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4 MREIAENRIKER : BB
4.1 KRR

CPU KRET IR EANM B, Efi1535 172 Instruction Fetch, Instruction Decode, Ex-
ecute, Memory, Write Back,
Her BB BRIES 2
IF: M Instruction Memory H#EE—546%,
ID: XHELHATHMY, EZIGTLAETTas iR T#R R,
EX: jdid ALU ¥ TR, R H62, TEX—FrEn] PARE 2 &Pk,
MEM: 35 N7,
WB: %45 0] Register File,
TEZ T s SR AN B SR ) SR A B 2RISR, B ERSy, =] AEREN
AN BRI R T oo (E2 B BAAC B ER H A BRI A B B AR T 0, ARMER 730
AR, IXAF A R 3 AR TIAE -
1. B NHTEHERFE ID MrELAE K opcode,
2. WB, ID [t Ex#RFHZ H 2] RegisterFile,
3. WB, MEM R EAR TR Z M 2 ALU HI{E,
4. TF BrBefR 2 EX BB A I BkER 45 2R,
IS BT IR IR A T L AT (2 es, AT DMRGF R RX SEAR R, AT s — 1 g
Kk

4.2 TIF Wi
4.2.1 IF BB

module InstFetch(
input [ WORD] if_pc,
output [ WORD] inst,
output [ WORD] pc,
output [ WORD] next_pc
U
wire [ WORD] imem_addr = if_pc;
InstMemory imem(
.address (imem_addr),
.readData (inst)
);
assign pc = if_pc;
assign next_pc = pc + 4;
endmodule

IF BBz ld=ilzk LAY PC, M Inst Memory HEES, HE AR a1,



4.2.2 IF [ Bebabillin

IF AR A, B2 if_pc. BUE TIEL2MHE, R HA Control Hazard,
TR N 5162, &Ml NEZRIZBEE L,
IF BB X SEf B 25 17 %o

A7 fE | WA

stage_if inst 32 | fEONA
stage_if pc 32 X PC
stage_if branch_taken | 1 & A P Bk

// --- STAGE ---
//  InstFetch

// --- INPUT ---
wire [ WORD] if_pc = !correct_branch_prediction ? branch_jump_target : pc;
// --- STAGE REGS ---

reg [ WORD] stage_if_inst;
reg [ WORD] stage_if_pc;
reg stage_if_branch_taken;

// --- OUTPUT ---

wire [ WORD] out_if_next_pc;
wire [ WORD] out_if_inst;
wire [ WORD] out_if_pc;

InstFetch instFetch(
.if_pc (if_pc),
.inst (out_if_inst),
.pc (out_if_pc),
.next_pc (out_if_next_pc)

)g

wire out_id_stall;
wire [ WORD] if_next_pc = out_id_stall ? if_pc : out_if_next_pc;

// --- CLOCK ---
always @ (negedge clk) begin
if (!out_id_stall) begin
stage_if_inst <= out_if_inst;
stage_if_pc <= out_if_pc;
stage_if_branch_taken <= 0; // branch prediction: always not taken
pc <= if_next_pc;
end
end



4.3 1D KB
4.3.1 ID KrBtmA\ Skt

£ 1D B, FRATFFEHE] CPU 1Y RegisterFile, HTIX—#HAE CPU H, MiAE Inst-
Decode fEA, FAIFRZEL 5 AR ERZA ID R,

module InstDecode(
// E N H A
// MODULE: RegisterFile
output wire [ REG] rf_srci,
output wire [ REG] rf_src2,
input wire [ WORD] rf_outl_prev,
input wire [“WORD] rf_out2_prev
// E kN H A

ID [ By At s b — SRR B A s, AL EX B FFf7ds, XL fra
To

Ao g | NE
stage_id_alu_op 6 ALU #/F opcode
stage_id_alu_srcl 32 | ALU #F%1
stage_id_alu_src2 32 | ALU #fF%k 2
stage_id_opcode 1 L HiFE<HY opcode
stage_id_pc 32 | HAEiEH PC
stage_id_alu_branch_mask | 1 PREE IERR T ALU i
stage_id_branch_pc 32 Bk PC
stage_id_next_pc 32 %4551 PC
stage_id_rf_dest 5 HbRA A7 o8
stage_id_mem_data 32 | BEARNERIEHE
stage_id_branch_taken 1 IF 2 & ks
stage_id_force_jump 1 Py aiiil| i =

module InstDecode(
// E i N H S
input [ WORD] inst,
input [ WORD] if_pc,
input if_branch_taken,
output ["OP] alu_op,
output [ WORD] alu_srci,
output [ WORD] alu_src2,
output [ OP] opcode,
output [ WORD] id_pc,
output alu_branch_mask,
output [ WORD] branch_pc,



output [ WORD] next_pc,
output [ REG] rf_dest,
output [ WORD] mem_data,
output id_branch_taken,
output force_jump,
output stall,

// E AN E A

4.3.2 Forwarding B A

ID [y BERT DA K LAY B Y forward ZX—F B, iXH— CPU F &[] For-
warding BT, BATHEM A Forwarding #ITHISE R A ID B EL,

module InstDecode(
// E i N S
// MODULE: Forward
input forward_depends_1,
input forward_depends_2,
input forward_stalls_1,
input forward_stalls_2,
input [ WORD] forward_result_1,
input [ WORD] forward_result_2,
output wire [ “REG] forward_opl,
output wire [ REG] forward_op2,
// E N H A

4.3.3 1D WBeBRR : g

e, FATAT DT R AL B i ID [ Bl B ik
FEMRRS R o AL TRRN AT —#, R ZHEE 2 P M B R EER B R ETAT,

wire [ WORD] pc = if_pc;

assign opcode = inst[31:26];
[ 'REG] rs inst[25:21];
[TREG] rt = inst[20:16];

wire [ REG] rd inst[15:11];
[
[

wire

wire

"REG] shamt = inst[10:6];
"OP] funct = inst[ OP];
wire [15:0] imm = inst[15:0];
wire [ WORD] imm_sign_ext;

wire

wire

wire [ WORD] imm_zero_ext;

wire [ WORD] shamt_zero_ext = {{27'b0}, shamt};

SignExt signExt(.unextended (imm), .extended (imm_sign_ext));
ZeroExt zeroExt(.unextended (imm), .extended (imm_zero_ext));



wire is_shift;

IsShift isShift(.funct (funct), .shift (is_shift));
wire is_type_R = (opcode == 0);

wire use_shamt = is_shift && is_type_R;

wire [ WORD] jump_target = {4'b00, inst[25:0], 2'b00} | (pc & 32'hf0000000);

wire is_branch;
wire is_memory;

4.3.4 1D WBEUERL: BHFFS

Zha, BATEIREE 7 as PO N AIME.,

// MODULE: Register File
assign rf_srcl = rs;
assign rf_src2 = is_type_R || is_branch || is_memory_store ? rt : 0;
assign rf_dest = is_type R ? rd : (
opcode == 3 ? 31 : rt);

wire [ WORD] rf_outl = forward_depends_1 ? forward_result_1 : rf_outl_prev;

wire [ WORD] rf_out2 = override_rt ? branch_alu_rt_val :

(forward_depends_2 ? forward_result_2 : rf_out2_prev);

4.3.5 ID EEIER: 53¢
Mg, FRATZEN ALU M ERR 2 S 45

// MODULE: Branch
wire [ WORD] imm_offset = imm_sign_ext <<< 2;
assign branch_pc = pc + 4 + imm_offset;
assign next_pc = (opcode == || opcode == 3) ? jump_target :
(opcode == @ &§& funct == 8 ? rf_outl : pc + 4);
wire override_rt;
wire [ WORD] branch_alu_rt_val;
BranchOp branchOp(
.opcode (opcode),
.branch_op (is_branch),
.override_rt (override_rt),
.rt_val (branch_alu_rt val)
IE
BranchOut branchOut(
.opcode (opcode),
.rt (rt),
.alu_branch_mask (alu_branch_mask)
U

assign force_jump = opcode == 2 || opcode == 3 || (opcode == @ && funct



4.3.6 1D KiBtEiER: Forwarding

A EREAE T DAUEI Forwarding midE N Fas P il RIS, BAMFEHHEHN For-
warding FUdE, ERHIT load-use hazard, BATEFTFE(E iRk,

// MODULE: Forward

assign forward_opl = rf_srcil;

assign forward_op2 = rf_src2;

wire alu_use_rf_out_1;

wire alu_use_rf_out_2;

assign stall = (alu_use_rf_out_1 &§& forward_stalls_1) ||
(alu_use_rf _out_2 &5 forward stalls_2) ||
(is_memory_store &§& forward_stalls_2);

4.3.7 ID IWEEIER: WTF
EIX—ME,, BATHE N Z RN RERET S, e NP EAREIES,

// MODULE: Memory
wire [ OP] mapped_op;
/* verilator lint_off PINMISSING */
ALUOp aluOp(
.opcode (opcode),
.ALUopcode (mapped_op));
/* verilator lint_on PINMISSING */
wire is_memory_load;
wire is_memory_store;
wire [2:0] memory_mode;
MemoryOp memory0p(
.opcode (opcode),
.store (is_memory_store),
.load (is_memory_load),
.memory_op (is_memory),
.memory_mode (memory_mode));
assign mem_data = forward_depends_2 ? forward_result_2 : rf_out2;

4.3.8 ID WrEEIEHR: ALU

£ EX FrBe, ALU Frif ZAIREEUR A S 721X — B B AR o

// MODULE: ALU
wire ext_mode;
ExtMode extMode (
.opcode (opcode),
.signExt (ext_mode));
assign alu_op = is_type_R ? funct : mapped_op;
wire [ WORD] alu_imm = ext_mode ? imm_sign_ext : imm_zero_ext;
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assign alu_use_rf_out_1 = !use_shamt && opcode != 3;

assign alu_use_rf_out_2 = is_type_R || is_branch;
assign alu_srcl = use_shamt ? shamt_zero_ext :

(opcode == 3 ? pc : rf_outl);
assign alu_src2 = alu_use_rf_out_2 ? rf_out2 :

(opcode == 3 ? 4 : alu_imm);

4.3.9 ID BEdER: HAEdE

IF (B2 ke, DSOS XN PC, fEZGth iM%l ID BB AfRZ A At #

HIEESHTA],

// Other Modules
assign id_pc = pc;
assign id_branch_taken = if_branch_taken;

4.3.10 ID [rEshlin

ID [T BRI BE R stall 5¢ bubble, fEXXAELLT, FRATFREAED SCPMEE
i T 23 i B 2 77 2 9{E (bubble),

always @ (negedge clk) begin

if (!correct_branch_prediction || out_id_stall) begin
// Bubble
stage_id_alu_op <= 0;
stage_id_alu_srcl <= 0;
stage_id_alu_src2 <= 0;
stage_id_opcode <= 0;
stage_id_pc <= 0;
stage_id_alu_branch_mask <= 0;
stage_id_branch_pc <= 0;
stage_id_next_pc <= 0;
stage_id_rf_dest <= 0;
stage_id_mem_data <= 0;
stage_id_branch_taken <= 0;
stage_id_force_jump <= 0;

end else begin
stage_id_alu_op <= out_id_alu_op;
stage_id_alu_srcl <= out_id_alu_srci;
stage_id_alu_src2 <= out_id_alu_src2;
stage_id_opcode <= out_id_opcode;
stage_id_pc <= out_id_pc;
stage_id_alu_branch_mask <= out_id_alu_branch_mask;
stage_id_branch_pc <= out_id_branch_pc;
stage_id_next_pc <= out_id_next_pc;
stage_id_rf_dest <= out_id_rf_dest;
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stage_id_mem_data <= out_id_mem_data;
stage_id_branch_taken <= out_id_branch_taken;
stage_id_force_jump <= out_id_force_jump;
end
end

4.4 Forwarding Sz
4.41 Forwarding IEHE

Forwarding BHER| I ERRRA ., FRRIEMHRENZ A4, W& EX. MEM, WB [
BRRMER, FFELX AR ML,

o QNS EX BB BAnar fEen fIF R E T A e R, B — M EUEEE 2N forward,

o« GNSR EX [rEEHY R T F e TR 2 i A A an A, H2WNAEHES N stall, 1X/2 load-use
hazard,

o GNER MEM [ BB B bR 3517 e Al s R0 Z A2 ge A ], ) forward, aNSR2MNFHES, for-
ward NFEER, R EEETES, forward ALU %528,

QN5 WB it B B R 3 7 ae F1 AT s S 25 728 fH R, ] forward,

4.4.2 Forwarding % A\ #ith
Forward [t BE 2R BUES M BRI RS, TRl e i A CLEE &MY ERY opcode, dest,

val,

module Forward(
input [TOP] ex_opcode,

input [ REG] ex_dest,
input [ WORD] ex_val,
input [ OP] mem_opcode,

[
[
[
input [ REG] mem_dest,
input [ WORD] mem_alu_val,
input [ WORD] mem_val,
[TOP] wb_opcode,
[ "'REG] wb_dest,
["WORD] wb_val,
input ["REG] src,
output reg [ WORD] data,
output reg depends,

input
input
input

output reg stall
)i

4.4.3 Forwarding ;¥
A G HEEIPE, BTG =ME5:

10



« stall: BEFREG K,
« data: 15 FIHIEHRE,
 depends: TR ZEHF a2 A A forward,

wire ex_is_arithmetic_op;

wire ex_is_link_op = ex_opcode == 3;
wire ex_is_memory_load;

wire mem_is_arithmetic_op;

wire mem_is_link_op = mem_opcode == 3;
wire mem_is_memory_load;

wire wb_is_arithmetic_op;

wire wb_is_link_op = wb_opcode == 3;
wire wb_is_memory_load;

/* verilator lint_off PINMISSING */
ALUOp ex_aluop(.opcode (ex_opcode), .arithmetic_op (ex_is_arithmetic_op));

ALUOp mem_aluop(.opcode (mem_opcode), .arithmetic_op (mem_is_arithmetic_op));

ALUOp wb_aluop(.opcode (wb_opcode), .arithmetic_op (wb_is_arithmetic_op));

MemoryOp ex_memop(.opcode (ex_opcode), .load (ex_is_memory_load));
MemoryOp mem_memop(.opcode (mem_opcode), .load (mem_is_memory_load));
MemoryOp wb_memop(.opcode (wb_opcode), .load (wb_is_memory_load));

/* verilator lint_on PINMISSING =/

always @(*) begin

data = 0;
depends = 0;
stall = 0;
if (src == 0) begin
data = 0;
depends = 0;
stall = 0;
end else if (ex_dest == src &§5 (ex_is_arithmetic_op || ex_is_link_op)) begin

data = ex_val;
stall = 0;
depends = 1;
end else if (ex_dest == src &§& ex_is_memory_load) begin
data = 0;
stall = 1;
depends = 1;

end else if (mem_dest == src §§ (mem_is_arithmetic_op || mem_is_link_op)) begin

data = mem_alu_val;
stall = 0;
depends = 1;
end else if (mem_dest == src §& mem_is_memory_load) begin
data = mem_val;
stall = 0;

11



depends = 1;

end else if (wb_dest == src &5 (wb_is_arithmetic_op || wb_is_memory_load ||

wb_is_link_op)) begin
data = wb_val;
stall = 0;
depends = 1;
end
end

4.5 EX B

4.5.1 EX KBBR8

EX BrBOEI ID B BRI R, HTRAREIEIZR, EFX

AT A | WA

stage_ex_alu_out 32 ALU %t
stage_ex_opcode 6 54 opcode
stage_ex_pc 32 | feNM PC
stage_ex_rf_dest 5 ID [t Y5 N F 17 s 5
stage_ex_mem_data | 32 | ID FiB5 ANTEINE

XL A b — A AR T EX BT ERRTS AL

module Execute(
input ["OP] alu_op,
input [ WORD] alu_srci,
input [ WORD] alu_src2,

[T0oP] id_opcode,

[ "wOoRD] id_pc,
input alu_branch_mask,
input [ WORD] branch_pc,
input [ WORD] next_pc,
input [ REG] id_rf_dest,
input [ WORD] id_mem_data,
input id_branch_taken,

input
input

input force_jump,

output [ WORD] alu_out,

output [ OP] ex_opcode,

output [ WORD] ex_pc,

output [ REG] ex_rf_dest,

output [ “WORD] ex_mem_data,
output correct_branch_prediction,
output [ WORD] branch_jump_target

12
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£ EX rE:, TEIEE ALU HEER, FHiE o XKmiMAEs 2 & IEif.
ALU HHEE2 T,

assign ex_mem_data = id_mem_data;
assign ex_rf_dest = id_rf_dest;
assign ex_opcode = id_opcode;

wire alu_zero;

ALU alu (
.ALUopcode (alu_op),
.opl (alu_srcl),
.op2 (alu_src2),
.out (alu_out),
.zero (alu_zero));

I3 SCHIWTER 7340 R

wire is_branch;
/* verilator lint_off PINMISSING =*/
BranchOp branchOp(
.opcode (id_opcode),
.branch_op (is_branch)
)i
/* verilator lint_on PINMISSING */

wire take_branch = is_branch &5 (alu_zero " alu_branch_mask);
assign ex_pc = take_branch ? branch_pc : next_pc;

assign correct_branch_prediction =
! ((take_branch !'= id_branch_taken) || force_jump);

assign branch_jump_target = (take_branch != id_branch_taken) ? ex_pc :
(force_jump ? next_pc : 0);

4.5.2 EX Bl

EX B BAAFAE stall B0, ARSI IR A1, branch $5<#AK —2ifK
LMWASFERIEM, Bk, A% bubble, FrLAUEMI+2# &, REEZEHEEANSFFaREIA,

always @ (negedge clk) begin
stage_ex_alu_out <= out_ex_alu_out;
stage_ex_opcode <= out_ex_opcode;
stage_ex_pc <= out_ex_pc;
stage_ex_rf_dest <= out_ex_rf_dest;
stage_ex_mem_data <= out_ex_mem_data;
end

13



4.6 MEM [ Bt
4.6.1 MEM [ B¥ B

MEM [ B < Bl B A e MNAF HIEE,  BRIAT A7 5 AR,

AE o | NE

stage_mem_pc 32 | 82X PC
stage_mem_out 32 | NHFIEEER
stage_mem_alu_out | 32 | EX [iE% ALU iZ2&45%
stage_mem_opcode | 6 6% opcode
stage_mem_rf dest | 5 ID M EXE NZF 7o

H1T DataMemory ANE MEM B, 7 2iiaid 5 e,

module Memory(
input [ WORD] ex_alu_out,

input [TOP] ex_opcode,
input [ WORD] ex_pc,

input [ REG] ex_rf_dest,
input [ WORD] ex_mem_data,
output [ WORD] mem_pc,

[
output [ WORD] mem_out,
output [ WORD] mem_alu_out,
output [ OP] mem_opcode,
output [ REG] mem_rf_dest,
// MODULE: Data Memory
input [ WORD] dmem_out,
output [ WORD] dmem_addr,
output [ WORD] dmem_in,
output dmem_write,
output dmem_read,
output [2:0] dmem_mode

il MEM [y B2R32 i R ZOdA TIELR R AT,

assign mem_pc = ex_pcC;

assign mem_out = dmem_out;
assign mem_alu_out = ex_alu_out;
assign mem_opcode = ex_opcode;
assign mem_rf_dest = ex_rf_dest;

/* verilator lint_off PINMISSING =/
MemoryOp memory0p(

.opcode (ex_opcode),

.store (dmem_write),

.load (dmem_read),

14



.memory_mode (dmem_mode));
/* verilator lint_on PINMISSING */
assign dmem_addr = ex_alu_out;
assign dmem_in = ex_mem_data;

4.6.2 MEM [ Beabilin

MEM Bir BRAX 7R E Rl i B 2 7 as B Al

always @ (negedge clk) begin
stage_mem_pc <= out_mem_pc;
stage_mem_out <= out_mem_out;
stage_mem_alu_out <= out_mem_alu_out;
stage_mem_opcode <= out_mem_opcode;
stage_mem_rf_dest <= out_mem_rf_dest;
end

4.7 WB FiBg

WB BB A TR 2RI rf_dest fUEUIEE AX N fFasRlA], BT RegisterFile A EX—
R, BATIRIAE TR 2 A 5 AR = o

module WriteBack(
input [ WORD] pc,
input [ WORD] mem_out,
input [ WORD] alu_out,
input [ REG] mem_rf_dest,
input [ OP] opcode,
output [ REG] rf_dest,
output [ WORD] rf_data,
output rf_write

wire is_branch;
/* verilator lint_off PINMISSING =/
BranchOp branchOp(
.opcode (opcode),
.branch_op (is_branch)
iE
/* verilator lint_on PINMISSING */

wire is_mem_store;
wire is_mem_load;

/* verilator lint_off PINMISSING */

MemoryOp memoryOp(
.opcode (opcode),

15



.store (is_mem_store),
.load (is_mem_load));
/* verilator lint_on PINMISSING */

assign rf_data = is_mem_load ? mem_out : alu_out;
assign rf_write = !is_branch && !is_mem_store && opcode != 2;
assign rf_dest = mem_rf_dest;

endmodule

5 Hazard FA-AE

5.1 Data Hazard

£ E—FW, HRMEL1T1E TiEid Forwarding #E4b# Data Hazard (7], HA load-
use hazard 2 SFEGUKEF, HAEINS KESE A 7,

5.2 Control Hazard

Control Hazard RJRETE PN MEH A G,
« j, jal, jr E&FEBEESEI Control Hazard, fE ID BBz,
* beq, bne, bgez, bgtz, blez, bltz MitEIRSFENIBE:, £ EX MBI,

Hr,

o ID BB INENH) Hazard, i@)d force_jump (S5 N EX BER, 1£ F—EHARALH,
o EX rBAGIEIA Hazard, 182470 E G0,

BRI A A BT EIRFE, P Control Hazard #RTEZIIA EX B EXA AEFE,

EX [frB& 4 correct_branch_prediction fl branch_jump_target {5, 7%
Mgk BRI TC S IEE A 2 5% correct_branch_prediction N 0, IX—{55# IF M EX
BE, HIEE T —FKEL2M PCES if_pco MHARRBIERXENEDNT, FEHAFEMRE,

JEI VRS TF [T LR T SRS, AT TRT DARESAARIEA T LA 2R B A 29 S il (bb4n Two-level
adaptive predictor), fEIXMEEH, stage_if_branch_taken ZA%N 0, #UXAS CPU 5L
PRS2 always-not-taken 443 32 7 SR M

6 Mk
ARSI, ORI T I E CHE I 5 AERL, SN 3 4 hazard TIRKKER,

6.1 FLAIhEENIA

fE E— gl d, RACEMRE TR, it X mISs RS EE R EiR
KE 36 NMESHIKBIE L, TSR,
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zero at v0 vl a0 al a2 a3
BUEIZE I 0 FFFF FFFE0000 | FFFE0000 | FFFF01D2 | FFFF0000
e 2l 0 FFFE0000 F4240 1E8480 14 FFFE7960
vapallin 0 0 64 32 0 FFFFFECE | 0 0
IR + NAE + BUEIZFEINL | 0 1 0 0 0 0
i ez 2 =RV Ey 0 0 0 91D E9 0

t0 t1 2 3 t4 5 t6 t7
BEBHEN E90000 FFFF0000 | FFFF0000 | E9FFFE | E90000 0 FF170000 | FF170000
izl 3D090000 | 24000000 | 3DO 0 3D0 0 1 0
5y IR 0 0 0 0 0 0 0 0
TR + NTE + BUEIZHEINIR | 0 0 0 0 0 0 0 0
PkitE S 0 0 0 0 0 0 0 0

s0 s1 s2 s3 s4 s5 s6 s7
BUEIZHE N 0 FFFF0001 | FFFF0001 | FF160000 | E9FFFF FFFF 0 0
i =Ry 1 0 0 0 0 0 0 0
53> 0 0 0 0 0 0 0 0
TEIN + 17 + BdEiZEINA | 0 2000 201 2200 0 200 0 FFFFFF00
Prita St 5B25 0 0 0 0 0 0 0

t8 t9 kO k1 gp sp fp ra
BUEIZ RN 0 0 0 0 0 0 0 0
B =R UIEy 0 0 0 0 0 0 0 0
53> 0 0 0 0 0 0 0 0
TEIR + NAF + BUEIZEIK | 0 0 0 0 0 0 0 0
BrHetaS ML 0 0 0 0 0 0 0 4

SR EE RN,

W [20]31:0]
W [19]31:0)
W [18]31:0]
W [1731:0)
W [16]31:0]
W [15]31:0]
W [14]31:0]
W [13[31:0]
W [12]31:0)
W [11)[31:0]
W [10[31:0)
W [9)31:0]
W [8)31:0]
W [7131:0
W [6]31:0]
W [5]31:0]

W [4]31:0]
W [3]31:0]

J

Fl 1: BlEI2FE AL
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00000000

00000000

R

: .
00000000 ¥ crsronnt
-—




W [18)31:0]
W [17)31:0]

W [16)31:0] X

W [15]31:0] 1 00000000

W [14]31:0]

W [13]31:0] w ) s0000000

W [12)31:0]
W [11]31:0)
W [10)31:0]
W [9)31:0]
W [8]31:0]
W [7)31:0]
W [6]31:0]
W [5]31:0]
W [4)31:0] x4 00000000

> W [331:0]
W [2)31:0]

T

W [131:0] 0 X {000s 00160000 £££20000
W [0)31:0] o 00000000

Q W @& & i « I« )l + o

1,000. 000 ns |+

Value  [Igees 5 400 ns 600 ns
» W [17][31:0] | 00000000 00000000
e

, W [16)31:0] | 0000000ef! 00000000
, W [15]31:0] | 00000000
. W [14]31:0] | 00000000

> W [13][31:0] | 00000000
» W [12][31:0] | 00000000
> W [11][31:0] | 00000000
> W [10][31:0] | 000000004} 5000000 x
> W [9)31:0] | oooooo0f!” 20000008
> M [8)[31:0] | 00000000
> WA [7)[31:0] | 00000000
> W [B][31:0] | 00000000

W [5)[31:0] ‘

W [4][31:0] | ooooOOOCR 50000000
> M [3][31:0] | 00000032
> W [2)31:0] | 00000064
> M [1][31:0] | 00000000

> W [0][31:0] 00000000

> W pc(31:0]

Bl 3: 73 AR
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PU_th mon. CPU_tb_behav.wcfg

4 reset

4 ck

W i[31:0]

»3 PERIOD[31:0]

W regs[31:0]31:(
W [31]31:0]
W [30]31:0]
W [20]31:0]
W [28]31:0]
W [27]31:0]
W [26]31:0]
W [25]31:0]
W [24]31:0]
W [2331:0]
W [22]31:0]

W [21]31:0]

W [20]31:0]
W [19]31:0] 0
W [18]31:0] ( A 5 o {_ooooo1es ) o000

B 4: FEER + W17 + BEIZR AL R

PU_th. mmon.vh Memory. CPU_tb_behav.wcfg

Q W & & I » ¢ )l + o

1, 000. 000 ns |~

200 ns 400 ns 600 ns

v W regs[31:0)[31: 00000004

> W [31][31:0] § 00000004 0 0000000

> W [30][31:0] § 00000000 _

> W [29][31:0] § 00000000 { __

, w 28331:0] | 0000000 ) ) )

, w27)31:0] | oooooood T oooo

> W [26]131:0] | 00000000

> W [25]31:0] | 00000000

> W [24)131:0] | 00000000

> W[23]31:0] | ooooooof! 20000000
w [22]31:0] | 00000004

> W [21]31:0] | 00000000

> W [20]131:0] | 00000000

> W [19)31:0] | 0ooooooc]! 10000000

> W [18])[31:0] § 00000000 0000000 0
> N [17])[31:0] § 00000000

W [16])[31:0] " oooooooo

W [15][31:0] 00000000

B 5: Bt S MIA4s

6.2 Hazard Mk

B 2eiix Data Hazard,

1i $a0, 100
1i $a1, 200
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add
add
add
add
add
add
add
add
add
add
add
add
add
add
add

$a2,
$a1,
$a2,
$a1,
$a2,
$al,
$a2,
$a1,
$a2,
$a1,
$a2,
$a1,
$a2,
$a1,
$a2,

$a0, $al
$a1, $a1
$a2, $a2
$a1, $a1l
$a2, $a2
$a1, $ail
$a2, $a2
$al, $al
$a2, $a2
$a1, $a1
$a2, $a2
$a1, $a1l
$a2, $a2
$a1, $a1
$a2, $a2

Fiae a0 al a2
A H | 0x64 | 0x6400 | 0x9600

>

>

>

>

>

>

>

?

W [18][31:0]
W [17][31:0]
W [16][31:0]
W [15)[31:0]
W [14)[31:0]
W [13][31:0]
W [12)[21:0]
W [11][31:0]
W [10][31:0]
W [9][31:0]
W [8][31:0]
W [7]131:0]
W [6][31:0]
W [5][31:0]

W [4)[31:0]

W [3]31:0]
W [2](31:0]
W [1][31:0]
W [0][31:0]

Value

0 ns

mmon.vh

200 ns

Memory.

400 ns

CPU_tb_behav.wcfg

o

1,000,000 ns |~

600 ns

00000000

00000000

00000000

00000000

# 6: Data Hazard & 45 E
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jal testl
testl:
jal test2
test2:
jal test3
test3:
jal test4
testé:
jal testb
test5:
jal test6
testé6:

1i $a0, 1000

7o a0 ra

FidAsH | 0x3e8 | 0x18

> W [15]31:0]
. W [14])31:0]
. W [13])31:0]
, W [12]31:0]
> W [11][31:0]
> W [10)[31:0]
> W [9)[31:0]
> W [8)131:0]
W [7][31:0]
W [6][31:0]
W [5)[31:0]
W [4)[31:0]
W [3)[31:0]
W [2)[31:0]
W [1)[31:0]

W [0])[31:0]

> W pc[31:0]

11 $a0, 100
1i $a2, 0x2000
sb $a0, ($a2)

lemory. CPU_tb_behav.wcfg

o

1,000.000 ns |~

200 ns 400 ns 600 ns

00000000
00000000
00000000
00000000

% 7: Control Hazard R4 5%
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1b $a1, ($a2)
addi $a1, $al, 2000
1b $a0, ($a2)

add $ao0,

$a0, $ail

FIEe a0 al a2
Wil H | 0x898 | 0x834 | 0x2000

>

>

>

>

>

>

W [16][31:0]
W [15)[31:0]
W [14][31:0]
W [13][31:0]
W [12)[31:0]
W [11][31:0]
W [10][21:0]
W [9][31:0]
W [8][31:0]
W [7][31:0]
W [6](31:0]
W [5](31:0]
W [4][31:0]
W [3][31:0]
W [2][31:0]

W [1][31:0]

W [0)31:0]

> W pc31:0]

CPU_th. common.vh Memory. CPU_tb_behav.wcfg

&

1,000,000 ns |+

400 ns 600 ns

00000000

e e
00000000

e
00000000

I

00000898
0000000

[# 8: Load-Use Hazard Jllis4t 52

This part is not made public.
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