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B-stage pipelining processor of CFU Proving Ground
A

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .

«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
EPlegl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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Clock rate is mainly determined by

« Switching speed of gates (transistors)
« The number of levels of gates
» The maximum number of gates cascaded in series in any

<

combinational logics.

\

* In this example, the number of levels of gates is 3.
* Wiring delay and fanout

I

OR gate

AND gate

1 -

Register B

Register C
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L OR gate Split a path by placing registers
. Register B
Register A """ 87%¢ I
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Pipelining example: multiply-add operation (1) 2\%
\

« As an example of pipelining, we will see a multiply-add circuit.
* r_b, r_careinput registers and r_y is output register of the circuit.

 This has two paths named pathl and path2, and pathl is the critical path
to determine the maximum operating frequency.

Critical path

16

—
+ —F~ r.y
32
(a) Pathi
—>
+ r‘_y
r Ccr—7 32
— |32
(b) Path2
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Pipelining example: multiply-add operation (2)

« By inserting register r_d, the critical path can be divided into Path3
and Path4.

« Asaresult, the new critical path becomes Path3.

« This has the disadvantage that input b and ¢ in the same clock cycle

cannot be processed.

16

7 _ 7
16 16

32

155;

Critical path

3

rb

16

7 _ 7
32 32

r.y

32

r

16 — )
Kase

r_d

(a) Path3

(b) Path4

_C //

32

(c) Path2
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Pipelining example: multiply-add operation (3)

3
« To overcome this drawback, we insert register r_e.

« This realizes a pipeline with stages 1 and 2.
A set of registers between two adjacent stages are called a pipeline

register.
stage 1 stage 2
3 Critical path
16 3 7 ,
b ﬁ% r b 32 X // r d /
- b r b 32 || 32
16 16 7" 7 ‘A
y 3; e ?f; + ryr~—>Yy
c 2 | =3 L— C rc r e 32 32
32 32 - 32
(a) original multiply-add circuit (b) two-stage pipelined circuit
stage 1 stage 2
3
16 X |—A
/. d
b / b |~ 32 r 32
16 r 16 ‘A
+ ryr—=>Y
C—r c I r e 1 32 32
32 | 7|32 = |32
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B-stage pipelining processor of CFU Proving Ground
A

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .

«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
EPlegl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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B-stage pipelining processor of CFU Proving Ground
A

« IF (Instruction Fetch) SR mAEYMNSMTZITIVFT B,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .

«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
EPlegl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
% 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> N a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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IF (Instruction Fetch) stage -

A e L e e L L
ipeline registers
always @(posedge clk_i) if (!w_stall) begin ;;_?_? ________ ? _________________________________________________________________
;¥pir;:)IZEZ§; ¢/ updatefpe // IF: Instruction Fetch
re "XLEN-1:0] r_pc; rogram counter
Ifd v <= 0; g [ 1 r_pc; // prog
IfId_pc <= 0;
IfId_ir <= "NOP; 3
end else if (!ExMa_stall) begin .
IfId_v <= If_y; o OO e
?FId_load_muldlv_usg <= If_loaq_muldlv_use; wire [TPC_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 e )
;iij—Pi z: ;;pF;. 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 [3IIQT If br p;ed s
SRELAMSEE TPE <5 G TSR SR8 wire ["ITYPE_W-1:0] If instr type;
IfId_rf we <= If_rf_we; wire If rf we: ’ - = ’
- . - p— B
IfId_rd <= If_rd; wire [4:0] If rd;
IfId_rsi <= If_rsi; wire [4:0] If rsi;
IfId_rs2 <= If_rs2; wire [4:0] If_rszf
° — ]
end e wire [31:0] If ir; // instruction from imem
e 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
- H_mlpmqjc(,\ .stall i (w_stall), // input wire
Is |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 2| .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]
= + ny .pat_hist_i (ExMa_pat_hist), // input wire [1:0]
*—> % ————T““‘e> ~ lE .br_tkn_pc_i (ExMa_br_tkn_pc) // input wire [ XLEN-1:0]
= )s
(g}
assign If pc_stall = ExMa_stall || IfId_load_muldiv_use;
decoder assign If_pc_inc = (If_pc_stall) ? @ : 4;
IF stage y assign If_pc = (w_stall) ? r_pc :
_— Q imem P! . lE (Ma_br_misp ) ? Ma_br_true_pc : '
0 If_ir e ('If_pc_stall & If br _pred_tkn) ? If br_pred pc : r_pc+If_pc_inc;
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RIEAAE!) . FERIEAAEY

module am_mem (

input wire clk,
input wire [ ADDRW+1:0] addr_i,
output wire [31:0] data_o

);
reg [31:0] mem[0©: MEM_ENTRIES-1];

assign data_o = mem[addr_i];
endmodule

(a) FFREAAE

pc am_ insn pc sm_ insn
= mem [ = mem | [
(a) (b)

insn

pc sm_ insn pc sm_
— mem — = mem
(c) (d)

module sm_mem (
input wire

output wire [31:0]
)

reg [31:0] rdata;

end

endmodule

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

assign data_o = r_data;

input wire [ ADDRW+1:0] addr_i,

reg [31:0] mem[0©: MEM_ENTRIES-1];

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 [ 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[©: 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) REAAEY
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(d) RIHEIAEY
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IF (Instruction Fetch) stage

If_pc

If_br_pred_pc
_br_pred_p N

bimodal

odu

Ma_br_true_pc

0 or 4

'9§—7—> ~

XNIA
I

IfId

pre_
decoder

od pIiI

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
.ibus_rdata_i (imem_rdata), // input wire [ IBUS_DATA_ WIDTH-1
.dbus_addr_o  (dbus_addr), // output wire [ DBUS_ADDR_WIDTH-1
.dbus_wvalid o (dbus_we), // output wire

.dbus_wdata_o (dbus_wdata), // output wire [ DBUS_DATA_WIDTH-1
.dbus_wstrb_o (dbus_wstrb), // output wire [ DBUS_STRB_WIDTH-1
.dbus_rdata_i (dbus_rdata) // input wire [ DBUS_DATA WIDTH-1

);

m_imem imem (
.clk i (clk), // input wire
.raddr_i (imem_raddr), // input wire [ADDR_WIDTH-1:0]
.rdata_o (imem_rdata) // output reg [DATA WIDTH-1:0]

);

:0]
:0]
:0]

:0]
:0]
:0]

-
>l 5 | imem L
[a]

IF stage

JT PIJI

module m_imem (
input wire clk i,
input wire [31:0] raddr_i,
output wire [31:0] rdata_o

)
(* ram_style = "block" *) reg [31:0] imem[@: IMEM_ENTRIES-1];
“include "memi.txt"
wire [ IMEM_ADDRW-1:0] valid raddr = raddr_i[ IMEM_ADDRW+1:2];
reg [31:0] rdata = ©;
always @(posedge clk_i) begin
rdata <= imem[valid raddr];
end
assign rdata_o = rdata;
endmodule

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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B-stage pipelining processor of CFU Proving Ground

¢ RMDAYUET.CFU Proving Ground Z#70—29 %, x
e cd ~/ca
mkdir lec8
cd lec8

git clone https://github.com/archlab-sciencetokyo/CFU-Proving-Ground
cd CFU-Proving-Ground
¢ RMOIATYUKT cp4 D Makefile & config.vh ZaE—9 5,
cp ../../cpd/CFU-Proving-Ground/Makefile .
cp ../../cpd/CFU-Proving-Ground/config.vh .
« RMOIYUKT.CFU PG =#EALT B,

make init
e XRMATYUKT.CFUPG ZEav/NMILT B,
make

« RMOAYUKT.CFUPG M GUI 22al—23av#RITI %o

* make drun

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 12



alb—i3ay

\"
111

OTIWETET)EEZEOI—FD

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 (!m@.cpu.IfIld _v) $write("-------- "); else if(mo@.cpu.stall) $write("ssssssss "); else $write("%x ", mo@.cpu.IfId pc);
if (!m@.cpu.IdEx_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss "); else $write("%x ", m@.cpu.IdEx_pc);
if (!mo@.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(mo@.cpu.stall) $write(«ssssssss:"); else $write("%x:", mo.cpu.MaWb_pc);

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

topv ZHRELT. ERDI—FEEMT .
app/crt0.s # TRIDI—FIZHRET 5.
ROAYVRETEST
*  make
« make run

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

.section .text.init

.globl start

e

_start:
1i x1, 2 1]
1i X2, © 0
1i t0@, TO_HOST
1i t1, CMD_FINISH
Sw t1, o(te)

L1: j L1

) /




ITNWETRTY

« app/crtO.s Z TED
J—KIZHRET D,
¢ ROAYUKRTELT
* make
* make run

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

.section .text.init

.globl _start

> simulation finish!!

_start:
1i x1, 2
1i X2, 0
L2: addi X2, x2, 1
bne x1, x2, L2
li t0, TO_HOST
li t1, CMD_FINISH
SwW t1l, 9(te)
L1: j L1

assign If pc_stall = ExMa_stall || IfId_load_muldiv_use;
assign If _pc_inc = (If_pc_stall) ? 0 : 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;

14



« app/crtO.s Z TRIDI—

UOTNWETEITYEED
NIZHREL.

X179 2o

* make; make run

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

.section .text.init

.globl _start

_start:
1i x1, 8
1i X2, 0
L2: addi X2, x2, 1
bne x1, x2, L2
1i to, TO_HOST
1i tl, CMD_FINISH
SW t1, 0(te)
L1: L1

O—kDIZIalb—i 3y

)s

bimodal bimodal (

.clk_i (clk_i),
.rst_i (rst),
.stall i (w_stall),
.raddr_i (If_pc),

.pat_hist o (If_pat_hist),
.br_pred_tkn_o(If_br_pred_tkn),
.br_pred _pc_o (If_br_pred pc),

.br_tkn_i (Ma_br_tkn),
.br_tsfr i (ExMa_j_b_insn),
.waddr_i (ExMa_pc),

.pat_hist i (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]
o]

o]

0]




Simple branch predictor: bimodal

* Program has many static branch instructions. The behavior may depend on 2\\%
each branch. Use plenty of counters (PHT) and assign a counter for a branch
iInstruction.

* 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)
| 2
_ Taken ~~ 7 Untaken
n : Prediction v .
a > —> Weakly —_— Strongly
Untaken (1) _/ — — = * \_Untaken (0) \
Untaken s

~ -
ﬁ’: 2 bit Untaken
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 16



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 i,
(* 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'b0};
endmodule
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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 Jird (If_ir), // input wire [31:0]
IfId v <= 0; .instr_type_o(If_instr_type), // output wire [ ITYPE_W-1:0]
IfId_pc <= ©; .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
IfId_ir <= If ir; &8 (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_rsi <= 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 Iﬁjr_merc(,\ wire [4:0] opcode = ir_i[6:2];
ls |bimodal assign instr_type_o = (opcode == 5'b@1101) ? "U_TYPE : // LUI
Q (opcode == 5'bo0101) ? "U_TYPE : // AUIPC
(opcode == 5'b11011) ? “J_TYPE : // JAL
Ma_br_true_pc <4 (opcode == 5'b11001) ? "I _TYPE : // JALR
£ (opcode == 5'b11000@) ? “B_TYPE : // BRANCH
@ or 4 (opcode == 5'boe00O) ? "I TYPE : // LOAD
—> . (opcode == 5'b0100@) ? “S_TYPE : // STORE
5 A (opcode == 5'b@@10@) ? “I_TYPE : // OP-IMM
s —T—> ~ g (opcode == 5'b01108) ? “R_TYPE : // OP
I‘g (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 — . X -
S 5 assign rs2_o = ((}nstr_type_o::\I_TYPE) | . ‘ o
= imem P! & (instr_type o=="U_TYPE) | (instr_type o=="J TYPE)) ? @ : ir_i[24:20];
0 If_ir = assign rf_we_o = (rd_o != 0);
endmodule
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RISC-V RV32I instruction format

31 25 24 20 19 15 14 12 11 7 6 0
| 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
|iwﬂ12LimmUﬁ:5” rs2 | rsil | funct3 |mmH4H,mmH1H 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
PC [ ] 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 oP 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

19



RISC-V RV32I instruction format

\

31 25 24 20 19 15 14 12 11 7 6 Q
[ funct? | rs2 | rsl { funct3 | rd | opcode |Rf‘type
[ imm[11:0] I rsil [ funct3 | rd | opcode |I—type
| imm[11:5] | rs2 | rsl | funct3 | imm[4:0] | opcode | s-type
module pre_decoder ( [imm[iz],imm[la:5]| rs2 I rsl [ funct3 |imm[4:1],imm[11]| 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[20],imm[10:1],imm[11],imm[19:12] | rd | opcode | 3-type
output wire [ 4:0] rsi_o,
output wire [ 4:0] rs2_o
. de5[2:0
)s opcodes[2:0]] g 001 010 011 100 101 110
opcode5[4:3]
wire [4:0] opcode = ir_i[6:2]; LOAD MISC-MEM | OP-IMM | AUIPC
assign instr_type o = (opcode == 5'b@11@1) ? “U_TYPE : // LUI 0o (I-type) LOAD-FP | custom-© (I-type) | (I-type) | (U-type) OP-IMM-32
(opcode == 5'b@e1e1) ? “U_TYPE : // AUIPC STORE op UL
(opcode == 5'b11011) ? “J_TYPE : // JAL o1 (S-type) STORE-FP | custom-1 AMO (R-type) | (U-type) OP-32
(opcode == 5'b11001) ? "I _TYPE : // JALR custom-2/
(opcode == 5'b11000) ? "B_TYPE : // BRANCH 10 MADD MSUB NMSUB NMADD OP-FP OP-V rv128
(opcode == 5'b00OOO) ? "I _TYPE : // LOAD T ST Tl e tom-3/
(opcode == 5'b01000) ? "S_TYPE : // STORE 11 o y | (1ot : reserved e e : reserved | €YS ;gé
(opcode == 5'bo0100) ? "I TYPE : // OP-IMM “type “type “type “type rv
(opcode == 5'b01100) ? "R_TYPE : // OP
(opcode == 5'b00O10) ? "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=="1_TYPE) |
(instr_type o=="U_TYPE) | (instr_type o=="] TYPE)) ? @ : ir_i[24:20];
assign rf we_ o = (rd_o != 9);
endmodule
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (85) LIEMNG, LORIADEEHEAET .
«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
/)
> M | BRU
EPlesl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g ”~—> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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ID (Instruction Decode) stage

\

// instruction decoder
wire [ SRC2_CTRL_WIDTH-1:
wire [ “ALU_CTRL_WIDTH-1:
wire [ "BRU_CTRL_WIDTH-1:
wire [ ~LSU_CTRL_WIDTH-1:
wire [ "MUL_CTRL_WIDTH-1:
wire [ "DIV_CTRL_WIDTH-1:
wire [ “CFU_CTRL_WIDTH-1:
decoder decoder (

Jir i (IfId_ir)

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

E)

Id_src2_ctrl;
Id_alu_ctrl;
Id_bru_ctrl;
Id_1lsu_ctrl;
Id_mul_ctrl;
Id_div_ctrl;
Id_cfu_ctrl;

// input

.src2_ctrl_o(Id_src2_ctrl), // output
.alu_ctrl o (Id_alu_ctrl), // output
.bru_ctrl o (Id_bru_ctrl), // output
.1su_ctrl o (Id_lsu_ctrl), // output
.mul_ctrl o (Id_mul_ctrl), // output
.div_ctrl o (Id_div_ctrl), // output
.cfu_ctrl o (Id_cfu_ctrl) // output

)5

// immediate value generator

wire [ XLEN-1:0] Id_imm;
imm_gen imm_gen (

Lir i (IfId_ir),

.instr_type_i(IfId_instr_type),

.imm_o (Id_imm)

)s

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

wire Wb_xreg_we

regfile xreg (
.clk i (clk_ i),
.rsl i (IfId rsil),
.rs2_i (IfId_rs2),
.xrsl o (Id_xrsl),
.Xrs2_o (Id_xrs2),

// in

wire

put wire

// output wire

[31:
wire [ SRC2_CTRL_WIDTH-1:
wire [ ALU_CTRL_WIDTH-1:
wire [ BRU_CTRL_WIDTH-1:
wire [ LSU_CTRL_WIDTH-1:
wire [ MUL_CTRL_WIDTH-1:
wire [ DIV_CTRL_WIDTH-1:
wire [ CFU_CTRL_WIDTH-1:

[31:0]

// input wire [ ITYPE_W-1;0]

[ XLEN-1:0]

= MaWb_v && MaWb_rf_we && !ExMa_stall;

// input wire
// input wire
// input wire
// output wire
// output wire

.we_i (Wb_xreg we && !w_stall), //

.rd_i (MaWb_rd),
.wdata_i(MaWb_rslt)
)5

// input wire
// input wire

[4:0]
[4:0]
[ XLEN-1:0]
[ XLEN-1:0]
input wire
[4:0]
[ XLEN-1:0]

0]
o]
o]
o]
o]
o]
o]
o]

// data forwarding

wire
wire
wire
wire

wire
wire

Id_

Id_
Id_
Id_
Id_

[31:0] Id_pc_in = (Id_
Id_
src2_ctrl[ SRC2_CTRL_USE_IMM];

rsl_fwd_Ma_to_Ex
rs2_fwd_Ma_to_Ex
rsl_fwd_Wb_to_Ex
rs2_fwd_Wb_to_Ex

IdEx_v && IdEx_rf_we && (IdEx_rd == IfId_rsl);
IdEx_v && IdEx_rf_we & (IdEx_rd == IfId_rs2);
ExMa_v && ExMa_rf_we & (ExMa_rd == IfId_rsl);
ExMa_v && ExMa_rf_we & (ExMa_rd == IfId_rs2);

src2_ctrl[ SRC2_CTRL_USE_AUIPC]) ? IfId_pc : 0;

use_imm = Id_src2 ctrl[ SRC2_CTRL_USE_AUIPC] |

// source select
wire [ XLEN-1:0] Id_srcl
wire [ XLEN-1:0] Id_src2

wire [31:0] Id_j_pc4 = (Id_bru_ctrl[ BRU_CTRL_IS JAL_JALR]) ? IfId pc + 4 :

(Id_rs1_fwd_Wb_to Ex) ? Ma_rslt : Id_xrsi;
(Id_rs2_fwd_Wb_to_Ex) ? Ma_rslt :
(Id_use_imm) ? Id_pc_in+Id_imm : Id_xrs2 ;

always @(posedge clk_i) if (!w_stall) begin
if (rst) begin

end

IdEx_v <= 0;
IdEx_pc <= 0;
IdEx_ir <= "NOP;

end else if (!ExMa_stall) begin

end

IdEx_v
IdEx_pc
IdEx_j_pc4
IdEx_ir
IdEx_br_pred_tkn
IdEx_pat_hist
IdEx_alu_ctrl
IdEx_bru_ctrl
IdEx_lsu_ctrl
IdEx_mul _ctrl
IdEx_div_ctrl

<= Id_v;

<= IfId_pc;

<= Id_j_pc4;

<= IfId_ir;

<= IfId_br_pred_tkn;
<= IfId_pat_hist;
<= Id_alu_ctrl;
<= Id_bru_ctrl;
<= Id_lsu_ctrl;
<= Id_mul_ctrl;
<= Id_div_ctrl;

IdEx_rsl _fwd Ma_to_Ex <= Id_rsl_fwd Ma_to Ex;
IdEx_rs2_fwd _Ma_to_Ex <= Id_rs2_fwd Ma_to Ex;

IdEx_srcl
IdEx_src2
IdEx_imm
IdEx_rf_we
IdEx_rd
IdEx_cfu_ctrl

<= Id_srcl;

<= Id_src2;

<= Id_imm;

<= IfId_rf_we;

<= IfId_rd;

<= Id_cfu_ctrl; // Note

0;

N L
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .
« EX (Execution) i FIREDETEIITFLADERKZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
Erlegl [l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ > .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N — MUL/DIV/CFU
> | s —7—> ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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EX (Execution) stage

//

EX: Execution

wire Ex_valid = IdEx_v && !Ma_br_misp && !ExMa_stall;

///// data forwarding

wire [*XLEN-1:0] Ex_srcl = (IdEx_rsl_fwd_Ma_to_Ex) ? ExMa_rslt :
wire ["XLEN-1:0] Ex_src2 = (IdEx_rs2_fwd_Ma_to_Ex) ? ExMa_rslt :

///// arithmetic logic unit
wire ["XLEN-1:0] Ex_alu_rslt;

alu alu (
.alu_ctrl_i(IdEx_alu_ctrl), // input
.srcl_i (Ex_srcl), // input
.src2_i (Ex_src2), // input
.j_pcd_ i (IdEx_j_pc4), // input
.rslt_o (Ex_alu_rslt) // output

)s

///// branch resolution unit

wire Ex_is_ctrl_tsfr;

wire Ex_br_tkn;

wire Ex_br_misp_rsltil;

wire Ex_br_misp_rslt2;

wire [*XLEN-1:0] Ex_br_tkn_pc;

bru bru (
.bru_ctrl_i (IdEx_bru_ctrl), //
.srcl_i (Ex_srcl), //
.src2_1i (Ex_src2), //
.pc_i (IdEx_pc), //
Limm_i (IdEx_imm), //
.npc_i (IfId_pc), //
.br_pred_tkn_i (IdEx_br_pred_tkn), //
.is_ctrl_tsfr_o (Ex_is_ctrl_tsfr), //
.br_tkn_o (Ex_br_tkn), //
.br_misp_rsltl_o(Ex_br_misp_rsltl), //
.br_misp_rslt2_o(Ex_br_misp_rslt2), //
.br_tkn_pc_o (Ex_br_tkn_pc) //

)5

///// store unit
wire [

wire [ "XLEN-1:0] dbus_wdata =

IdEx_srcl;
IdEx_src2;

wire [TALU_CTRL_WIDTH-1:0]

wire
wire
wire
wire

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

“XLEN-1:0] dbus_addr = dbus_addr_o;
dbus_wdata_o;

wire [ DBUS_OFFSET_W-1:0] dbus_offset; // Note

store_unit store_unit (
.valid_i (Ex_valid && !w_stall), // input
.lsu_ctrl_i  (IdEx_lsu_ctrl), // input wire
.srcl_i (Ex_srcl), // input wire
.src2_1i (Ex_src2), // input wire
Limm_i (IdEx_imm), // input wire
.dbus_addr_o (dbus_addr_o), // output wire
.dbus_offset_o(dbus_offset), // output wire
.dbus_wvalid_o(dbus_wvalid_o), // output wire
.dbus_wdata_o (dbus_wdata_o), // output wire
.dbus_wstrb_o (dbus_wstrb_o) // output wire

)5

[ XLEN-1:0]
[ XLEN-1:0]
[ XLEN-1:0]
[ XLEN-1:0]

wire [ BRU_CTRL_WIDTH-1
wire [“XLEN-1
wire [ XLEN-1:
wire [“XLEN-1
wire [“XLEN-1
wire [“XLEN-1
wire
wire
wire
wire
wire
wire [“XLEN-1

// for simulation
// for simulation

wire

[ LSU_CTRL_WIDTH-1:0]
[ XLEN-1:0]
[ XLEN-1:0]
[ XLEN-1:0]
[ XLEN-1:0]

[OFFSET_WIDTH-1:0]

[ XLEN-1:0]
[ XBYTES-1:0]

:0]
:0]

:0]

:0]
:0]

:0]

///// multiplier unit

wire Ex_mul_stall;

wire ["XLEN-1:0] Ex_mul_rslt;

multiplier multiplier (
.clk_i (clk_1i), // input wire
.rst_i (rst), // input wire // Note
.stall_i (w_stall), // input wire
.valid_i (Ex_valid), // input wire
.mul_ctrl_i(IdEx_mul_ctrl), // input wire [ MUL_CTRL_WIDTH-1
.srcl_i (Ex_srcl), // input wire [*XLEN-1:
.src2_1i (Ex_src2), // input wire [*XLEN-1
.stall_o  (Ex_mul_stall), // output wire
.rslt_o (Ex_mul_rslt) // output wire [ XLEN-1

)5

///// divider unit

wire Ex_div_stall;

wire [ XLEN-1:0] Ex_div_rslt;

divider divider (
Lclk_i (clk_i), // input wire
.rst_i (rst), // input wire
.stall_i (w_stall), // input wire // Note
.valid_i (Ex_valid), // input wire
.div_ctrl_i(IdEx_div_ctrl), // input wire [ DIV_CTRL_WIDTH-1
.srcl_i (Ex_srcl), // input wire [*XLEN-1:
.src2_1i (Ex_src2), // input wire [*XLEN-1
.stall_o (Ex_div_stall), // output wire
.rslt_ o (Ex_div_rslt) // output wire ["XLEN-1

always @(posedge cl
ExMa_mul_stall
ExMa_div_stall
ExMa_stall
ExMa_mdc_rslt
if (rst) begin
ExMa_v <=
ExMa_pc <=
ExMa_ir <=
end else if (!E
ExMa_v
ExMa_pc
ExMa_ir
ExMa_pat_hi
ExMa_is_ctr
ExMa_br_tkn
ExMa_br_mis
ExMa_br_mis
ExMa_br_tkn
ExMa_lsu_ct
ExMa_dbus_o
ExMa_rf_we
ExMa_rd
ExMa_rslt
ExMa_j_b_in
end
end

k_i) if (!'w_stall) begin

<= Ex_mul_stall;

<= Ex_div_stall;

<= Ex_mul_stall | Ex_div_stall | Ex_cfu_stall;
<= Ex_mul_rslt | Ex_div_rslt | Ex_cfu_rslt;

0;
e;
“NOP;
xMa_stall) begin
<= Ex_v;
<= IdEx_pc;
<= IdEx_ir;
st <= IdEx_pat_hist;

1_tsfr <= Ex_is_ctrl_tsfr;
<= Ex_br_tkn;

p_rsltl <= Ex_br_misp_rslti;

p_rslt2 <= Ex_br_misp_rslt2;

_pc <= Ex_br_tkn_pc;

rl <= IdEx_lsu_ctrl;
ffset <= dbus_offset;

<= IdEx_rf_we;
<= IdEx_rd;
<= Ex_alu_rslt;
sn <= IdEx_bru_ctrl[0] & Ex_v;

:0]
:0]

:0]

:0]
:0]

:0]
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EX (Execution) stage

module alu (
input wire [ ALU_CTRL_WIDTH-1:0] alu_ctrl_i,
input wire [31:0] srcl_i B
input wire [31:0] src2_i B
input wire [31:0] j_pc4_i ,
output wire [31:0] rslt_o
)s
wire w_signed = alu_ctrl_i[ ALU_CTRL_IS_SIGNED];
wire w_neg = alu_ctrl_i[ ALU_CTRL_IS_NEG];
wire w_less = alu_ctrl_ i[ ALU_CTRL_IS_LESS];
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'bo} ~ {34{w_neg}};
wire [33:0] adder_rslt_t = adder_srcl+adder_src2;
wire less_rslt = w_less && adder_rslt_t[33];
wire [31:0] adder_rslt = (alu_ctrl_i[ ALU_CTRL_IS_ADD]) ? adder_rslt_t[32:1]
wire signed [32:0] right_shifter_srcl = {w_signed && srcl_i[31], srcl_i};
wire [4:0] shamt = src2_i[4:0];
wire [31:0] left_shifter_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SHIFT_LEFT] ) ?
srcl_i << shamt : 0;
wire [31:0] right_shifter_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SHIFT_RIGHT]) ?
right_shifter_srcl >>> shamt : 0;
wire [31:0] bitwise_rslt = ((alu_ctrl_i[ ALU_CTRL_IS_XOR_OR]) ?
(srcl_i ~ src2_i) : @) |
((alu_ctrl_i[ ALU_CTRL_IS_OR_AND])
? (srcl_i & src2_i) : 0);
wire [31:0] lui_auipc_rslt = (alu_ctrl_i[ ALU_CTRL_IS_SRC2]) ? src2_i : ©;
assign rslt_o = less_rslt | adder_rslt | left_shifter_rslt | right_shifter_rslt |
bitwise_rslt | lui_auipc_rslt | j_pc4_i;
endmodule

I

module stor
input
input
input
input
input
output
output
output
output
output

assign

assign
assign

wire w_
wire w_
wire w_

assign
assign
assign
assign

assign
assign
assign
assign
endmodule

e_unit (
wire

wire [ 5:0]
wire [31:0]
wire [31:0]
wire [31:0]
wire [31:0]
wire [ 1:0]
wire

wire [31:0]
wire [ 3:0]

dbus_addr_o

dbus_offset_
dbus_wvalid_

valid_i,
lsu_ctrl_ i,
srcl_i,
src2_i,

imm_i,
dbus_addr_o,
dbus_offset_o,
dbus_wvalid_o,
dbus_wdata_o,
dbus_wstrb_o

= (valid_i && (lsu_ctrl_i[ LSU_CTRL_IS_STORE] ||

lsu_ctrl_i[ LSU_CTRL_IS_LOAD])) ? srcl_i + imm_i : ©;

0 =
0 =

dbus_addr_o[1:0];
valid_i && lsu_ctrl_i[ LSU_CTRL_IS_STORE];

sb = 1su_ctrl_i[ LSU_CTRL_IS_BYTE];
sh = 1su_ctrl_i[ LSU_CTRL_IS_HALFWORD];
sw = lsu_ctrl_i[ LSU_CTRL_IS_WORD];

dbus_wdata_o[7:0] =
dbus_wdata_o[15:8] =
dbus_wdata_o[23:16] =
dbus_wdata_o[31:24] =

dbus_wstrb_o[@] =
dbus_wstrb_o[1]
dbus_wstrb_o[2] =
dbus_wstrb_o[3] =

src2_i[7:0];

(w_sb) ? src2_i[7:0] : src2_i[15:8];

(w_sw) ? src2_i[23:16] : src2_i[7:0];

(w_sb) ? src2_i[7:0] (w_sh) ? src2_i[15:8]

(w_sb && dbus_offset_o==

(w_sb && dbus_offset_o==
(w_sb && dbus_offset_o==

0) || (w_sh & dbus_offset_o[1]==0
(w_sb &% dbus_offset_o==1) || (w_sh && dbus_offset_o[1]

2) || (w_sh && dbus_offset_o[1]

3) || (w_sh & dbus_offset_o[1]==

: src2_i[31:24];
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EX (Execution) stage

module bru (

input wire [ BRU_CTRL_WIDTH-1:0] bru_ctrl_i,
input wire [ 31:0] srcl_i,

input wire [ 31:0] src2_i,

input wire [ 31:0] pc_i,

input wire [ 31:0] imm_i,

input wire [ 31:0] npc_i,

input wire br_pred_tkn_i,

output wire
output wire
output wire
output wire

is_ctrl_tsfr_o,
br_tkn_o,
br_misp_rsltl_o,
br_misp_rslt2_o,

output wire [ 31:0] br_tkn_pc_o
)s
wire signed [32:0] sext_srcl = {bru_ctrl_i[ BRU_CTRL_IS_SIGNED] && srcl_i[31], srcl_i};
wire signed [32:0] sext_src2 = {bru_ctrl_i[ BRU_CTRL_IS_SIGNED] && src2_i[31], src2_i};
wire w_eq = (srcl_i == src2_i); // equal
wire w_1lt = (sext_srcl < sext_src2); // less than
assign br_tkn_o = bru_ctrl_i[ BRU_CTRL_IS_JAL_JALR] |
(bru_ctrl_i[ BRU_CTRL_IS_BEQ] & w_eq) |
(bru_ctrl_i[ BRU_CTRL_IS_BNE] & !w_eq) |
(bru_ctrl_i[ BRU_CTRL_IS BLT] & w_1t) |
(bru_ctrl_i[ BRU_CTRL_IS_BGE] & !w_1t);
wire [31:0] br_tkn_pc_t;
assign br_tkn_pc_t = ((bru_ctrl_i[ BRU_CTRL_IS_JALR]) ? srcl_i : pc_i) + imm_i;
assign br_tkn_pc_o = {br_tkn_pc_t[31:1], 1'bo};
assign is_ctrl_tsfr_o = (bru_ctrl_i[ BRU_CTRL_IS_CTRL_TSFR] || br_pred_tkn_i);
assign br_misp_rsltl_o = (npc_i != br_tkn_pc_o);
assign br_misp_rslt2_o = (npc_i != (pc_i + 'h4));
endmodule

module multiplier (

input wire clk_ i,
input wire rst_i,
input wire stall_i,
input wire valid_i,
input wire [ 3:0] mul_ctrl_i,
input wire [31:0] srcl_i,
input wire [31:0] src2_i,

output wire stall_o,
output wire [31:0] rslt_o

reg [ 1:0] state = "MUL_IDLE;

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

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

reg [63:0] product; // 64bit

reg is_high; //

assign rslt_o = (state != "MUL_RET) ? @ : (is_high) ? product[63:32] : product[31:0];

wire w_mul = mul_ctrl_i[ MUL_CTRL_IS_MUL];

wire w_srcl_signed = mul_ctrl_i[ MUL_CTRL_IS_SRC1_SIGNED];

wire w_src2_signed = mul_ctrl_i[ MUL_CTRL_IS_SRC2_SIGNED];

wire w_is_high = mul_ctrl_i[ MUL_CTRL_IS_HIGH];

wire [1:0] w_state = (state=="MUL_IDLE && valid_i &% w_mul) ? “MUL_EXEC :
(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) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .
«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
EPlegl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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NATS540 70wy TOT—2EE (1)

If_pc

- ] If_br_pr‘ed_pc/.\
s |[bimodal
=
Ma_br_true_pc <
=
x

0 or 4
9
|k ———-T~———%>III ~

pre_
decoder

-
> 5 | imem L
(]

IF stage

IfId
~ IdEx ExMa Malb
N | | BRU
Sr>e s —>
< am <
il g
—>lregfile 9/\ ~ "> ALU ﬁ|§
)
”~> z . <
> 55% g
|
H —/ ~ MUL/DIV/CFU
Ig S5 =
R o b%&“z’_
+ = a°
3 su
i~ [ decoder | - . dmem LU
> { imm_gen | ~ <
WB
ID stage EX stage MA stage stage
. cca cc2 Ccc3 cca Ccs ccé cc7 Time
Instructions >
32°hee addi x1,x0,3 | IF | 10 | I ma [ ws]l
l N3 ~
32°h04 nop | 1 | o | ex | ma | w | LORZT7AILHVG
327he8 nop | 1 | o | ex | ma | |
1
32’hec nop | 1r | o || ex | We |
v
32°h1@ addi x2,x1,x1 | 1r | 0 | | ma | wB |
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INTSA40 Tty TOT—424#E (2)

If_pc

odu

bimodal

If_br_pred_pc

Ma_br_true_pc

0 or 4
_€>||I
09@—1—). ~

-
> 5 | imem
(]

pre_
decoder

IF stage

MalWb

40
3TSJ
“amew
|

LU

IfId F
X ExMa
—~
> | > BRU
Slos] 4>
< am <
= £
_/ %
—>lregfile 9/\ ~ "> ALU ﬁ|§
e
> z . <
2|8 Bl—>| %
|
H —/ ~ MUL/DIV/CFU
a
-
a +
i SuU
o decoder - dmem
> { imm_gen | ~ -
ID stage EX stage
. cca cc2 Ccc3 cca Ccs ccé cc7 Time
Instructions >
32°hoe addi x1,x0,3 | IF | 10 | m [ ws |
32°h04 nop | 1r | o | ex || ma | wB | T—
327he8 nop | 1 | o [ ex | ma | |
32°hec addi x2,x1,x1 | 1r | | Ex | We |
{ 327h10 nop | 1r | 0 | | ma | wB |

MA stage
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INATSAoTawyHTOT—2EE (3)

If_pc Lifdle TdEx ExMa Malb
) BRU
’9§ | =
g iE E > Z
|1 ] If_br_pr‘ed_pc/.\ S|>< <
© bimodal —/ U, ALU Y
—>lregfile Na "> ﬁ|§
Ma_br_true_pc Z )
c [ "> <
0 or 4 i = = !\’E g
- S
LS| 2 + W, 5 ~ ~ MUL/DIV/CFU
g R & =
5 o re—>{|n 2|
+ = ﬁlcr
pre_
decoder
A SuU
—> '; imem L = ( decoder ) - . dmem LU
5 { imm_gen | ~ <
WB
IF stage ID stage EX stage MA stage stage
. cC1 cC2 CC3 cc4 CCs CCeé cc7 Time
Instructions >
32°hee addi x1,x,3 | IF | 10 | MA | wB
32°h@4 nop | 1r | o [ ex | ma | wB | T—RIADT—T427
v
32°he8 addi x2,x1,x1 | r o [ ex | ma | wB |
32’hec nop | 1r | o | ex | ma | wB |
{ 327h10 nop | 1 | o | ex | ma | wB |
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INATSAoTawyHTOT—2{EEE (4)

If_pc

If_b d
) —_br_pred_pc A~
bimodal

odu

Ma_br_true_pc

0 or 4
9
> —1—). ~

pre_
decoder

-
> 5 | imem L
(]

IF stage

IfId 1dE MaWb
X ExMa a
) BRU
A\ |
SP>e s p—>
< A m <
By £
_/ %
—>lregfile 9/\ ~ "> ALU ﬁ|§
M
”~> z . <
> 5§i_--+> g
|
H —/ ~ MUL/DIV/CFU
Ig S5 =
R o b% &QZ) —
) ‘_'.ICT
3 su
i~ decoder - . dmem LU
> { imm_gen | ~ -
WB
ID stage EX stage MA stage stage
. cc2 Ccc3 cca Ccs ccé cc7 Time
Instructions >
32°hee addi x1,xe,3 | IF | 1D | MA | wB
32°he4 addi x2,x1,x1 | 1 | | Ex | ma | uB T—RIAT—T429

32°he8 nop
32°h@c nop

32°h10 nop

| |
| 1 | o [ ex | ma | wB |
| 1r | o | ex | ma | wB |
| 1 | o | ex | ma | wB |
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B-stage pipelining processor of CFU Proving Ground

IfId
If_pc IdEx ExMa MaWb
7
> | > BRU
§'€> v E —> =
= ) If_br_pr‘ed_pc/_\ S|>< E
% bimodal N ) Al 20
—>lregfile N "> ﬁlf
Ma_br_true_pc Z )
c [ > 2
x E wn g Z
0 or; > 5|r><n e
5 + o -/ ~ MUL/DIV/CFU
—> | s —1—) —/ N
(g} | ] 5
R + ore— =S
pre_
decoder
o N\ su
-
—> l? imem L E decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

¢ CC2 CC3 | CC4 | CC5 | cce cc7 TiTe

Instructions
32°h0 addi x1,xe,3 | IF | 10 | ex [ ma | ws |
32°h4 nop | r | I.EX | ma | wB |
32°h8 nop | 1 | o [ ex | ma | wB |
32°hc addi x36,x16,0 | 1r | o | ex | ma | wB |
v

Af_a'
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T—R30+T—T427

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) fisZETIa—F (#5) LEMNS, LORADEEZGEA T,
«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) WEBTHNIL, T—FAEUDFRSIUKNZTIL2RT 5,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pe IdEx ExMa MaWb
) BRU
> ~ |
S>lu g
3 3 m
= Ifibr‘ipr‘edipcm SIX S
ls [bimodal / 5
A £il \_/ ALU o=
—>{regfile N > =
Ma_br_true_pc <4 ‘9 )
=
0 ) ANFE g
or 4 - 8 2 —> K
- I
. H _/ N/ MUL/DIV/CFU
> | s —7—) ~ & R L=
Q
R 1+ 2 > EE
pre_
decoder
—
=
- o SuU
—> l'g imem ¢ o [ decoder | - . dmem LU
> { imm_gen | ~ -
WB

IF stage ID stage EX stage MA stage stage
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T30+ T—T427

+ app/crt0.s Z THDI—FIZIHRET B,
« RMOOATUKTELT
* 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
1i t0, TO_HOST
1i t1l, CMD_FINISH
SW tl, 0(to)
L1: j L1

34



T30+ T—T427

+ B—F@RAA—RLET—3ZEROMEAMAT HEICE. T—279+7—T4

DG TARSURFHIETELG, ZD6H. BEROGMSDTI—FRAT—UMBEST
AT—IONDBANZE1TAIILESELNTILEVDEDEATS),
« app/crt0.s z TRIDIA—FICHRET 5,
« RDIATUFTES
* 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
SwW tl, o(te)
L1: j L1

Ageii'
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INATZAT Ay TOT—24HE

If_pc

If_b d
) —_br_pred_pc A~
bimodal

odu

Ma_br_true_pc

0 or 4
LN
AL

pre_
decoder

imem L

IF stage

MalWb

dmem

40
3TSJ
“amew
|

LU

IfId
A~ IdEx ExMa
; ~ | BRU
< A m <
e £
~ ), ALU 2 £
—>|regfile 9/\ "> ;5
M
"> Z o z
= %o S
> g % S
H —/ ~ MUL/DIV/CFU
a
B
o SuU
i~ decoder -
> { imm_gen | ~ -
ID stage EX stage
. CC2 CC3 | CC4 | cC5 | cc6 cc7 Time
Instructions >

32°hoo 1w x1,x0,3
32°h04 addi x2,x1,x1
32°he8 nop

32°h@c nop

32°h10 nop

| 1F | | ex [ ma | ws |
| | o | ex | ma | wB |
| 1r | o | ex | ma | wB |
| 1 | o | ex | ma | wB |

WB

MA stage stage



LL

RIVFHAIINTBEETHa T DA

FREDRITICIEISY A VIVEET D, TD1=H
34T A VI TAR—=ILSE D,

app/crt0.s z FTRDI—FIZHwET 5.
RDAIX VR TET

* make

* make run

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

.section .text.init

.globl _start

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

RIVFHA I ELETH T DAUE

« FHOEITICHIVAINZET B, TD=DH. 29 A4V TA—ILEHE D,
« app/crtO.s ZTRHIDI—KFIZHRET 5.
¢ ROAYUKTELT

* make

* make run

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

.section .text.init

.globl _start

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

Ageii'
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RIVFHA I ELETH T DAUE

IO
L1

A
o EFEDEMTICIIZVAIILEZET S, TD=86H. 29 A4VILTRAM—ILSE S,

« O—FaiRERERIC. ERDGEIBREDHKETFIRAITIESICIEX. T—F2T747
—T AV TARSGUREWRIBTELG L, ZD=OH . N\TILFVEDBAT B,

« app/crt0.s z TRIDOI—KFIZHET .
o ROATUFTET

 make
 make run

.align 4

.equ TO _HOST,
.equ CMD_FINISH, ©x00020000

_start:
1li x1,
1li X2,
mul X3,
add x4,
li to,
li t1,
SW t1,

L1: j L1

0x80000000

.section .text.init
.globl _start

1

2

X2, X2

X3, X3
TO_HOST
CMD_FINISH
o(te)

T;+1| “”thl HT - HHIh miEDrEdiCtiBHE
> gsimulation finish!!
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B-stage pipelining processor of CFU Proving Ground

« IF (Instruction Fetch) SRFAEUMNOMTZEZIIVFT b,

« ID (Instruction Decode) spmZ&Ta—F (%) LIEMNG, LORADEEZEAET .
«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) HETHNIEX, T—RFARIYDARZIURIZTIERT D,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
If_pc TdEx ExMa Malb
)
> M | BRU
EPlegl >l
= Ifibr‘ipr‘edipcm SIX <
ls [bimodal —/ S5 o
A . —/ ALU v =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
g "> 2 o
0 or 4 = —> 38 S £
9 9 glx <
5 + H N ~ MUL/DIV/CFU
> | s —7—> ~ a
° ks > > @ g —
A + :Cg ﬁlg
pre_
decoder
& TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'
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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]

)5

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

always @(posedge clk_i) if (!w_stall) begin modulle loadiunie ¢

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 );
Malb_v <= Ma_v; wire w_lb = lsu_ctrl_i[ LSU_CTRL_IS_BYTE];
MaNb_PC <= EXMa—PC’ wire w_lh = lsu_ctrl_i[ LSU_CTRL_IS_HALFWORD];
Mawb_ir <= ExMa_ir; wire w_lw = lsu_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 = lsu_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_1lb sign = w_1b & ((ost==0) ? d[7] : (ost==1) ? d[15] :(ost==2) ? d[23] : d[31]) & w_signed;

wire w_lh_sign = w_1lh & ((ost[1] == @) ? d[15] : d[31]) & w_signed;
wire [7:0] wl, w2, w3, w4;
assign wl = (w_load==0) ? @ : (w_1lw || (w_lh & ost[1]==0) || (w_1b & 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 : ©;
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 : ©;
assign rslt_o = {w4, w3, w2, wl};
endmodule
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MA (Memory Access) stage

« O—F&ESEAO—RLE=-T—3ZEZOGSHAFBAITIESICIE. T—374+4T7—T+«
G TCARSUREHRIBTELGD. FOEH . ER2OMESDTI—RAT—UNBLELT
AT—IUNDBEF1HAVILESEBSUNTILEFVEDEAT D),

« app/crt0.s z TRIDIA—FICHRET 5,
« RDIATUFTES

*  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 to, TO_HOST
1i tl, CMD_FINISH i
L1 ?W ti’ o(te) - Total rnlrntwr of branch predictions

THT1| number of branch mispredictions
> aimulation finish!!

Ageii'
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e3-cp9: BLVT—RAEYEF vy a AT

“define MEM_LATENCY 5 // a number greater than zero
module m_dmem (

. — . input wire clk i, //
. mamv’&‘fﬁ%bf m_ dmem ZELY iﬂﬁﬁi xi: 32_1 x

_\\ 'sl)(:E'” Tﬁj—é (7_|'U Wj‘)[/ input wire [31:0] addr_i, //

input wire [31:0] wdata_i, //

0) m_dmem @ﬁajigj)(jl\-j?ry l\l./ input wire [3:0] wstr‘b:i, //

output wire [31:0] rdata_o, //

—C EO)Z_P%E@”D?%Q ) output wire oe // output enable

)
= (* ram_style = "block" *) reg [31:0] dmem[©: DMEM_ENTRIES-1];
° HJLHII:I:II l/‘\[j: MEM LATENCY -c: “include "memd.txt"

T%)-U-/rg)l/ﬂﬂ ELb\Z\go wire [ DMEM_ADDRW-1:0] valid_addr = addr_i[ DMEM_ADDRW+1:2];
° rte_i hﬁl"'?‘;ét\ nJLHII:I:II LLIE% reg [31:0] r_load_adr = 0;

reg [31:0] rdata = 0;

F*ﬁtﬁl/s nJLJj“II:I:II L/h 5= T L/T-b I/D alwa)./s @(po§edge Flk_i) begin

if (we_i) begin
— =hm - E if (wstrb_i[@]) dmem[valid_addr][7:0] <= wdata_i[7:0];
Z/)-l r*_r*data [Z nJLoy“ﬁ LT—1 jé1% if (wstrb_i[1]) dmem[valid addr][15:8] <= wdata i[15:8];

ﬁj_%)o if (wstrb_i[2]) dmem[valid:addr‘][23:16] <= wdata_i[23:16];
if (wstrb_i[3]) dmem[valid_addr][31:24] <= wdata_i[31:24];

* I:IJL.J’“II:I:II l./t)\jl: T l./-tb\b ’ko) nJLJ%II:I:II i:d(r‘e_i) r_1<[)ad_adr <= 5[151dr~_i; .
Lg*% (-}-1—]-(-}-6,.“'\13,._,\0 o rdata <= dmem[r_load_adr[ DMEM_ADDRW+1:2]];

° % Jj.(j: EL&(%?—Ién% reg [31:0] r_dm_wait = ©;

reg [31:0] r_rdata = 0;

reg [31:0] r_oe = 0;

always @(posedge clk_i) begin
r_dm_wait <= (r_dm_wait==0 && re_i) ? “MEM_LATENCY :

(r_dm_wait!=0) ? r_dm_wait - 1 : ©;

r_rdata <= (r_dm_wait==1) ? rdata : r_rdata;
r_oe <= (r_dm_wait==1);

end

assign rdata_o = r_rdata;

EL\?_Q)(:EU assign oe = r_oe;
endmodule
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e3-cp9: BLVT—RAEYEF vy a AT

. topv ERELT. FEDHHEEMT B,

e O—FMTERANTHTDEITEREZRIFT S mtrace.txt ELVDT7AILEERKT B,

integer fp;

initial begin
fp=$fopen("mtrace.txt","w");
if(fp == @)begin

$finish();
end
end
reg [31:0] r_load_adr;
wire w_valid = !m@.rst & & !cpu sim fini & & !m@.cpu.stall i & & !m@.cpu.stall;
always @(posedge clk) if (w_valid) begin
if (m@.dmem _re) r_load adr <= m@.dbus_addr;
if (m@.cpu.ExMa_v & & mO@.cpu.ExMa_lsu ctrl[0])
$fwrite(fp, "%07d: 1d %08x %08x\n", minstret, r_ load adr, m@.dbus rdata);
if (m@.dmem_we)
$fwrite(fp, "%07d: st %0@8x %08x %b\n",
minstret, mo.dbus addr, m@.dbus wdata, m@.dbus wstrb);
end
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BT —ARAE) EX vy 1 AFE)

ARZEZEIC, mainy ZRET

Do
IELLWL—R

mtrace_good.txt &, SN
HL—X mtrace.txt O LS

[C&Y. EES>TWWAEMZHRE

EEGR

cpu cpu (
.clk_i (clk),
.rst_i (rst),
.stall i

)s

reg r_cpu_stall = 0;

always @(posedge clk) r_cpu_stall <=

wire
wire
wire
wire
wire
wire
wire

[31:0] dmem_addr

.ibus_araddr_o (imem_raddr),
.ibus_rdata_i (imem_rdata),
.dbus_addr_o
.dbus_wvalid_o (dbus_we),

.dbus_wdata_o (dbus_wdata),
.dbus_wstrb_o (dbus_wstrb),
.dbus_rdata_i (dbus_rdata)

(dbus_addr),

// input
// input

(r_cpu_stall), // input

// output
// input
// output
// output
// output
// output
// input

dbus_addr;

[31:0] dmem_wdata = dbus_wdata;

[3:0] dmem_wstrb
dmem_re
dmem_we

[31:0] dmem_rdata;
dmem_oe;

m_dmem dmem (

)5

.clk_i  (clk),

.we_1i (dmem_we),
.re_i (dmem_re),
.addr_i (dmem_addr),
.wdata_i (dmem_wdata),
.wstrb_i (dmem_wstrb),
.rdata_o (dmem_rdata),
.oe (dmem_oe)

dbus_wstrb;
Idbus_we & (dbus_addr[28]);

wire
wire
wire
wire
wire
wire
wire
wire
wire
wire

(dmem_re) °?

// Note

[  IBUS_ADDR WIDTH-1
[  IBUS_DATA WIDTH-1
[ DBUS_ADDR WIDTH-1

[ DBUS_DATA_WIDTH-1

[ DBUS_STRB_WIDTH-1
[ DBUS_DATA_WIDTH-1

1 : (dmem_oe) ? O :

dbus_we & (dbus_addr[28]);

input
input
input
input
input
input
output

wire
wire
wire
wire
wire
wire
reg

// Note

[ADDR_WIDTH-1:0]
[DATA_WIDTH-1:0]
[STRB_WIDTH-1:0]
[DATA_WIDTH-1:0]

:0]
:0]
:0]

:0]
:0]
:0]

r_cpu_stall;
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MA (Memory Access) stage

« O—FaamAO—FLI=T—2ZEROGENFARTIGEICIE. T—374T7—T«
D TARSUREHRIGTELGL, ZDLH  BROMTOTI—FRAT—UNDRIT
AT—=IONDBBZ1HAIIILELED(NTILEVEDEAT D),

+ app/crt0.s z TRIDIA—FICHRET 5.

¢ ROIAIVFTEST

*  make
* make run
* cat mtrace.txt

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

.section .text.init

.globl _start

_start:
1i x1, 9
1i x2, DMEM_ADDR
sw x1, 0(x2)
1w x2, 0(x2)
add x3, x2, x2
1i t0, TO_HOST
li tl, CMD_FINISH
sw t1, o(to)

ff_a' L1: j L1
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SUTNGETEVTIE

« top.v ZRELT. FEDI—FZEMT 5,

111

ab—

v

=

>

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

$write(" %d %d %08x: ", m@.dmem_we, mO.dmem_re, mo.cpu.dbus_rdata_i);
if (m@.cpu.stall i) $write(" stall");
$write("\n");

end

if (Im@.cpu.Ifld_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss
if (!m@.cpu.IdEx_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss
if (!m@.cpu.ExMa_v) $write("-------- "); else if(m@.cpu.stall) $write("ssssssss
if (!m@.cpu.MaWb_v) $write("-------- :"); else if(m@.cpu.stall) $write(«ssssssss:

else
else

; else
; else

$write("%x
$write("%x
$write("%x

$write("%x:

mo.
mo.
mo.

mo

cpu.IfId_pc);
cpu.IdEx_pc);
cpu.ExMa_pc);

.cpu.MaWb_pc);
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MA (Memory Access) stage

O—RFaiEMNO—kLE=T—22BERDGSNFIATIESIZIE. T—274+4T—T«
D THARSUREHRIGTELEL, TD1 BEROBTOTIA—RRAT—IUMORIT
AT—UADBEF 1A IILELESUNTIILEVEDREATS),
app/crt0.s Z FTRIDI—FIZHRET B,
ROOARKFTEFT
make
« make run
« cat mtrace.txt

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

.section .text.init

.globl _start

_start:
1i x1, 9
1i x2, DMEM_ADDR
sw x1, 0(x2)
1w x2, 0(x2)
add x3, x2, x2
1i t0, TO_HOST
li tl, CMD_FINISH
sw t1, o(to)

Ageii' L1: j L1
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IR S Ak, BCiE - BCRRDFE R

« 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 261
LUTRAM 44 19000 0.23
FF 912 126800 0.72
BRAM 19 135 14.07
DSP 4 240 1.67 1 ‘
0 5 210 238 ltHH H“Hll
BUFG 2 32 6.25 H‘ ‘
MMCIM 1 6 16.67 ol

Name Slack 71 Levels HighFanout From To Total Delay  Logic Delay NetDelay Reguirement
Path 1 0.661 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_3/ADDRARDADDR[14] 6.993 3.054 3.939 8.3
Path 2 0.677 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_7/ADDRARDADDR[14] 6.967 3.054 3.913 8.3
Path 3 0.696 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_5/ADDRARDADDR[9] 6.876 3.054 3.822 8.3
Path 4 0.696 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_7/ADDRARDADDR[12] 6.947 3.054 3.893 8.3
Path 5 0.706 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_5/ADDRARDADDR[12] 6.866 3.054 3.812 8.3
Path 6 0.722 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_3/ADDRARDADDR[12] 6.932 3.054 3.878 8.3
Path 7 0.745 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_3/ADDRARDADDR][6] 6.908 3.054 3.854 8.3
Path 8 0.763 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_4/ADDRARDADDR[12] 6.805 3.054 3.751 8.3
Path 9 0.781 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_5/ADDRARDADDR[6] 6.791 3.054 3.737 8.3
Path 10 0.784 3 10 cpu/bimodal/btb_reg/CLKBWRCLK imem/rdata_reg_7/ADDRARDADDR[9] 6.859 3.054 3.805 8.3
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IR S Ak, BCiE - BCRRDFE R

« 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

Name

main

clk_wiz_0 (clk_wiz_0

¥ cpu (cpu

alu (alu

bimodal (bimod
bru (bru

divider (divider

multiplier (multiplier

store_unit (store_unit

dmem (m_dmem
imem (m_imem

perf (perf_cntr

A

st7789_disp (m_st7789 disp

VIMem (VImenm

Slice LUTs
(63400)

1652
0
1383
122
28
17
379
95
79
43
27
31
123

1

Slice Registers
(126800)

912
0
550
0

0

]
108
38

45

98

165
52

Slice
(15850)

872
0
449
54
19
51
12

LUT as Logic
(63400)

1608
0
1383
122
28
17
379
95
79
43
27
31
123

LUT as Memory

(19000)

=N
I

o o o o o o Qo Qo o o oo o

Block RAM
Tile (135)

19

D o o 0 A o o o o = O = O

DSPs
(240)

o o o o o 9o A o o o 9O 58 O &

Bonded IOB

(210)

o o o o o o Qo Qo oo oo o o o om

BUFGCTRL

(32)

oo o o o o o o o o O o Do

e
a -

MMCMEZ_ADV

(6)

o o o o o o o o o o o oo 2 2
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