Wt_data_temp = EX_MEM_PC + 4;
392 "MEM2REG_LUI: Wt_data_temp = EX_MEM_imm_data;
393 "MEM2REG_AUIPC: Wt_data_temp = EX_MEM_imm_data + EX_MEM_PC;
394 default: Wt_data_temp = 32'b0;

395 endcase

396 end

397

398

399 //MEM/WB (PC,ALU_out,imm_data,Data_in,Wt_addr,MemtoReg,sign,RegWrite)
400 always @(posedge clk or posedge rst) begin

401 if(rst) begin

402 MEM_WB_PC <= 32'b0;//just for debug

403 MEM_WB_Wt_addr <= 5'b0;

404 MEM_WB_RegWrite <= 1'b0;//

405 MEM_WB_Data_in <= 32'b0;

406 MEM_WB_MemtoReg <= 3'b0; //debug

407 end else begin

408 Wt_data <= Wt_data_temp;

409 MEM_WB_PC <= EX_MEM_PC; //just for debug
410 MEM_WB_Wt_addr <= EX_MEM_Wt_addr;

411 MEM_WB_RegWrite <= EX_MEM_RegWrite;

412 MEM_WB_Data_in <= Mem_data_in;

413 MEM_WB_MemtoReg <= EX_MEM_MemtoReg; //debug
414 end

415 end

416

417 // Writeback

418

419 //end of pipeline

420

421 endmodule
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T SR AR ot

B, WRARE—UIHATIES, &5 x31 FMESZE N 0x666, WITH

> B onext_. 1. 000000338 nnoo.
W PC[31:0] | 00000034 ooo. ..

00000030 aoo. ..

E.1 0000002c ooo. ..

b B8 EX_M...0)§ 00000028 aoo. ..
- B MEM_...0§ 00000008 onn.
B Reg3...0]§ 00000000

B2 TR E 2570 Forwarding 143 3¢ A3 (1)1 R T

Forwarding

use-use hagzard

LK HR 73RS A 51

1i x31, 1
1i x1, -1
xori x3, x1, 1

add X3, X3, X3
add X3, X3, X3
add X3, X3, X3

xori x4, x1, 1

add XS, X4, X3
addi x5, x5, 2

beq X5, x3, pass_1
auipc x30, O

j dummy
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EX-MEM Forwarding

HSERT xori #1E, BHE add BRAEFREAEA xori #AEMISE R, KIHAE add 1
EX BrE, [FIBAELE rs1 fl rs2 ) forwarding, #REH MEM BBt

[1:0]

> 1)
ol rs2_temp[31:0]

4: EX-MEM Forwarding

fE xori 2 J& x3 HI{H ¥ FFFFFFFE, /JLLE 2], {ERXME S 0l 2747 4% L 7 add
BAEAE EX BB forwarding ©2488, {H 8 1 AR KE MEM BB, b rsltemp
A rs2temp FMEESN FFFFFFFE, HHAT T IR, ZEHESM % add #AER
forwarding tHAZFANT ;s f ) A SCHE BB TR T <3 [RMEL

MEM-WB Forwarding

EE TR ORIM add x5 x4 x3 #fEH x3 TRE WB M BIRTEE, BT RASEE 1) 1s2 1)
forwarding 1554 2, fFEKH WB FrE, MW rs2temp N FFFFFFFO, #H4T
IEHMIZ S, HE IR ISR T x5 M
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4 Clk 1

4 rst 0
00000050
00000050
> MIF_ID_ . 0000004c
» W ID_EX_PC[31:0] ooo0o0048
> WM EX_MEM_PCI[31:0] 00000044
> B MEM_WB_PC[31:0] ] 00000040

L G

> W rs2_temp[31:0] 00000000 c ff£f FEEFELES FEEEFLED

> M Reg03[31:0] ijiiiiie}

> B Reg04[31:0] 00000000
B Reg05[31:0] 00000000

> M Reg31[31:0] 00000001

K 5: MEM-WB Forwarding

load-use hazard

LB AR IAR T load-use hazard

i x31, 2

11  x20, 0x20

sw x5, 0(x20)

1h  x6, 0(x20)

add x6, x6, x6
addi x6, x6, 0x10
beq x6, x5, pass_2
auipc x30, 0

j dummy
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0]

> yrward_rs
bl rs1_temp[31:0]

» M forward_rs2[1:0

FELEEELD fEffffel "

6: load-use hazard

ik, 7& add x6 x6 x6 B/ER EX BB, T 87 R E] load-use hazard, Kt
N T —> bubble, Bt LA A AR ATE# R LE Th $84 0 WB BrBok A, e rs1 Al
rs2 [ forwarding 15 58 2, ARFERKE WB B, BEE rsltemp A1 rs2temp HIMEHES N
FFFFFFFO, Xt /e Rk S Rl Aras HME: SRIFRATH) forwarding A2 IEHIH;

use-store hazard

X EB ARSI T use-store hazard

add x6, x6, x6
sw  x6, 0(x20)
w  x7, 0(x20)
bne x7, x5, pass_3

£ add $RRPATEI sw 5275 BRI x6 5 AAAY
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iy}
fiffitTe
biiiiiniv}
biiiiiniv}

K] 7: use-store hazard

A LLE R, MR rs1 AAEFE forwarding, rs2 F forwarding 854 1, fCEKKH
MEM M, I rs2temp [I{E N FFFFFFEO, X IFRRHIES N x6 K18, B3R
) forwarding & IE#IN; B IRATE S NHIME load FIK, RTLAVEZ], x7 WI{EN
FFFFFFE0, 5 x6 FMEAER], UiBHIRATRIIE A

K] 8: use-store hazard

BN RBA M 0 SAL B BT B

AT
S X ERHEE

add XS, X4, X3
addi x5, x5, 2
beq x5, x3, pass_1

PLX ARG 9, 7E beq 18400 EX BYBL, FEH T x5 1 x3 1ME, H2H T2
A bubble, RIHLTE ID B, addi $§4 &40 T MEM P B add 184 2440 T WB B,
i3t double pump F] LA R IEFARISEH; Frbl AR EX MEM W B#EAT forwarding s
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> W next_PC[31:0] 00000058

00000048
00000048
00000044

\ fEfffee |

> B Reg04[31:0]

» B Reg05[31:0] 00000000
> B RegD6[31:0] 00000000
» ¥ Reg07[31:0] 00000000

9: 7 >CIE W BkE

MEPILEITTUE B is fwl BIRTISE SRS T, SB— R R4
bubble i, A 74T MEM KrBUf) add #5641 x5 f, Jy FFFFFFEE, # A
WZ4E AN bubble f&5, #iiE 74T EX BrEH addi $84 1 x5 fi, A FFFFFFFO,
A LVE BX 4 ) PC 1 IF ID inst field #AVAE, SXIEZ4HA bubble A3
M (fwdata=FFFFFFF0 #98H1% ), FIU K £ T $k4%, AT 24 nextPC A Bki ik 0x58,
AT —Au4 B2 ke, PC KAEHA nextPC, BP 0x58, FBTIRA beq 1546 @aY
/AR EFHN ID, 2AHLSAZLET A nop(00000013)

DA

loop:

addi x1, x1, -1

bne x1, x0, loop
beg x1, x0, pass_4

FER MBI E — IR, KA T SCABkE:

4 clk 1

4 rst 0

> M next_PC[31:0] 00000028
1 00000028
fe009%ee3
00000024
00000020
000000a0
00000028
> M fw_rs1_data[31:0] 00000000 — ooooo00T.
& is_fw2 0

10: 73S A
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FAIM is_twl BESTHEITIRE, i x1 53] 7 IEFRERN 0x1 A x0 KI1E
MEE, FTPAAEEE:, FIWT nextPC N 0xa8, BIERTE bne IR S N80 LT 2K
I, JEAH Oxa8 ALHIFE A3 ID FrBedis 2424 nop(00000013), [FIEF H T 73 SCAH
17,PC AR 0x58 # & FRk gl k, BT —/ N eh EFVRZIRIS, BN ID Brig, 45
A IEE AR PAT; BT B 2R A bk PR /K 28 A BB Ik (A5 RE R THD e T 4%
PP bubble HIABIR), X2 2 AR A

B A RIEMIR T branch 84 HE forwarding FIEN, R WS H; it
ANFEEIR

ERIIR

5 B GE R 5, fFH Lab4-3 FACHSHEAT AR, meah it dummy 7537,
o x31 FIMEN 0x666, £5& T,

RV32I Pipelined CPU

Heeeeel3 :
FFFFFFF : 40000000
[e]e] sl: QROEEOEO1L

FSZ_'\.-'B]_ : PREBERERG

s: FB000666

11: ERIRR

2k, HERKL CPU KRR
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—a

=. Wit 505

TENFRZ: Bonus Z AN G — A SER:, KRR SRR R, 5Ep 1 5-1 #7
Ja, WEHRTKERE T —BEM, XREAEE RTINS TR S, X —
HREFEET - IHRARAL, T EETERE R S 4 bubble I (U#EAFEtH HIL T
B, T BB IS 1) 25 debug; (H2RGRGRLFLE, L2 5ER T L8, @ 1 &5 K
Sl tHHR SRR BRI - SRERR EE S Ca AR
SIS Bl PR T AR B AR VG, R T AE A A i AR AT AN X A T
BT E 2, WOEREE, Ay SR Rt REAE A A S 06 o A B 2 o0
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S

PHARESEEFAERTEAR
—&B 53

addi x1, x0, 0
addi X2, x0, -1
addi x3, x0, 1
addi X4, x0, -1
addi x5, x0, 1
addi x6, x0, -1
addi x1, x1, 0
addi x2, x2, 1
addi x3, x3, -1
addi X4, x4, 1
addi x5, x5, -1
addi x6, x6, 1

X — B AR IR FIT/KE CPU Wik A L s R X i & 40 AR 247 17
B, TR E Y count;
M x6 A8 0 B count FIMEN Oxf, BI 16 B 4 & 1A

Ml Reg06[31:0]

1
0
00000000

00000010

> Micount[31:0]

16
Pl=—=1.
C 1 33

gt (55
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addi x1, X0,
addi x2, x1,
addi X3, X1,
addi X4, X3,

DN NN

FEIX — 0 AFAE NP R A

o BT EH KA <1 BRI R
o BRSO EH KA x1 ARSI R
o HVIFIRS WM =KIBLAE x3 EAAEHHE PR

M x4 A8 8 W count WIMEN 0x7, B 8 AN & H;

8
Pl=—-=2
¢ 4

SABHITHE

addi x1, x0, 1
addi x2, x1, 2
addi X3, X2, 3
sw x3, 0(x0)
w x4, 0(x0)
addi X5, x4, 4
addi X6, X4, 5
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W count[31:0] | 0000000¢ 00... | ) 00000004 00000005 /| 00000006 0000 ) ) 00000009 )

W next_PC[31:q| 00000030 000010 ) 00000014 ) 00000018 | 0000001c 00000024

W PC[31:0] 0000002¢ ) j_ 00000010 | 00000014 00000018 0000001c | 00000020 | 00000024 | 00000028
A TR A TR A T A A A

IF_ID_..[31:q 00000028 100000 § 0000000c ) 00000010 00000014 00000018 | 0000001 | 00000020 | 0000002

WID_EX_...[31] 00000024 b 00000000 ) 00000004 0000 | 0000000c | 00000010 (o J 00000018 0000001c | 00000

™ EX_ME...1:0§ 00000020 00000000 /00000004 00000008 0000000¢ 00000010 00000014 00000018 | 0000001c
wuvemw.1q ooooote | oeoecco | oooo000s | ooosoos | 00000000 | 00000010 00000014 | oooo00is

1 Reg01[31:0] | 00000001 i—‘; ' )

# Reg02[31:0] | 00000003 00000000

wRegoato fooooooos | oooooo00

w Reg04(31:0] | ooooo00s | ' 00000000

W Reg05[31:0] | 0000000a 00000000 0004
» Reg07(31:0] | 0ooooo0o | 00000000

w Reg0s[31:0] | ooooooon | 00000000

M x6 32N 11 B ,count [FMEN Oxb, B 12 /N 4f & B 5

CPI = % =171
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