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Inside code0b6.v

o TADRILEFETDFE 2D seven-segment LED [CRIBSE SEIEEZFIRL, HRL, \
FPGAIZaT4Fal—23vd 5.
- 1#¥fEkRT 00, 01, 02,03, 04, 05, 06, 07,08, 09, 10, 11, ... 58, 59, 00, 01, ... &K 7w.

o IFLWLVEIEMSTERLZD, HHEDTAZFEA TIHEEELTESS (Check Point 3).

coded56.v

module m_main (w_clk, r_sg, r_an); p
input wire w_clk; Check Polnt =

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

// do it yourself
// Please use m_7segled in code®@19.v

endmodule

~ "\ ="
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Hint for Check Point 3

™

H47)L#IZ 00, 01, 02, 03, 04, 05, 06, 07, 08, 09, 10, 11, .. 58, 59,00, 01, .. &

BT HEI—I.

code®57.v

module m_top ();
reg r_clk=0; initial forever #2 r_clk = ~r_clk;
m_main m_main® (r_clk);

always@(posedge r_clk) #1 $write(“%3d %d %d¥n”, $time, m main@.r_dig2, m _main@.r _digl);

endmodule

module m_main (w_clk);
input wire w_clk;
reg [3:0] r_digl=0; // the first digit
reg [3:0] r_dig2=0; // the second digit
always @(posedge w_clk) r_digl <= (r_digl>=9) ? @ : r_digl + 1;

always @(posedge w_clk) if (r_digl>=9) r_dig2 <= (r_dig2>=5) ? 0 :

endmodule

r_dig2 + 1;

49‘
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Hint for Check Point 3
\

« w_ud A1DEFIZ 00, 01,02, 03, 04, 05, 06, 07, 08, 09, 10, 11, .. 58, 59, 00, 01,
L EEFIHEDI L.

3 0 1
7 0 1
11 o 2
15 0 2
coded58.v 19 9 3
module m_top (); ;; g Z
reg r_clk=0; initial forever #2 r_clk = ~r_clk; 31 0 4
m_main m_main® (r_clk); 3£ g o
always@(posedge r_clk) #1 $write(“%3d %d %d¥n”, $time, m main@.r_dig2, m _main@.r _digl); 39 § -
endmodule 43 0 6
module m_main (w_clk); gz g 3
input wire w_clk; 5 9 7
reg [31:0] r_cnt=0; 9 o 8
always @(posedge w_clk) r_cnt <= (r_cnt>=1) ? @ : r_cnt + 1;
wire w_ud = (r_cnt==0); // wire for r_digl,2 updating
reg [3:0] r_digl=0; // the first digit 463 c g
reg [3:0] r_dig2=0; // the second digit 467 5 9
always @(posedge w_clk) if (w_ud) r_digl <= (r_digl>=9) ? @ : r_digl + 1; 471 © 9
always @(posedge w_clk) if (w ud & r_digl>=9) r_dig2 <= (r_dig2>=5) ? @ : r_dig2 + 1; B ©
endmodule 479 o o
483 0 1
487 © 1
491 © 2
Syl '
\ 5
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Inside code066.v

o« YT ILEEZFZRAWN-EZEREE.
e Tera Term MO ANEIN-XF%Tera Term|Z:E{ET BEE code0b66.v ZIERE L.
e main.xdc Z main07.xdc DRARRIZHBELSITIEIET .

e EVa—JLm_UartRx ZRAWVWTINA LD T—2%ZET 5. code063.v DIRIZAhShti=T—4% LED IZF&KR
$5HIL.

o ZELET—2ZEEV2—I)L m_UartTx ZHAWVTEIET 5.
o IELWLEIEMNTALEDL, HEDTAZFA THIELTHSS (Check Point 4).

. Check Polnt 4
main®7.xdc

set_property -dict { PACKAGE_PIN E3 IOSTANDARD LVCMOS33} [get ports { w_clk }];
create_clock -add -name sys clk -period 10.00 -waveform {© 5} [get_ports {w_clk}];
set property -dict { PACKAGE_PIN D4 IOSTANDARD LVCMOS33} [get ports { w_txd }];
set_property -dict { PACKAGE_PIN C4 IOSTANDARD LVCMOS33} [get ports { w_rxd }];
set _property -dict { PACKAGE_PIN H17 IOSTANDARD LVCMO0S33} [get ports { w_led[0] }];
set_property -dict { PACKAGE_PIN K15 IOSTANDARD LVCMOS33} [get_ports { w_led[1] }];
set_property -dict { PACKAGE_PIN J13 IOSTANDARD LVCMOS33} [get ports { w_led[2] }];
set_property -dict { PACKAGE_PIN N14 IOSTANDARD LVCMO0S33} [get_ports { w_led[3] }];
set _property -dict { PACKAGE_PIN R18 IOSTANDARD LVCMO0S33} [get ports { w_led[4] }];
set _property -dict { PACKAGE_PIN V17 IOSTANDARD LVCMOS33} [get ports { w_led[5] }];
set_property -dict { PACKAGE_PIN Ul7 IOSTANDARD LVCMOS33} [get ports { w_led[6] }];
ﬁ set_property -dict { PACKAGE_PIN U16 IOSTANDARD LVCMO0S33} [get_ports { w_led[7] }];

Axeii‘
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Hint for Check Point 4

A

o #HIFIT7AIL main.xdc DFERIRAMNEREIZEZI->TLNVAD T, #l 3%
HIFAIWEEBZDHR—IMR—UNSAHOA—KRTESLLSIZL
1-.

e WindowsTHR—MR—IZFFWNT, I7AMIILESEHoO—kL, £
% mainxdc ELTLEEZT 5.
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Sample Circuit 1

code@81.v
module m_top (); 1 00000000
reg r_clk=0; initial forever #50 r_clk = ~r_clk; 51 00000004
wire [31:0] w_pc; 151 00000008
N m_main m_main® (r_clk, w_pc); 251 0000000C
4 always@(*) #1 $write("%3d %x¥n", $time, w_pc); 351 90000010
W_npc endmodule 451 00000014
W_pcC 551 00000018
module m_main (w_clk, w_pc); 651 ©0000001cC
inpu‘t wire W_Clk} 751 00000020
output wire [31:0] w_pc; 851 00000024
reg [31:@0] r_pc = 6; 951 00000028
32. assign w_pc = r_pc;
wire [31:0] w_npc = w_pc + 4;
always@(posedge w_clk) r_pc <= w_npc;
r_pc endmodule

200 n=




Sample Circuit 2

codef82.v

r_pc

4 —>
w_npc
W_pcC
i
w_ifpc
r_ifpc

module m_top ();

reg r_clk=0; initial forever #50 r_clk = ~r_clk;
wire [31:0] w_pc, w_ifpc;

m _main m_main@ (r_clk, w_pc, w_ifpc);

always@(*) #1 $write("%3d %x %x¥n", $time, w_pc,

endmodule

module m_main (w_clk, w_pc, w_ifpc);

input wire w_clk;

output wire [31:0] w _pc, w_ifpc;
reg [31:0] r_pc = 0;

reg [31:0] r_ifpc = ©;

assign w_ifpc = r_ifpc;

assign w_pc = r_pc;

wire [31:0] w_npc = w_pc + 4;
always@(posedge w_clk) r_pc <= w_npc;
always@(posedge w_clk) r_ifpc <= w_pc;

endmodule

w_ifpc);

51
151
251
351
451
551
651
751
851
951

00000000
00000004
00000008
0000000 C
00000010
00000014
00000018
0000001c
00000020
00000024
00000028

00000000
00000000
00000004
00000008
0000000C
00000010
00000014
00000018
0000001C
00000020
00000024

200 n=




Computer Memory

« Read-only memory (ROM)

« Random-access memory (RAM)
« Verilog HDLTIE, EYMEBTT—F#W®D AEYcm_ram% reg [B-1:0] cm_ram [0:W-1] ELTEE TE 5.

code@83.v

module m_memory (w_clk, w_addr, w_we, w_din, r_dout);

input wire w_clk, w_we;

input wire [11:0] w_addr;

input wire [31:0] w_din;

output reg [31:0] r_dout;
Read : reg r_we=0;
*| address Read reg [11:0] r_addr-0;

«| Address - reg [31:0] r_din=0; .
data reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
always @(posedge w_clk) begin
Instruction r_addr <= w_addr;
. = r din <= w_din;
[3101 r_we <= w_we;
Data r_dout <= cm_ram[r_addr];
Instruction | Write HTE-I'I'::DT if (r_we) cm_ram[r_addr] <= w_din;
Yy
memory data end .
initial begin

r_dout = 0;

cm_ram[0@]

cm_ram[1]
cm_ram[2]
cm_ram[3]

end
endmodule

'h20}; // add $4, $4, $4

{6'ho, 5'do, 5'de, 5'de, 5'he,
{6'he, 5'd2, 5'd1l, 5'd2, 5'he,
{6'he, 5'd3, 5'dl, 5'd3, 5'he,
{6'he, 5'd4, 5'd4, 5'd4, 5'he,

() o) We) We))

ASTEE"
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Inside module m_memory

nTLhs.

m_memoryl

r dout_ reg[31:0]

=G

D

reg [31:0] cm_ram [0:4095] ELTEE LIz AEYA RTL_RAM (Block RAM, BRAM)IZT Y&

r dout[31:0]

n r addr reg[110]
=
Q
ddr[11:0]
w_a I D
w_clk
1 ]
RTL REG
[
ram_reg
rwe_reg
= WOLK
= C
Q WE1
D
B RA 1 [110] RO1[31:0]
RTL REG
WAI[11:0]
din[31:0]
B WDI[31:0]
W_we
RTL_RAM
=

T

RTL_REG

m_memory

;"@‘

\

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

11



Inside module m_memory

& 4: Artix-7 FPGA DO#ge—

Artix-7 FPGA ¢ PCI Express Bl {3 % —7 = 4 A 7 0 o 7 (3158 x4 Gen 2 &% H— F L £,
QT A K al—ira A 0IIRE EhEHEA.
EHMOIEIC GTP F T r—S— s Eh Tt A, B CB

AT 4FXFSIT BTy - w 13
- Jnw % (CLB) DSP48E1 | 7B v RAM 70w 5G) XADC 2k
— - =R = (4) (5) # /0
FIvA R i 2S5 AR CMT! PCle GTP Sow s 150 5 18) 2
S 1[7\5( SRS EL 2) 18Kb 36Kb =K 7 ud 1/OL7)
M RAM (Kb) (Kb)
XCTAI12T 12,800 2.000 171 40 40 20 T20 3 1 2 1 3 150
XCTAILST 16,640 2.600 200 45 50 25 900 5 1 4 1 5 250
XCTA25T 23,360 3.650 313 80 90 45 1,620 3 1 4 1 3 150
XCTA3ST 33,280 5.200 400 90 100 50 1800 5 1 4 1 5 250
XCTAS0T 52,160 8,150 600 120 150 75 2,700 5 1 4 1 5 250
XCTATST 75,520 11,800 892 180 210 105 3,780 6 1 8 1 6 300
XCT7A100T 101,440 15,850 1,188 240 270 135 4,860 6 1 8 1 6 300
XCT7A200T 215,360 33,650 2,888 740 730 365 13,140 10 1 16 1 10 500
e
1. T U—AFPGAMEATA AT, 42O LUT L 827 Vw7 7oy VigEn, —HOAT A ATO04ALUT #4978 RAM £7/213SRL & L CHEHTE £
2. # DSP AT A AL 25 x 18 |HaE, MBEHKR, T7F¥Fa2b—25 1 590 giaﬂ.if
3. 7 a w7 RAM ;LE?'KEﬁI 36Kb THA%, 2 omsr L7 18Kb o w ¥ L CTHhEHTE 4.
4. # CMT (21X MMCM » PLL 4% 1| > Fo& Eh 4.
5.
6.
7.

B craw

I B H
SR H FHCEEEECEH F
S epilger e |
EDBUFIO&BUFR I B as sm msfla l
l wer : :
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Inside module m_memory

code@84.v
module m_top (); module m_memory (w_clk, w_addr, w_we, w_din, r_dout);
reg r_clk=0; initial forever #50 r_clk = ~r_clk; input wire w_clk, w_we;
reg [31:0] r_pc = 0; input wire [11:0] w_addr;
always @(posedge r_clk) r_pc <= r_pc + 4; input wire [31:0] w_din;
output reg [31:0] r_dout;
wire [31:0] w_data; reg r_we=0;
m_memory m_memory® (r_clk, r_pc[13:2], @, @, w_data); reg [11:0] r_addr=0;
reg [31:0] r_din=0;
always@(*) #1 $write("%3d %d %x¥n", $time, r_pc, w_data); reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
endmodule always @(posedge w_clk) begin
r_addr <= w_addr;

r_din <= w_din;

r_we <= w_we;

r_dout <= cm_ram[r_addr];

if (r_we) cm_ram[r_addr] <= w_din;

end
initial begin
r_dout = 0;

cm_ram[@] = {6'h@, 5'de, 5'do, 5'do, 5'ho, 6'h20}; // add $0, $0, %0

cm_ram[1] = {6'h@, 5'd2, 5'dl, 5'd2, 5'h@, 6'h20}; // add $2, $2, $1
cm_ram[2] = {6'h@, 5'd3, 5'dl, 5'd3, 5'ho, 6'h20}; // add $3, $3, $1
cm_ram[3] = {6'he, 5'd4, 5'd4, 5'd4, 5'ho, 6'h20}; // add $4, $4, %4
end
endmodule

200 ns
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Inside module m_procOl

o JOEYHDEEIZMITHEADR. SiS5ZET7cyF (fetch) 35 FTDED2—IL.
MR AEUMNLIREHRABL, RBTHEERT Iy F LS.

coded85.v

module m_top ();
reg r_clk=0; initial forever #50 r_clk = ~r_clk;
wire [15:0] w_led;
m_proc@l m_proc@l (r_clk, 0, 1, w_led);
always@(*) #1 $write("%3d %x¥n", $time, w_led);
endmodule

module m_proc@l (w_clk, w_btnu, w_btnd, w_led);
input wire w_clk, w_btnu, w_btnd;
output wire [15:0] w_led;

reg [31:0] r_pc = 0;
always @(posedge w_clk) r_pc <= r_pc + 4;

wire w_we = w_btnu;

wire [11:0] w_addr= (w_btnu) ? r_pc[13:2]
wire [31:0] w_din = r_pc;

wire [31:0] w_ir;

m_memory m_imem (w_clk, w_addr, w_we, w_din, w_ir);

: {10'd0, r_pc[3:2]};

assign w_led = (w_btnd) ? w_ir[31:16]
endmodule

: w_ir[15:0];

module m_memory (w_clk, w_addr, w_we, w_din, r_dout);
input wire w_clk, w_we;
input wire [11:0] w_addr;
input wire [31:0] w_din;
output reg [31:0] r_dout;
reg r_we=0;
reg [11:0] r_addr=0;
reg [31:0] r_din=0;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
always @(posedge w_clk) begin
r_addr <= w_addr;
r_din <= w_din;
r_we <= w_we;
r_dout <= cm_ram[r_addr];
if (r_we) cm_ram[r_addr] <= w_din;

end
initial begin
r_dout = 0;

cm_ram[@] = {6'h@, 5'do, 5'do, 5'de, 5'he, 6'h20}; // add $0o,

cm_ram[1] = {6'h@, 5'd2, 5'dl, 5'd2, 5'he, 6'h20}; // add $2,

cm_ram[2] = {6'h@, 5'd3, 5'dl, 5'd3, 5'he, 6'h20}; // add $3,

cm_ram[3] = {6'h@, 5'd4, 5'd4, 5'd4, 5'h0, 6'h20}; // add $4,
end

endmodule

$0, %0
$2, $1
$3, $1
$4, $4




MIPS R3000 Instruction Set Architecture (ISA)

* Instruction Categories

~
A=
@ Adapted from Computer Organization and Design, Patterson & Hennessy, ® 2005
P (CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Registers
Computational
Load/Store RO - R31
Jump and Branch
Floating Point
* coprocessor
Memory Management Pe
: HI
Special
LO
3 Instruction Formats: all 32 bits wide
OP rs rt rd sa funct | R format
OP rs rt immediate I format
oP jump target J format

15



MIPS Immediate Instructions

\
* Small constants are used often in typical code 3%

Possible approaches?

« put "typical constants” in memory and load them

* create hard-wired registers (like $zero) for constants like 1
 have special instructions that contain constants |

addi $s0, $s1, 4 # $s0 = $s1 + 4

* Machine format (I format):

OP rs rt immediate

The constant is kept inside the instruction itself
« Immediate format limits values to the range +2!°-1 to -2%°

=)

X=
@ Adapted from Computer Organization and Design, Patterson & Hennessy, ® 2005 16
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Integer (%) Representation

o 2% (two's complement) IZk5F

0000
0000
0000

0111
0111
0111

=)

49‘

EHDOEYNERESE, 1Z2MALDEEHETS.

8EVRTHMNIL, - 128 ~127 £THDH 255{END?

00002
00012
00102

11012
111602
1111>

0~127MIE%K

+010
+110

+210

+12510
+12610
+12710

1111
1111
1111

1000

1000
1000

11112
11162
11012

00102
00012
00002

-010
-110

-210

-12510
-12610
-12710

0~127TDEHNDE YR EL

(1DHHERIE)

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

RHERBTED

S ERORIR

1111 11112 = -1l1e
1111 11102 = -210
1000 00112 = -12510
1000 00102 = -12610e
1000 00012 = -12710
1000 00002 = -12810e

EVvhRERIC1FMATHLIEAH

\
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MIPS Arithmetic Instructions

\
e MIPS assembly language arithmetic statement X

add $to, $s1, $s2
sub $t0, $s1, $s2

= Each arithmetic instruction performs only one operation

= Each arithmetic instruction fits in 32 bits and specifies
exactly three operands

destination <- sourcel op source2

= Operand order is fixed (destination first)

= Those operands are all contained in the datapath’s register
file ($t0,$s1,$s2) — indicated by $

™

X=
@ Adapted from Computer Organization and Design, Patterson & Hennessy, ® 2005 18
P (CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



MIPS Arithmetic Instructions

e add
e addi

e addiu

e addu

e sub

e subu
Add add R Rrd]|=R[rs)+E|rt] (1) 020
Add Immediate addi I R[rt}=R[rs]+SignExtlmm (1)2) 8
Add Imm. Unsigned addiu I R[rt]=R[rs]+51gnExtlmm (2} Q
Add Unsigned addu R R[rd)=R[rs]+R[rt] (2) 021
Subtract sub R R[rd)=R|[rs]-R[rt] (1) 022
Subtract Unsigned subu R Rird]=R]rs]-R[rt] 023
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MIPS Logical Instructions

e and

e andi

° nor

* Or

° Orl

¢ XOor

e XOril
And - and R Rlrd|=R|rs]&R|r] 0/24
And Immediate andi I B[rt|=R[rs]&ZeroExtlmm (3) C
Nor nor R Rlrd]=~(R[rs]|R[rt]} 027
Or or R R[rd]=R[rs]|R[rt] /25
Or Immediate ori | R[rt]=R[rs] ZeroExtImm (3) d
Xor ®OT E Rird)=RElrs] E|rt] 026
Xor Immediate xori | Rlrt]=R[rs]" ZeroExtlmm e
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MIPS Shift Instructions

e sll (shift left logical)

e srl (shift right logical)

e sra (shift right arithmetic)
e sllv (shift left logical variable)

e srlv
°* Srav
OP rs rt rd sa funct

Shift Left Logical 211 R R[‘rd i=Ril‘Ri{{.‘~LhHl]l[ (/00
Shift Right Logical srl R R[rd]=R[rs] = shamt 0/02
Shift Right Arithmetic sra R R|rd|=RK|rs] = =shamt 0/03
Shift Left Logical Var. 511w E R|rd]=R[rs]<=R]rt] 0/04
Shift Right Logical Var. srlv R R[rd]=R[rs]=R|rt] /06
Shift Right Arithmetic Var, srav R R[rd]|=R[rs] = =R[rt] /o7
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Exercise(4)

\
* Project_7

* Adder ME&ET-E&.
« VivadoEWNS%ERET 5.
* Project_8
 Synthesis & Implementation ZEfiZ9 5.

PR
¥ NG
ANy &S
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Inside code078.v : n-bit Ripple Carry Adder

« 100MHz®DENEREKR B THIFIZ =9 n-bit Adder DJZAD n ZKH 5.
o KRKO-nDEZLHR—MNIFEATEHIL.

« Eh: D_N48,56 ELTENENDERIEREHRLTHS.

o NEZILIETWNSZEKROHI-FERZTRT. Critical Path, Max Freq. [(FRELY.
* The carry out signal takes two gate delays per bit.

/% Report bodv(B). Find the maxinum n of the n-bit &dder satisfving the constr. */

n WNS Critical Path (ns)| Max Freq. | Write the value of n:
8 6.858 3.142 SEEEEEEERER EE R R R R R R AR KRR EE R ER R R KRR R KR AR KA AR KRR R kxR [
16 4.056 9.944 /+ Report hggiy(]"fl. Gopy and paste the output of codel¥9.v here. £/
24 2.266 7.734 129.30 2
32 0.982 9.018 110.89 dé_ 200
40 0.997 9.003 111.07 v
48 0.479 9.521 105.03 % 150
56 -0.165 10.165 98.38 s
64 -2.262 12.262 81.55 o 100 i
©
E 50 | i
1]
b — cout i = ‘ ‘ ‘ ‘ ' S—
] 8 16 24 32 40 48 56 64
€ —»} bit width of Adder
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