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module main (clk, led);
input wire clk;
output wire 1led;

reg [26:0] cnt;
always @(posedge clk) cnt <= cnt + 1;

/
-—EQ?

assign led = cnt[26];
endmodule

Asrai"
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Create new project and create main.v and main.xdc

main@9.xdc

set_property
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create_clock
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set_property

-dict { PACKAGE_PIN M18 IOSTANDARD LVCMOS33} [get_ports { w_btnu }];
-dict { PACKAGE_PIN P18 IOSTANDARD LVCMOS33} [get_ports { w_btnd }];
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IOSTANDARD LVCMOS33} [get_ports { w_clk }];
-add -name sys_clk -period 10.00 -waveform {0 5} [get_ports {w_clk}];
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w_led[9] }];
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Inside module m_procQO7

« Project_10 #5EICLT 50MHz ®-8vY w_clk2 Z4 KT 5.
o WMESH, EvbRMN)—LZTERL, FPGAZOVTJ4¥aL—3avT 5.
codell@.v

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

“default_nettype none

QRE-CLIStomiZEIP '5-3 | /******************************************************************************/

Clocking Wizard (5.3) p “define NOP {21'h@, 11'h20} // add %0, $0, %0
“define ADD 6'h@

ﬁj Documentation ) IP Location L Switch to Defaults “define ADDI 6'h8
IP Symbol | Resource | Component Mame |clk_wiz_0 “define LW 6'h23
[V] Show disabled ports Glocking Options -~ Output Glocks | Port Renaming | MMCH 4 b B “define SW 6'h2b
- ~ - 1
e The phasze iz calculated relative to the active input clock. de{lne B EQ 6 h4
”: Qutput Glock Port Name (I::;zl;tstl;r‘;aq (MHz) Actual N de'F}ne BNE 6 , h5 A .
I = define HALT 6'h11 /* this is not for MIPS */
] ol out ch_out1 50000
etk out2 clk_out2 100.000 | J A e LY
clizoutd LRk A module m_main (w_clk, w_btnu, w_btnd, w_led);
Il clk_outd clk_outd 100,000 input wire W_Clk, W_btnu R W_btnd;
ol auth clk_outs 100.000 output wire [15:0] w_led;
g clk_outf clk_outh 100000
B ch_out? el out? 100.000 wire w_clk2, w_locked;

_ clk wiz @ clk wiz (w_clk2, @, w_locked, w_clk);
= USE GLOGK SEQUENGING ook hgghecdy
5 .
e wire [31:0] w_rout;

o wire w_halt;

! wire w_rst = ~w_locked;
—hin 1 -

il = ' m_proc@7 p (w_clk2, w_rst, w_rout, w_halt);

Output Clock Sequence Number

ok || Cancel reg [31:0] r_cnt = @;
always @(posedge w_clk2) r_cnt <= (w_rst) ? @ : (~w_halt) ? r_cnt + 1 : r_cnt;

wire [31:0] w_data = (w_btnu) ? r_cnt : w_rout;
assign w_led = (w_btnd) ? w_data[31:16] : w_data[15:0];
endmodule
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Inside module m_procQO7

o WmESAR EVvhRAMN)—LZEEML, FPGAZOJ4¥XaL—3Vd 5.
o FEHEM 0xO07FF800 AERIREN5B.
e BTNU ZHI LT, E2ITICELI-HAUILEARTREIND.

code@l.c

#include <stdio.h>

main()

{
int i=0, sum = 0;
for(i=0; i<4096; i++) sum += i;
printf("%d %x¥n", sum, sum);

}

ASTEE"
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Inside module m_procQO7

codell9.v module m_aimemory (w_clk, w_addr, w_we, w_din, w_dout);
input wire w_clk, w_we;
input wire [11:0] w_addr;
input wire [31:0] w_din;
output wire [31:0] w_dout;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din;
5__._!?... m_main (main ) (4 iiiifgl#izggﬁdout = cm_ram[w_addr];
.-{I:' | clk_wiz = clkomiz_0 (clk_wiz 0o cm_ram[@] ={ NOP}; // nop
E| ,...E o - m_procl? (tmain ) (30 cm_ram[1] ={"ADDI, 5'de, 5'd8, 16'd4096}; // addi $8, $0, 4095
: cm_ram[2] ={ ADDI, 5'de, 5'd9, 16'he}; // addi $9, $0, ©
' *'E M_imemm = m_aimemary (main ) cm_ram[3] ={ ADDI, 5'd@, 5'd10,16'ho}; // addi $10,%0, ©
- ..... ; -!:._g- th regs — m_regﬁle I:mam_-.l.-:l cm_ram[4] ={ SW, 5'd10,5'd9, 16'de}; // Lel:sw $9, 0(%$10)
'.'é‘ m dmetm - m amemnw{mainﬂ cm_ram[5] ={ ADDI, 5'd9, 5'd9, 16'h1}; // addi $9, $9, 1
P e T - : cm_ram[6] ={ ADDI, 5'd10,5'd10,16'h4}; // addi $10,%$10,4
-8 m_tsegcon — m_fsegcon (mains (1) cm_ram[7] ={"BNE, 5'd8, 5'd9, 16'hfffc}; // bne $8, $9, Lol
Ll m_Tzeeled - m_Fzeeled (mainy) cm_ram[8] ={"NOP}; /1 nop
cm_ram[9] ={"ADD, 5'de, 5'de, 5'd12,11'h20}; // addi $12,%0, $0 // sum = 0O;
cm_ram[10]={ ADDI, 5'de, 5'd8, 16'd4096}; // addi $8, $0, 4095
cm_ram[11]={ ADDI, 5'do, 5'd9, 16'ho}; // addi $9, %0, o
cm_ram[12]={ ADDI, 5'de, 5'd10,16'ho}; // addi $10,%0, ©
cm_ram[13]={" LW, 5'd10,5'd11,16"'de}; // Le2:1w  $11,0(%$10)
cm_ram[14]={ ADDI, 5'd9, 5'd9, 16'hil}; // addi $9, $9, 1
cm_ram[15]={ ADDI, 5'd10,5'd10,16'h4}; // addi $10,$10,4
cm_ram[16]={ ADD, 5'd12,5'd11,5'd12,11'h20}; // add $12,%$12,%$11 // sum += $11
cm_ram[17]={"BNE, 5'd8, 5'd9, 16'hfffb}; // bne $8, $9, L02
cm_ram[18]={ NOP}; // nop
cm_ram[19]={ ADD, 5'd12,5'do, 5'd30,11'h20}; // add $30,%$12,%0
OVTARTIIZD TN HED. cm_ram[20]={"ADD, 5'd30,5'de, 5'de, 11'h20}; // add $0, $30,%0
£=17 f%ﬁo)gL\jng“jAgﬁﬁL\%)_ cm_ram[21]={ HALT, 26'he}; // halt
cm_ram[22]={ NOP}; // nop
cm_ram[23]={ NOP}; // nop
cm_ram[24]={ NOP}; // nop
cm_ram[25]={ NOP}; // nop
cm_ram[26]={ NOP}; // nop
end
endmodule
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Inside module m_procQO7

o WMRITVF(IF), TIA—KREFRFURTTYF(ID),
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| (m 32 | | :
1 o 1 1 1
| m I I |
1 L > 1 1 1
4 ?/2 E 16 W_imm % W_imm32 : i
w_pcd ! 3 ! |
32 i W_rs : i
L5 wrrs | |
12 m_amemory w_ir | w_rt %2 : ﬁ :
—>{r_pc I m_imem I 7 é’ m_regfile : o iz
r_pc[13:2]| ¥ (32bit x 4096) " | 32 z| w_rd2 m_regs - | 1 N
L S| (32bitx32) | , o= ! ' m_amemory J !
! 7 1 1 ! 1
|5 w_rd 3 T ! | 32 I m_dmem I W_ldd
! ! i (32bit x 4096) 32
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~
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Inside module m_procQO7

codell9.v

module m_proco®7 (w_clk, w_rst, r_rout, r_halt);
input wire w_clk, w_rst;
output reg [31:0] r_rout;
output reg r_halt;

reg [31:0] r_pc = 0;
wire [31:0] w_ir, w_rrs, w_rrt, w_imm32, w_rrt2, w_rslt, w_1dd, w_rslt2;
wire [5:0] w_op = w_ir[31:26];
wire [4:0] w_rs = w_ir[25:21];
wire [4:0] w_rt = w_ir[20:16];
wire [4:0] w_rd = w_ir[15:11];
wire w_taken = ((w_op=="BEQ && w_rrs==w_rrt2) ||
(w_op=="BNE && w_rrs!=w_rrt2));
wire [31:0] w_npc r_pc + 4;
wire [31:0] w_tpc = w_npc + {w_imm32[29:0], 2'h0};
always @(posedge w_clk) r_pc <= #3 (w_rst | r_halt) ? @ : (w_taken) ? w_tpc : w_npc;
m_aimemory m_imem (w_clk, r_pc[13:2], @, 0, w_ir);

wire [4:0] w_rd2 = (w_op!=0) ? w rt : w_rd;

wire [15:0] w_imm = w_ir[15:0];

wire ww = (wop==0 || (wop>6'h5 & w_op<6'h28));

m_regfile m_regs (w_clk, w_rs, w_rt, w_rd2, w w, w_rslt2, w_rrs, w_rrt);

_ 0gm omomo c o)

assign w_imm32
assign w_rrt2

{{16{w_imm[15]}}, w_imm};
(w_op>6'h5) ? w_imm32 : w_rrt;

assign #10 w_rslt = w_rrs + w_rrt2;

wire w_we = (w_op>6'h27);
m_amemory m_dmem (w_clk, w_rslt[13:2], w_we, w_rrt, w_1dd);
assign w_rslt2 = (w_op>6'h19 && w_op<6'h28) ? w_ldd : w_rslt;

initial r_rout = 0;
always @(posedge w_clk) r_rout <= (w_rst) ? @ : (w_rs==30) ? w_rrs : r_rout;

= B4 AE! 3 =__ EI initial r_halt = ©;
RER@MAAEY, FBET—IAEY always @(posedge w_clk) if (w_op=="HALT) r_halt <= 1;
endmodule
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Inside module m_procQO7

codell®Q.v codell0Q.v

module m_7segled (w_in, r_led); “define DELAY7SEG 100000 // 200000 for 100MHz, 100000 for 50MHz
input wire [3:0] w_in; module m_7segcon (w_clk, w_din, r_sg, r_an);
output reg [6:0] r_led; input wire w_clk;

input wire [31:0] w_din;
output reg [6:0] r_sg; // cathode segments
output reg [7:0] r_an; // common anode

always @(*) begin
case (w_in)

4'he : r_led <= 7'bl111110;
4'de : r_led <= 7'b0110000; reg [31:0] r.val = @;
4'h2 : r_led <= 7'bllellel; reg [31:0] r.cnt = 0;
4'h3 : r_led <= 7'bl111001; reg [3:0] r_in = 0;
'h4 r_led <= 7'b0110011; reg [2:0] r_digit = 0;
"h5 r_led <= 7'bl1011011; always@(posedge w_clk) r_val <= w_din;
"h6 r_led <= 7'b1011111;
"h7 r led <= 7'b1110000; always@(posedge w_clk) begin
P_led <= 7'b1111111; r_cnt <= (r_cnt>=( DELAY7SEG-1)) ? @ : r_cnt + 1;

if(r_cnt==0) begin

PP PArPAPPPPPP
> >S5S S S S SIS T
co

"h9 r_led <= 7'b1111011; P digit <= r_digits 1;
"ha r_led <= 7'b1110111; if (r_dzgit==0) begin r_an <= 8'b11111110; r_in <= r_val[3:0]; end
“hb r_led <= 7'b0011111; else if (r_digit==1) begin r_an <= 8'b11111101; r_in <= r_val[7:4]; end
‘hc @ r_led <= 7'b1001110; else if (r_digit==2) begin r_an <= 8'b11111011; r_in <= r_val[11:8]; end
4'hd : r_led <= 7'b0111101; else if (r_digit==3) begin r_an <= 8'b11110111; r_in <= r_val[15:12]; end
4'he : r_led <= 7'b1001111; else if (r_digit==4) begin r_an <= 8'b11101111; r_in <= r_val[19:16]; end
4'hf : r_led <= 7'blee0l111; else if (r_digit==5) begin r_an <= 8'b11011111; r_in <= r_val[23:20]; end
default:r_led <= 7'b0000000; else if (r_digit==6) begin r_an <= 8'b10111111; r_in <= r_val[27:24]; end
endcase else begin r_an <= 8'b01111111; r_in <= r_val[31:28]; end

v end
endmodule end

wire [6:0] w_segments;
m_7segled m_7segled (r_in, w_segments);

always@(posedge w_clk) r_sg <= ~w_segments;
endmodule
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Single Cycle Processor (our baseline processor)
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Multi-cycle Processor

IF ID EX MEM WB IF ID

<« oneclock —»
\  period /

State Machine Diagram

() () (0 (uew) (us)

H=D
@ Adapted from Computer Organization and Design, Patterson & Hennessy, ® 2005
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Multi-cycle Processor

() (1) () (mew) (s
k\\\\‘\--__;

Simple State Machine Diagram

ADD, ADDI

BEQ, BNE

ADD, ADDI, LW

Optimized State Machine Diagram

0.1 x 3 +0.1 x5+ 0.8x 4 =14.0

;"9‘

I CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Pipelined Processor

e Non plpelmmg §PM 7 8 9 10

(Multi-cycle)
or r.-:-rA ﬂo %l

@adapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Pipelined Processor

* Non pipelining
(Multi-cycle) .«

order

+ Pipelining

Task
order

Y

Time

Time

A

B

C

D

@dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 20
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



Pipelined Processor

Program
oxecution 200 400 600 800 1000 1200 1400 1600 1800
otder Time T T T T T T T T ™
(in instructions)

Iw $1, 100($0)|""stuotion| g | Ay | D Reg

- ™ | Instructi Dat
w $2, 200($0) 800 ps Tteh | Fe8| AU | access | Pes
= - .
w $3, 300($0) 800 ps Ins;;iﬁmn
Y _—
800 ps

Program

oxecution . 200 400 600 800 1000 1200 1400

order Time T T T T T T T >

(in instructions)

w $1,100($0)| L™ [Res| AW | CEE | Reo

I I— .
w $2, 20080) 200 p "Lt |  [reo| wu [ 222 [reo
I -
lw $3, 300($0) 200 ps | “en | [Res| AU | D2E |Reg
Y R —— > >
200 ps 200 ps 200 ps 200 ps 200 ps

»
Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005

'y
P (CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



Pipelined Processor

Program
axecution —. 200 400 600 800 1000 1200 1400 1600 1800
order Time T T T T T T T T ™
(in instructions)
w $1, 100($0) | netruction o3 | Reg
- ™ | Instruction Data
Iw $2’ 200{3;0} 800 ps fetch ACCess Reg
— - :
w $3, 300($0) 800 ps nsirustion
Y —
800 ps
Program
axecution —. 200 400 600 800 1000 1200 1400
Time T T T T T T T -
order
(in instructions)
w $1,100($0)| ™| | Reo el
S ——— -
Iw $2, 200($0) 200 ps Ins;céﬁm Reg afﬁéis Reg
™ |nstructi Dat
w $3, 300($0) 200 ps | "SrLction acoess | €0
- L | L

200 ps 200 ps 200 ps 200 ps 200 ps

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Hazards make pipelining hard X
\

» MREBEYEYAVIILTEITTEGVNLIERANFET D. Ch
Z/\H—k(hazard) &M 5L
&/ \H—F (structural hazard)

o F—NSYTEITTERTDHEABRDLEEN—FVITHRYR—ILT
WEWMGEE. BERARICKYELS.

o T—4A+/\Y—F(data hazard)

s T—ADZITELDOFKIZK>TELLH/NY—F
o FHIfEl/ N\ —F(control hazard)

« NFAMES, DvUTMBITEO>TELS/NT—F

~

~ "\ ="
) 23
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