YTIOYPIEIO EONIKHE MAIAEIAL KAI OPHEKEYMATON
EIRIKH YOHPELIA AIAXEIPIZHE EneAe ™ E n n ‘

j\ _ === HMATAETA STHN KOPY®H
EANAAA EYPOMAIKH ENOEH SO Enixeipnoiakd Mpdypaupa

%%"”“(””)*b’”"é‘ . IYTXPHMATOAOTHIH - ; Exnaideuong ka1 ApXx1kng
Avdrugh mavrot, Avdrzdh yia Slovc. EYPONAIKO KOINONIKO TAMEIO £ EnayyeApyatikng Katdptiong

91 Ocuotikn Evotnro : Elooywyn otig I Awooeg
Leprypogpnc Yiikoo.: Movteia AxolovOroxav
Kvxiowuarwv, Katoaywpntav, Metpntav,
Mvnuawv




Elcaymyn

Yndpyovv 000 €10M TEPLYPAPNC CLUTEPLPOPAS

2LVUTEPLPOPE. EVOC VUTEPLPOPDL
Brjuatog: initial KukAkn: always
begin ... end fork... join 20VOECT] KUKAOUATOV
Mopay®yh KUUUOTOLOPOOY Exteheiton £mg 10 T€AOG NG
‘ eCopoimonc

Exteleitan pio @opd kot
GTOLLOTA
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[Topdoeryuo: porAOt ue 1nitial

Mmopovpe va opicovpe Eva TEPLOOIKO GO OTTMOS TO POAOL LE
TOALOVG TPOTOVG

initial initial Apyikonoinon

begin begin . 7

clock=1b0; {clock = 1 bo‘

““repeat (30) end

. #10 C|OCk =~clock; ..~ | e

end TR ~nitial 300 $finish;

a_Jwgys #10 clock = ~clock; -~
a T T T
Opilovton 15 mepiodor
POAOYLOV

Tskscsrﬁg KaBvoTéEPNoNg

_____

Xp. Kapovoiavdc 3



Teleomc EAEyyov 'eyovoTmv

Y ovoegitol oto
Dataflow statements

t Edge sensitive
Level sensitive t
t always (@ (posedge clock or negedge reset)
always @(Av Or B or C) always (@ (posedge :lock, negedge reset)

e Y,
—————————

-

L TS ————— . _—_____ Y-
- - e m e e LT E e~

_____________________

end
"2 To oplotepd HEAOC TG
avabeonc eivot TOmoL reg

Xp. Kapovoiavdc 4



Procedural assignments

Yndpyovv 000 €idn avaBicemv

blocking /\ Non-blocking

=)

\ 4

AxorovOiouch

B=A C=A+1
C =B+l B

\ 4

Level-sensitive
(oLVVOLOGTIKY] AOYIKT))

(<)
\ 4

[TapdAinia

B<=A | c_ph
C <= B+1 -

\ 4

Edge-sensitive

Xp. Kapovoiavdc



D-Latch

/I Description of D latch (See Fig. 5.6)

module D_latch (Q, D, enable); H avéBeon oto always
_OUtPtUt SJ O > block vroypedver TV
input D, enable; ... 7 on TOToV re
<reg ______ Q; > 7 xPmon 8
always @ (enable or D)
if (enabley Q <=D; >~ - Same as: if (enable == 1)
endmodule

/| Alternative syntax (Veri[og’éOO1, 2005)

———————————

if (enable) Q <= D; /I No action if enable not asserted
endmodule

Xp. Kapovoiavdc



D-Flip Flop

/I D flip-flop without reset
module D _FF (Q, D, CIk);

output Q;

input D, CIk; H anoBrevon yivetan

reg Q; I > otV OeTikn) axun tov

always @ (posedge CIk) A pohoyiod
Q<=D;

endmodule

/I D flip-flop with asynch;oﬁaus reset (V2001, V2005) , ,
module DFF (outputfeg Q, input D, CIk, rst); > Acvyypovn unoévion

‘.

~~~~~~

if (Irst) Q <= 1'b0; /I Same as: if (rst == 0)
else Q <=D;
endmodule

Xp. Kapovoiavdc 7



D-Flip Flop

H avayvmpion tov 6nuatog poloylov yiveton LEGH TG KOTAAANANG

MEPLYPOPNG
Kavoveg
KaOe if, else if avtictoryel o Ta acVYYpOVa YEYOVOTOL
aGVYYPOVO YEYOVOS eEAEYYOVTOL TPV TA GLYYPOVOL
v

To teMko else avtioToryel o€
GUYYPOVO YEYOVOS (POAOL)

Xp. Kapovoiavdc 8



T-Flip Flop

module DFF (output reg Q, input D, CIk, rst);
always @ (posedge Clk, negedge rst)
if (Irst) Q <= 1'b0; /I Same as: if (rst == 0)
else Q <=D;

endmodule

module TFF (Q, T, CIk, rst);
output Q;

input T, CIk, rst; D
wire DT, r
assignDT=Q"T;

/l Instantiate the D flip-flop
DFF TF1 (Q, DT, CIk, rst); —P> Clk

endmodule
(b) From D flip-flop

Xp. Kapovoiavdc



JK-Flip Flop

module DFF (output reg Q, input D, CIk, rst);
always @ (posedge Clk, negedge rst)
if (Irst) Q <= 1'b0; /I Same as: if (rst == 0)
else Q <=D;

endmodule

module JKFF (output reg Q, input J, K, CIk, rst);
wire JK;
assign JK=(J &~Q) | (~K & Q):

/I Instantiate D flip-flop
DFF JK1 (Q, JK, CIk, rst);
endmodule

B
g DS

Clk —

> Clk

[#]

Xp. Kapovoiavdc
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JK-Flip Flop (2)

____.____-——_ ____________
________________

5 ~cassign Q_b=~Q;
: a|W5y§‘@'(p'6§édge Clk) ™
2 / case ({J,K}) R
g '
SR 2b00: Q <= Q, AvéOeon extoc always (dev
a < 3308: g <=1 EO; omonteitat TOTOG reg)
'b10: Q <= 1'b1;
2b11: Q <=1Q;
\_endcase
endmodule

Xp. Kapovoiavdc 11



Awaypapuoato Kataotoong oe HDL

|

4
’
4
,
.
4
,
,
’
4
\ z

J ’

f ,

f ’

4
4
.
’,
s
,
’
’
4
’,
,
’

L
Alloyn xoTdoTaong oty
oK TOL poAOYLOD [/

/4 7 P,I
Enopevn xotaotaon

(level sensitive)

10 .

module Mealy Zero Detector ( Aﬁ NDGN G’L‘(I@Sp(b\/

input x_in, clock, reset -7 , .
. put % [TAdTog 2 bit
reg[1:0]  ___state, next state; ... A
<parameter» " <“SU= 200, $1= 2001, S2 = 210, $3 = 2b11, 1
Verilog 2001, 2005 syntax

always @ (posedge clock, negedge reset)
if (reset == 0) state <= SO0;
else state <= next_state;

always @ (state, x_in) /I Form the next state

case (state)
x_in) next_state = S1; else next_state = SO;

SO0: if (
S1: if (x_in) next_state = S3; else next_state = SO;
S2: if (~x_in) next_state = SO; else next_state = S2;
S3: if (x_in) next_state = S2; else next_state = SO;
endcase
always @ (state, x_in) ~ /I Form the Mealy output
case (state)
S0: y_out = 0; [Tapaywyn
S1,S2, S3:y _out=~x_in; > 8&(’)600\/
endcase
endmodule J

Xp. Kapovoiavdc
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s
[

N
~

AVTIGTOlY1I6T GE VAIKO

module Mealy Zero Detector (
output regy out,
input x_in, clock, reset

reg [1: 0]

state next state

if (reset == 0) state <= SO ;)
‘\\g_l_s_e_ state <= next_state; . -7
always @ (_s;t_a_t_e: :)-X_II:_];: ______________________ /I Form the next state
__case(state) SO T
SO: if (x_in) next_ state S1; else next_ state SO‘

S1: if (x_in) next_state\ S3; else next_state = SO; ‘;
S2: if (~x_in) next_state = SO; else next_state = SV
e S3 if (x_in) next_state = S2; else next_state = S6;"
endcase------____________ . N
__always @ (state, x_in)~~-._ // Form the Mealy output
case (state)
S0: y_out =0; NN
S1,82,83:y_out=~x_in; o\
endcase / N .
Qndmodule ] 4 Qe

Next State
Combinational
Logic

Inputs e————t—

Xp. Kapov

Clock

State
Register

Output
—>  Combinational
Logic

Outputs
(Mealy-type)



Test Bench

module t Mealy
t y out;
t x_in, t_clock, t _reset;

wire
reg

Zero Detector;

Mealy Zero Detector MO (t y out,t x in, t clock, t_reset);
initial #200 $finish;
initial begin t clock = 0; forever #5t_clock = ~t_clock; end

,‘ ~

S -

t reset =0;
#2 t;_reset =1;
#87 't reset = 0;

—>
#10t x in=1;
#30t x in=0;
#0t x in=1;

Stream of 1s

0

30 60 90

1 1 11 1 1 I 1 11 1 11 1 11 | 11 1 11 1 11 1 I 1 11 1 L1 1 11

\H—u'—u'—u—q—_ﬁ_ﬁ_—pﬁ_—g

#89 ':t_reset =1; #50 t_x_in = 0, t_clock | : :
' #52 t_x_in =1; t_reset | | | L]
v #54t x_in=0; o
Extehobvtol #70t x in=1; Cxin | /n? 174) %p Ip J |
TopGAAN o, #80t x_in=1; [ B
;oL #70t x in=0; state[1:0] 0 ) [1 ]{ L 3 f b1 I“ 0 ol 1/ o
a7mo t_O Ol #90 t_x_in =1; next_state[1:0] 0 “:I:i‘ ‘\1‘ 3 ‘z‘ 0 i ) 0 1:11] 1 ?z:( 0 X
ECMOTEPIKEG  #100t x_in = 0; | ;i \E
avadéoelc #120t x in=1; t_y_out /} L[ L ) S
#160 t x_in = 0; \ /! \
.. #1170 tFx_in =1; \//
,\’: l oin /, valid Mealy output Mealy glitch
“endmodule
Xp. Kapovoiavdc 14




Test Bench

W
=.
3
S o
Imw
o>
=z o 8
s P S
I O
< <
~
3 3
= P
© =
53
L 3 o
Ia O
e &
3 %
2 P
3
W
3 E
IOT
=
w (=]
H (s8]

Stream of 1s
.\

\
\
(1)

=]
o
N
— = ull.llnlu..uununuu
) & ST
PO Syl UEDIREREURUONN! SEPEPRPORDRO S | S
i L ksl
— o
............................ ol .
................ s TR
]

N\

\|/

valid Mealy output

S

T

~ =
o Y} = ”. S_ Q
S @ = v o |

-~ V - =
| | | = |
-~ -~ ) L] = ~

Mealy glitch

E&aipeon: acuyypovog unoeviGOG

15
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Test Bench

Stream of 1s

0 \ 30
11 | I N N I N | I | N N N NN (N (N | I | S N N IR (N (N I | N N N NN (N SN |

60 90
| | |
| | |
N1 milEm L T

t_clock \ | | |
t_reset | I } : L]

| | |

| } |
 x_in B . 75_1 /> ,‘ L

. f./ i / i / : l: )
tate[1:0 (/v V3 1o | (] o | 1
state[1:0] 0 “%:t /1 (E 0%} LIS 0 ) k 0 5,:'—.1 0
next_state[1:0] 0 j1/ 13 f2\{ 0lf1 ! 3V 0 j1if1 g3 o0
NINANES

t_y_out /] | '\; /\,‘ : [

| | - \ .

N1/

valid Mealy output
=

H €Zoooc eivan level sensitive
(oLVOLOOTIKO KOKAMLLA,)

~
~
~
~
~
N
~
N
~
N

Mealy glitch Y

H emopevn xatdotaon sival level
sensitive (GLVOLOCTIKO KUKAMLLA,)

Xp. Kapovoiavdc
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IHapdoeryua

7\ 7\
1 |" | AR | // Moore model FSM (see Fig. 5.19) Verilog 2001, 2005 syntax
~ 0 3 module Moore_Model Fig 5 19 (
S0 @ @ S3  output [1: 0] y_out,
§ input x_in, clock, reset
);
j 'i. reg [1: 0] state;
0 ’ 0 o parameter S0 = 2'b00, S1 =2'b01, S2 =2'b10, S3 = 2'b11;
g | always @ (posedge clock, negedge reset)
'. | if (reset == 0) state <= S0; /I Initialize to state SO
\ ,' else case (state)

SO: if (~x_in) state; &= S1 else state,<— SO

S1 \ §2 S1: if (x_in) state.<— S2; 'else staté <= S3;
e 7 Sz if (~x_in) State' <= S3,,e|se staté <= 82,,'

1 : f 1 S3: if (~x_in) state' <= S0; else state' <= 83;
\_/ / endcase D N
assign y_out = state; Il (\)\utput of ﬂip-ﬂof)s
endmodule
To else kaBopitét
gvaoOnoia otnv PR
aKuf poAOYLoD 2VVOLOGTIKN non-blocking

Aoy ‘ assignment

Xp. Kapovoiavdc 17



[Tapdoeryua (test bench)

0 30 60 90
| 1 | 1 | 1 | 1 | I | | | | | | | | 1 I | | 1 | 1 | 1 | 1 I 1 | 1 | 1 | 1 | 1
. e s s Y Y N e Y e Y o O e B
L
e reset on-the-fly —
t x_in ] L | L] | l |
state[1:0] 0 1 203 o1l o J13
t_y_out[1:0] 0 (1 0203 )0 1) o |13

Movtélo Moore

Xp. Kapovoiavdc
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[Hapdoerypa (2): Avaotkog Metpntg

x }T

> Clk
R

A

]

> Clk
R

| ]

Clock reset

(a) Circuit diagram

\
(o0

.\ | Y,

Xp. Kapovoiavog
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(0)) Me Movtero Awaypauuatoc Koatactdeemy

0 0

~ ~ module Moore_Model Fig 5 20 (
() [ output y out,
60/5 1 - @ input x_in, clock, reset
) );
“J ~ reg [1: 0] state;
parameter S0 = 2'b00, S1 =2'b01, S2=2'b10, S3 = 2'b11;
1 1 always @ (posedge clock, negedge reset)
if (reset == 0) state <= S0; // Initialize to state SO
' else case (state)
~N S0: if (x_in) state <= S1; else state <= S0;
11/1)= 1 @ S1:  if (x_in) state <= S2; else state <= S1;
70 fl To S2: if (x_in) state <= S3; else state <= S2;
\/ N S3: if (x_in) state <= S0; else state <= S3;
endcase
assign y_out = (state == S3); // Output of flip-flops
endmodule

H avtictoyyia
eV TPOPAVNG

Xp. Kapovoiavdc 20



(B) Me Movtélo Aounc

Clock reset

(a) Circuit diagram

H avtictoyyia
eV TPOPAVNG

module Moore_Model STR Fig 5 20 (

A
T
} y output vy out A, B,
Al ) Dh— input x_in, clock, reset
xS )
5 o ‘ wire TA, TB;
L /I Flip-flop input equations
", <ilassign TA=x in & B
oy <:Zassign TB=x_in; "7
paee SR I /I Output equation
! B _ xidssigny out=A&B:
T " /I Instantiate Toggle flip-flops
Sok | T ~Toggle_flip_flop 3 M_A (A, TA, clock, reset);
R_ | T Toggle flip flop 3 M_B (B, TB, clock, reset);

endmodule
module Toggle flip flop (Q, T, CLK, RST_b);

output Q;
input T, CLK, RST_b;
reg Q;

always @ (posedge CLK, negedge RST _b)
if (RST_b==0)Q <=1'b0;
else if (T) Q <= ~Q;

endmodule

Xp. Kapovoiavdc

21



Test Bench yia (), (B)

module t_Mtoore_Ftigz_5_20; C "EAeyY0G Kot TV S00

wire out 2,t y out 1; , ,

reg t:i:in, t__clo?:)li,_t_rgset; ) AT MEPLYPUOOV
Moore_Model Fig 5 20 M1(t y out 1,t x in, t clock, t _reset);

[ Moore Model STR Fig 5 20 M2 (t y out 2,A,B,t x in,t clock, t reset); J
initial #200 $finish; Nome R . .-
initial begin

t_reset=0; (_clock | ML LU LT
t clock = 0; ! reset |
#5t reset=1;
repeat (16) t x_in I oy R s ) O
#5t_clock = ~t_clock;
end t_y_out_I
initial begin t_y_out_2 I I
t x_in=0; A ' |
#1565t x_in=1; B T
repeat (8)
#10t x_in=~t x_in;
end
endmodule

Xp. Kapovoiavdc 22



Katayopntc OAicOnonc (behavioral)

- -

A_par

o J(4 Mode Control
v $1 So Register Operation
_ _ . ‘ 0 0 No change
MSB_in =— Shift_Register — [.SB_in 0 1 Shift rig ht
1 0 Shift left
LK — /} A 1 1 Parallel load
Clear b ————
I_par always @ (posedge CLK, negedge Clear_b)
module Shift Register 4 beh ( |fI(CIear_b == 0) A_par <= 410000;
output reg [3:0] A _par, else 1 <0
nput 501 Lpar 00 A <A i
input s1, s0, .£ DV A_pat = - Apar.
P VSB i LSB in 2601 Apar <= {MSB_in, A_par[3: 1]}
CLK Clear b /,2!b’1’0: A par <= {A par[2: 0], LSB _in};
) - <« 2'b11: A par<=1_par;
’ Mmopei xat vo, endcase
napoAnN@OEl  ondmodule

Xp. Kapovoiavdc 23



Katayopntmc OAicOnonc (structural)

Parallel outputs
Ajz A2 A] A
Q Q Q Q
Clear_b ——¢-¢
© C C C
A D A D A D A D
CLK
y y y y
51— - > >
4X1 4X1 4X1 4X1
MUX MUX MUX MUX
Sp —> > > >
3210 3210 3210 3210
N N L
in?)?lrtli’:)r Serial
. — input for
shift-right shift-left
I L I I
Parallel inputs

Xp. Kapovoiavdc



Kataympntc OAMcOnonc

/I 4x1 multiplexer /I behavioral model
module Mux_4 x 1 (mux_out, i0, i1, i2, i3, select);
output mux_out;
input 10, i1, 12, i3;
input [1: 0] select;
reg mux_out;

always @ (select, i0, i1, i2, i3)
case (select)

2'b00: mux_out = |0’ module D_ﬂlp_ﬂop (Q, D, CLK, CIr_b);
2'b01:  mux_out =i1; output Q;
2'b10:  mux_out =i2; input D, CLK, CIr;
2b11:  mux_out =i3; reg Q;
endcase

always @ (posedge CLK, negedge Cir b)
if (IClr_b) Q <= 1'b0; else Q <= D;
endmodule

endmodule

Xp. Kapovoiavdc 25



Kataympntc OAMcOnonc

/I One stage of shift register
module stage (i0, i1, i2, i3, Q, select, CLK, Cir_b);

input 10, /I circulation bit selection
i1, /I data from left neighbor or serial input for shift-right
i2, /I data from right neighbor or serial input for shift-left
13; /I data from parallel input

output Q;

input [1: 0] select; /] stage mode control bus

input CLK, CIr_b; /I Clock, Clear for flip-flops

wire mux_out;

/I instantiate mux and flip-flop
Mux 4 x 1 MO (mux_out, i0, i1, i2, i3, select);
D flip flop M1 (Q, mux_out, CLK, CIr_b);
endmodule

Xp. Kapovoiavdc 26



Kataympntc OAMcOnonc

module Shift Register 4 str (
output [3: 0] A pair,
input [3: 0] | par,
input s1, s0,
input MSB in, LSB in, CLK, Clear b

);

// bus for mode control
assign [1:0] select = {s1, s0};
/I Instantiate the four stages
stage STO (A_par[0], A _par[1], LSB _in, | par[0], A_par[0], select, CLK, Clear_b);
stage ST1 (A _par[1], A _par[2], A par[0], | par[1], A _par[1], select, CLK, Clear_b);
stage ST2 (A _par[2], A _par[3], A _par[1], | par[2], A par[2], select, CLK, Clear b);
stage ST3 (A_par[3], MSB _in, A _par[2], | par[3], A_par[3], select, CLK, Clear b);
endmodule
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20yypovoc Metpntig

module Binary Counter 4 Par Load ( Count

output reg [3: 0] A count, Load ——

output C_out,

!nput [3: 0] Data_in, Data_in ==& 4-Bit Binary Counter <> A_count

input Count, 4 4
Load,
CLK, Clear | L C out
Clear b CLK )

);
assign C_out = Count && (~Load) && (A _count == 4'b1111);
always @ (posedge CLK, negedge Clear b)

if (~Clear_b) A count <= 4'b0000;

else if (Load) A count <= Data_in;

else if (Count) A count <= A count + 1'b1;

else A count <= A_count; // redundant statement

endmodule
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Metpntic Purg

module Ripple _Counter_4bit (A3, A2, A1, A0, Count, Reset);
output A3, A2, A1, AO;
input Count, Reset;

/I Instantiate complementing flip-flop
Comp_ D flip _flop FO (AO, Count, Reset);
Comp_ D flip flop F1 (A1, AO, Reset);
Comp_ D flip _flop F2 (A2, A1, Reset);
Comp_ D flip flop F3 (A3, A2, Reset);

endmodule

/I Complementing flip-flop with delay

/I Input to D flip-flop = Q'

module Comp_D flip_flop (Q, CLK, Reset);

output Q;
input CLK, Reset;
reg Q;

always @ (negedge CLK, posedge Reset)

if (Reset) Q <= 1'b0;

else Q <=#2 ~Q; /I intra-assignment delay
endmodule

Xp. Kapovoiavdc
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Metpntic Purg

/I Stimulus for testing ripple counter

module t Ripple Counter_ 4bit;

reg Count;
reg Reset;

wire A0, A1, A2, A3;
/I Instantiate ripple counter

Ripple Counter_4bit MO (A3, A2, A1, A0, Count, Reset);

always
#5 Count = ~Count;
initial

2VGGMPELCN
KaBvoTEPNONC
e

0.0 ns 57.0 ns . 114.0ns 171.0 ns

2N .
AR TN TN N TN T T T M N TN T I 200 S S TN DO SN T A TN T T N TN T T AN NN T TN SO NN B
T s

begin Reset u ', l
Count = 1'b0; Count SpipEpup NN SRRy Ry
Reset = 1'b1; :
#4 Reset = 1'b0; A0 w [ S N B S B S
end Al I ey I S e N B SR
A2 I gy ——
Lol
initial #170 $finish; |* N \
endmodule t=88ns t =168 ns
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Metpntic Purg

70.0 ns 77.0 ns 84.0 ns 91.0 ns 98.0 ns
| 1 | | | | | | I | | | | | | | | | I 1 | | | | | | | I | | | | | | | | | I |
Reset
Count l J
Al
A2 |
A3 -7 |
(b) From 70 to 98 ns
2V0GCMPEVC ,
',) i # Mn amodoTikd
KaBvoTEPMNONC
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Mv1un

H pviun povielomoteiton pe otdrrocn mivoko:

MéyeBog AéEncS i’€g[15:0] memword [0: 1023] ----> Méyebog Mviung

module memory (Enable, ReadWrite, Address, Dataln, DataOut);
input Enable, ReadWrite;
input [3: 0] Dataln;
input [5: 0] Address;
output [3: 0] DataOut;
reg [3: 0] DataOut;

reg [3: 0] Mem [0: 63]; /1 64 x 4 memory
always @ (Enable or ReadWrite)
if (Enable)
if (ReadWrite) DataOut = Mem [Address]; /I Read
else Mem [Address] = Dataln; /I Write
else DataOut = 4'bz; /I High impedance state
endmodule
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