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1= M 22| &KX}

» Positive-edge-triggered D FF
* Negative-edge-triggered D FF

—d ql
= H|S 7|4 reset D FF
—P clk
—d g clk i reset
0 q T
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_> clk t(rising edge) | d reset clk gnext
0 - 0
clk gnext 1 0 q
—d q 0 ] 1 1 9
—c> oIk | 1 q 1 1(rising edge) d
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12 {22 AKX

= Verilog Z &=

D FF

module d ff (
input clk,
input d,

output reg g
) ;

always @ (posedge clk) begin

q <= d;
end

endmodule

H|S7|Al reset D FF

module d ff rstb (

input
input
input

clk,
rstb,
d,

output reg g

) ;

always @ (posedge clk or

if (~rstb)
else
end

endmodule

q <= Uy
q <= d;

negedge rstb) begin
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o| X| A Ef

» D FF S}Lt « 1H| E register
= DFF N7l < NH|E register

Qo Q Q, Qs Q4
—1d q __J —1d q __I - d q __I 4 g ._J - d q __J

clock 1N cik > clk S clk S clk S clk
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o| X| A Ef

D FF StLt « 1H| E register
D FF N7l — NH|E register

Qo Q Q, Qs Q4
—1d q __J —1d q __I - d q __I 4 g ._J - d q __J

clock 1 cik > clk > clk > clk > clk
reset 1 1 1 1 I
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o| X| A Ef

= Verilog &=

D FFE g & dlX|2H H|-57| A reset D FF2 T4 &l 2| X|AH
module reg module reg rstb
#( #(
parameter N = parameter N =
) )
input clk, input clk,
input [N=-1:0] d, input rstb,
output reg [N-1:0] g input [N=-1:0] d,
) output reg [N-1:0] g

) ;
always @ (posedge clk) begin

q <= d; always @ (posedge clk or negedge rstb) begin
end if (~rstb) g <= 0;
else qg <= d;
endmodule end
endmodule
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» AA| MY S 2[5 HE O 2 2
« 20| IX| %S
wr_en > Register
wr_data —/

Register
wr_addr . 2 -
rd_addrﬁLW .

clk .
> Reqister

ﬁN; rd_data
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of| A| 2 B I

= Verilog Z &=

module register file // signal declaration
#( reg [N-1:0] array reg[2**W-1:0];
parameter N = §,
W =2 // write operation
) «( always @ (posedge clk) begin
input clk, if (wr en)
input wr_en, array regl[wr addr] <= wr data;

input [W-1:0] wr addr, rd addr, end
input [N-1:0] wr data,
output [N-1:0] rd data // read operation
) ; assign rd data = array reg[rd addr];

endmodule
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of| A| 2 B I

» 2| X|AE O g 7|8 FIFO 9

—

o

. ¥ /™
e ,._-[7-7-‘\5 — wrplr /
T T
& & Wy Q D
A 0 I .
wr plr

(a). initial (empty) (b). after a write (c). 3 more writes (d). after a read (€). 4 more writes (f). 1 more write (full)

(g). 2 reads (h). 5 more reads (i). 1 more read (empty)
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of| A| 2 B I

» 2| X|AE O g 7|8 FIFO 9

// register file operation
always Q(posedge clk) begin
if (wr_en)
register file[w ptr reg] <= w_data;
end
assign r data = register file[r ptr regl];
assign wr en = wr & ~full reg; // registers

module fifo #(
parameter N = 8, // number of bits
W= 4 // number of addr bits

input clk, rstb,
}nput o rd, wr, always Q(posedge clk or negedge rstb) begin
input |[N-1:0] w data, . .
— if (~rstb) begin
output empty, full, .

w_ptr reg <= Uy
r ptr reg <= 0;
full reg <= 0;
empty reg <= 1;

end

else begin
w _ptr reg <= w_ptr next;
r ptr reg <= r ptr next;
full reg <= full next;
empty reg <= empty next;

end

end

output [N-1:0] r data
)

// signal declaration

reg [N-1:0] register file[2**W-1:0];

reg [W-1:0] w ptr reg, w_ptr next, w ptr succ;

reg [W-1:0] r ptr reg, r ptr next, r ptr succ;

reg full reg, empty reg, full next, empty next;
wire wr_en;
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of| A| 2 B I

» 2| X|AE O g 7|8 FIFO 9

// next-state
always @* beg
w_ptr succ
r ptr succ

logic
in

= w_ptr reg+l;
= r ptr reg+l;

// default values if (w_ptr next==r ptr req)
w_ptr next = w ptr reg; full next = 1;
r ptr next = r ptr reg; end
full next = full reg;
empty next = empty reg; 2'bll: // write and read
begin
case ({wr, rd}) w_ptr next = w_ptr succ;
// 2'b00: no operation r ptr next = r ptr succ;
2'p01: // read end
if (~empty reg) begin endcase
r ptr next = r ptr succ; end

full next = 0;

2'bl0: // write
if (~full req)
w_ptr next

empty next

begin
= w_ptr succ;

- () .
= Uy

assign full = full reg;
assign empty = empty reg;

if (r ptr next==w ptr regq)
empty next = 1;
end
endmodule
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RA M(Random Access Memory)

= L EE M= fot 22| &K

* RAM &A= D FREC} 2N ZHEHeY

= RAM2 37| DRAM(dynamic RAM)2t SRAM(static RAM)
2 LI+, SRAMO| 22| A2l RAME

= RAMZ & &0 =&t ™ L& H 22| (on-chip memory),
& gkof Ao ™ Q|F M| 2 2| (external memory)2tl

= HE22 2o ST 2 X[AH T < on-chip RAM
< external RAM

= External RAM= E2017| |l 22| HEE2E ARG
Of &t
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RA M(Random Access Memory)

= A A external RAM & X|
= |S61LV25616AL, X|ZFAt 1SSI(Integrated Silicon Solution Inc.)
= 256k-by-16 SRAM, & ZF 512kB
» Datasheet : https://www.issi.com/ww/pdf/61lv25616al.pdf

CE (Chip Enable) YT B (0:0,1:X) oy 2 escooen [P emnie,
OE (Output Enable) HIOIH &5 5{& (0: 0, 1: X) voD —» @
GND —
FOo-1OT
WE (Write Enable) HIOIE M7 B8 (0:0,1:X) | werome V] e, (T corvmnio
LOs-/015 <]::> CIRCUIT
Upper Byte &

UB (Upper Byte Enable)

0:0,1:X) = |
Cﬁ JR—
— Z=g40| 5le k=3 WE —] CONTROL
LB (Lower Byte Enable) %__'C‘)‘l 1O_+;|) byte 518 m—| e
C) ) LE —
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https://www.issi.com/ww/pdf/61lv25616al.pdf

RA M(Random Access Memory)

= AN external RAM ZHK|

= |S61LV25616AL, X|ZFAt 1SSI(Integrated Silicon Solution Inc.)
= 256k-by-16 SRAM, €& 512kB
» Datasheet : https://www.issi.com/ww/pdf/61lv25616al.pdf

TRUTHTABLE
/O PIN

Mode WE CE OE LB UB 100-1/07 VO8-1/015 Voo Current
Not Selected X H X X X High-Z High-Z lse1, Isez
Output Disabled H L H X X High-Z High-Z lcc

X L X H H High-Z High-Z
Read H L L L H Dourt High-Z lcc

H L L H L High-Z Dour

H L L L L Dour Dour
Wirite L L X L H D High-Z lcc

L L X H L High-Z Din

L L X L L D Din
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RA M(Random Access Memory)

= AMA| external RAM ZEHX|

= 27| &3 B0l

READ CYCLE SWITCHING CHARACTERISTICS! (Over Operating Range)

-10 -12
Symbol Parameter Min. Max. Min. Max. Unit
trc Read Cycle Time 10 — 12 — ns
taa Address Access Time — 10 — 1 ns
toHa Qutput Hold Time 2 — 2 — ns
tace CE Access Time — 10 — 1 ns
tooe OE Access Time — 4 — 5 ns
twzoe®  OE to High-Z Qutput — 4 — 5 ns
tizoe®  OE to Low-Z Qutput 0 — 0 — ns
tizce® CE to High-Z Qutput 0 4 0 6 ns
tzce™ CE to Low-Z Qutput 3 — 3 — ns
taa LB, UB Access Time — 4 — 5 ns
trzs™ ﬁr_ﬁ to High-Z Output 0 3 0 4 ns
tLze' LB, UB to Low-Z Quiput 0o — 0o — ns
tru Power Up Time 0o — 0 — ns
tro Power Down Time — 10 — 12 ns
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RA M(Random Access Memory)

« AMH| external RAM 2K
= Q17| 2t ELO| -

READ CYCLE NO. 102 (Address Controlled) (CE = OE = Vi, UB or LB = ViL)

- tre -

ADDRESS }g{

-I—t|:u-|n
- t-DHA
DouT PREVIOUS DATA VALID DATA VALID

MEAD N mpa
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RA M(Random Access Memory)

» AlX| external RAM AHK]
= Q17| 2t ELO| -

READ CYCLE NO. 20

- trc -
ADDRESS }é
-t — — Tk

— r4
OE s Z]
tooE - =1 tHZoE
CE ER = 1LZ0E %
taee < tacE —= |.-,- tHZCE —
LB, UB i
AN 2
+—— tBA —» - - tHZE
1Lz = - L
Doyt  HIGH-Z >< DATA WALID
lec
VDD tru 50% ro -
ot l=e

Currant

LiS_CEDORS spa
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RA M(Random Access Memory)

= AN external RAM ZHK|

+ M7| 2HE O]

WRITE CYCLE SWITCHING CHARACTERISTICS" (Over Operating Range)

=10 -12
Symbol Parameter Min. Max. Min. Max. Unit
twe Write Cycle Time 10 — 12 — ns
tsce CE to Write End B — 8 — ns
taw Address Setup Time to Write End 8 — B — ns
tHa Address Hold from Write End 0 — 0 — ns
tsa Address Setup Time 0 — 0o — ns
tPwe LB, UB Valid to End of Write 8 — [ J— ns
trwe1 WE Pulse Width 8 — 8 — ns
trwez WE Pulse Width (OE = LOW) 10 — 12 — ns
tso Data Setup to Write End 68 — 6 — ns
tHD Data Hold from Write End 0 — 0 — ns
tizwe®  WE LOW to High-Z Output — 5 — B ns
tzwe®  WE HIGH to Low-Z Output 5 — 2 — ns
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RA M(Random Access Memory)

= MK external RAM & X|
. m3| e Efo] 2
WRITE CYCLE NO. 1 (CE Controlled, OE is HIGH or LOW)

- twe -
ADDRESS )( VALID ADDRESS x
tsa o | t=ce | =t A
CE 1"'\:‘__ Ve
taw
WE 1 F
trew—
UB, LB N A
-—— T HZWE —= - T Lz WE —
DOoUT DATA UNDEFINED s
- toso— f=w tHo
Dk * DATAIM VALID %

.
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RA M(Random Access Memory)

« AMH| external RAM 2K
. 7] B Epo|gy

WRITE CYCLE NO. 2 (WE Controlled. OE is HIGH During Write Cycle) 12

ADDRESS

DM

- two -|
X VALID ADDRESS
tHa
L~
—_—
L
- | AT -
- trFPwE -
4
‘E S 7
ton - trE -
t ;.-i
-
il | HEWE i i | LFWE i
DATA UNDEFINED Hens L
-~ o

LI N s
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RA M(Random Access Memory)

= AN external RAM ZHK|

+ M7| 2HE O]

WRITE CYCLE NO. 3 (WE Controlled. OE is LOW During Write Cycle)

twe
ADDRESS > VALID ADDRESS p- 4
. <. =t s
OE Low
CE  Low
- t aw -
- t PwvER -
— o r4
WE o [, o
taa - - frew——————— =
[ — ey
UB, LB —I= I
-i—— t HEWE — -i—— L WE —
HIGH-Z A
DouT DATA UNDEFINED

- t e — |-t D
Dhed DATAEN VALID

LN, s
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RA M(Random Access Memory)

» AKX external RAM 2t X|
. 7| B EfO|Y

WRITE CYCLE NO. 4 (LE, UE Controlled, Back-to-Back Write) "%

- twoc | twc -

ADDRESS x ADDRESS 1 x ADDRESS 2 X
OE _\"\

- =— t=a
CE LA
—— =t HA —— T A
WE ‘_"'.,i - tza —l-l ?rt’
= T P EW —— tFEwW ——
0B.18 lLuﬁezali? wore 2 A
T HZWE — - --|—t|_z~wE—s--|
DoOUT  DATA UNMDEFIMED e i

- tHD o tHD
tao tz=o
Din ﬁqzﬁmﬁ$ :>F;mmw
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RA M(Random Access Memory)

On-chip RAM
= H|S7[4A 8]7] single-port RAM

we ﬁN; dout
din —>—

addrﬁW; Singfl—vﬁ)ort
" (HI57]4] 217])
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RA M(Random Access Memory)

= Verilog ZE £ on-chip RAM &4
= H|S7| 817] single-port RAM

module sp ram async read

# (

2024. 03. 18.

parameter N = &,

W =2
input clk,
input we,

input [W-1:0] addr,
input [N-1:0] din,
output [N-1:0] dout

// signal declaration
reg [N-1:0] ram[2**W-1:0];

// write operation
always Q@ (posedge clk) begin
if (we)
ram[addr] <= din;
end

// read operation
assign dout = ram[addr];

endmodule
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RA M(Random Access Memory)

= On-chip RAM
= S7|4l 217] single-port RAM

we ﬁN; dout
din —~—

ddr L Singfl—vﬁ)ort
" (5714 917)
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RA M(Random Access Memory)

» Verilog Z 5 £ on-chip RAM &
= 7| 7] single-port RAM

module sp ram sync read

# (
parameter N =
W =
)
input
input

input [W-1:0]
input [N-1:0]
output [N-1:0]

2024. 03. 18.

ey

clk,
we,
addr,
din,
dout

// signal declaration
reg [N-1:0] ram[2**W-1:0];
reg [W-1:0] addr reg;

// write operation
always Q@ (posedge clk) begin
if (we)
ram[addr] <= din;
addr reg <= addr;
end

// read operation
assign dout = ram[addr reg];

endmodule
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RA M(Random Access Memory)

On-chip RAM
= H|S7|A 87| dual-port RAM

we ~ dout_a
din_a ——— dout_b
W Dual-port
addr_aI RAM
HZS7|Al 917
addr_b (Bls715 &)
clk
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RA M(Random Access Memory)

= Verilog ZE £ on-chip RAM &4

= H[S7| 27| dual-port RAM

module dp ram async read

# (
parameter N =
W =
)
input
input

input [W-1:0]
input [N-1:0]
output [N-1:0]

2024. 03. 18.

ey

clk,
we,
addr_a,
din a,
dout a,

addr b,

dout b

// signal declaration
reg [N-1:0] ram[2**W-1:0];

// write operation
always @ (posedge clk) begin
if (we)
ram[addr a] <= din a;
end

// read operation
assign dout a = ram[addr a];

assign dout b = ram[addr Db];

endmodule
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RA M(Random Access Memory)

On-chip RAM
= F7|A 217 dual-port RAM

we ~ dout_a
din_a ——— dout_b
W Dual-port
addr_a I RAM
57]4] 9i7
addr_b (S715 470
clk
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RA M(Random Access Memory)

= Verilog =
« 7|9

module dp ram sync read

# (
parameter N = &,
W =2
) |
input clk,
input we,
input [W-1:0] addr a,

input [N-1:0] din a,
output [N-1:0] dout a,

2024. 03. 18.

E 2 on-chip RAM &4
17| dual-port RAM

addr b,

dout b

// signal declaration
reg [N-1:0] ram[2**W-1:0];
reg [W-1:0] addr a reg, addr b reg;

// write operation
always @ (posedge clk) begin
if (we)
ram[addr a] <= din a;
addr a reg <= addr a;
addr b reg <= addr Db;
end

// read operation
assign dout a = ram[addr a reg];

assign dout b = ram[addr b reg];

endmodule
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RA M(Random Access Memory)

= RAM 7|8t stack +¢

\_

J

Empty

2024. 03. 18.
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Top

10

Push

---------------------

Top

20
20
10
\_
Push

Top

20
20
10
I\ Y
POp
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RA M(Random Access Memory)

= RAM 7|8t stack +¢
= Stack 8% :S
= Top = -1 — stack empty
» Top =S -1 — stack full

we = push & (stack not full)
4

‘u‘":"'..‘ N
Push Pop RAM &%} w WE s 7 dout
0 0 No op. din —>—
i addr —F— RAM
M7
1 : | ) (57141 9471)
1 1 No op. ¢
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RA M(Random Access Memory)

* RAM 7|t stack 7+¢

module stack

# (
parameter N = 8, // number of bits
S =10, // stack size
W = $clog2(S+1)
)
input clk, rstb,
input push, pop,
input [N-1:0] w data,
output empty, full,

output [N-1:0] r data
)

// signal declaration
reg [W-1:0] top reg, top next,
top dec, top inc;

reg full reg, empty reg,
full next, empty next;
wire ram we;

wire [W-1:0] ram addr;
wire [N-1:0] ram din, ram dout;

2024. 03. 18.

// RAM
Sp_ram sync_ read
#(
N (N )/
W (W )
) mem (
.clk (clk ),
.we (ram we ),

.addr (ram addr),

.din (ram din ),

.dout (ram dout)
)

assign ram we = push & ~full reg;
assign ram addr = push ? top inc
top reg;

assign ram din = w_data;
assign r data = (push & pop) ? w _data
ram_dout;
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RA M(Random Access Memory)

* RAM 7|t stack 7+¢

// registers case ({push, popl)
always Q (posedge clk or negedge rstb) begin // 2'b00: no operation
if (~rstb) begin 2'b01: // pop (read)
top reg <= 2**W-1; if (~empty reg) begin
full reg <= 0; top next = top dec;
empty reg <= 1; full next = 0;
end if (top dec==2**W-1) empty next = 1;
else begin end
top reg <= top next; 2'pb10: // push (write)
full reg <= full next; if (~full reg) begin
empty reg <= empty next; top next = top inc;
end empty next = 0;
end if (top inc==S-1) full next = 1;
end
// next-state logic // 2'Dll: // push and pop (do nothing)
always @* begin endcase
top dec = top reg-1; end
top inc = top reg+l;
// default values assign full = full reg;
top next = top reg; assign empty = empty reg;
full next = full reg;
empty next = empty reg; endmodule
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RA M(Random Access Memory) s

= RAM 7|8t FIFO ¢

/wi\/ﬁ - (3 . "y q -
Oy & d
Nax? Ll -y,

(a). initial (empty) (b). after a write (c). 3 more writes (d). after a read (€). 4 more writes (f). 1 more write (full)

e /ﬁmwww rd pir
C OO
- Qo s/
(g). 2 reads (h). 5 more reads (i). 1 more read (empty)
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RA M(Random Access Memory)

= RAM 7[HF FIFO &

module fifo

# (
parameter N = 8, // number of bits // RAM
S =10, // FIFO size sp_ram sync_ read
W = $clog2(S+1) #(
) -N (N ),
input clk, rstb, W (w )
input rd, wr, ) mem (
input |[N-1:0] w data, .clk (clk ),
output empty, full, .we (ram we ),
output [N-1:0] r data ); .addr (ram addr),
.din (ram din ),
// signal declaration .dout (ram dout)
reg [W-1:0] w ptr reg, w ptr next, w ptr succ; ) ;
reg [W-1:0] r ptr reg, r ptr next, r ptr succ;
reg full reg, empty reg, assign ram we = wr & ~full reg;
full next, empty next; assign ram addr = ram we ? w ptr reg
wire ram we; . r ptr reg;
wire [W-1:0] ram addr; assign ram din = w data;
wire [N-1:0] ram din, ram dout; assign r data = ram dout;

2024. 03. 18. 37



RA M(Random Access Memory)

= RAM 7[HF FIFO &

// registers

case ({wr, rd})
// 2'b00: no operation

always @ (posedge clk or negedge rstb) begin 2'p01: // read
if (~rstb) begin; if (~empty reg) begin
w_ptr_reg <= Uj r ptr next = r ptr succ;

r ptr reg <= 0;

full reg <= 0;

empty reg <= 1; end
end 2'p10:
else begin

w_ptr reg <= w_ptr next;

r ptr reg <= r ptr next;

full next = 0;
if (r ptr next==w ptr reg) empty next = 1;

// write
if (~full reg) begin
w_ptr next = w_ptr succ;

Is

empty next 0;

full reg <= full next; if (w ptr next==r ptr req) full next = 1;
empty reg <= empty next; end - - - - -
end 2'bll: // write and read
end begin

w_ptr next w_ptr succ;

// next-state logic

always @* begin
w_ptr succ =
r ptr succ

w_ptr reg+l;
r ptr reg+l;

// default values

r ptr next
end
endcase
end

r ptr succ;

w_ptr_next = w_ptr_ reg; assign full = full reg;
r_ptr_next = r ptr reg; assign empty = empty reg;
full next = full reg; o
empty next = empty reg; endmodule

2024. 03. 18
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RO M(Read Only Memory)

= ROM
= M7|520| B dEfOME F7| 7 7| A5t= H 22 (hon-volatile) O
o3
 FPGA &7 '='0F01| M EE o Hilgts AHZ2 ¢
= Verilog2| case =& 2 2 ghd

Il

ot LUTERE A Y

module rom (
input [2:0] addr,
output reg [7/:0] data
);
always @* begin
case (addr)
: data =
N N : data =
addr + ROM + data : data =
: data =
: data =
: data =
: data =
: data =
endcase

end
endmodule
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RO M(Read Only Memory)

. ROM 7|t sin(x) &t 3

1.00 ~

0.75 1
0.50 -

0.25 1

SiN(X) 0.0
~0.25 -

~0.50 -

~0.75 -

—1.00 A

T T T T T T .
0.0 0.2 0.4 0.6 0.8 1.0 x*2p|
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RO M(Read Only Memory)

= ROM 7|4t sin(x) &+ T+
= 2 :10H E (0 - 1023)
= =8 :gHIE (0 — 255)
= case = 0| HF ZO{M ZEE A5 4-d5H0f &

-

import numpy as np = open('roml024.v"', 'w')
.write('module rom (\n’)
.write('input [9:0] addr,\n’)
.write('output [7:0] data\n’)
.write(');\n\n")
.write('always @* begin\n’)
.write('case (addr)\n’)
for i in range(0, 1024, 1):
f.write('10\"h{:03x}: data = 8\'h{:02x}\n’ .format (i, int(y[i])))
.write('endcase\n’)
.write('end\n’)
.write('endmodule\n’)
.close()

x = np.arange(0, 1, 1/1024)
y = np.sin(2*np.pi*x)

y = np.round((y+1)*128)
yly==256] = 255

Hh Hh Fh Fh FhoFhoFh

Fh rh h b
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RO M(Read Only Memory)

. ROM 7|t sin(x) &t 3

1.00 ~

0.75 1
0.50 -

0.25 1

SiN(X) 0.0
~0.25 -

~0.50 -

~0.75 -

—1.00 A

T T T T T T .
0.0 0.2 0.4 0.6 0.8 1.0 x*2p|
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RO M(Read Only Memory)

= ROM 7|8t sin(x) &+ ¢
= Q3 :10H|E (0 > 1023)
= =5 -8HIE(0H255)
= case =0l HF ZO{M ZEZ X5 4 d5H0f &
= ROM 37| 48} &

import numpy as np = open('rom256.v"', 'w’)

.write('module rom (\n’)

x = np.arange(0, 1, 1/1024) f.write('input [9:0] addr,\n’)
y:
y = np.round((y+1)*128) .write(');\n\n")

y[y==256] = 255 .write('always @* begin\n’)
.write('case (addr)\n’)
y256 = y[0:256] for i in range (0, 256, 1):
f.write('10\"h{:03x}: data = 8\'"h{:02x}\n'.format(i, int(y256[i])))
f.write('endcase\n') f.write('end\n') f.write('endmodule\n’)

f.close()

f
f
f
np.sin(2*np.pi*x) f.write('output [7:0] data\n’)
f
f
f

2024. 03. 18. 43



