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- OlE2|(Es MEf)E ZE
» E2 288 - = HH
= Verilog 84 Al A& 7ts
= assign
= always @*
begin

non-blocking assignment;
non-blocking assignment;

end

-
of 2t =25 E2r 2 = US

= always @(posedge clk or negedge rstb)
if (~rstb) begin
non-blocking assignment;
non-blocking assignment;

end

else begin
non-blocking assignment;
non-blocking assignment;

end
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Latch (24 X])

« 1HE JE XME5= 7|2 K22 &K
= Clock A|2 |:|A|:|
= Asynchronous(H|& 7|4

= | evel-sensitive
= 2|2 AA Al HL| AIESHA| E =

—d qr— C qgnext

—C 1 d

D latch(2] &)
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Flip-flop(EEE &)

» 1H|E & NF5t= 7|2 M2 2| &K}
= Clock 2= US
= Synchronous(&7|4)

» Edge-sensitive
Latch(2il A) 2 C} 28 ‘S = 3 X|TF HEE ==

Clk qnext
0 q
1 q
—DPD ek —
1(rising edge) d
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Flip-flop(& &

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

—d ql
= H|S7|A reset D FF
—P clk
—d g clk i reset
0 q T
1 q
_> clk t(rising edge) | d reset clk gnext
0 - 0
clk gnext 1 0 q
—d q 0 ] 1 1 9
—c> i | 1 q 1 1(rising edge) d
J(falling edge) d
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Flip-flop2| Ef0] 2

= T, :clock-to-q delay
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Register (2| X| 2 E)

* D FF StL} & 1H|E register
= D FF N7} < NH|E register

Qo Q, Q, Qs Q4
—d q -J —d -I — d

clock 1S ik > clk > clk > clk D clk

DO Dl D2 D3 D4
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Latch(2HX]) gHd

= Verilog Z &=

module d latch
# (
parameter N = §©

) |
input c,
input [N-1:0] d,
output reg [N-1:0] g
) ;

always @* begin

if (c) g = d;

else g = q; // latch 82| BF else SO T ZIC}
end

endmodule
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Flip-flop &

= Verilog Z &=

D FF H| S 7|4 reset D FF

module d ff module d ff 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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. B2 M7 A% E: 9= K AE ALE
= A MOF X[H AlZE = min(register— & 8} 2| 2 —register)
e AT SR FTH4 = 1(E|A MIH R AIZH
xotg|2 AME{ 8| K| AH
L ’ x| a
next- d q _
. state g O|Utp.Ut — =3
2 logic | : D> clk A 0gIc
state_nek.t staté_reg
clock
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state_reg[3] state_reg[2] state_reg[1] state reg|O]

v v v v
S_out
s_in d g d g d g d ¢
D> clk D> clk D> clk D clk
reset reset reset reset
clock X
reset
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Free-running A|Z E 2| X| AE

= Verilog Z &=

module free run shift reg
# (

parameter N = 4
)

input clk,

input rstb,

input s in,

output s out

) ;

reg [N-1:0] state reg;
wire [N-1:0] state next;

// state register

always @ (posedge clk or negedge rstb) begin
if (~rstb) state reg <= 0;
else state reg <= state next;

end

// next-state logic
assign state next = {s in, state reg[N-1:1]1};

// output logic
assign s out = state reg[0];

endmodule
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Universal A|ZE 8| X|AE]

= 4H| E universal A|ZE 2{| X|AH

state_next
} ;' d J-/— q
[ 7 q N
01 4 ““‘ 4
¢ 3001 1-bit ﬂ D clk state reg
left shift 1 - reset
/ O
1-bit 12
di3] | fight shift
d L}/ o l
ctrl
clock
reset
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Universal A|ZE 3| X| AFEf

u Verllog _—T_'_E reg [N-1:0] state reg;
reg [N-1:0] state next;
module universal shift reg
# ( o o // state register
always @ (posedge clk or negedge rstb) begin

parameter N =4 Lf (~rotb) state reg <= 0;
)« else state reg <= state next;

input clk, end

input rstb,

input [1:0] ctrl, // next-state logic

input |[N-1:0] d, always @* begin

case (ctrl)
2'b00: state next = state reg;

) ; 2'b0l: state next = {state reg[N-2:0], d[0]};
2'bl0: state next = {d[3], state reg[N-1:1]1};
default: state next = d;

endcase
end

output [N-1:0] g

// output logic
assign g = state reg;

endmodule
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state _next

v

+1

clock

reset
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Free-running 72 E{

= Verilog Z &=

module free run counter

# (
parameter N =4

) (
input clk,
input rstb,
output [N-1:0] g,
output max tick
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reg [N-1:0] state reg;
wire [N-1:0] state next;

// state register

always @ (posedge clk or negedge rstb) begin
if (~rstb) state reg <= 0;
else state reg <= state next;

end

// next-state logic
assign state next = state reg + 1'bl;

// output logic
assign g = state reg;

assign max tick = &state reg;

endmodule
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Universal 7} 2Ef

30 =
» == state _next state_reg
'v :
d  qP— q
1
0 D clk =9k | max_tick
1 o —
1 O
— 1 1 0 ok | min_tick
OR
0 load sclr
en & ~up en & up
clock
reset
20
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Universal 7} 2 Ef

= Verilog Z &=

module universal counter // next-state logic

#( always @* begin
parameter N = 4 if (sclr) state next = 0;

) ( else if (load) state next = d;
input clk, rstb, else if (en&up) state next = state reg + 1;
input sclr, load, en, up, else if (en&~up) state next = state reg - 1;
input [N-1:0] d, else state next = state reg;
output [N-1:0] g, end
output max_ tick, min tick

) // output logic

assign g = state reg;

reg [N-1:0] state reg; assign max tick = &state reg;

reg [N-1:0] state next; assign min tick = |state reg;

// state register endmodule

always @ (posedge clk or negedge rstb) begin
if (~rstb) state reg <= 0;
else state reg <= state next;

end
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Mod-M 7} Ef

« AME B K| AE ZHO| (2 A A

module modm counter 1 reg [N-1:0] state reg;

#( wire [N-1:0] state next;
parameter M = 10,
parameter N = Sclog2 (M) // state register

) ( always @ (posedge clk or negedge rstb) begin
input clk, rstb, if (~rstb) state reg <= 0;
output [N-1:0] q, else state reg <= state next;
output max tick end

)
// output logic
assign g = state reg;
assign max tick = (state reg == (M-1)) ? 1'bl : 1'b0;

// next-state logic
assign state next = max tick ? 0 : state reg+l;

endmodule
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Mod-M 7} Ef

« SEf HIX[AHS| ks 2400 [HE 24

state_next
] state_reg
0 1] >l
0 d q q
+1 -
D> clk
reset
1 max_tick
M = @
clock
reset
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Mod-M 7} Ef

« SEf HIX[AHS| ks 2400 [HE 24

module modm counter 2 reg [N-1:0] state reg;

#( wire [N-1:0] state next, state inc;
parameter M = 10,
parameter N = Sclog2 (M) // state register

) «( always @ (posedge clk or negedge rstb) begin
input clk, rstb, if (~rstb) state reg <= 0;
output [N-1:0] q, else state reg <= state next;
output max_ tick end

) ;
// output logic
assign g = state reg;
assign max tick = (state inc == M) ? 1'bl : 1'b0;

// next-state logic

assign state inc = state reg+l;
assign state next = max tick ? 0 : state inc;
endmodule
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7-segment LED | 0f

» Time-multiplexing | Of
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| l I
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7-segment LED | 0f

» Time-multiplexing | Of

an0
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7-segment LED H|Of

» Time-multiplexing A| Of

in0 / }
inl 01 / SSeg
i +sse
o // 10 | ‘4 | decoder | 77 J
in3 7 11
4 /]/ q[17:16]
// /f/é
18
d q—/J-' q
/ 18 B
+1 g
s —D clk 2
reset 2-to-4 ——
clock ]' decoder | 4 an
reset
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7-segment LED X| Of

= 725 7|8t clock Lt57|

= NH|E 7}20 : g[N-1:0]
= m A 29| Rk clk,, = clk/2n Clock :
edge |qg[2] |q[1] |q[O]
1st | 0] 0| O
l ond | 0 | 0 | 1
,23 d q /3 q 3rd | 0| 1|0
yi 4th 0 1 1
7 +1
3 > clk 5th | 1| 0 | O
clock reset 6th 1 0 1
reset T 7th 1 11 0
sth | 1| 1| 1
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7-segment LED M| 0§

= 7F2H 7|Bt clock L7

clk
P To
q[0]
ck/2 —1 2T, _
q[i]

clkia —_ 4T,

qi2) ;
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7-segment LED M| 0§

module sseg multiplexing // 4-to-1 multiplexer
#( always @* begin
parameter N = 18 // counter case (g reg[N-1:N-27])
) ( 2'b00: begin
input clk, rstb, an = 4'b1110; in = in0; dp = dp_in[0];
input [2:0] in0O, inl, in2, in3, end
input [2:0] dp_in, 2'b01: begin
output reg [3:0] an, an = 4'b1101; in = inl; dp = dp in[1];
output reg [/:0] sseg end
) ; 2'b10: begin
an = 4'b1011; in = in2; dp = dp_in[Z2];
reg [N-1:0] g reg; end
wire [N-1:0] g next; default: begin
reg [3:0] in; reg dp; an = 4'b0111; in = in3; dp = dp_in[3];
end
// counter endcase

always @ (posedge clk or negedge rstb) begin end
if (~rstb) g reg <= 0;

else g reg <= g next; // sseg decoder
end always @* begin
// next-state logic end
assign g next = g reg+l;
endmodule
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clock?| rising edge A| %} clk ' ()
state_reg ot HH= AlE A L T. ; \
o+ To) INE ol oo o 212 X
S T T iUl state_next ax= state_regY| i i
state next 2t HHL7| A|2F A|H : : 5 Late_ % _ ;
(& + Toonton) —{ Ta fo A S0(717] 2lol t, <t HOHE o Ta o

state_next X HHF7| € A|E  state_reg

s1 X §2
(tl + Tnext(max)) : :
state_next ¢f 2t E|0f OF =
A| E (t4 + Tsetup = t5)

Ct= clock® rising edge A&

clock cycle state_next 82 ‘ x
(&b Z=mps = T b

1 © _I"U'I' —= 1/Tc : X

N o o o o o e e e e e e e - satup

invalid value (transient period)
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KTIEA X
» X A Fht F=E
t, <t,
I:3 = l:O + ch + Tnext(max) 1:4 = I:5 - Tsetup t + T Tsetup
tO + ch + Tnext(max) < tO + T Tsetup
Tc < ch + Tnext(max) + Tsetup
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-I-I [H EII—

ZaSTI B

* 0.55-um CMOS standard-cell technology

H|E XpFE M= ALK

37| nand | xor >, >4 = +1, +14 +a +4 MUX
8 8 22 25 68 26 27 33 51 118 21
16 16 44 52 102 51 55 73 101 265 42
32 32 85 105 211 102 113 153 203 437 85
64 64 171 212 398 204 227 313 405 755 171
8 0.1 0.4 4.0 1.9 1.0 2.4 1.5 4.2 3.2 0.3
16 0.1 0.4 8.6 3.7 1.7 5.5 3.3 8.2 5.5 0.3
32 0.1 0.4 17.6 6.7 1.8 11.6 7.5 16.2 11.1 0.3
64 0.1 0.4 35.7 | 143 2.2 240 | 157 | 32.2 | 229 0.3

J \\

Area

(gate count)

Delay
(ns)
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-I-I [H EII—

ZaSTI B

= O Al free-running ANZE 3 X|AH
" Toq X Teerp= flip-flop -4 0|2t datasheett| K| % AL K| S =
. 01| T, -1ns,Tsetup—05ns

= next-state & SO A Tnext(max) =0ns
 E0 S& FOE = U(Ty, + Teew) = 1/1.5 = 666.7 (MH2)

S_out
s in d q d g d g d g
D> clk D> clk D> clk D> clk
reset reset reset reset
clock
reset
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o T

G| Al: free-running 7= E

= 8H|E incrementor2| &% T, exmag = 2.4 NS
O S Foba(f ) = 1/(T + Theximan * Teewp) = 1/3.9 = 256.4 (MHz)
16H|E mcrementorol 8% Theximax) = 5-5 NS, fra = 142.9 MHz

» 'max —

32H| E incrementor2| B T cymayg = 11.6 NS, f5 = 76.3 MHz

d q 1 q
+1
D> clk
reset = 9f :
clock ], AND max_tick
reset
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A\ O} S& Fa

Ij4 22l Yy

|EH %I_II- ZIS l'_l_ - l/(T + Tnext(max) etup)
" Ty H Teewpe flip-flop2l E**Olﬂf HAEE = Bl&

Tnext(max)'— next-state 2& 2|20 [IEL| 3|2 & HASIH =2 = UAZ
“l E B EEEER
o . d
p next 3 M YH output .
= State — . =4
olgd —1 = . logic
= : logic . D> clk
L TERERER :
clock
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Hold time violation

clock?| rising edge A| %} clk | ,
state_reg #f HH = Al E P . : Te 1
state_next & BF7| A[Z} Al 5 L t,0f State%_;l-e)o(t};-)ikt |‘;|:L AR L
(tl + Tnext(min)) = Q |‘_‘ State_reg: wee El O-I |: - (to § Th0|d ) t2) ) }‘7
state_next 2t HFR7 2 AT state_reg " & B g - Y =
(tl + Tnext(max)) ‘ ' : ; ‘ ‘ :
state_next 4f QHEE[Of OF St= P :
Al E (t4 + Tsetup = t5) % E‘."Tﬁ-’"{
CHS clock®] rising edge Al = S :

Pf 3 Toedtme
clock cycle state_next ‘ef ) 82 P

iy \ f A
cerEnsTT 9E
I S _I"u'l'_l_ - 1/Tc :
S - ~Thoid ~Tostup

invalid value (transient period)
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Hold time violation

» Hold time &

o+ Thow <L
tO + Thold < tO + ch + Tnext(min)

Thold < ch + Tnext(min)

. Tnext(m,n).': next-state 22! 2| 20| (2| 3|2 & A A|5IH

< Ol o|lo
= +=AS

= Free-running A|EE 2| X|AES| AL
Tnext(mln) Ons

Thold < ch

» Pl == MAHAESY
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» =3 22X 3|2
= Mealy =3 = f(&El gi|X[AE, =)

= Moore %E—':! - f(é)F EH E-lelﬁE-l) T(;o - ch + Togtput
e
next- d g _| Mealy
state output [—=— Mealy &
olgq . . g
= =5 logic D clk logic | ¢
y
clock Moore
output —— Moore =
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