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module binary TOESeg;

wire eSeg, pl, p2, p3, p4,;
reg A, B, C, D;
nand #1
gl (pl, C, D),
92 (p2, A, B),
g3(p3, B, D),
g4 (p4, A, C),
g5 (eSeg, pl, p2, p3, p4);
endmodule
11 Verilog :
binary ToESeg modul e, :
endmodule wire
5 6 10 (instantiate) 5 :
: AND
OR XOR, 5 : gl g5 " #UI
, NOT « ")
Verilog
, Verilog
( ) :
1) ) 4
(net)
( ), (wire)
net : wired-AND wired-OR trireg
net 4 9
binary T oESeg binary T oESeg :



binary T oESeg , eSeg :

4 21, net 4 2 3

112 binaryToESeg

12 binary ToESeg , binary TOESegSIm

NAND :

12 binary ToE Seg

module binary TOESegSim;

wire eSeg, pl, p2, p3, p4;
reg A, B, C, D;

nand #1
gl(pl, C, D),
g2 (p2, A, B),
g3(p3, B, D),
g4 (p4, A, C),
g5 (eSeg, pl, p2, p3, p4);

initial I two slashes introduce a single line comment
begin
monitor ( time,,,
"A = %bB = %bC = %bD = %b, eSeg = %b’',
A, B, C, D, €Seg);
I waveform for simulating the binary ToESeg driver
#10A =0;B=0;C=0,;D = 0;

#10D = 1;
#10C = 1; D = 0;
#10 finish;

end

endmodule



: 12 initial (

aways ),
12 11 : initial initial
begin  end :
11
OA =xB=xC=xD = x,eSeg = x
I0A=0B=0C=0D = 0,eSeg = x
12A =0B=0C=0D =0,eSeg = 1
20A=0B=0C=0D-=1,eSeg=1
2A=0B=0C=0D=1eSg =0
30A=0B=0C=1D =0,eSeg =0
32A=0B=0C=1D =0,eSeg =1
11 12
initial : : ( )
( time ), (quoted string), A B
CD %b(b ) time
time ;
( : time ) 11 ,
X, : 4
#10A=0;B=0;C=0;D =0;
A BCD 10 0
10 (0)
; : 10
# 10
( 10), (ABCD ) :



1, ( 11)

, ; 20,D
1 20 ;
4 (gl g4) 11 :
g5
, 91 o4
11 : 1, —
pl,p2,p3,pd 4 g5 12
(11) : ( 12)
12,eS=g :
, : 20,
D 1 eSeg 30,D 0,C
1,eSeg 2 40, finish command
11 4 3
¢ ).00 ) x( ) 4 z
net register X
ABCD
Verilog :
: ( aways )
Verilog
timesca e ( )
4 2 2; 473
Al
113
binary T oESeg — ,



13

module binary ToESeg (eSeg, A, B, C, D);

output eSeg;
input A, B, C, D;
nand #1
91 (pl, C, D),
92 (p2, A, B),
g3(p3, B, D),
g4 (p4, A, C),
g5 (eSeg, pl, p2, p3, p4);
endmodule
inputs, outputs inouts
: eSeg
A BCD 1.2 ,A B CD
binary ToE Seg
, 4 (
13 eSeg, p1, p2, p3, p4
) ,
114
Verilog
Verilog , testBench

pl)

12

12

V erilog



12

: ; CAD
C—_— 1 2 binaryToESegSim
( ) ( ) , 14
testBench ; binary ToESeg test-
bToESeg : 4 5 : 4
binary T oESeqg, d 5 t test- bToESeg
( ) ,
( ) 1 )
13
13
0 2
wl wb test- bToESeg A
testBench w2 binary ToESeg
A binaryToESeg g2 g4 A

7.



g2

g4 testBench 12 binary TOESegSim

14

module testBench;
wire wl, w2, w3, w4, wh;

binary T oESeg d (wl, w2, w3, w4, w5);
test. bToESeg t (wl, w2, w3, w4, wh);
endmodule

module binary ToESeg (eSeg, A, B, C, D);
input A, B, C, D;
output eSeqg;

nand #1
gl (pl, C, D),
92 (p2, A, B),
g3 (p3, B, D),
g4 (p4, A, C),
95 (eSeg, pl, p2, p3, p4);
endmodule

module test. bToESeg (eSeg, A, B, C, D);

input eSeg;

output A, B, C, D;

reg A, B, C, D;

initial I two slashes introduce a single line comment
begin

monitor ( time,,
"A = %bB = %bC = %bD = %b, eSeg = %b’',
A, B, C, D, eSeqg);
I waveform for simulating the nand flip flop
#10A =0;B=0;C=0;D = 0;

#10D = 1;
#10C = 1; D = 0;
#10 finish;



end

endmodule
test. bToESeg , A,B,C,D
aways
test- bToOESeg A
A , Verilog
, : w2
6, 26
A 2
12
Verilog
)
) C
V erilog
121

15
aways

binary ToESeg

: A

always



“ while (TRUE)”

always “o="

15 binaryToESeg

module binary TOESeg- Behaviord (eSeg,A ,B,C,D);

output eSeg;
input A,B,C,D;
reg eSeg;

always @ (A or B or C or D) begin
eSeg=1;
if ( A&D)
eSeg=0;
if (  A&B& C)
eSeg=0;
if ( B& C&D)
eSeg=0;
end

endmodule

eSeg always
aways “ @

@(A orBor Cor D) begin ...end

aways :
A,B,C D (
begin . . .end
: (eSeg)
, 1,
begin ...end ,always :

eSeg

10 -

A,B,C



calways 2 1; if 2 2

122

15

(eSeg=1;)

13

15

begin . . .end
begin .. .end

eSeg

A 3

13
begin .. .end
14
Q1
0

QO

eSeg)
15

v

11 -



Verilog
aways :
aways
14
15
131
14 16 out,
currentState
reg [1:0] currentState, nextState;
currentState  nextState CTT11)
; : out
nextState always
nextState currentState (vector)
(scalar)
16

12 -

(

out)



module fsm(out,in,clock, reset) ;

output out;
input in,clock, reset;
reg out;

reg [1:0] currentState, nextState;

always @ (in or currentState) begin I the combinationa portion

out= currentState[ 1] & currentState[0];
nextState = 0;
if (currentState==0)
if (in) nextState=1;
If (currentState==1)
if (in) nextState=3;
if (currentState==3) begin
if (in) nextState=3;

else nextState=1;

end
end
always @ (posedge clock or negedge reset) begin /I the sequential portion
if ( reset)
currentState<= 0;
else
currentState <= nextState;
end
endmodule
aways
currentState : begin ...end begin . end
nextState out out

out= currentState[ 1] & currentState[0];

currentState i ") currentState
“ currentState[1]” (bit-select) —
NextState If

If (currentState = =3) begin
If (in) nextState = 3;

13-



else nextState = 1;

end
currentState 3( 11, 14
), nextState in in True, nextState 3(
11) nextState 01 always
nextState
aways : 122
, in  currentState always
, or in currentState , out
nextState always aways
aways o=
initial always always fo<E—
( posedge negedge) initia
alWayS . 13 =H 13 <:” ;
always
reset 0 1, 1
0 : begin ...end reset
begin . end , reset 0, currentState
0 reset 0, clock , currentState 0
reset 1 clock ; begin . end :
el se
currentState< = nextState;
nextState currentState
, D
(currentState 0),reset  1( ),clock 0,in 1 :
cout 0, nextState 1 clock : always
nextState currentState, clock reset
currentState 1, away out nextState
out 1, in 1, nextState 3 in 0, always

14 -



, out nextState, ;nextState 0, out
0
@3 2; if 2 .2; bit-select E 1,2 2
132
122 , 1.6
aways
always
, D ,D
D , D
aways : : if
“if( reset) ..” , if “if
(reset) ..’
begin . . .end else
aways
, always
17
: { <=7")
[13 <:H
) . <:”
‘ (picky)”,
, fsm clock reset
16 ,
D clock reset
1 3 3 (( <: ”)
fsm )
="

15 -



16 fsm
14
cO cSl, aways ——
fsm fsmNB
always
reset : reset

[1] <:”

“ Q0&IM(Q0 in ) “ Q1]in(Q1

cSO

cS1 <= in & cO;
cSO <= in|cSL;

( )

cSl , cSO cSl
cS1

17

module fsmNB (out, in, clock, reset) ;

output out;
input in, clock, reset;
reg out, cSl, c0;

17

always @ (cS1 or c0) I the combinational portion

out = ¢Sl & c¢SO:;

always @ (posedge clock or negedge reset) begin

if ( reset) begin
cSl <= 0;
¢ <= 0;

end

16 -

Verilog
clock
cS1 0
cSl
cSO cS1
cSl
c0
c0 cS1

Il the sequential portion



else begin
cSl <= in & cSO;
c0 <= in| cS1;

end
end
endmodule
always
c0 B
A 4
14
(m555), 4 (m16)
141
138
4 ctr
aways
ctr 1,
( <=")
18

12

16

board
binary ToESeg

ctr

16

cS1

clock

17 -



module m16 (ctr, clock);
output  [3:0] tr;
reg [3:0] ctr;
input clock;

dways @ (posedge clock)
ctr <= ctr + 1;

endmodule
142
19 mb55 “ 555"
19
module m555 (clock);
output  clock; 1= —
reg clock; X
initial
#5 clock = 1;
0_
| l
always 50 100
#50 clock = clock;
endmodule
m555 (clock) , ,
X, clock 5 1 mb555
aways , always clock 50
away's “ while (TRUE)” , 50 ,
50 always D, 100
clock 50 : 100

(#)

‘timescae 1ng 100ps

18 -



, 100ps

47 3

143

16 1.10 ( board) 1.3 18

19 : board :

1.7

110

module board;

wire [3:0] count ;

wire clock, eSeg;

m16 counter (ocount, cock) ;

m555 clockGen (cock) ;

binary T oESeg disp (eSeg,count[3],count[2],count[1],count[0]) ;

initial

monitor ( time, ,,"count= %d, eSeg = %d’', count, eSeg);
endmodule
1.7
board ,
ctr  clock
module m16(ctr, clock);

ctr 4 : clock 1 1.10

19 -



binary ToE Seg ; ; 5 1

module binary ToESeg(eSeg,A ,B,C,D);

board : count mil6
binary ToE Seg : (A D) count
(bit-select) : ,

: board binaryT oESeg

binaryToOESeg disp (eSeg, count[3], count[2], count[1], count[0]);

count| 3] A, count[2] B, count[1] C, count[ 0] D
, 1.11 : m16 ;
: , w3, w2, wl, wO,
binary T oE Seg A,B,C,D : m16 4 ctr
“{ , V w3, w2,
wl, w0 ( ) : m16 4
111

module boardWithConcatenation;

wire clock, eSeg, w3, w2, wl, wO;
m16 counter ({w3, w2, wl, w0}, clock) ;
m555 clockGen (clock) ;
binary T oESeg disp (eSeg, w3, w2, wl, wO0);
initial
monitor ( time, ,,"count= %d, eSeg = %d’', {w3,w2,wl,w0}, e€SeQ);
endmodule

13 18 19 110 :

, ! ctr :
(x) clock 1 , 1
,Ctr
initial ctr=1;
m16 ( ctr )
802 : 138
: 0, , always

20 -



; m555
aways clock binary ToESeg
board m16 m16
, board : monitor statement
monitor statement, count X)
ctr (count) 0 1,2 eSeg
1 ,eSeg 0) 5,clock X 1 Verilog ,
ctr (count) 2 2 7,eSeg 1,
1 50, clock 0
clock 100, clock 1, clock

3 eSeg 2

18 13

4 2 4; always 2 1;

O count=1,eSeg = X

2 count=1,eSeg =0

5 ocount=2,eSeg=0

7 count=2,eSeg =1
100 count=3,eSeg=1
102 count=3,eSeg=0
200 count=4,eSeg=0
300 count=5,eSeg=0
400 count=6,eSeg=0
402 count=6,eSeg=1
500 count=7,eSeg=1
502 count=7,eSeg=0
600 count=8,eSeg=0
602 count=8,eSeg=1
700 count=9,eSeg=1
702 count=9,eSeg=0
800 count=10,eSeg =0
802 count=10,eSeg = 1

18 19 110

138 ,

display F 1

#5 #50 mle

ctr 1
( ctr
0( ctr
ctr 2 | eSeg
’ctr(count) 1 ctr

1.8

21 -



144

aways
, (
( )
, Verilog
1.0
, 13 binary ToE Seg 1.8 m16
ctr ctr
112 :
ctr , gl
, ctr : always
: always " 1 .13
binary ToESeg mixedU pESegDriver
NAND NAND
aways pl, p2, p3 p4
NAND eSeg
112

module counter ToESeg (eSeg, clock) ;

output

reg [3:0]
input

initial
ctr = 0O;

eSeg;
ctr;

clock;

dways @ (posedge clock)

22 -

g4

always

m1l6

always

NAND



ctr <= ctr + 1;

nand #1
g1 (pl, ctr[1], ctr[O]),
g2 (p2, ctr[3], ctr[2]),
g3 (p3, ctr[2], ctr[0]),
g4 (p4, ctr[3], ctr[1]),
g5 (eSeg, pl, p2, p3, pd);

endmodule

module mixedUpESegDriver (eSeg, A, B, C, D);

113

output eSeg;
reg eSeqg;
input A, B, C, D;
nand #1
9l (p1, C, D),

92 (p2, A, B),
g3(p3, B, D),
g4 (p4, A, C);

dways @ (pl or p2 or p3 or p4)

eSeg = (pl & p2 & p3 & pb);
endmodule
Verilog
2 1; 4 4.
A b5
15
Verilog

aways

5.1

FSM-D

23 -



151

Verilog C
for (x=0,i1=0;i<=10;i=1+1)
X=X+Y;
if (x<0)
y=0;
else x=0;
X 0, , 10 ,x y ,
1 : X 0, vy 0, , X
8 : 8
152
X, 1 Yy | 1, x vy : I, X,y
I 10 , x 0 19
register i : ( )
, 1 ( ) register
[ : , register i
register i 1 -iLoad iClear
; iLoad ,
register i : 1 ,iClear O
register i :

Xx=0,i=0,y=0,i=i+1,x=x+Yy
: FSM
24 -



1.9

FSM
yLoad yClear xLoad xClear iLoad iClear x<0
FSM reset

153

aways :

: clear load ,
clear ., clock 0 load ,
Out 1
114

module register (out, in, clear, load, clock);

parameter Width = 8;
output [ Width - 1: 0] out;

reg [ Width - 1: 0] out;

input [ Width - 1:0] in;

input clear, load, cock;

dways @ (posedge clock)

FSM
i <=10
clock

114

25 -



if ( clear)

out <= 0;
elseif ( load)
out <= in;
endmodule
,width 8 .
out in width
8, 7( 8-1),out in 8( 7 0)
(override) :
1.15 8 ,
sum )
Verilog “
sum a b ,a b R
115
module adder (sum, a, b);
parameter Width = 8;
input [ Width - 1:0] a, b;
output [ Width - 1:0] sum;
assignsum = a + b;
endmodule
1.16 compareL T compareL EQ :
compareL T ,a b : a b out :
I 10 compareL EQ, : “o<=
13 <”

assign out = a<=0Db;

26 -



b a, a out

116 CompareLT  CompareLEQ

module compareL T (out, a, b); I comparesa < b
parameter Width = 8;
input [Width - 1:0] a, b;
output out;

assignout = a < b;

endmodule

module compareLEQ(out, a, b); I comparesa <=Db
parameter Width =8;
input [width- 1:0] a,b;
output out;

assignout =a <= b;

endmodule
adder compareLEQ  compareL T 12 always
: always
4 4
154
FSM ,
, 117 :
: FSM 1 ,
109
11/ FSM
module sillyComputation (yIn, y, x, ck, reset);
parameter Width = 8;
input ck, reset;
input [Width - 1:0] yIn;

27 -



output [ Width - 1:0] vy, Xx;

wire [Width - 1:0] i, addiOut, addxOut;
wire yLoad, yClear, xLoad, xClear, iLoad, iClear;
register # (Width) I (i, addiOut, iClear, iLoad, ck),

Y (y, yIn, yClear, yLoad, ck),
X (x, addxOut, xClear, xLoad, ck);

adder # (Width) addl (addiOut, 1, i),
addX (addxOut, vy, X);

compareL T # (Width) cmpX (xLTO, x, 0);
compareL EQ # (Width) cmpl (iLEQ1O0, i, 10);
fsm ctl
(XL TO, iLEQ10, yLoad, yClear, xLoad, xClear, iLoad, iClear, ck, reset);
endmodule
Width : ,
117 I
register # (Width) | (i, addiOut, iClear, iLoad, ck),
“ # (Width)”
: sillyComputation Width : 23,
23
, # (Width),
register 8
155 FSM
: (evoke)
fsm
1.10 ! ”
FSM
(Moove)
, A F

28 -



110

; A X
[ A ,xClear iClear ( )
[ X 0, B B X i
19 x+y i+1 : B
B FSM C : C
, 3 : ( B).
then ( D), else (
E) D E F,
C C
X B ? 111 A B
C B : xLoad iLoad,
X i —
C i ( ) X
( if-then-el se ) C
: [ 10,C B
: for :
I, 10 :
: C , 0 X
1.18 Verilog ,
x<0 1<=10 fsm : LT LEQ fsm reset
(ck) (yLoad, yClear, xLoad, xClear, iL oad,
iClear) fsm : always

29 -



(cState)

always
aways
(cState) fsm

case )

always :

case

30 -

111 A BC

(3 b001), iLoad xLoad
C, 3 b010

3 , 0,
: A 0,B
reset ,
nState cState
LEQ) Always cState
, cState
, 3 b000
000, b —_
cState 0 ,
3 b000:
3 b001( B)

C

Verilog



case : cState
, : display
display :
“ Oops, unknown state: %b”, cState %b
aways : ,
, cState ;
,case : :
: always
always : : case
cState :
FSM- C,i
X 1 v, 111 C
,CState 3 b010( C ), cState : I X
: B
: always cState x i fsm
aways cState x i : aways
( :fsm always :
) , fsm LT LEQ
aways , nhState :
cState
118 FSM
module fsm (LT, LEQ, yLoad, yClear, xLoad, xClear, iLoad, iClear, ck, reset);
input LT, LEQ, ck, reset;
output yLoad, yClear, xLoad, xClear, iLoad, iClear;
reg yLoad, yClear, xLoad, xClear, iLoad, iClear;
reg [2:0] cState, nState;

always @ (posedge ck or negedge reset)
if ( reset)
cState <= 0;
else cState <= nState;

31-



always @ (cStateor LT or LEQ)
case (cState)
3 b000 : egin /I state A

yLoad = 1; yClear = 1; xLoad = 1; xClear = O0;
iLoad = 1; iClear = 0; nState = 3 b001;
end
3 b001 : begin /I state B
yLoad = 1; yClear = 1; xLoad = 0; xClear = 1;
iLoad = O; iClear = 1; nState = 3 b010;
end
3 b010 : begin /I state C
yLoad = 1; yClear = 1; xLoad = 1; xClear = 1;
iLoad = 1; iClear = 1,;
if (LEQ) nState = 3 b001;
if ( LEQ & LT) nState = 3 b011;
if ( LEQ& LT) nState = 3 bl00;
end
3 b011 : begin Il state D
yLoad = 1; yClear = 0; xLoad = 1; xClear = 1;
iLoad = 1; iClear = 1; nState = 3 bl01;
end
3 b100 : begin Il state E
yLoad = 1; yClear = 1; xLoad = 1; xClear = 0;
iLoad = 1; iClear = 1; nState = 3 bl01;
end
default @ begin Il required to satisfy combinational synthesis rules
yLoad = 1; yClear = 1; xLoad = 1; xClear = 1;
iLoad = 1; iClear = 1; nState = 3 b000;
display ("Oops, unknown state: %b', cState);
end
endcase
endmodule
: case 2 4; B3
A b6

16

, Verilog
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(cycle accurate) , (scheduled behavior)

cycle accurate

: 15 FSM-D
161
aways , “ @ (posedge clock);”
1.9 15
clock [ ,
: always
while while while
; , y X I
while : ,
: while i 10, (
while : while
, while
: “ @ (posedge clock);”
“ @/(posedge clock);” “ @ (posedge clock) ;”
119
module simpleTutorid (clock, y, x);
input clock;
output [7:0] X, Y;
reg [7:0] X, Y, Ii;
always begin

@ (posedge clock) x <= 0;

i = 0; state A
while (i <= 10) begin
@ (posedge clock) ;
X <= X +Y,; state B
=0+ 1;

33-



end
@ (posedge clock ) ;

if (x < 0)
y <= 0;

state C

elsex <= 0;
end
endmodule

119 C
if-el se aways

adways , A :
Y X 0, X 0

(Medy)  ( ) X

@(posedge clock) ;
if (x < 0)

y<=0;
112
else x <=0;

C if-ese, B

while B

1.13

34 .

1

12



162

) X Yy
aways
72
A7
17
Verilog
(=") ( <=")
( 13)
AND ,
and (a,b,c);
assign a=bé&c;

Verilog

(

1 15)

1 .10

113
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(b ¢ ,

) y a
initial aways
{ =") 15 , { <=") 17
always @ (posedge clock)
Q<=D;
(clock D) Q :
; , dways
,Q D : always
D , Q
: (@)
wait ) ;
13 =H 13 <=11 ,
13 <:”
@ (posedge clock) I somewhere in an evil always block
m=3;
n=175;
n<=m;
r=n;
r? 75 n 3,
aways ( ) n;
n , N 3,
: Verilog
2 1; 4 4, 51
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18

19

11
12

13

14
15

Verilog

always

19

60

Verilog

Verilog

Verilog

Verilog

14
carry-in

m555,

eSeg

carry-out

1.9

)

Y 4

m555

Verilog

always

40,
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16

1.7

module serial Adder(clock,a, b, sum, start) ;
input cock,a,b,start;

output sum;

endmodul e

A .

, SUM Start

V erilog ,
b,c 8 . 1

module sillyMe(a,b,c,q, );
I oops, forgot the declarations !
intia
g = 1 bO0;

dways
begin
@(posedge y)
#10a=b+c;
q= q;
end
nand #10 (y,q,r);
endmodule

38 -

, Sum
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, , If-then-else, loops

21

Verilog always

always. construct

= always statement

always ,
always ( always
)
initial always :
initial . construct
= iInitial statement
initial
initial , ,
“ "5 while’ ( out = currentState[1] & currentState[0];”)
aways initial :
="
, . (@)

39 -



 #") FALSE
initia ,
always initia :
aways
) , always initial
: inittal  always :
Jinitial always
Jinitial  aways
: always :
4 4 4.1
51
2 2 If-Then-Else
if
2.1 )
, else el se
divide (dvinput  ddinput)

‘define A dpha
40 -

always
initial

initia

always

aways

5.3

quotient,

initial

(

) ,aways

initial

@, #

5.1

initia

wat



: “ A alpha
™) 2.1

21

‘define DvLen 15
‘define DdLen 31
‘define QLen 15

‘define

HiDdMin 16

module divide (ddInput,dvlnput,quotient,go,done) ;

input [[DdLen: 0] ddinput, dvinput;
output [QLen:0] quotient;
input go;
output done;
reg [[DdLen: 0] dividend;
reg [[QLen:0] guotient;
reg [DvLen:0] divisor;
reg done, negDivisor, negDividend;
aways begin
done=0;
wait (go);

divisor = dvinput;
dividend = ddI nput;
quotient = 0;
if (divisor) begin
negDivisor = divisor [ DvLen] ;

if (negDivisor) divisor = - divisor;
negDividend = dividend[ DdLen] ;
if (negDividend) dividend= - dividend;

repeat (DvLen+ 1) begin
guotient = quotient<<1;
dividend = dividend << 1;
dividend[ DdLen: HiDdMin] =
dividend[ DdLen: HiDdMin] - divisor;
if (! dividend[ DdLen]) quotient = quotient + 1;
dse

41 -



dividend[ DdLen: HiDdMin] =
dividend[ DdLen:"HiDdMin] + divisor;
end

if (negDivisor !=negDividend) quotient= - quotient;

end
done=1;
wat ( go);
end
endmodule
done go TRUE
divide done
guotient , done FALSE(
: go 1( TRUE), dvinput  ddinput
TRUE ,dvinput ddlnput divisor  dividend
TRUE ( )
TRUE, : FALSE, always
TRUE wait wait 33
If
if (divisor)
begin
I .. statements
end
If If ;
FALSE, TRUE (x) (2)
FALSE :
divisor : if begin-end
If then
statement

= conditional - statement

conditional . statement

= if (expression) statement- or- null [ele statement- or- null]

42 -

0)
go



negDivisor = divisor[ DvLen] ;

if (negDivisor)

divisor = - divisor;
DvLen ( 15 ) negDivisor 1,
: then , divisor :
: if beginrend , then if (
)
primary
= identifier [ expression]
| identifier [ msb constant- expression: Ish- constant- expression]
I
, primary primary
, repeat begin-end
16 , quotient  dividend : << , dividend
divisor ,quotient  1; ( 1),
el se , divisor dividend
: 1, ( ) if
TRUE : ! : If FALSE :
dividend : el se
: : quotient guotient ,done
1,
2" : n :
display monitor :
2 ,
B > ( ), > =(



FALSE : case (

I

I

I
N—r

if (4 b110z === 4 b110z)

then. statement;

If then :

if (4 b110z== 4 b110z)

then. statement;

if then

&&( ), IIC ) ()
if ((a>Db) & & ((c> =d) [ (e==f)))

then - statement

, then a b, c d, e f
: E .1, dsplay F.1; monitor F 2; Verilog

21 if else else

conditional . statement

= if (expression) statement. or. null [else statement. or. null]

if (! dividend[ DdLen])
quotient = quotient + 1;
else
dividend[ DdLen: HiDdMin] =
dividend[ DdLen: HiDdMin] + divisor;

: divisor , dividend , quotient



. divisor dividend

if (expressionA)
if (expressionB)
a=a+b;
else

q=r+s;

if el se , else

: expressionA
TRUE

expressionB TRUE,

expressionA expressionB  FALSE, q

if (expressionA)
begin
if (expressionB)
a=a+b;
end
else

gq=r+s;
, if
e se ,

begin-end el se If
begin-end,

222
1) ( ?)
guotient

quotient = (negDivisor != negDividend) ?-quotient : quotient;

FALSE,
guotient :
, quotient 21
,  Verilog

else

else if

TRUE( ),

,  guotient

45 .



expression
= expression 7?expression : expression

expression : expression; :
expression
if-then-else
iIf-then-else : initial always :
,1f-then-else , :

. if-then-else 2 2; 2 4

2 3

, repeat, for, while
forever

231

2 2 21 : repeat

repeat
22 21

repeat (DvLen +1)
begin
quotient = quotient << 1;
dividend = dividend << 1;
dividend[ DdLen: HiDdMin] =
dividend[ DdLen:'HiDdMin] - divisor;
if( ! dividend[' DdLen])
guotient = quotient +1;
else dividend[ DdLen: HiDdMin] =
dividend[ DdLen: ' HiDdMin] + divisor;
end

46 -



disable ,
repeat

statement
= loop- statement
|
loop- statement
= repeat(expression) statement

2 2 for
for(i=16;i;i=1i-1)
begin
i
end
, for C
: for i 16, , o
I 1
for

loop. statement
= for (reg. assignment;expression; reg. assignment) statement

expression , expression ,

Statement

repeat : repeat

C , for while

i=16;
while (i)
begin

for

for
for

47 -



loop- statement

=while (expression) statement

expression , , while

while : “1=1-1" while

aways ;

module sureDeath(inputA) ; ) I

input inputA;

dways
begin
while(inputA)
; /)
/)

end
endmodule
, While INputA ,While
inputA TRUE : while
: : wait
walt
23

module microprocessor;

dways
begin
powerOnlnitidizations;
forever
begin
fetchAndExecutelnstructions;
end
end

endmodule

 forever
48 -

expression

while

33



power-on

forever disable forever
forever : always power-on
forever
forever
loop- statement
= forever statement
I
. disable 2 3,3 6; 33; 332
232
while TRUE : disable
disable begin-end ;
begin-end begin C
continue , 24
2 4
begin: break
for (i=0;i<n;i=i+1)
begin: continue
if (a==0)
disable continue; I proceed withi=i+1
.. I other statements
if (a==b)
disable break ; I exit for loop
.. I other statements
end
end
2 4 :break  continue C continue
, break ,
: disable
, disable continue continue  begin-end :
disable break for

3.7

break

for

49 -



di sable

statement
= disable. statement

disable. statement
= disable task. identifier;
| disable block identifier;

3 6; 25

2 4

Dif-elsedif case

241 IfEls=-If

if-else-if if-el se-if
if
Mark-1 ( ),
| f-el se-if
(ir[15:13]) 8 7
. if-then-else 2 2; 222
242 Case
if
26 case
case
( ) 7 case
25 if-else-if M ark-1

module mark1;

50 -

25

M ark-1

case

Verilog

15

case

15

case

13

13



reg [15:0] m[0:8191] ; II 8192 x 16

reg [12:0] pc; I 13
reg [12:0] acc; I 13
reg [15:0] ir; I 16
reg ck; )
dways
begin
@ (posedge ck)
ir = m|[pc]; /)
@ (posedge ck)
if (ir[15:13] == 3 b000) /)
pc = m[ir[12:0]]; I
dseif (ir[15:13] == 3 b001)
pc = pc + m[ir[12:0]];
edseif (ir[15:13] == 3 b010)
ac = - m[ir [12:0]];
edseif (ir[15:13] == 3 b011)
m [ir [12:0]] = acc;
edseif ((ir[15:13] == 3 b101) || (ir[15:13] == 3 bl00))
acc = acc - m[ir [12:0]];
dseif (ir[15:13] == 3 bl10)
if (acc < 0) pc = pc + 1;
pc = pc + 1; I
end
endmodule
case
statement

= case. statement

case- statement

= case ( expression ) case- item { case- item } endcase

case- item



= expression { ,expression} :
| default [ :] statement. or. null

26 case
module markl1Case;
reg [15:0] m[0:8191] ;
reg [12:0] pc;
reg [12:0] acc;
reg [15:0] ir;
reg ck;
dways
begin
@ (posedge ck)
ir = m [pc];
@ (posedge ck)
case (ir [15:13])
3 b000 :
3 b001 :
3 b010 :
3 b011 :
3 b100,
3 b101 :
3 bl110 :
endcase
pc = pc + 1;
end
endmodule
case default
case
4 5,
, case

: casez,casex 2 4 4;
52 -

Mark-1

statement- or- null

I 8192 x 16

I 13

I 13

I 16

/)

pc = m [ir [12:0]];

pc = pc + m[ir[12:0]];
ac = -mlJir[12:0]];

m [ir [12:0]] = acc;

acc = acc - m[ir [12:0]];

if (acc < 0) pc = pc + 1;

case case
Mark-1

If-€l se-if 2 4 3; 22 2;

case



E 1, E 2

243 Case I-Else-

Mark-1

if-else-if

if-else-if

case
0,1,x z

reg ready;
/)
case( ready)
1 bz:
1 bx:
default:

endcase

ready
ready

4 2 2; casez,casex 2 4 4; case

244 Casez Casex

casez casex
X

?)

case

case. statement

= case ( expression ) case. item { case. item } endcase
| casez ( expression ) case. item { case. item } endcase
| casex ( expression ) case. item { case. item } endcase

2 7 Casex

If

, Case

case

case

/)

casez

i f-else-if

(x)

FALSE(

(2)

case

casex

case

(2)

display("ready is high impedance’) ;
display(“ready is unknown") ;
display("ready is %Ub', ready);

(x)

case

case

22

, casez

case
, case

, CasSex

casex

53 -



module decode;
reg[ 7:0]

always
begin
/)

r = 8 bx1x0x1xO0:;

casex(r)

8 b001100xx: statementl;
8 b1100xx00: statement2;
8 b00xx0011: statement3;
8 bxx001100: statement4;

endcase
end
endmodule
2 7 casex
r,

2 4 :
x1x0x1x0 r
1100xx00 case

case
(casex)
: Verilog C;case2 4 2

25

, Verilog ;

54 -

(casez)

X1x0x1x0

Verilog



28 Mark-1
module mark1Mult;
reg [15:0] m[0:8191]; I 8191 x 16
reg [12: 0] pc; I 13
reg [12:0] acc; I 13
reg [15:0] ir; I 16
reg ck; I
aways
begin
@ (posedge ck)
ir = m[pc];
@ (posedge ck)
case (ir [15:13])
3b000 : pc = m[ir[12:0]];
3b001: pc = pc + mlir [12:0]];
3b010 : acc = -m [ir [12:0]];
3b011 : mir[12:0]] = acc;
3 bl100,
3bl0l : acc = acc- m[ir [12:0]];
3b110 : if (acc < 0) pc = pc + 1;
3blll: acc = acc * m [ir [12:0]]; 1l
endcase
pc = pc + 1;
end
endmodule
Mark-1 7
: 28 ,
21
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21

«( )
enabling(calling)

inout

(#,
@ wait)
(inout)
251
V erilog
, 2.9
Mark-1
29
module markl1Task;
reg[15:0] m[0:8191]; I 8191 x 16
reg[12:0] pc; I 13
reg[12:0] acc; I 13
reg ck; /)
aways
begin: executelnstructions
reg[15:0] ir, I 16
@(posedge ck)
ir = m [pc];
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@(posedge ck)
case (ir[15:13])

/) case
3 b111 : multiply (acc, m[ir[12:0]]);
endcase
pc = pc + 1,
end

task multiply;

inout [12:0] a;

input [15:0] b;

begin: serialMult

reg [5:0] mend, mpy; /
reg [12:0] prod; /)
mpy = b[5:0];
mend = a[5:0];
prod = 0;
repeat (6)

begin

if (mpy[O])

prod = prod + {mcnd, 6 bO0O000O0} ;
prod = prod >> 1;
mpy = mpy >> 1;

end
a = prod;
end
endtask
endmodule
task  endtask
inout (a) input (b) aways
multiply
a, b,
a y a acc,

29 begin-end

multiply,

, acc
, prod

S7 -



: (ir, mend, mpy

begin-end

task . declaration
= task task. identifier ;
{task . item. declaration}
statement. or . null
endtask

task . argument . declaration
= block. item. declaration
| output. declaration

| inout- declaration

block - item- declaration

= parameter. declaration
reg. declaration
integer . declaration
real. declaration
time- declaration
realtime. declaration

event- declaration

16

mpy = b[5:0];

b 6 mpy (mpy)
(mend) (" {.} ) 0,

concatenation
= { expression{ ,expression} }
multiple. concatenation

= { expression{ expression{ ,expression} } }

input output  inout
58 -

32

(prod)

prod)



task-endtask : input  inout
: inout  output

input output  inout

: ( aways initial ) :

task . enable

= task- identifier[ (expression{ ,expression} )] ;

“ Y :
6 : 13 prod 6 0(
) mcnd : : mcnd
prod ,
: 25 2; B5,G .10
252
Verilog
( ) :
: (#) (@, wait)
2.10 mark1lFun function
endfunction ,
(multiply) acc :

begin-end

function- declaration
= function [range or type] function- identifier ;

59 -



function- item- declaration{function- item- declaration}
statement
endfurction

range- or- type

range|integer | real | realtime [time

range

[ msh. constant. expression : Ish. constant. expression]

function. item. declaration
= Dblock. item. declaration

| input. declaration

function. cdl
= function. identifier(expression{ , expression} )
4 4 1, 251, B 5,G .10
2 10
module mark1Fun;
reg [15:0] m [0:8191] ; I 8191x16
reg [12: 0] pc; I 13
reg [12: 0] acc; I 13
reg ck; I
aways
begin: executel nstructions
reg [15:0] ir; I 16
@ (posedge ck)
ir = m [pc] ;
@ (posedge ck)
case (ir [15:13])
/) case
3 blll: acc = multiply(acc, m [ir [12:0]]) ;
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endcase

pc = pc + 1;
end

function [12:0] multiply;
input [12:0] a,
input [15:0] b;

begin: serialMult
reg [5:0] mcnd, mpy;

mpy = b[5:0];
mend = a[5:0];
multiply = O;
repeat (6)
begin
if (mpy[0])
multiply = multiply + {mcnd, 6 b000000} ;
multiply = multiply >> 1;
mpy = mpy >> 1;
end
end
endfunction
endmodule

253

, , M ark-1 ,

Mark-1



2 .11 , mark1M od

multiply mark1Mod, mark1Mod go
, multiply Mark-1, Mark-1 done
, mark1Mod
multiply :
go done :
, (>, : )
?
441
211
module mark1Mod;
reg [15:0] m [0:8191] ; /I 8191x16
reg [12: 0] pc; I 13
reg [12:0] acc; I 13
reg [15:0] ir; I 16
reg ck; I
reg [12:0] mcend;
reg go;
wire [12:0] prod;
wire done;
multiply mul (prod, acc, mcnd, go, done) ;
dways
begin
@ (posedge ck)
go = 0;
ir = m[pc];
@ (posedge ck)
case (ir [15:13])
/) case

3 blll: begin

wait ( done) mend = m [ir [12:0]];

go = 1;
wait (done) ;

62 -

multiply



ac = prod;

end

endcase

pc = pc + 1;
end
endmodule

module multiply (prod, mpy, mcnd, go, done) ;

output [12:0] prod;
input [12:0] mpy, mcnd;
input go;
output done;
reg [12:0] prod;
reg [5:0] myMpy;
reg done;
dways
begin

done = O;

wait (go);

myMpy = mpy[5:0];

prod = 0;

repeat (6)

begin

if (myMpy[0])
prod = prod + {mcnd, 6 b0O00000} ;
prod = prod >> 1;
myMpy = myMpy >> 1;
end
done = 1;
wait (- go);
end
endmodule

26

Verilog
63 -



Verilog

261

Verilog

module-endmodule task-endtask function-
endfunction  begin: name-end

begi n-end :
: ( begin-end)
( 423 )
( beginrrend )
212 top top instancel y r w t
top b ,b top
; top t
(c) b C, C top :
b ( : b : t ) : :
b top Y, top :
2 12
module top;
reg r I top .r
wire w; I top w
b instancel () ;
always

64 -



begin:y
reg a;
end

task t;
begin:c
reg q,
disable v;
end
endtask

endmodule

module b;

reg s;

always

begin
t;
disable y;
disable c;

disable t c;

—
(@)
©
—
11

H

tcqg=1,
y q=1;
end
endmodule

/A

/A
/A

/A

/A
/A
/A
/A
/A
/A
/A
/A
/A

OK

OK
OK

OK
OK

OK
OK
OK

top y .q

top t
top t c.q

top instancel s

tcg q
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262

2 ./

66 -

2 12

top
top,y

top

always

(

initial

aways initial
b
a
t.c
tfoptcqg tcg

)

top .r

top



28

21
22

23

2 A

Verilog

29

?

reg [3:0] i

25

for 2 2

for (i=0;i<=DvlLen;i=i+1)

begin

Il shift and subtract statements

end

case

reg [3:0] f;
case (f)
4' b0110:
4' b1010:
endcase

function [7:0]
input [7:0]
casez (hdfval)

8 b???27?7??1:
8 b ??7???7? 10:
8 b????7?2100:
8 b ????1000:
8 b ??? 10000:
8 b??100000:

case

taskR;
taskS;

getMask;;
hdfval;

getM ask
getM ask
getM ask
getM ask
getM ask
getM ask

case

casez for

8 b11111111;
8 b11111110;
8 b11111100;
8 b11111000;
8 b11110000;
8 b11100000;

repeat
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8 b?1000000: getMask = 8 b11000000;

8 b10000000: getMask = 8 b10000000;

8 b00000000: getMask = 8 b11111111;
endcase
endfunction

25 multiply mpy, mcnd  prod (
display
26 29 2 10
2 7 2 .12 b , t q topt.cqg t.c.q
b r?

2 8 4 18

A . slave wiggleBusLines ?

B. master  slave wiggleBusLines,

?
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always

; always
(true)

31

3.1 always

31

module computer;
always
begin
powerOnlnitializations;
forever
begin
fetchAndExecutel nstructions;
end
end

endmodule

,wait

69 -



byte)

32

70 -

( modem)

3.1

‘ data-ready”

. always,initial 2 1;

51;

(bit-serial)

(data-ready)”

‘ dataready”

53

(full



321

32
@ (negedge cdock) g <= data;

D

, data q q
32 D

module dEdgeFF (g, clock, data);

output q;

reg q;

input clock, data;
always

@ (negedge clock) q <= data;

endmodule

@(ricky) lucy = crazy;

ricky , crazy lucy

event- control
= @event. identifier

| @(event. expression)

event- expression
= expression
| event. identifier

| posedge. expression
| negedge- expression

clock
data

( posedge” )
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| event- expression or event- expression

“ posedg€ “ negedge”

33
33

always
begin
I start the timer that will produce the timeOut signal;

@ (posedge inputA or posedge timeOut)

if (timeOut)
I ...error recovery
else regA = regB; I norma operation
I ...other statements
end
, INpUtA
or )
inputA : inputA
or
or
wait 3 3;
322

72 -

33 3;

(wire)

timeOut

3.7



, (named event),

33
topFib
number Gen

Fibonacci

(fnc  nQ)

always ready

#50 -> ready;

always
number : 50 :

fibNumCalc always

@ng .ready
count = startingValue;

ng ready” ready :
fibNumCalc
, number Gen

13

count = startingValue;”

statement
= event. trigger

event. trigger
= -> event. identifier;

fibNumCalc always

Fibonacci

always :

NumberGen Fibonacci

34 Fibonacci

module topFib;

wire [15:0] number, numberOut ;

(race condition)
fibNumCalc
Number Gen

50
ready

, fiboNumCalc

100 ,
numberGen
100

100
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number Gen ng (number) ;
fibNumCalc fnc (number, numberOut);

endmodule

module numberGen(number) ;

output [15:0] number ;
reg [15:0] number ;
event ready ; I declare the event
initial
number = O;
always
begin
# 50 number = number + 1,
#50 - > ready; I generate event signal
end
endmodule

module fibNumCalc(startingVadue, fibNum) ;
input [15:0] startingVaue;
output [15:0] fibNum;

reg [15:0] count, fibNum, oldNum, temp;

always
begin
@ng .ready /I wait for event signal
count = startingValue;
oldNum = 1;
for (fioNum = 0O; count !'= 0; count = count - 1)
begin
temp = fibNum;
fiboNum = fibNum + oldNum;
oldNum = temp;
end
display ("%d, fibNum=%d', time, fibNum) ;
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end

endmodule
26
33
(
ready : dataln
(producer process) dataln ready
process) :
ready
35

module consumer(dataln, ready) ;
input [7:0] dataln;
input ready ;
reg [7:0] in;

always
begin
wait (ready)
in = dataln;
I ...consume dataln

dataln

(consumer
ready
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end
endmodule

Sstatement

= wait. statement

wat- statement

= wait (expression) statement. or. null

statement. or. null

= statement
I
(evauate), ,
;  statement- or- null
: always
, 35 ,
; : wait
( sequential manner)
aways
35 : wait ( ready),
while 332
331
35 : dataln
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dat

aln

datal n

always : ready

31 (fully-interlocked)

31
36 aways
: “ wait (consReady)”
“ wait (prodReady)” ,aways consReady  prodReady
: consReady 1 prodReady
,  prodReady 0, consReady 1
: prodReady 0, : consReady
, consReady 1, prod Ready
consReady 1,
producer-ready (prodReady)
( 0), : consumer-ready (consReady) (
1), : consReady 1
( 31 A) dataOut prodReady 1
: consReady 0 prodReady
1, consReady o( 31 B)
36

module Producer Consumer;

reg

consReady, prodReady ;
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3.1

med

0,

consReady

reg [7:0] datal nCopy, dataOut;
always /I The consumer process
begin
consReady = 1; Il indicate consumer ready
forever
begin
wait (prodReady)
datalnCopy = dataOut;
consReady = O; I indicate vdue consu
I ...munch on data
wait (! prodReady) I complete handshake
consReady = 1;
end
end
always II' The producer process
begin
prodReady = O; II' indicate nothing to transfer
forever
begin
I .. produce data and put into " dataOut”
wait (consReady) I wait for consumer ready
dataOut = random;
prodReady = 1; I indicate ready to transfer
wait ( lconsReady) Il finish handshake
prodReady = O;
end
end
endmodule
: prodReady
( 31 C)
D),
producer random
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( , consReady IconsReady),

(lockstep) : aways
random F; wait event 333
332 Wait While
while
“ while’( , ready Q),
wait
wait  while
: aways initial
(#), wait , (@)
FALSE :
wait
while
: 37 while
: INputA
wait while ,
wait : , ,
FALSE wait
37 wait :
wait (FALSE) :
INnputA
37

module endlessL oop (inputA);
input iNputA;
reg [15:0] count;



always
begin
count = 0O;
while (inputA)
count = count + 1;/ wat for inputA to change to FALSE
display ("This will never print if inputA is TRUE!);
end

endmodule

. while 2 3; 2 1; 32

333 Wait

, wait
,  wait

@ (posedge clock) statement;

wait , ,
: while2 3

34

33

, (@)

32 clock
(bus master and bus slave)
, rwLine
1
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3.2

, rwLine addrLines dataLines,
, clock ,
datalLines addrLines (memory location)
, rwLine
addrLines , data, data addrLines
, dataLines
addrLines dataLines X
, 0 X
38 : always initial 4
wiggleBusLines (encapsul ate)
, clock ,rwLine, addressLines
datalL ines : (net) ( 4 .18 :
)
READ WRITE wiggleBusLines
sbus tClock
, 20 , tClock
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: ( , 4 :
) :
16 : addressLine 5
aways initial
initial
“ memory datd m
clock 0;

rwLine, dataLines, addressLines ,

always tClock
, tClock
, initia 0
: always
38
‘define READ O
‘define WRITE 1
module sbus;
parameter tClock = 20;
reg clock;
reg [15:0] m[0:31] ; / 32 16-bit words
reg [15:0] data;

, readmemh

., monitor
time

aways

Il registers names xLine model the bus lines using global registers

reg rwLine;
reg [4:0] addressLines;
reg [15:0] dataLines;
initiad

begin

reedmemh ("memory datd', m);

cdock = 0O;

I write = 1, read = 0

monitor ("rw= %d, data= %d, addr = %d at time %d’,
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end

aways

rwLine, dataLines, addressLines,

# tClock clock = Iclock;

initial I bus master end

begin
#1
wiggleBusLines ( 'READ, 2, data);
wiggleBusLines ( 'READ, 3, data);
data = 5;
wiggleBusLines ( WRITE, 2, data);
data = 7;
wiggleBusLines ( WRITE, 3, data);
wiggleBusLines ( 'READ, 2, data);
wiggleBusLines ( 'READ, 3, data);

finish;
end

task wiggleBusLines;

input readWrite;
input [5:0] addr;
inout [15:0] data;

begin

rwLine <= readWrite;

if (readWrite) begin I write vdue
addressLines <= addr;
datalLines <= data;

end

el se begin I read vaue
addressLines <= addr;
@ (negedge clock) ;

end

@ (negedge clock) ;

if ( readWrite)

time) ;
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data <= dataLines; / value returned during read cycle

I read

wiggleBusLines
5

then ,

clock (
WRITE

addressLines

end
endtask
always I bus slave end
begin
@ (negedge clock) ;
if ( rwLine) begin
dataLines <= m[ addressLines] ;
@ (negedge clock) ;
end
dse I write
m[addressLines] <= datalines;
end
endmodule
wiggleBusLines
data
clock
WRITE, if
addressLines  dataLines

, datalL ines
#1 always initial

: @ ( negedge clock)
if

addressLines m

@ (negedge clock)
wiggleBusLines :
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dataLines wiggleBusLines ,
then data dataLines ,
dataL ines , dataLines ?

: wiggleBusLines
addressLines,

, datalL ines data
, m addressLines ,
datal ines :
( )
33 3.8 :
wiggleBusLines : 2 3 : 5 7,
finish
initial monitor :
monitor wiggleBusLines
( 2 ) dataLines : X
29( memory .data
) : 2 29 5
, : 2

rw= x,data= x,addr= x attime O
rw=0,data= x,addr= 2 at time 1
rw=0,data= 29,addr= 2at time 40
rw=0,data= 29,addr= 3 at time 80
rw=0,data= 28,addr= 3 at time 120
rw=1,data= 5,addr= 2 at time 160 — Write
rw=1,data= 7,addr= 3 at time 200 — Write
rw=0,data= 7,addr= 2 at time 240
rw=0,data= 5,addr= 2 at time 280
rw=0,data= 5,addr= 3 at time 320
rw=0,data= 7,addr= 3 at time 360

Read

Read

Read

Read

33
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memory data

readmemh

F 8
READ WRITE , tClock
(override) 4 5
: “or clock :
“ " rwLine ,
“ 5 ( , 4Db0101
’ b O(
o )5 " I 4 b0101
4 5; readmemh F 8; Verilog C; 251,
E 2
35
: 2
351
39 ,
(stage) ,
aways : aways
aways : always
aways :
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readmemh

0

4 b1010) “ P

)

E I1;

M ar k-1



always

aways
39

module markl1Pipe;

( aways )

ir always

reg[15:0] m[0:8191]; / 8192 x 16

reg[12:0] pc;
reg[ 15:0] acc;
reg[15:0] ir;

reg ck;

I 13
I 15
I 16
/)

always @ (posedge ck) begin

ir <= m[pc];

pc <= pc + 1;

end

always @ (posedge ck)

case (ir[15:13])

3 b000:

3 b001:

3 b010:

3 b0O11:

3 b100,

3 bl101:

3 b110:
endcase

endmodule

always

pc <= m[ir[12:0]];

pc <= pc + m[ir[12:0]];
ac <= - m[ir[12:0]];
m[ir[12:0]] <= acc;

acc <= acc - m[ir[12:0]];
if (acc < 0) pc <= pc + 1;

always :

ck

(ir)

always

always

,PC

» PC
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352

, always
aways (
) : aways

, pc ,
3 10

module mark1PipeStage;
reg [15:0] m [0:8191]; / 8192 x 16 bit memory
reg [12: 0] pc, pctemp; / 13 bit program counter and temporary

reg [12: 0] acc; I 13 bit accumulator
reg [15:0] ir; I 16 bit instruction register
reg ck, skip;

dways @ (posedge ck) begin Il fetch process
if (skip)
pc = pctemp;
ir <= m|[pc];
pc <= pc + 1;
end

adways @ (posedge ck) begin Il execute process
if (skip)
skip <= 0;
else
case (ir [15:13])
3 b00O0 : begin
pctemp <= m[ir[12:0]];

skip <= 1;
end
3 b001 : begin
pctemp <= pc + m[ir[12:0]];
skip <= 1;
end
3 b010 : acc <= -m[ir[12:0]];
3 b011 : m[ir[12:0]] <= acc;
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3 b100,

3 b101 : acc <= acc - m[ir[12:0]];
3 bl110 : if (acc < 0) begin
pctemp <= pc + 1;
skip <= 1;
end
endcase
end
endmodule
3.10 pctemp pc (fetch
stage) : (execute stage)
, pctemp : , pc 1
, , pc 1
skip ;
m[ pctemp] m| pc] : , skip
» PC ;
, case(ir) ,
, pC ,
36
24 disable ,
, disable , disable
( ) begin-end — begin-
end begin-end disable :
(loca scope) (upward
scope) ,
, 16 ,
3.11 reset , always
wait
(reset)
,initial always
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reset ) reset TRUE

reset ( 1), always
, reset ( 0), initia initia
man  always begin-end main
: always : reset
,  reset , main : ,
311

module simpleTutorid WithReset (clock, reset, y, X);
input clock, reset;
output [7:0] X, V;
reg [7:0] X, VY, I;

initial
forever begin
@ (negedge reset)
disable main;

end

aways begin: man
wait (reset);
@ (posedge clock) x <= 0;
i = 0;
while (i <= 10) begin
@ (posedge clock) ;
X <= X + Yy,
=0+ 1;
end
@ (posedge clock) ;
if (x < 0)
y <= 0;
else x <= 0;
end

endmodule

0 -

main

TRUE——
reset



Sstatement

seq.- block

seq- block

begin [ : block. identifier { block . item. declaration} ]

{ statement}
erd

block. item. declaration
= parameter- declaration
reg. declaration
integer. declaration
red . declaration

redtime. declaration

|
|
|
| time. declaration
|
| event. declaration

disable :
( ) ( )
disable
disable
: 311
aways 0, initial
initial
(active) ,
s always2 1; disable 2 3 2; 39;
26
37

aways

2 6;
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#25a=b;

@(posedgew) gq=r,;

25 b a; w
7 r q (11 ” ( # @)
(intra- assignment) “ ” —
3.1
31
a= #25Db; begln
bTemp = b;
#25a = bTemp;
end
q = @(posedge w) r; begin
rfemp = r;
@ (posedge w)
q = rTemp;
end
w = repeat (2) begin
@ (posedge clock) t; tTemp = t;
repeat (2)
@ (posedge clock) ;
w = tTemp;
end
25
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( clock ), w

statement
= blocking. assignment
| non- blocking assignment;
|
blocking assignment

= reg- lvalue = [ dday- or- event- control ] expression

non. blocking assignment

= reg- lvalue <= [ delay- or- event- control ] expression

delay. or. event. control
= dday- control
| event. control

| repeat ( expression ) event. control

delay. control
= # delay. vaue

| # (. mintypmax- expression )

event. control
= @ event. identifier

| @ ( event. expression )

event- expression

= expression
event. identifier
posedgep- expression

negedge. expression
event- expression or event- expression
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D

@(posedgeclock) g = #10d;

,10 :

g = @ (posedge clock) d;

, d clock
: q d clock ,
53
38
(procedura version),
(procedural continuous assignment) (
“ ( quasi-continuous)” ) ,
3 12
( (active), :
) : aways : clear
preset clear 0, q 0
preset 0, q 1 0
q (deassign) ( )
aways q
312
module dFlop (preset, clear, q, clock, d);
input preset, clear, cock, d;
output a;
reg q;
dways
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@ (clear or preset)

begin
if ( Iclear)
#10 assign q = O;
eseif ( preset)
#10 assign q = 1;
ese
#10 deassign q;
end
dways
@ (negedge clock)
g = #10d;
endmodule
statement

= procedural . continuous. assignments

procedural . continuous. assignment
= assign reg. assignment ;
| deassign reg. assignment;
|
reg. assignment
= reg. lvalue = expression

,reg. assignment

always , d

4.4; 2.1;

39

begin-end

,  begin-end

q

321
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, begin-end

begin-end fork-join fork-join
: fork join
fork-join
resetSequence
: mainWork  fork-join fork forever
) ) reset
reset , manWork :
: : , dways
: fetch  execute , reset
3 13 fork-join
module microprocessor;
always
begin
reset Sequence;
fork:  manWork
forever
fetchAndExecutel nstructions;
@ (posedge reset)
disable manWork ;
join
end
endmodule
( ) :
statement
= par- block
I
par . block

= fork [: block. identifier { block. item. declaration } ]
{ statement }
join
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block. item. declaration
= parameter- declaration
reg. declaration
integer. declaration
real. declaration

|

|

|

| time. declaration
| realtime- declaration
|

event. declaration

3 .14 fork-join
fork-join aways
, fork-join

: fork-join  always
311 : ,

314 fork-join

module simpleTutorid WithReset (clock, reset, y, X);
input clock, reset;
output [7:0] x,v;
reg [7:00 x,vy,i;

adways fork: main
@ (negedge reset)
disable main;
begin
wait (reset) ;
@ (posedge cock) x <= 0;
I = 0;
while (i <= 10) begin
@ (posedge clock) ;
X <= X + vy,
=i+ 1;
end
@ (posedge clock) ;
if (x < 0)
y <= 0;

fork-join

311

always
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dse x <= 0;

end
join
endmodule
36
3 10
31 Verilog ? ?
@ (posedge exp) wat (exp)
# 1 statementl; # 1 statementl;
3.2 36 ,
1) ,2) ,3)
: (power-on)
33 3 6, , 10
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34

35

36

3.7

38

'el,e?2,e3 e,
e )
, el,e2,e3
)
a b f
f
a,b,c
3 10 ,
case )
3 .10 mark 1PipeStage

if ((m[4] - m[5])<0)

m[4] = 17,
else m[4] = - 10;
3 .10 ,
(mdr)
m (mdr) ,

skip

115

110

Verilog

el,e2,e3

pcC

acc, pctemp
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41

, Verilog
MOS CMOS

100 -

, Verilog
V erilog

always

Verilog

).

(ALU),

(net) ,

Verilog

, Verilog



Verilog

Verilog ;
2 1; 51
4 2
Verilog 26
421
4 1 , Verilog
CMOS
, 11
41 ,
: : x2(
), aln  Dbln cOut, X2 X8
41

module full Adder(cOut,sum,aln, bln,cln);

output cOut,sum;

input aln,bln,cln;
wire X2;
nand (x2,aln,bln),

(cOut ,x2,x8) ;
101 -



xnor (x9,x5,x6);

nor (x5,x1,x3),
(x1,aln,bin);
or (x8,x1,x7);
not (sum, x9) ,
(x3,x2),
(x6,x4) ,
(x4,cln),
(X7,X6) ;
endmodule

4 1

gate instantiation
= n. input. gatetype [ drive. strength] [ dday2] n. input. gate. instance {,

n- input- gate- instance} ;

n- input- gatetype

= and | nand | or | nor | xor | xnor

n. input. gate. instance

= [name. of . gate. instance] (output. terminal,input. terminad{ ,input. terminal})

name. of . gate. instance

= gate Instance identifier[ range]

input. terminal

= scalar- expression

output- termina
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ter minal - identifier

| terminal. identifier[ constant. expression]

n- input. gatetype : (drive.
strength) : delay :
(terminals),
strong0  strongl 0 9
, 47 4 8
: 4 1
( ), :

gate instantiation

= n. output. gatetype[ drive. strength] [delay2] n. output. gate. instance{ ,

n. output. gate. instance} ;

n- output- gate- instance

= [ name. of. gate. instance] (output . termina ,{ ,output. terminal}, input. termind)

n- output- gatetype
= buf | not

41

nand John (x2,aln,bln),
Holland (cOut, x2,x8);
John  Holland
nand (strong0,strongl) #3
John (x2,aln,bln),
Holland (cOut, x2,x8);
41

strong0  strongl :
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41
n. input n. output tristate pull MOS bidirectiond
gates gates gates gates switches switches
and buf bufifO pullup nmos tran
nand not bufifl pul ldown pmos tranifO
nor notifO cmos tranifl
or notifl rnmos rtran
xor rpmos rtranifO
xnor rcmos rtranifl
4 1 , buf
., bufif  notif ( buf) (not)
bufifO 0 : 1 D
Verilog ( 0,1,x,2)
, , buf
not ; )
9 1) )
: Verilog D; 4 2 2; 9 .2; 4 7;
9; 8
4 2 2
0 0, FALSE
1 1, TRUE
X (0,1,z : )
z
0 1 , X ¢ 0, 1, z,
" z z X
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(primitive gate) 4 2

: o , 0,
( X Z)
42 AND
AND 0 1 X z
0 0 0 0 0
1 0 1 X X
X 0 X X X
z 0 X X X
D
423
Verilog : trireg
(trireg ) : ,
41 X2,
wire #3 x2;
( ) :
wire # (3,5) x2;
1 3 , 0 5
: 4 1 , X9
, fullAdder ;
: (
: : default- nettype typeOfN et
: typeOf Net 4 4 supplyO supplyl

X2 ,
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4 2 (wiredcAND  wand)
Z
4 X
4 2
module andOfComplements (a, b, c, d);
input a, b;
output ¢, d;
wand
wire d;
not (c, a;
not (c, b);
not (d, a);
not (d, b);
endmodule
d , C
a b 0 C
d ,
(X) : :
(x) 4 3
4 2 ( )
4 3 42 wad wire
a b C d a b c d
0 0 1 1 X 0 X X
0 1 0 X X 1 0 X
0 X X X X X X X
0 z X X X z X X
1 0 0 X z 0 X X
1 1 0 0 Z 1 0 X
1 X 0 X z X X X
1 z 0 X z z X X
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net- declaration
= net. type [vedored | scalared] [range] [dday3] list. of. net. identifiers;
| trireg[wvectored | scalared] [charge. strength] [range] [deay3]
list. of . net. identifiers;
| net- type [vectored | scalared] [drive- strength] [range] [dday3]
list. of . net. decl. assignments;

net- type
= wire | tri | tril | supplyO | ward | triand | triO | supplyl | wor | trior

list. of. net. identifiers

net- identifier{ , net- identifier }

range
= [ msb- constant- expression: |sh constant- expression]
net. type 4 A
); range ( 1 ) ,delay
( 0);list- of . net. identifiers
4 4
wire tri
wand ,wor ,triand, trior wire  tri
trio, tril
supplyO, supplyl
trireg 9
(bit-select) ( part-select) :
) ) n n
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. trireg 9 1; 92 2; 4 7,
8; E 1, 26

424

, bufifO

4 2

module ace;

wire r,t;
reg q,s,
Ik

andOfComplements m1( .b(s), a(q) , c(r), .d(t)) ;
endmodule

: andOfComplements
) a q , C

108 -
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ace andOf Complements ml d

module instantiation
= module identifier [ parameter. value. assgnment | module. instance{ ,

module- instance } ;

parameter. value. assignment

= # (expression{, expression })

module. instance

= name. of. instance ([list. of . module. connections])

name. of. instance

= module. instance. identifier [ range]

list- of - module- connections
= ordered. port. connection{, ordered. port. connection }

| named. port. connection{, named. port. connection }

ordered. port. connection

= [expression]

named- port- connection
= .port. identifier ([ expression])

4 5

425

(Hamming) :

4 2
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4 2

Ham :
(hamEncode) , 4 2
Decode) , hamDecode

testHam
encoded, messedUP, regener ated)

4 3

110 -

4.2

; testHam

(Dx)

4 3
testHam

12

( Hamming bit)

hamDecode
4 4

test-

(ham-

original,



4 3 hamEncode vin 12 (valueOut)
4 2
(h1,h2,h4 h8) , :
“{} valueOut “) (part
select) 4 2
hamDecode 12 vin, 8 valueOut :
hamDecode ( ),
cl,c2,c4 8 ,
: c8 8,c4 4,
0, 0,
(c) deM ux : 8
8 8 bitFlippers, 8
(1 ,0 ) bitFlippers xor8
8 bitFlippers
1, : ( ) Xor8
, hamDecode
deMux, (a—d) ena-
ble d 8 : 1
8 ,
, a—d :3,5,6,
7,9,10,11 12, 4 2
outVector
deM ux BitFlippers  xor8 ( xinl)
3,5,6,7,9,10,11 12( Xin2) 8 :
xinl © 1 :
xor8 hamDecode
hamTest, origina hamEncode encoded
: encoded : messedU P,
(messedU P) hamDecode : hamDecode
: regenerated
random ,
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random 1,
original original
, 0
regenerated,
, 00 000,
, , 1
) ,
4 3 /
module testHam() ;
reg [1:8] origind ;
wire [1:8] regenerated;
wire [1:12] encoded,
messedU p;
integer seed;
initial begin
seed = 1,
forever begin
original = random (seed);

#1

random
hamEncode

regenerated
4 4

7 ;
di splay

display ("origind = %h, encoded= %h, messed = %h,regen= %H",

end

end

ham Encode

hamDecode

original, encoded, messedU p, regenerated);

hin (original, encoded);

hOut (messedU p, regenerated);

assigh messedUp = encoded~ 12 b 0000. 0010. 0000;

endmodule

module hamEncode (vin, vaueOut) ;

input  [1:8]
output [1:12]

112 -

vin;

valueOut;

020



wire hl, h2, h4, h8;

xor (h1, vin[1], vin[2], vIn[4], vIn[5], vIn[7]),
(h2, vin[1], vIn[3], vIn[4], vIn[6], vIn[7]),
(h4, vin[2], vIn[3], vIn[4], vIn[8]),
(h8, vIn[5], vIn[6], vIn[7], vIn[8]);

assign valueOut = {hl, h2, vin[1], h4, vin[2:4], h8, vIn[5:8]};

endmodule

module hamDecode (vin, valueOut);

input  [1:12] vin;

output [1:8] valueOut;

wire cl, c2, c4, c8;
wire [1:8] bitFlippers;

xor (cl, vin[1], vIn[3], vIn[5], vIn[7], vIn[9], vIn[11]),
(c2, vin[2], vIn[3], vIn[6], vIn[7], vIn[10], vin[11]),
(c4, vin[4], vIn[5], vIn[6], vIn[7], vIn[12]),
(c8, vIin[8], vin[9], vIn[10], vIn[11], vIn[12]);

deMux mux1 (bitFlippers, cl1, c2, &4, c8, 1 bl);
xor8 x1 (valueOut, bitFlippers, { In[3], vIn[5], vIn[6], vIn[7], vIn[9], vIn[10], vIn[11],
vin[12]});

endmodule

module deM ux (outVector, A, B, C, D, enable);

output [1:8] outV ector ;

input A, B, C, D, enable;

and v(ml2, D, C, B, A, enable),
h (ml1, D, C, B, A, enable),
d (m10, D, C, B, A, enable),
I (m9, D, C, B, A, enable),
s(m7, D, C, B, A, enable),
u(mé, D, C,B, A, enable),
c(m5, D,C, B, A, enable),
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ks (m3,

D, C, B, A, enable);

assign outVector = {m3, m5, m6, m7, m9, m10, mll, mil2};

endmodule

module xor8 (xout, xinl, xin2);

output [1:8]

input  [1:8]

xor (xout[ 8]
(xout[ 7]
(xout[ 6]
(xout[ 5]
(xout[ 4]
(xout[ 3]
(xout[ 2]
(xout[ 1]

endmodule

(seed)

display

testHam

114 -

xout;

xinl, xin2;
, Xin1[ 8], xin2[8]),
, Xin1[7], xin2[7]),
, Xinl[ 6], xin2[6]),
, Xinl[5] , xin2[5]),
, Xinl[4], xin2[4]),
, xin1[ 3], xin2[3]),
, xinl[ 2], xin2[2]),
, Xin1[1], xin2[1]);

original = 00, encoded = 000, messed = 020, regen =00
original = 38, encoded = 078, messed = 058, regen = 38
original = 86, encoded = 606 , messed = 626, regen = 86
original = 5c, encoded = 8ac, messed = 88c¢, regen = 5c
original = ce,encoded = 79e, messed = 7be, regen = ce
original = c7,encoded = €97, messed = eb7, regen= ¢/
original = c6, encoded = 86 , messed = fab, regen = c6
original = f3,encoded = 2e3, messed = 2¢3, regen = {3
original = ¢3,encoded = a83, messed = aa3, regen = c3

44 43

F display



display F 1 ; random F 7

4 3
4.3 xor8 :
Verilog
, 4 4
xor8 : ; ,
4 3 original
4 4
8
range
= [ msb. constant. expression: |sh. constant . expression]
msb  Isb e
, msb  Isb : 1+ abs(msb - Isb)
4 4 Xor8

module xor8 (xout, xinl, xin2);
output [1:8] xout;
input [1:8] xinl, xin2;

xor a[1:8] (xout, xinl, xin2);

endmodule

module xor8 (xout, xinl, xin2);
output [1:8] xXout;
input [1:8] Xinl, xin2;
xor (xout[1], xinl[1], xin2[1]),
(xout[2], xinl[2], xin2[2]),
(xout[3], xinl[3], xin2[3]),
(xout[4], xinl[4], xin2[4]),
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(xout[5], xinl[5], xin2[5]),
(xout[6] , xinl[6], xin2[6]),
(xout[7], xinl[7], xin2[7]),
(xout[8] , xinl[8], xin2[8]);

endmodule
) :
8 (
( ) :
n
45
module reggae (Q, D, clock, clear) ;
output [7:0] Q;
input [7:0] D;
input clock, clear;
dff r{7:0] (Q, D, clear, clock) ;
endmodule
4 5 D
4 6 clock clear
, dff ,

twoBItDff r[3:0] (Q,D,clear,clock);

twoBItDiff  r[3] (Q[7:6] ,D[7:6] ,clear, clock)
46 4 5

module regExpanded (Q, D, clock, clear);
output [7:0] Q;
input [7:0] D;
input clock, clear;
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dff

endmodule

47

module regFromTwoBusses (Q, busHigh, busLow, clock, clear) ;

output
input

input

dff

endmodule

diff 7
ré
rs
r4
r3
r2
rl
ro

4 8

rv
ré
rs
r4
r3
r2
ri
ro

[7:0]
[3:0]

r[7:0]

(QL7],
(Q[e],
(Q[5],
(Q[4],
(Q[3],
(Q[2],
(Q[1],
(Q[0],

(Ql7l,
(Qfel,
(Q[3],
(Q[4],
(Ql3l],
(Ql2],
(Q[1],
(Qlor,

Q;

D71,
D[é] ,
D[3],
D[4],
D[3],
D[2],
D[1],
bro1,

clear,
clear,
clear,
clear,
clear,
clear,
clear,

clear,

busHigh, busLow;

clock, clear;

busHigh[ 3]
busHigh[2]
busHigh[1]
busHigh[ 0]
busLow[ 3],
busLow[ 2],
busLow([1],
busLow[ 0] ,

4 5

8

clear,clock),

clear,clock),

clear,clock),

clear,clock),

clear,clock),

clear,clock),

clear,clock),

clear,clock) ;

module shiftRegister (in, out, clock, clear) ;

reggae,

clock) ,
clock) ,
clock) ,
clock) ,
cock) ,
cock) ,
cock) ,

clock) ;

(Q, {busHigh, busLow} , clear, clock);

4.7

, busHign

busLow

4 38
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input [7:0] in;

output [7:0] out;
input clock, clear;
wire [15:0] w;
reggae stage[2:0] ({out, w}, {w, in}, cdock, clear) ;
endmodule

reggae stage?2 (out[7:0],w[15:8],cock,clear),
stagel (w[15:8],w[7:0],cock,clear),
stageD (w[7:0],in[7:0],cock,clear) ;

4 4
49
sum cOut (sum)
(cOut) majority
49
module oneBitFull Adder(cOut, sum, aln, bin, cin);
output cOut, sum;
input aln, bin, cln;
assign sum = an”bln”cln,

cOut = (aln & bin) | (bln & cIn) | (aln & cIn);

endmodule

( 0,1, x z),

, Verilog

continuous- assign
= assign [drive. strength] [ delay3] list. of . net. assignments;
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list- of - net- assignments
= net. assignment{, net. assignment}

net. assignment

= net. lvd ue= expression

,assign : drive. strength  delay3 , list- of.
net. assignments : 4 9
(drive. strength) strong0  strongl, supplyO
supplyl 0 :
assign ('strong0, strongl)

sum=an”bln”cln
cOut = (aln& bin) | (bin&cln)|(an&cln);

4 7,4 8; 9: 51

441

Verilog ;
; : wait, @event, # delay
: 4.10

4 10

module multiplexor(a, b, c, d, select, e);

input a, b, c, d;

input [1:0] sdect;

output e,

assign e = mux (a, b, c, d, sdect);
function mux ;
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input a, b, c, d;

input [1:0] sdect;
case (sdect)
2 b00: mux = a;
2 b01: mux = b;
2 b10: mux = c;
2 bl1: mux = d;
default : mux = ' bx;
endcase

endfunction

endmodule
: mul tiplexor
,  mux
select x z ), , mMux
process (sequential activity)
4 10 :
, 410
252
4 42
: 4 11
4 11

120 -
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10,

module modXor (AXorB, a, b);

output [7:0] AXorB;
input [7:0] a, b;
wire [7:0] #5 AXorB = a” b;
endmodule
8 (vector wire) , a b
8 :

wire [7:0] AXorB ;
assign  #5 AXorB = a™b ;

10

wire [7:0] # 10 AXorB ;

4 12

4 12

module wandOfAssigns (a, b, ¢);

input a, b;
output C;
wand #10 C;

assign #5 c= a
assign #3 c = b;
endmodule

net. declaration
) ) 9 )

net- declaration
= net. type [vedored | scalared] [range] [dday3] list. of. net. identifiers ;
| trireg [vedored | scalared] [charge- strength][range] [delay3]
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list- of- net- identifiers ;
| net. type [vedored | scalared] [drive. strength] [range] [delay3]
list. of. net. decl. assignments ;

net. type
= wire| tri | tril | supplyO | wand | triand | triO | supplyl | wor | trior

list- of - net- decl - assignments

= net. decl. assgnment { , net. decl. assignment }

net- decl- assignment
= net- identifier = expression

net. declaration ,

(inout) 4 .13 buffer-
driver
4 13 inout

module bufferDriver (busLine, bufferedVal, buflnput, busEnable) ;

inout busLine;
input buflnput, busEnable;
output bufferedVal;
assign bufferedvVal = busLine,
busLine = (busEnable) ?buflnput : 1 bz,
endmodule
busEnable busl nput busLine
: busEnable , bufferedV al busLine
: busEnable 0 ,busLine ,
bufferedVal busLine
4 14 64K dataBus inout :
(re) ( ),
(addrBus) : out
: (re) , out dataBus, (re) , dataBus
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4 14

module Memory. 64Kx8 (dataBus, addrBus, we, re, clock) ;

input  [15:0] addrBus;

inout [7:0] dataBus;

input we, re, clock;

reg [7:0] out;

reg [7:0] Mem [65535:0] ;

assign dataBus = ( re) ?out: 16 bz; [ * drive the tristate output */

dways @ (negedge re or addrBus)

out =

Mem[ addrBus] ;

dways @ (posedge clock)
if (we == 0)
Mem[ addrBus] <= dataBus;

endmodule
: / 423
4 5
: (override)
4 11 8
4 15 4 3 :
, 8
assign xout = xinl” xin2
xout,xinl  xin2 4 3 4 15
4 15 4 3 Xxor8
module xor8 (xout, xinl, xin2);
output [1:8] xout ;
input [1:8] xinl, xin2;

xor8
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4 3:

xor (xout[8], xinl[8], xin2[8]),
(xout[7], xinl[7], xin2[7]),
(xout[6], xinl[6], xin2[6]),
(xout[5], xinl[5], xin2[5]),
(xout[4], xinl[4], xin2[4]),
(xout[3], xinl[3], xin2[3]),
(xout[2], xinl[2], xin2[2]),
(xout[1], xinl[1], xin2[1]);

endmodule

, 4 16
XO0rx , 4, 10

module eclaration
= module- keyword module identifier [ list- of- ports] ;
{ module. item }
endmodule

module. item

= module. item. declaration

module. item. declaration
= parameter. declaration

parameter. declaration

= parameter list- of - pararn- assignments ;

list. of. pararn. assignments

= param- assignment{ , param- assignment}

param. assignment

= parameter- identifier = constant- expression

generic
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xorx  #(8,0) x1 (valueOut, bitFlippers,
{vIn[3] ,vIn[5] ,vIn[6] ,vIn[7] ,vIn[9] ,vINn[10] ,vIn[11],vIn[12]});
xor8 : “ #(8,0)"
: ( -width) 8, ( - delay)
0, 4 3 " #(8,0)” 1
4 16

module xorx (xout, xinl, Xxin2) ;

parameter width = 4,

output

input

delay = 10;
[1:width] xout;
[1:width] Xinl, xin2;

assign # (dday) xout = xinl” xin2;

endmodule

module instantiation

= module identifier [ parameter - value- assignment]
module. instance{ ,module. instance} ;

parameter. value. assignment

Xorx

Xorx

# (expression{ ,expression} )

XO0rx x1 8( ), 10( ):

# (8) x1 (valueOut,bitFlippers,{viIn[ 3] ,vIn[5] ,vIn[6] ,vIn[7],
vin[9],vIn[10],vIn[11] ,vIn[12]}) ;
(4) (20),
#(4,20) x1 (vdueOut, bitFlippers,{vIin[3] ,vIn[5] ,vIn[6] ,vIn[7],
vin[9],vIn[10],vIn[11] ,vIn[12]}) ;

defparam Verilog
4 17
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4 17 def param

module xorsAreUs (al, a2);

output [3:0] al, a2;
reg [3:0] bl, cl, b2, c2;
XOrX a(al, b1, cl),
b(a2, b2, c2);
endmodule

module xorx (xout, xinl, Xxin2) ;

parameter width = 4,

delay = 10;
output [1:width] xout;
input [1:width] xinl, xin2;

assign # delay xout = xinl ~xin2;

endmodule

module annotate;
def param
xorsAreUs .b delay = 5;

endmodule

def param :
: xorsAreUs XO0r X b (delay)

dafparam

parameter. override

= defparam list. of . param. assignments ;

list. of. param. assignments

= param. assignment{ , param. assignment}

defparam :

def param

defparam ,
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def param

4 2 4:
4 6 /
38
sbus
data, master slave
master , , data
slave ,
enable,
busDriver 4 13
able TRUE vaueToGo ,
master slave
slave , enable
0, Z
slave
enable
1, master
sbus ,
4 18

‘define READ 0O
‘define WRITE 1

module sbus;
parameter

defparam
2 6

4 18
34

Verilog

: 4 18
rw, addr
rw  addr
master :
,  Mmaster rw

master slave

, driveEn-

enable
enable 1
master enable

0, , master enable
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Tclock = 20,

Asize = 4,
Dsize = 15,
Msize = 31;
reg clock ;
wire rw;

wire [Asize:0] addr;

wire [Dsize:0] data;

master # (Asize, Dsize) ml (rw, addr, data, clock);
dave # (Asize, Dsize, Msize) sl (rw, addr, data, clock) ;
initial
begin
clock = 0;

monitor ("rw = %d, data= %d, addr= %d at time %d’,
rw, data, addr, time);

end
adways

# Tclock clock = Iclock:
endmodule

module busDriver(busLine, va ueToGo, driveEnable);

parameter Bsize = 15;

inout [Bsize:0] busLine;
input [ Bsize:0] valueToGo;
input driveEnable;

assign busLine = (driveEnable) ?valueToGo: ' bz;

endmodule

module slave (rw, addressLines, datalLines, clock) ;
parameter

Asize = 4,
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Dsize = 15,

Msize = 31;
input rw, clock;
input [Asize: 0] addressLines;
inout [ Dsize: 0] datalL ines;
reg [ Dsize: 0] m[0: Msize] ;
reg [ Dsize: 0] internalData;
reg enable;
busDriver # (Dsize) bSlave (dataLines, internalData, enable);
initial

begin

readmemh ("memory datd , m);
enable = 0;
end

dways I bus dave end
begin
@ (negedge clock) ;
if ( rw) begin I read

internalData <= m[ addressLines] ;

enable <= 1;
@ (negedge clock) ;
enable <= 0;

end

else [/ write
m[addressLines] <= datalines;
end

endmodule

module master (rw, addressLines, datalines, clock) ;

parameter
Asize = 4,
Dsize = 15;
input clock;
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output rwi;
output [Asize: 0] addressLines;

inout [ Dsize: 0] datal ines;
reg rw, enable;
reg [Dsize: 0] internalData;
reg [Asize: 0] addressLines;

busDriver # (Dsize) bMaster (dataLines, internalData, enable) ;

initial enable = O;

dways [/ bus master end
begin

#1

wiggleBusLines (READ, 2, 0);
wiggleBusLines (READ, 3, 0);
wiggleBusLines (WRITE, 2, 5);
wiggleBusLines (WRITE, 3, 7);
wiggleBusLines (READ, 2, 0);
wiggleBusLines (READ, 3, 0);

finish;

end

task wiggleBusLines;

input readWrite;
input [Asize: 0] addr;
input [ Dsize: 0] data;
begin

rw <= readWrite;

if (readWrite) begin / write vaue
addressLines <= addr;
internalData <= data;
enable <= 1;

end

ese begin / read vdue
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addressLines <= addr;
@ (negedge clock) ;
end
@ (negedge clock) ;
enable <= 0;
end
endtask

endmodule

4 18 45

rw =X, data=
rw =0, data=
rw =0, data=
rw =0, data=
rw =0, data=
rw=1,data=
rw=1,data=
rw =0, data=
rw =0, data=
rw =0, data=

rw =0, data=

4.5

4 7

471

4 19 |
4 6 enable 1
bufifl

(
Z, ,
z,addr=x at time 0
z,addr=2 at time
29,addr =2 at time 40
z,addr=3 at time 80
28 ,addr =3 at time 120
5,addr=2 at time 160
7,addr=3 at time 200
z,addr=2 at time 240
5,addr=2 at time 280
z,addr=3 at time 320
7,addr=3 at time 360
4 18
bufifl
: gOut

3 3)

nQ Out

4 5
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1, data
0 (2)
4 19
module triStatel atch (qOut, nQOut, clock, data, enable) ;
output gOut, nQOut;
input clock, data, enable;
tri gOut, nQOut;
not #5 (ndata, data) ;
nand #(3,5) d(wa, data, clock),
nd(wb, ndata, clock) ;
nand # (12, 15) gQ(g, ng, wa),
nQ(ng, q, wb);
bufifl #(3,7, 13) gDrive (gqOut, q, enable),
nQDrive(nQOut, ng, enable) ;
endmodule
46
4 5 BUFIFL
bufifl 0 1 X z
D 0 Z 0 L L
A 1 z 1 H H
T X z X X X
A z z X X X
X , L H L
z,H 1
bufifO, notifl  notif0 bufifO  bufifl
notifl 1 ;  notif0
0 D
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qQ nQ
: aQ
enable ,
: Verilog
4 7 2
not #5
nand # (12, 15)
bufifi. #(3,7,1
12
13
( )
#(d1, d2)
#(d1, d2, d3)
dl

4 19
nd
,d
nQ data
enable
;  enable ,

D: 4 2:

4 19 ,

(ndata, data) ;

qQ(q, ng, wa),
nQ(ng, g, wb);
gDrive(qOut, q, enable) ,

nQDrive(nQOut, nqg, enable) ;

Z(

3)

0

bufifl
, enable

15

,d2 , d3

bufifl
bufif1 |
Z

(delays across a module) 4 8
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, d3 trireg , X
delay2
= # dday. value
| # (delay- vdue[ ,dday- value])
dalay3
= #dday. value
| # (delay. vdue] ,dday. value[,delay. vaue] ])
delay-va ue
= unsigned. number
| parameter. identifier
| constant. mintypmax. expression
constant. mintypmax. expression
= constant- expression
| constant. expression: constant. expression:constant. expression
( mintypmax . expression , 471 )
4 6
1 1 O’
(d1) X, x 1
1, : x 0, 1 X z O
4 19 ,
tri #(2,3,5 qOut, nQOut;
46
0 1 di di
0 X min(dl, d2) min(dl, d2,d3)
0 z min(dl, d2) d3

134 -



1 0 d2 d2
1 X min(d1, d2) min(dl, d2,d3)
1 z min(d1, d2) d3
X 0 d2 d2
X 1 dl dl
X z min(d1, d2) d3
z 0 d2 d2
z 1 ok ok
z X min(d1, d2) min(dl, d2,d3)
, 2
: 3 5
4 19 bufifl gDrive gOut : gDrive

gOut 5(2+3), 10,z 18

0 1, Z, ,
(delays across a module) 4 8
47 3
13 #" ,
‘timesca e <time. unit>/ < time. precision>
4 7 timescale
seconds( ) S
milliseconds( ) ms
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microseconds( ) us

nanoseconds( ) ns
pi coseconds( ) ps
femtoseconds( ) fs
<time. unit> , < time. precision > :
1,10 100 4 7

‘timesca e 10 nd 1 ns

1ns 10ns : , #27
270ns 4 8
48
/

10 nd 1 ns #7 70 ns 7 , 70 ns

10 nd 1 ns #7 748 77 ns 7 748 ,

10 nd 100 ps #7 748 77 5ns 7 748 ,

10 nd 1 ns #7 5 75 75 , 10

10 nd 10 ns #7 5 80 75 ( ), 10

4 7 4

Verilog
4 20

module 10Buffer (bus, in, out, dir);
inout bus;
input in, dir;
output out;
parameter
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3, R-Typ = 4, R- Max = 5,

R- Min =
F. Min = 3, F.Typ = 5, F. Max = 7,
Z-Min=12, Z- Typ = 15, Z- Max = 17,

bufifli # (R. Min: R. Typ: R. Max,
F- Min: F- Typ: F- Max,
Z. Min: Z. Typ: Z. Max)

(bus, out, dir);

buf # (R. Min: R. Typ: R. Max,
F. Min: F. Typ: F. Max)

(in, bus);

endmodule
3 « 7

4 20

#(d1,d2, d3)

#(d1. min:dl. typ:dl. max,d2. min:d2. typ:d2. max,d3. min:d3. typ: d3. max)
mintypmax - expression

specify

4 21 specify
421

module dEdgeFF(clock, d,clear, preset,q) ;

input clock,d,cdear, preset;

output q;

specify
Il specify parameters
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specparam  tRiseClkQ =100,
tFalCIkQ = 120,
tRiseCtlQ = 50,
tFaICtlQ =60;

I module path declarations

(clock=>q) = (tRiseCIkQ,tFallClkQ) ;

(clear, preset * > @) = (tRiseCtlQ, tFaICtlIQ);
endspecify

Il description of modulé sinternals

endmodule
specify specify : endspecify :
specparams specparams
( ) ( )
, clock g
100 120 clear
preset ¢ (#)
, “o=>7 A e
(parallel connection)
“T > (full connection)
4 .21
clear preset q ;

(a,b” >c,d) = 10;

(a=>c) = 10;
(a=>d) = 10;
(b=>c) = 10;
(b=>d) = 10;
ab,c d 1
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(e=>f) = 10;

e f 2 : ;
(e[1] =>f[1]) = 10;
(e[0] =>f[0]) = 10;
(out) (inout) ; :
(in) (inout) :
, : o 1,1 0,0
z,z 1,1 z,z O ,
specify G .8
: specify : setup hold
49
Verilog
4 10
41

module progBidirect(ioA ,i0B, selectA , selectB, enable) ;
inout [3:0] i0A,ioB;
input [1:0] seectA,sdectB;

input enable;
endmodul e
selectA I0A
sdect A i0A
0 no drive
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drive all 0's
2 drive all 1's
3 drive ioB

selectB 0B enable 1
enable O i0A ioB

A .
B.
4 2 4 3 / :
4 3 4 3 / 13 (
12 ), ( ) ,
display
4 4 / 4 18
8 ;
, : slave
master : :
4 5
module fullAdder( cOut,sum, a,b,cln) ;
A . 8 ,sum,a,b 8 ,cOut cln :
B . fullAdder sum, a, b
4 6
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a, b

:10

115

Verilog
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S

Verilog

Verilog

51 Verilog

, Verilog

51 NAND

module nandL atch (q, gBar, set, reset);
output ¢, gBar,;
input  set, reset;

nand # 2

(g, gBar, set),

(gBar, g, reset);
endmodule

5.1 NAND

142 -

Verilog

Verilog

ALU



, (#2) ,

51 Verilog :
Verilog ;
5.2 D Verilog ,
always : clock :
5 d q, clock
52 D

module DFF(q, d, clock);
output qQ;
input d, cock;

reg q;
always
@ (posedge clock)
#5q9 = d;
endmodule
aways (clock d) (q) aways
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: always 5

clock :
: clock
always @ clock
always d —d aways
Verilog
initial always : Jnitial  aways
: ( )
: Verilog
53
inl,in2 in3
53

module behavioralNand (out, inl, in2, in3);

output out;
input inl, in2, in3;
reg out;

parameter deay = 5;

always

@ (inl or in2 or in3)
#ddayout = (inl & in2 & in3);

endmodule

53

144 -
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clock
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or



, Verilog

52
521
: 51
d : 5.1(a)
A 0 1, 5 1(b) : :
gl B B 0 d
t+d , 01 B 0, 5 .1(c) ,
gl gl 92 g3 : , B
g2 g3 : g2 C
(C=1) d 5.1(d)
t+2d ,C g2

51
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522

52

53

146 -

5.2

(while)

currentTime

For each”

current Time



while (there are events in the event list) {
if (there are no events for the current time)
advance currentTime to the next event time
Unschedule (remove) all the events scheduled for currentTime
For each of these events , in arbitrary order{
iIf (this is an update event){
Update the value specified
Evaluate gates on the fanout of this value and Schedule update
events for gate outputs that change

Schedule evaluation events for behaviors waiting for this value

}
else { II it s an evaluation event
Evaluate the model
Schedule any update events resulting from the evauation
}
}
}
53
( , ) :
5 4(a)
: «( )
: (
A=1 , 01 gl
B=0 t+d 5 4(b) :
: : t+d :
B=0, @2 g3 92 ot
C=1, 5 4(c) , C=1

51
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Update
(a) _
A=1latt
(b) U pdate Update
A=latt |B=Oatt+d
(0 U pdate Update Update
c
A=latt [B=0Oatt+d|C=1latt+2d
54
523
Verilog
5 4
phi2 : phil phil
: phi2 phi2
q glnternal : always
54
module twoPhiLatch (phil, phi2, q, d);
input phil, phi2, d;
output q;
reg g, ginternd;
always begin

@ (posedge phil)
ginternal = d;
@ (posedge phi2)
g = ginternd;
end
endmodule

; phil

always initia
initial
148 -

phi2

always



, 522

: >4 , @)
always ) phil :
always —_

: phi2
initial )
Verilog
54 55
phil “ gInternd
wait) ,
55

b (
, phil
“ qglnterna =d;”)
: phi2
, phi2
, phil
(always
wait
= d”,
gl nternal
, ( @
, : 53

module twoPhiLatchWithDelay (phil, phi2, q, d);

input phil, phi2, d;

149 -



output q;

reg

g, ginternd;

always begin

end

@ (posedge phil)

#2 ginternd = d;
@ (posedge phi2)

#2 g = ginternal;

endmodule

53

V erilog

531

53

56

For each”

aways )

=0 ’

a o0 1
aways 10

aways

150 -

V erilog

initial
1 a
a



f)

56

module stupidVerilogTricks (f, a, b);

input a, b;
output f;
reg f, a;
initial

f = 0;
always

@ (posedge a)

#10q = b;

not (qBar, q);

always
@ q
f = gBar;

endmodule

57
56 “f = gBar”

C R0 Y ORY “ f = gBar
57 56

always
begin
@ q
gBar = q;
f = gBar;

end

always
13 # 111 ,

5 4

(b)

always

qBar (
aways

151 -



00, 01, 10, 11, OO, . ..

, , df f “gqg=dd
a (00, 11,
00, ) b
dff “q= #3d;,”
q , dff d
dff “gq<=d”
d q
58
module goesBothWays (Q, clock);
input clock ;
output [2:1] Q;
wire ql, g2;

assign Q = {92, qi};

dff a(ql, a1, clock),
b (g2, g1, clock);

endmodule

module dff (q, d, clock);

input d, clock;
output q;
reg q;
always
@ (posedge clock)
#3q = d;
endmodule
532 Verilog
V erilog
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: always initial

initial  always

( C )
“ malnn ’
, 955
A : A
] B 1) A!
: A “a=Db+ , B
B A , A A :
A
: B A “a=za+ 3 A
q
? Murphy
A B
a=b + c; a=a+ 3
g=a+1
55
q
1 2
A:ta=b+ c Aa=Db + c
B:a=a+ 3 Aig=a+ 1
Ag=a+1 B:a=a+ 3
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| 2 q ,
q , a
55 A B : a,
: B “a=a+ 3,
Verilog
Verilog begin-end ( aways initia
Verilog Verilog
59 b —_— x 1
X : : a 1,
, display
display : “HO
di splay , b 1
P V ,
( % test and set”) —
59

module suspend;

reg a,

wire b = a;

initial begin
a=1;

154 -



display ("a = %b, b = %b', a, b);

end
endmodule
54
Verilog ( )
541
3 <:1’ , 13 :” . <:
<= ,
“. a - b;ﬂ [13 a <= b1ﬂ b
a , b 75, a
75
#3a=b;" #3 a <= b;”
a= #4b;" “ a<= #4 Db}
, a
“a= #4b;” “ a<= #4b;" b(
) 1 ] 4 a
4 :
a
bTemp = b; , a= #4b;

#4 a = bTemp;

{ a<= #4Db;") b

155 -



Verilog b
begin-end 4 C :
a 2 b ,
, c 2 a . C
begin begin
a= #2b; a<= #2b;
cC= #2a cC <= #2a;
end end
523 ,
542
1 , 510( 17 )
, always
cSl ;
, ¢SO0
: aways :
, cS1
cS1 ¢ ?
cS1 ¢SO

156 -



: always initial

543

( 5.3 ) 56

if then

while (there are events in the event list){
if (there are no events for the current time)
advance currentTime to the next event time
if (there are no regular events for the current time)
if (there are non-blocking assignment update events)
turn these into regular events for the current time
else
if (there are any monitor events)
run these into regular events for the current time
Unschedule (remove) dl the regular events scheduled for current Time
For each of these events, in arbitrary order{
if (thisis an update event){
Update the value specified
Bvaluate gates on the fanout of this value and Schedule update
events for gate outputs that change
Sdchedule evaluation events for behaviors waiting for this value

}
else{ Il
Bvaluate the model
Schedule any update events resulting from the evaluation
}
}
}
586
5 10

157 -



module fsm (cS1, ¢SO0, in, clock);

output cSl, cSO;
input in, clock;
reg cSl, ¢SO;

always @ (posedge clock) begin
cSl <= in & ¢c90;
¢ <= in | cSl;

end

endmodule

57

158 -

5.7



,a
( )
“a= #0Db;” b a
, a ,
“a<= #0Db;” b
“« <= b
“a= #4Db;” " a= #0b;” :
4
“a<= #4Db” " a<= #0Db) : a 4
( )
- #3a= Dby “ a=hb;” 3 a
b
- #3a<= Db “a<= Db 3 a
3 b
a « b 3
, a )

544

repeat

non- blocking- assignment
= reg- lvalue <= [dday- or- event- control] expression

delay. or. event. control

delay. control
| event . control

| repeat ( expression ) event- control

delay - control

# deay. value
159 -



| # ( mintypmax- expression )

event- control
= @ event. identifier

| @ ( event. expression )

event. expression
= expression
| event. identifier
| posedge - expression
| negedge - expression
|

event . expr%si on or event. expression

5.11 NAND :
michael donelt pDelay
donelt :
511
module inertiddNand (donelt, lisa, michad) ;
output donelt;
input lisa,
michael;
reg donelt;
par ameter pDelay = 5;
always
@ (lisa or michad)
donelt < = # pDday (lisa & michael);
endmodule
58 511 NAND (iDelay = 0)
NAND
( “ P R L
(pDelay) : :

160 -

NAND

repeat

lisa



58

5 .12

, : product
: product : always

go ,
,go clock : clock

512
module pipeMult (product, mPlier, mCand, go, clock) ;
input go, clock;
input [9:0] mPlier, mCand;
output [19:0] product;
reg [19:0] product;
always

@ (posedge go)
product <= repeat (4) @ (posedge clock) mPlier * mCand,;
endmodule

Verilog

, product
161 -



37

55

56

5.1 Verilog :

module sMux (f, a, b, select); module bM x (f, a, b, select);
input a, b, sdect; input a, b, select;
output  f; output f;
reg f;

nand #8

(f, aSelect, bSelect) , always

(aSdect, select, a), @ select

(bSelect, notSelect, b) ; #8f = (select) ?a: b;
not endmodule

(notSelect, select);

endmodul e

A . sM ux ,
. 35 b=0 ‘ 50 sdect

B . bM ux ,
4 35 b=0 . 50 select
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5 2

bM ux aways : sM ux

: bM ux always ?
nbSchedule 25 :

module nbSchedule (q2) ;

wire gl;
output q2;
reg c, a;

Xor (d, a, 1),
(clk, I'b1, c);
I holy doodoo, Batman, a gated clock !
dff sl (qi, d, dk),
2 (R, 91, dk);
initid begin
c =1,
a = 0;
#8 a = 1;
end
aways
#20c = C;

endmodul e

module dff (g, d, ¢);
input d, c;
output q;
reg q;

I
o

initia q
aways
163 -



@(posedgec) g < = d;

endmodule
53 0 40
module beenT ere; module done hat(que, f, dd);
reg [15:0] q; input [15:0] que;
wire h; output f;
wire [15:0] addit; reg f,
output [15:0] add;
doneThat dT (q, h, addit); reg [15:0] add;
initial g = 20; always
#10f = f;
aways begin
@ (posedge h); initial begin
if (addit == 1) f = 0;
g=q + 5; add = O;
dseq=q - 3; #14 add = que + 1;
end #14 add = O;
endmodule end
endmodule
)
at time= X =
54 5.12 100ns mPlier
mCand ( ), go
10ns ( ? 1 )
A . pipeMult
B .
55 (interleave  huh)

modul e interleave;

reg [7:0] a;
huh h();
endmodule

164 -



56

5.7

58

59

module huh;

reg [7:0] b,c,q,r;
aways begin
a=»b + c;
q=a-+r;
end
endmodul e

modul e ouch (select, muxOut, a, b);

input a,b;
input sdect;
output muxOut;
reg muxOut;
aways begin

@sd ect

muxOut = (a & sdect) |(b & notSelect);

not
(notSelect, sdect) ;
endmodule
) Xl
?

initial begin initial begin

q= #15 1, q<= #15 1;

r = #25 0; r<= #2 0;

s = #13 1; s <= #13 1,
end end

5.12 pipeMult :

4 , 2

165 -



5 .10
5.11

5 .12

module swapl t(dolt) ;

reg [15:0] george, georgette;
input dolt;
aways
@(posedge dolt)
I do it
endmodule

54 twoPhiLatch
[1% < - 7 [13

, (could)

may can

B . (may)

166 -
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Verilog

CAD

61

Verilog

611

CAD

167 -



612

CAD
Synopsys

6 2

6 2

f(a,b,c) = z m(a,b,c) = Z m(1,2,3,4,7)

6.1
6.1
61
module synGate (f, a, b, ¢);
output f;
input a, b, c
and A (a1, a, b, ¢);

168 -

Synplicity

6.1



and B(a2,a, b, ¢©);

and C (a3, a, ol);
or D (o1, b, c);
or E (f, al, a2, &3);
endmodule
(#) : Verilog
6.1 A,

and #5 A(al,a,b,c);

5
6.1 A ,
, f
6 2
module synAssign (f, a, b, ¢);
output f;
input a, b, c
assign f=(a& b&o(a& bé& ¢)|( a& (b]c));
endmodule
6 2 :
: 6.1
12 3 ;
) 6 .3
AddWithAssign
(Cin) (carry)
sum ( ) carry :

V erilog

6.3 :

sum
169 -



63

module addWithAssign (carry, sum, A, B, Cin);
parameter WIDTH = 4;

output [WIDTH:0] sum;

input [WIDTH:0] A, B;

input Cin;

output carry;

assign {carry, sum} = A + B + Cin;
endmodule

module muxWithAssign (out, A, B, sel);

output out;
input A, B, sl;
assign out = (sd) ?A: B;
endmodule
(x)
assign y = (a === 1bx) ?c:1;
assign y=(a==Db) ?1 bx:c;
y ;
Y 0 1( ,
y=¢C
4 4, 4 2

63

170 -



aways : aways ;
always )
" 12
631
6 4 aways
: a b C f f
64
module synCombinational Always (f, a, b, c);

output f;
input a, b, c
reg f,
always @ (aor b or c)

if (a == 1)

f = b;
else
f = ¢
endmodule
aways
aways 6.4
ab ¢ : always
L( @H ) y a, b C
,always always
6 4, f aways
adways (
case if ), always

171 -



ralways 2 1; 51 @3 2; 3 2; 721

6 32 E—
(inferred latch)
6 5
a 1, f b&c : a 0, f always
) f b
: ( a G 1 |, D
o ,
6 6 case (
61 62 )
always always :
65
module syninferredLatch (f, a, b, ¢);
output f;
input a, b, c
reg f;

always @(aor b or c)
if (a == 1)
f=Dbé&c;

endmodule
6 6 case

module synCase (f, a, b, c);

172 -



output f;
input a, b, c;
reg f;
always @(aor b or c)

case ({a, b, ¢})

case

—_— o ey iy ey ey ey ey

3 b000:
3 b001:
3 b010:
3 b011:
3 b100:
3 bl101:
3 bl110:
3 bl1l:
endcase
endmodule
, case
, 2
case
f 1
6 7
module synCaseWithDefault (f, a,
output f;
input a, b, ¢
reg f;

always @(aor b or c)
case ({a, b, ¢})

3 b000:
3 bl01:
3 b110:
default:
endcase
endmodule
( )

I —

1' bO;
1 b1,
1'b1;
1 b1,
1'b1;
1' bO;
1' bO;
1'b1;

b, ¢);

1' bO;
1' bO;
1' bO;
1 b1,

case

case

6.7

case

case

case

173 -



case

, case
case ) )
case
case case
case , case
, case case ( ),
, case , ;
case 2 4
633
6 8
case ) X,
case 3 bOO0O 3 b101
0( case 3 b110) : X
6 8
module synCaseWithDC (f, a, b, ¢);
output f;
input a, b, c
reg f;
always @ (aor b or c)
case ({a, b, ¢)
3 bOO1: f = 1Db1,;
3 b010: f = 1'bl;
3 bO11: f = 1Db1;
3 b100: f = 1'bl;
3 b110: f = 1'b0;
3 blll: f = 1Db1;
default: f = 1 bx,
endcase
endmodule
casex casex

174 -



case X Z ? X Z

69
69
module synUsingDC (f, a, b);
output f;
input a, b;
reg f;

always @ (aor b)
casex ({a, b})

2b0"? f =
2 bl10: f = 0;
2 bll: f =
endcase
endmodule
case a @0,
b
case
case casex
X z
casez
X X
, 6 8 ,
: casex casez 2 4
634
for while repeat  forever

for , 6 .10
i

casex ,
?
, ?
. ?
: z ? case
X y4 , X
6 15
if case
, repeat
4 4 ,

175 -



6 10

module synXor8 (xout, xinl, xin2);

output [1:8] xout;
input [1:8] xinl, xin2;
reg [1:8] xout, i;

always @ (xinl or xin2)
for (i = 1;i<=8;i=1i+ 1)
xout[i] = xinl[i] Axin2[i];

endmodule

for

1

for (i = highLimit; i > = lowLimit; i = i -

for )
, While
6.7
6 4
641
G (

176 -

step) ;

for

while
forever

while
forever

forever



632

aways
aways
if), always

, always
6 11 reset
: g reset
reset : always
, g 1, Q
g O ) 1 )
6 11

module synLatchReset (Q, g, d, reset);

output Q;
input g, d, reset;
reg Q;

always @ (g or d or reset)
if ( reset)
Q=0
elseif (g)
Q = d;

endmodule

case

reset

0,

case

aways
g d

reset 1

177 -



642

6 12

dways )
6 12 D

module synDFF (q, d, clock) ;
output a;
input clock, d;
reg a;
always @ (negedge clock)
q <= d;

endmodule

, Set clock
6 13 D
module synD FFwithSetReset (q, d, reset, set, clock) ;
input d, reset, set, clock;
output  q;
reg q.
always @ (posedge clock or negedge reset or posedge set) begin
if ( reset)
q <= 0;
elseif (set)

178 -

aways
(
aways
( :
6 .13
reset



q <= 1;

else q <= d;
end
endmodule
6 .12 6 .13
6 .13 : ,
always
( : reset O——
.q 0)
aways if
el se-if aways :
; 1
reset ,
if (lreset) ...

if (reset==100) ...

if ( reset) ...
set )

if (set) ...

if (set==1'b1) ...

d “ clock”

aways
always (<=)
1] <= ”

179 -



always
, D
D
aways
1.7
54
643
65
6 14
module synT riState (bus, in, driveEnable) ;
input in, driveEnable;
output bus;
reg bus;

always @ (in or driveEnable)
if (driveEnable)

bus = in;
else bus = 1 bz;
endmodule
aways
( driveEnable)

180 -

always

1 0

(2)
6 .14



66

Xi Z Q
: (Moore machine)
: (Mealy machine)
6.1
(FSM) Verilog 6.1
, always
661
FSM
6 2
, 6 .15
V erilog
6 2 6 15
aways (out) (nextState)
i currentState
always case :

6.1

FSM

case

aways

181 -



case (currentState) :

, : case ,
(out  nextState) : case
A : , out
aways : ,
case )
always ,
, A reset (
always nextState currentState, clock
FSM
, always currentState
?
always
aways FSM ,
FSM :
aways aways
FSM : always always
6 15
module fsm (i, clock, reset, out) ;
input I, clock, reset;
output [2:0] out;
reg [2:0] out;
reg [2:0] currentState, nextState,
parameter [2:0] A = 0, I The state labels and their assignments
B =1,
Cc =2,
D =3,
E = 4,
F =5;

always @ (i or currentState) II' The combinationd logic
182 -

reset

),



case (currentState)

A: begin
nextState = (i == 0) ?A : B;
out = (i == 0) ?3b000 : 3 b100;
end
B: Dbegin
nextState = (i == 0) ?A : C;
out = (i == 0) ?3b000 : 3 b10O0;
end
C: begin
nextState = (i == 0) ?A : D;
out = (i == 0) ?3b000 : 3 b101;
end
D: begin
nextState = (i == 0) ?D : E;
out = (i == 0) ?3b010 : 3 bll0;
end
E: Dbegin
nextState = (i == 0) ?D : F;
out = (i == 0) ?3b010 : 3 b110;
end
F: Dbegin
nextState = D;
out = (i == 0) ?3b000 : 3 b101;
end

default: begin// oops, undefined states . Go to state A
nextState = A;
out = (i == 0) ?3 bxxx : 3 bxxx;
end
endcase
always @ (posedge clock or negedge reset) / The state register
if ( reset)
currentState <= A;
ese
currentState <= nextState;

endmodule

4 5; 5 4; 66 2
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662 FSM

FSM : FSM
FSM 6 .16 always
: ( ) aways
; (temp
dataOut) , (dataOut) FSM
: dataOut

, 6 .17

: dataOut :

(stageOne stageTwo  dataOut)
always : (<=),
6.3 synPipe
661
6 16 FSM

module synimplicit (dataln, dataOut, cl, c2, clock);

input [7:0] dataln, cl, c2;
input clock;

output [7:0] dataOut;

reg [7:0] dataOut, temp;
always begin

@ (posedge clock)
temp = dataln + cl;
@ (posedge clock)
temp = temp & c2;
@ (posedge clock)
dataOut = temp - cl;
end

endmodule

184 -



6 17

module synPipe (dataln, dataOut, cl1, c2, clock) ;

input [7:0] dataln, cl, c2;
input clock;

output [7:0] dataOut;

reg [7:0] dataOut;

reg [7:0] stageOne;

reg [7:0] stageTwo;
always @ (posedge clock)

stageOne <= dataln + cl;

always @ (posedge clock)
stageTwo <= stageOne & c2;

6 ./

always @ (posedge clock)
dataOut <= stageTwo + stageOne;
endmodule
6.3 6 17
6.1

185 -



61

always
68
6.1 6 2 ,
“ "9

6 2 65 , a 1 .,b
6.3 6 .11 , case
6 4 while  forever ?
65 6 15
6 6 one-hot ( ) 6 .15,
6.7 6 4 FSM Ain Bin Cin clock reset

6 4

A . always

186 -
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71

188 -

71

ALU

7.1

71



( Verilog
DASYS
7 2
16
always
always
always
7 21 always
aways
71 :
/
always
: always
, always
, always

7 1 aways

module inOutExample(r,s,qout) ;

w7 L)
always
)
aways :
, always

, always

aways

189 -



input [7:0] r,s;

output [7:0] qout;
reg [7:0] oqout,q;
always begin
@ (posedge clock)
q<=r+s;

@ (posedge clock)
gout <= g+ gout;

end

endmodule
: always always
, always
71 q
gout : gout
always always
aways 71 ,r s
always
always 7.1 , qout
aways gout, always ,
always
, always
( ,
)
always ,
always
, always : ,
7 2 2 always
always

190 -



always begin
@ (posedge clock)
g<=r+s;
@ (posedge clock)
gout <= q + qout;
end

clock
g<=r+s

gout :

q qout :
7 2

72 Verilog

72
input [7:0]

[7:0]

Lk,

output f,h;

state A
statt B
State A
. q r S
r s : q
, qout
q gout ( » g
, r
A r S q
gout
Verilog :
B ¢ A
A , B , q
r s (

aways

191 -



72

reg [7:0] f,g,h,q,r,s;

always begin

@ (posedge clock)
f<=i+j; State A
g=j*23;
@ (posedge clock)
h<=f+k;
@ (posedge clock)
f<=f*g; State C

g=r*s;

State B

192 -

g.q.,r

Verilog



Bnew

C f ,
: C , dways
: g : f*g
C f B C
Cnew:

@ (posedge clock)

h<=f+k; State Bnew
g=f*g;
@ (posedge clock)
f<=g; State Crew
q=r*s;
ralways 2 1; 2 .1; 6 31
723
7.3
accumulate (gout) (r S) ( clock
reset)
always initial :
reset, ,initia reset
always main : gout 0, reset
beginrrend (main) , always :
reset TRUE( ) , reset : A;
, A B , qout
0, 0 V erilog :
73
73

module accumulate (qout, r, s, clock, reset) ;

output

input

[11:0] gout;
[11:0] r,s,;

193 -



input clock, reset;
reg [11:0] gout, Q;
initial
forever @ (negedge reset) begin
disable main;
gqout <= O;

end

always begin : man
wait (reset);
@ (posedge clock)
q<=r1+ s
@ (posedge clock)

gout <= g + qout;

end
endmodule
reset ,
reset ,
, , “ wait(reset) ;"
reset  —
always
aways : always
aways :
7 3 /

, 1f-then-else
194 -

always
always reset
“ @ (posedge clock)”
B ,
reset
initia



731

7 4 FIR ,
(in) : y
(out) y (yold) delta
2 switch 0, delta yold( out)
switch 1, delta
2,
: A delta If then
, ( A )
switch
: ( out)
74
module synSw tchFilter ( lock, reset, in, switch, out);
input Clock, reset, switch;
input [7:0] in;
output [7:0] out;
reg [7:0] out, x1, x2, x3, vy, yold, delta;

initial forever @ (negedge reset) begin
disable main;
out = 0;
y = 1,
X2 = 2;
x3 = 3;

end

always begin :main

wait (reset);

195 -



@ (posedge Clock)

x1 = in;
out <= vy;
yold = vy;

y = x1 + x2 + X3;

State A

deta = y - vyold;
delta = delta > > 1;

if (switch

1) begin

delta = delta > > 1;

@ (posedge Clock) out <= out + ddta;
@ (posedge Clock) out <= out + ddta;

end
@ (posedge Clock) out <= out + delta;
X3 = Xx2;
x2 = x1;
end
endmodule
732
75 coef. array  x. array
8 X, 3
76 ’
75 firFilt FIR
(acc) X. array |
(start- pos) 1 (B) |
acc  index
index Y
disable
75 FIR

module firFilt (clock, reset, x, y);

input

input

output
196 -

clock, reset;
[7:0] x;
[7:0] y;

8 FIR

(A)

index

(start- pos)

75



reg [7:0] coef- array [7:0];
reg [7:0] X.array [7:0];
reg [7:0] acc, Y,
reg [2:0] index, start. pos;
/I important: theseroll over from 7 to O
initial

forever @ (negedge reset) begin

disable firmain;
start. pos = O;

end

always begin: firman

wait (reset);
@ (posedge clock) ; I State A;
X. array[start. pos] = Xx;
acc = x coef- array[start- pos] ;
index = start. pos + 1;
begin: loopl

forever begin

@ (posedge clock) ; I State B;

aCc = ac + Xx. array[index] * coef. array[index] ;

index = index + 1;

if (index == start. pos) disable loopl;

end
end/ loopl
y <= acc;

start. pos = start. pos + 1,

end

endmodule
7 3 75
76 firFiltMealy FIR

,firFilt
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7 3 75( ) 7 6(

firFiltMealy
( ) if
else :
( loopl ) acc  index,
acc index, y  start- pos
: firFiltMealy
index  start- pos
7 6 FIR
module firFiltMealy (clock, reset, X, y);
input clock, reset;
input [7:0] X;
output [7:0] Y;
reg [7:0] coef. array [7:0];
reg [7:0] X- array [7:0];
reg [7:0] acc, y;
reg [2:0] index, start. pos;
initial

forever @ (negedge reset) begin
disable firman;
start. pos = O;
index = 0;

end
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always begin:

firman

wait (reset);

begin: loopl

forever begin

@ (posedge clock); / Statel - the only state
if (index == start. pos) begin

X. array[index] = X;

ac = X * coef- array[ index] ;

index = index + 1;

end
el se begin
acc = acc + X. array[index] * coef. array[index] ;
index = index + 1;
if (index == start. pos) disable loopl;
end
end
end
y <= &cc;

start. pos = start. pos + 1;

index = start- pos;

end
endmodule
73
index
l 4

76

index index + 1

Verilog

7 5)
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Verilog 26 :
) 4 b
X , )
81
811
8.1 ,
CarryOut ,carryln aln  bln
, carryln
O,aln  Dbin 1, carryOut 1
81
primitive carry(carryOut, carryln, aln, bln);
output carryOut;
input carryln,
aln,
bl n;
table
00
01
10
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0 11 1;
1 00 0;
1 01 1;
1 10 1;
1 11 1;
endtable
endprimitive
10 X Z X,
1 X )
z ( )
primitive : endprimitive
( )

udp. declaration
= primitive udp. identifier (udp. port. list);
udp. port. declaration {udp. port. declaration}
udp. body
endprimitive
udp. port. list
= output. port. identifier, input. port. identifier { ,input. port. identifier}

udp. port. declaration
= output- declaration
| input. declaration

| reg- declaration
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always ( : initial ) ,

udp- body
= combinational- body

| sequential - body

combinational - body
= tale
combinational - entry { combinational - entry}
endtable

combinational . entry

= levd. input. list : output. symbol ;

sequential . body
= [udp. initial. statement]
table. sequential . entry { sequentid . entry}
endtable

udp- initid - statement

= initial udp- output- port. identifier = init- val ;

8 2
812
(x) , 81
X , X
1, , 1
10 x ,
8 .2 ,
( ), carryln  aln
bln X, bin , carryout 1 ,
2 ? 01 X
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8 3

8 2

primitive carryX(carryOut, carryln, aln, bin);
output carryOut;
input an,

bin,

carryln;

table
00
01
10
11
00
01
10
11
Ox
x0
00
1x
x1
X 11
endtable

P B X O O - + B O O O O

r 0 O OO0 P P P O L O O O

endprimitive

8 2
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83

primitive carryAbbrev (carryOut, carryln, aln, bin);

output

input

table
0
0
5
o
1

1

endtable

endprimitive

821

8 4
clock

84

carryout;

an,
bin,

carryln;

07?

00
11

1?

0
(

primitive latch (q, clock, data);

output q;
reg q;
input clock, data;
table
/) clock data
0 1
0 0
1 ?
endtable
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?:
?:

?:

clock



endprimitive

, clock 0,data 1, state 0 1 x(
? ) ,output 1 : state : ( )
: data 0
clock 1, data (01 x), ( )
822
8.5
D
85
primitive dEdgeFF (q, clock, data);
output q;
reg q;
input clock, data;
table
I clock data state output
(01) 0 D2 0;
(01) 1 ?: 1;
(0x) 1 1: 1;
(0x) 0 0: 0;
(D) ? ?:
? (79 ?:
endtable
endprimitive
data 0
(01), ( ) 0
: data 1
: 1
clock 0 ( 01 x)), data state 1,
1 X
clock : : clock
01 x, data :
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udp- body
= combinational . body

| sequentid - body

combinational . body
= table
combinationa . entry { combinationad . entry}
endtable

combinational . entry

= level- input- list : output- symbol ; I see section 8 1

sequential . body
= [udp. initial . statement]
table. sequential . entry { sequential . entry}
endtable

udp- initid . statement

= initial udp- output- port- identifier = init- vd ;
init. va

=10 2bl | bx | IbX |1BO|1IBL]1IBx]|1IBX|1]0
sequential - entry

= seq. input. list : current. state : next. state ;

seq- input- list

= level. input. list

| edge. input. list

leve . input. list

= level- symbol {levd - symbol}
edge. input . list

= { leve - symbol} edge- indicator { level- symbol}
edge- indicator

= ( evel. symbol leve . symbol)

| edge. symbol Il see section 8 .3

current. state

= level- symbol
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next- state
= output. symbol

| - I aliteral hyphen, see text

8 1; 8 3
83
8 6 85 ,
Verilog
8 6
primitive dEdgeFFShort (g, cock, data) ;
output q;
reg q,
input clock, data;
table
I clock data state output
r 0 D7 0;
r 1 ?: 1;
(0x) 0 1: 1;
(0x) 1 sl 1;
(D) ? D2 -
? * ?: -
endtable
endprimitive
13 r” ( O 1) 1] * N
13 ( ?3” 8 .1
81
0 0
1 1
X
? 01 «x
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b 0 1
(vw) vV ow vV oW 01x
* (79
r (01)
f (10)
p (01) (Ox) (x1) X
n (10) (1x) (x0) X
8 4
8 .7 JK
preset clear preset ,  preset
0O ce 1 |, 1 : preset (“ *” ),
clear 1, 1 clear clear
JK : 0
1
]k : clock 1 0, | Kk
X X
X
87 JK

primitive jkEdgeFF (q, clock, j, k, preset, clear);

output
reg
input

208 -

q;
q;
clock, j, k, preset, clear;



table

I d ck jk pc
Il preset logic
? ?? 01
? ?7? *1
I clear logic
? ?? 10
? ?7? 1%

I normal clocking cases

r
r
r
r
r
f

00 11
01 11
10 11
11 11
11 11
?7? ?7?

I j and k transition cases

b
b

Il cases reducing pessimism

Y

p

Y

(x0)

(1x)

(1x)

(1x)

X

X
endtable

endprimitive

I clock jk
? 7

*

? 7

* ??

00 11

0? 17

D 2

7 7

00 11

0? 17

D 1

*0 2

0= 17
pc state
01 7

state output

o B o DY Y

output
1;

/I Case A

8 .7
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f

Case B

clock

1,

85

86

8.1

8 2

83

00

27

00

w

210 -

1

01

?7?

01

state
0

0 1 /I Case B
D7 - /I Case C
10 0 II Case D
: Case D

J kp

o 1 CaseD

clock

1, 0
, X

((a&b) | (c&d));

C

clock

85

1

Case B

0
, clock

state



8 4

85

1

8 .7

inB

JK

JINA

inB

inA

inB

inA

“inA inB
0;
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OR NOR
01X Z

: MOS CMOS

91 MOS
4 , Verilog
( 91 ) (
), MOS CMOS
91
n n pull MOS

and buf bufifO pullup nmos tran
nand not bufifl pulldown pmos tranifO
nor notifO Ccmos tranifl
or notifl rnmos rtran
xor rpmos rtranifO
xnor rcmos rtranifl
9.1

Verilog

91 MOS

module shreg (out, in, phasel, phase?);
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[/ * 10 port dedarations, where'out is the inverse
of "in controlled by the dual-phased clock */

output out; Il shift register output
input in, /Il shift register input

phasel , Il clocks

phase2;
tri wbl, wb2, out; Il tri nets pulled up to VDD
pullup (wb1), (wb2), (out); / depletion mode pullup devices
trireg (medium) wal, wa2, wa3; I charge storage nodes
supplyO gnd; I ground supply
nmos # 3 Il pass devices and their interconnections

al(wal, in, phasel), bl(wbl, gnd, wal),
a2(wa2, wbl, phase?), b2(wb2, gnd, wa2) ,
a3(wa3, wbh2, phasel), gout(out, gnd, wal3);

endmodule
91 MOS
nmos , tri trireg
tri :
tri wbl wb2 out VDD
trireg , wal wa2 wa3 trireg

pullup
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( ), trireg

medium ( )
supplyO gnd,
, nMos

9.1 shreg

92 MOS

module waveShReg;

wire shiftout; I net to receive circuit output vaue
reg shiftin; I register to drive value into circuit
reg phasel, phase2; /I clock driving values
par ameter d = 100; I define the waveform time step
shreg cct (shiftout, shiftin, phasel, phase?) ;
initial
begin : main
shiftin = 0; I initialize waveform input stimulus
phasel = 0;
phase2 = O;
setmon; I setup the monitoring information
repeat(2) Il shift data in
clockect ;
end
task setmon; I display header and setup monitoring
begin
display (" time clks in out wal-3 whl-2");
monitor ( time,, ,,phasel, phase2,,,,,,shiftin,,,, shiftout, ,,,,
cct wal, cct wa, cct was,,,,,cct wbl, cct wh2);
end
endtask
task clockcct; I produce dual-phased clock pulse
begin
#d phasel = 1; I time step defined by parameter d
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# d phasel
# d phase2 1;

n
e

#d phase2 = 0;
end
endtask
endmodule
waveShReg shiftin phasel phase? 0, :
shreg cct : cct
( “ cct whl) clockect :
clockcct
92 : 100
phasel 1 : 0
trireg wal : bl wb1l
 tri wbl 1 200 phasel 0,
, trireg wal ,
: phase? 1, wbl waz b2
wb2 0 phase2 phasel : wa3
, 3
—_— 1 : 0 : X
:Verilog D; 92
92 MOS
time clks in out wal-3 whb1-2
0 00 0 X XXX XX
100 10 0 X XXX XX
103 10 0 X 0xx XX
106 10 0 X Oxx Ix
200 00 0 X Oxx 1x
300 01 0 X Oxx 1x
303 01 0 X 01x 1x
306 01 0 X 01x 10
400 00 0 X 01x 10
500 10 0 X 01x 10
503 10 0 X 010 10
506 10 0 1 010 10
600 00 0 1 010 10
700 01 0 1 010 10
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92

trireg
921
92 93 RAM :
NOT “ pull” ; pullO 0 , pulll 1
pull Verilog strong
strong
92 RAM
NOT : tranifl w4
tranifl : ( address) 1 :
bufifl / , bufifl (write) O
, g5
: , bufifl tranifl w4,
93 sram, Verilog
93
(view)? ” : ( : 93 :
93 ,
“ addr =" 96 98 ,wl34 3
93 )
93 RAM

module sram (dataOut, address, dataln, write) ;

output dataOut;
input address, dataln, write;
tri wl, w3, w4, w43;

216 -



93 RAM

time addr d.in Wr d. out 134
100 X X X XXX
300 1 X X XXX
500 1 X X XXX
700 1 1 1 101
900 1 0 1 101
1100 1 X 1 101
1300 X X X x01 ram
1500 1 X 1 101
1700 1 0 1 101

bufifl gl(wl, dataln, write);

tranifl g2(w4, wl, address);

not (pull0, pulll)

buf

endmodule

module wave. sram;
dataOut;

wire

reg

address, dataln, write;

sram cell (dataOut, address, dataln, write);

parameter d = 100;

initial begin

end

#ddis;

#d address = 1;
# d dataln =

#d write = 1

#d write
#d write =
# d address
# d address

1;

0;
"bx;

"bx;
1;

#d write = 0;

g3(w3, w4), g4(w4, w3);
g5(dataOut, wl);

#d dis;
#d dis;
#d dis;
#d dis;
#d dis;
#d dis;
#d dis;
#d dis;

I waveform for testing the static RAM cell
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task dis; Il display the circuit state
display( time,, "addr=%v d- In= %yVv write= %v d- out= %V’
address, dataln, write, dataOut,
" (134) = %b%b%b", cdl .wl, cdl w3, cdl w4,
"wl34=%v %v %V', cdl wl, cdl w3, cdl w4);

endtask
endmodule
X 500, dataln address 1
tranifl bufifl X o,
H( 1 2 ( di splay %b
), bufifl wl X
700, write 1 100 : wl dataout
1 tranifl ,wl w4 : g4(NOT
) ogl(bufifl ) : g4 O 1
pull0  pull1, bufif , bufif
strong ,strong pull w4 wl :
w3 g4 w3 ram
900, write O, address sram
; dataOut
1300, address  write X, wl dataOut X , Sram
1700, address  write :
tranifl dataOut
display F 1; 924
922
7 94
bufifl strong NOT pull
trireg 10 X ,
weak 0 weak 1 weak X : 0
1( pull0) %V : (
)
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94

Supply Drive 7 Power supply connection supply Su
Strong Drive 6 Default gate and assign output strength strong St
Pull Drive 5 Gate and assign output strength pull Pu
L arge Capecitor 4 Size of trireg net capacitor large La
Weak Drive 3 Gate and assign output strength weak We
M edium Capacitor 2 Size of trireg net capacitor medium Me
Small Capecitor 1 Size of trireg net capacitor small Sm
High Impedance 0 Not applicable highz Hi
gate. instantiation
=n. input. gatetype [drive. strength] [delay2] n. input. gate. instance{ ,
n- input - gate- instance} ;
|
continuous. assign
= assign [drive- strength] [delay3] list- of- net- assignments;
drive. strength
= (strengthO, strengthl)
| (strengthl, strengthO)
| (strengthO, highly)
| (strengthl, highz0)
| (highzl , strengthO)
| (highz0, strengthl)
strengthO
= aupplyO]strongO] pullOj weakO
strengthl
= supplyl]strongl]pulll]weakl
: strong 9.5
95
and or nor buf bufifO bufifl pull up
nand nor xnor not notifO notifl pulldown
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trireg :

X trireg

net. declaration
= net- type [vectored|scalared] [range] [dday3]
list. of. net. identifiers;
|  trireg [ vectored|scalared] [ charge. strength] [range] [deay3]
list. of. net. identifiers;
| net. type [ vectored|scalared] [drive strength] [range] [ delay3]
list- of - net- decl- assignments;
charge strength
= (small) | (medium) | (large)

4 2 3

923

9.3 display

display( time,,
"address = %b dataln= %b write= %b dataOut = %",
address, datal n, write, dataOut ,
"(134) = %b%b%b',cell wl,cell w3,cdl w4,
"wl34= %v%v%V, cell wl,cdl w3,cdl w4);

%Db , wl34, %V ,
96 (
96
: 9 4
Stl strong 1, StH strongl strong z, Pu0 pull 0, PuX
pull ,
( 94
1100, wl strong(6) pull(5) 1
100, , ;

,address, dataln, write,wl dataOut
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96

time addr d.in write d. out (134) w134
100 StX StX StX StX XXX StX PuX StX
300 Stl StX StX StX XXX StX PuX StX
500 Stl St1 StX StX XXX 56X PuX 56X
700 St1 St1 St1 St1 101 St1 Pu0 St1
900 Stl St1 St0 St1 101 Pul Pu0 Pul
1100 St1 St1 StX St1 101 651 Pu0 651
1300 StX St1 StX StX x01 StH Pu0 651
1500 St1 St1 StX St1 101 651 Pu0 651
1700 Stl St1 St0 St1 101 Pul Pu0 Pul
, W3 pull w4 g4 pull w4
tranifl :
: tranifl w4, bufifl tranifl w4  MOS
, (
)
500, wl 56X, pull x  strong 1
bufifl  (strong) H( X),
tranifl g4 pull X wl
X wl w4 tranifl ,
700 sram tranifl bufifl strong
g4 w4 , 1300,
address  write , Sram
9214 MOS
M OS supply
strong : (nmos, pmos, cmos, tran, tranif0  tranifl)
( ) : pull

: (rnmos, rpmos, rcmos, rtran, rtranifO, rtranifl) ,
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97

Supply Drive Pull Drive L arge Capacitor Medium Capacitor
Strong Drive Pull Drive Medium Capacitor Small Capacitor
Pull Drive Weak Drive Small Capacitor Small Capacitor
Weak Drive Medium Capacitor High Impedance High Impedance
sram , tranifl
,rtranifl:
rtranifl
g2(w4,wl, address) ;
93 98 (
98

time addr d-in write d- out (134) w134

100 StX StX StX StX XXX StX PuX StX

300 Stl StX StX StX XXX StX PuX StX

500 Stl Stl StX StX XXX 36X PuX PuX

700 Stl Stl Stl Stl 1xx Stl PuX PuX

900 Stl Stl Sto StX XXX WeX PuX PuX

1100 Stl Stl StX StX XXX 36X PuX PuX

1300 StX Stl StX StX XXX 36X PuX PuX

1500 Stl Stl StX StX XXX 36X PuX PuX

1700 Stl Stl Sto StX XXX WeX PuX PuX

500 : wl w4 :
wl 36X,6 strong 1  bufifl , 3
0 o4 rtranifl pull drive(5) weak drive
(3)
sram ! sram

: bufifl strong pull rtranifl strong
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pull , g4

93
: 93
0, z
(x),
93
931
0-Strength

, 03 : g3 ¢4

1-Strength

76 (5|43

65|43 2([1]0O0

94

9 4
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<O0-strength:1-strength> = logic value

1

1x =z

0100- 0000:0000- 0000 =0 output 1
0000- 0000:0010- 0000 =1 output 2
0100. 0000:0000. 0000 =0

,output 1 strong O,
0, strong

0000. 0000:0110. 0000 =1 output 1

0110. 0000:0000. 0000 =0 output 2
0111. 1111:0111. 1111 =x

( 1 0)
1,
0000- 0000:0010- 0000=1  outputl

0000- 0111:0111- 1111 =X output2
0000- 0000:0110- 0000 =1

,pull 1
medium capacitor(2) O strong
pull
932
miniSim , MiniSim
Verilog :
Verilog
94 log3,
inVal
1 casez
0 1,
1, 1
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output 2

95

94

pull 1
strong pull
: X
strong
miniSim
0 :
: X
: 1
NAND



in0OVal

, out

storelnVal

inlVal in0 inl

NAND ( ) : out

94 log3

‘define ValO 3' dO
‘define Vall 3 d1
‘define ValX 3 d2

I Convert afull strength va ue to three-valued logic (0, 1 or X)
function [1:0] log3;
input [15:0] inVal,

begin

end

casez (invad)
16' bOOO00000 - 00000000: log3 = ValX;
16' b ??????? 0- 00000000: log3 = "ValO;
16' bO0000000 . ??????D: log3 = Vall;
default: log3 = vVaX;

endcase

endfunction

95

evalNand

/I Evduate a' Nand gate primitive .
task evalNand,;

input fanout; / first or second fanout indicator

begin

storelnVd (fanout) ;

I calculate new output value

in0
inl

out

log3(in0Val[evalElement] ) ;

= log3(inlVal[evalElement] );

((in0 == Valo) || (inl == Valo)) ?
strengthvVa ('Vall) :

((in0 == ValX) || (inl == "VdX)) ?
strengthVal (ValX) :
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strengthVal (Val0);
I schedule if output value is different
if (out !'= outVal[evalElement])
schedule(out) ;
end
endtask

9 6 evalWire

I Evaduate a wire with full strength vdues
task evalWire;
input fanout;
reg [7:0] mask ;
begin
storelnVd (fanout) ;
in0 = inOVal[evaElement] ;
inl = inlVal[evdElement] ;
mask = getMask(in0[15:8]) & getMask(in0[7:0]) &
getMask(in1[15:8]) & getMask(in1[7:0]);
out = fillBits((in0 | inl) & {mask, mask});

if (out '= outVal[evalElement])
schedule(out) ;
if (DebugFlags[2])
display
("in0 = %b. %b\ninl = %b. %b\nmask = %b %b\nout = %b. %b',
in0[ 15:8] ,in0[ 7:0] , in1[15:8] ,inl1[7:0],
mask, mask, out[15:8] ,out[7:0]) ;
end

endtask

evalNand, : 9
getM ast mask, 9.8 fillBits

0000. 0000:0110. 0000 =1 output 1 — inO
0110. 0000:0000. 0000 =0 output 2 — inl1
0111- 1110:0111- 1110=x
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evaWire in0 inl
getMast mask,
mask

1111 1111
1110- 0000
1110. 0000
1111 1111
1110- 0000 mask

1 ” 1 ”

mask in0  inl

0110. 0000:0110. 0000 in0  inl “
1110- 0000:1110- 0000 mask , mask

0110. 0000:0110. 0000 fillBits
fillBits | X casez
casez fillBits 0111- 1111:0110- 0000, casez
0000- 0000:0111- 1121¢( 9 8, 0000- 0001:0111- 1111—— )
" fillBits

0111. 1111:0111. 1111

casez 2 4 4
9 7 getMask

I Given either a O-strength or 1-strength haf of a strength va ue
Il return a masking pattern for use in a wire evaluation .

function [ 7: 0] getMask;

input [ 7:0] hdfVal; / half a full strength value

casez (halfval)
8 b ????7??A: getMask = 8 b11111111;
8 b ?7????240: getMask = 8 b11111110;
8 b ????400: getMask = 8 b11111100;
8 b ???2000: getMask = 8 b11111000;
8 b ??210000: getMask = 8 b11110000;
8 b ?7200000: getMask = 8 b11100000;
8 b 2000000: getMask = 8 b11000000;
8 b10000000: getMask = 8 b10000000;
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8 b00000000: getMask = 8 b11111111;
endcase
endfunction

9 8 fillBits

I Given an incomplete strength value, fill the missing strength bits .
I The filling is only necessary when the value is unknown .

function [ 15:0] fillBits;

input [15:0] val;

begin
fillBits = val,;
if (log3(val) == ValX)
begin

casez (val)
16 bl 7?27?72 2???????2 fillBits = fillBits | 16 b11111111. 00000001 ;
16 b0l 7?2?7272 ?2??7??27?72 fillBits = fillBits | 16 b01111111. 00000001;
16 b001 ??7??2 ?2??7??27?72 fillBits = fillBits | 16 b00111111. 00000001;
16 b0001 7?72 ???7??7?7 fillBits = fillBits | 16 b00011111- 00000001;
16 b00001 ??2 ???7???7??2 fillBits = fillBits | 16 b00001111- 00000001 ;
16 b000001 ?2 ???7???7??2 fillBits = fillBits | 16 b00000111. 00000001 ;
16 b0000001 2 ??????7??2 fillBits = fillBits | 16 bO00O00011. 00000001 ;

endcase

casez (val)
16 b ???2?2?7??2 1 2?7?2727 fillBits = fillBits | 16 b0O0O000001. 11111111;
16 b ?????7?7?2 01?7?7277 fillBits = fillBits | 16 b0O0O000001. 01111111;
16 b ????7?7?7?2 001 7?72?72 fillBits = fillBits | 16 b0OO000001. 00111111;
16 b ????7???2 0001 ???? fillBits = fillBits | 16 bOO0O00001. 00011111 ;
16 b ????7???2 00001 ??? fillBits = fillBits | 16 bO00O00001- 00001111;
16 b ????7???2 000001 7?2 fillBits = fillBits | 16 bOO0O00001. 00000111 ;
16 b ????7???2 0000001 ? fillBits = fillBits | 16 bO00O00001. 00000011 ;

endcase
end
end
endfunction

94 mMiniISIM

941

miniSim : NAND
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D : Verilog

; pullup

95 96

942 miniSIm

module miniSim;

I element types being modeled
‘define Nand O

‘define DEdgeFF 1

‘define Wire 2

I literal values with strength:

I format is 8 O-strength bits in decreasing strength order

I followed by 8 1-strength bits in decreasing strength order
“define Strong0 16 b01000000. 00000000

“define Strongl 16 b00000000. 01000000

“define StrongX 16 b01111111- 01111111

“define Pull0 16’ bO0100000. 00000000

“define Pulll 16’ bOO0O00000. 00100000

“define Highz0 16 b00000001 - 00000000

‘define Highz1l 16 b0O0000000. 00000001

I three-valued logic set
‘define ValO 3' dO
‘define Vall 3' d1
‘define ValX 3 d2
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par ameter I set DebugFlags to 1 for message

DebugFlags = 'b1100 O,
/ RN
I loading < - - - - - - +1 1 |
I event changes < - - - - - -+ ]
I wire calc < - - - - - - - -+
I evaluation < - - - - - - -+
/) scheduling < - - - - - - - - - - 4+

IndexSize = 16, I maximum size for index pointers

MaxElements = 50, / maximum number of € ements

TypeSize = 12; I maximum number of types

reg [ IndexSize-1:0]

eventElement, I output vaue change element

eval Element, I element on fanout

foOlndex[1: MaxElements], // first fanout index of eventElement
follndex[1: MaxElements], // second fanout index of eventElement
currentList, I current time scheduled event list
nextList, I unit delay scheduled event list
schedList[ 1: MaxElements] ; / scheduled event list index

reg [ TypeSize-1:0]

reg

eleType[1: MaxElements] ; // element type

foOTermNum[ 1: MaxElements], / first fanout input terminal number

folTermNum[1l:MaxElements], [/ second fanout input terminal number

schedPresent[ 1: MaxElements] ; / element is in scheduled event list flags
reg [15:0]

eleStrength[ 1: MaxElements] , / element strength indication

outVal[1l:MaxElements]| , I ement output value
inOVal[1: MaxElements] , I eement first input vaue
inlVal[1l: MaxElements] , I dement second input value
in0, inl, out, oldinO; /I temporary value storage

integer pattern, smTime; / time keepers
initial
begin
Il initialize variables
pattern = O;
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currentList = O;
nextList = 0;

display (" Loading toggle circuit") ;
loadElement(1, 'DEdgeFF, 0, "Strongl,0,0, 4,0,0,0);
loadElement(2, "DEdgeFF, 0, "Strongl,0,0, 3,0,0,0);
loadElement(3, 'Nand, (‘Strong0|'Strongl),
"Strong0, Strongl, Strongl, 4,0,1,0);
loadElement (4, 'DEdgeFF, (‘StrongO | Strongl),
“Strongl, Strongl, Strong0, 3,0,1,0);

I apply stimulus and simulate

display (" Applying 2 clocks to input element 1");
applyClock (2, 1) ;

display (" Changing element 2 to value 0 and applying 1 clock”);
setupStim(2, "Strong0) ;
applyClock (1, 1);

display ("\ nLoading open-collector and pullup circuit”);
loadElement(1, "DEdgeFF, 0, ‘Strongl,0,0, 3,0,0,0);
loadElement (2, 'DEdgeFF, 0, "Strong0,0,0, 4,0,0,0);
loadElement(3, 'Nand, (‘Strong0| Highzl),

“Strong0, Strongl, Strongl, 5,0,0,0);
loadElement(4, 'Nand, ("Strong0| Highzl),

"Highzl, Strong0, Strongl, 5,0,1,0);
loadElement(5, Wire, 0,

“Strong0, Strong0, Highzl, 7,0,1,0);
loadElement (6, 'DEdgeFF, 0O, "Pull1,0,0, 7,0,0,0);
loadElement(7, Wire, 0,

“Strong0, Pull1, Strong0, 0,0,0,0);

I apply stimulus and simulate

display (" Changing element 1 to value 0") ;
pattern = pattern + 1;
setupStim(1, ‘Strong0) ;
executeEvents;

display (" Changing element 2 to value 1') ;
pattern = pattern + 1;
setupStim(2, ‘Strongl) ;
executeEvents;
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display (" Changing element 2 to value X");
pattern = pattern + 1;
setupStim(2, ‘StrongX) ;
executeEvents;
end

I Initialize data structure for a given element .
task loadElement;

input [ IndexSize-1:0] loadAtindex; / element index being loaded

input [ TypeSize-1: 0] type; I type of element
input [ 15:0] strengthCoercion; I strength specification of element
input [15:0] oVal, iOVd, ilVal; [/ output and input vdues
input [ IndexSize-1:0] fo0, fol; I fanout dement indexes
input foOTerm, folTerm; I fanout element input terminal indicators
begin
if (DebugFlags[4])
display(

"Loading dement %0d, type %0s, with initial value % s(%b. %b)",
loadAtindex, typeString(type),
valString(ova), oval[15:8], oval[7:0]);

eleType[loadAtindex] = type;

eleStrength[ loadAtindex] = strengthCoercion;

outVal[loadAtindex] = oVal;
inOVal[loadAtIindex] = i0Val;
inlVal[loadAtindex] = ilVal;

foOIndex[loadAtindex] = fo0;
follndex[loadAtindex] = fol;
foOTermNum|[ load Atl ndex]
folTermNum[ load Atl ndex] folTerm;
schedPresent[ loadAtindex] = O;

end

foOTerm;

endtask

I Given a type number, return a type string
function [ 32 * 8:1] typeString;
input [ TypeSize-1: 0] type;
case (type)
‘Nand: typeString = "Nand’;
‘DEdgeFF: typeString = "DEdgeFF';
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‘Wire: typeString = "Wirée';
default: typeString = " * * * Unknown element typ€';
endcase

endfunction

Il Setup avalue change on an e ement .
task setupStim;

input [ IndexSize-1:0] vcElement; / element index

input [15:0] newVal; I new dement vd ue
begin
if (!schedPresent[vcElement])
begin

schedList[ vcElement] = currentList;
currentList = vcElement;
schedPresent[ vcElement] = 1;
end
outVal[vcElement] = newVal;
end
endtask

I Setup and simulate a given number of clock pulses to a given element .
task applyClock ;
input [ 7:0] nClocks;
input [ IndexSize-1:0] vcElement;
repeat ( nClocks)
begin
pattern = pattern + 1;
setupStim(vcElement, ‘Strong0) ;
executeEvents;
pattern = pattern + 1;
setupStim(vcElement, ‘Strongl) ;
executeEvents;
end

endtask

/I Execute all eventsin the current event list .
/' Then move the events in the next event list to the current event
I list and loop back to execute these events . Continue this loop

/' until no more events to execute .
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I For each event executed, evaluate the two fanout dements if present .
task executeEvents;
reg [15:0] newVal,
begin
simTime = 0;
while (currentList)
begin
eventElement = currentList;
currentList = schedList[eventElement];
schedPresent[ eventElement] = O;
newVal = outVal[eventElement];
if (DebugFlags[3])
display(
"At %0d,%0d Element %0d, type %0s, changes to %s(%b. %b)",
pattern, smTime,
eventElement , typeString(eleType[ eventElement]) ,
valString(newVal) , newVa[15:8], newVal[7:0]);
iIf (foOlndex[ eventElement] ) eval Fo(0) ;
if (follndex| eventElement]) evalFo(1) ;
if ( !currentList) / if empty move to next time unit
begin
currentList = nextList;
nextList = O;
smTime = smTime + 1;
end
end
end
endtask

I Evduate a fanout element by testing its type and calling the
I appropriate evaluation routine .
task evalFo;
input fanout; / first or second fanout indicator
begin
evalElement = fanout ?follndex[eventElement] :
foOl ndex[ event Element] ;
if (DebugFlags[1])
display (" Evaluating Element %0d type is %0s',

234 -



evad Element, typeString(eleType[evadElement])) ;
case (eleType[ evd Element])
‘Nand: eval Nand(fanout);
"‘DEdgeFF: evalDEdgeFF (fanout) ;
‘Wire: evdWire(fanout) ;
endcase
end

endtask

I Store output value of event dement into
II' input value of evaluation eement .
task storelnVd;
input fanout; / first or second fanout indicator
begin
I store new input value
if (fanout ?folTermNum[ eventElement] : foO TermNum[eventElement])
inlVal[ evdElement] = outVal[ eventElement] ;
else
inOVal[ evd Element] = outVal[ eventElement] ;
end

endtask

I Convert a given full strength value to three-valued logic (0, 1 or X)
function [1:0] log3;
input [15:0] inVal,
casez (inVal)
16 b00000000. 00000000: log3 = ValX;
16 b ??????? 0- 00000000: log3 = "ValO;
16 b00000000. ???????0: log3 = "Vall;
default: log3 = ValX;
endcase

endfunction

I Convert a given full strength value to four-valued logic (0, 1, X or Z2),
I returning a 1 character string
function [ 8:1] valString;
input [15:0] inVal;
case (log3(inval))
Valo: vadString = "0';
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Vall: vadString = "1";
‘ValX: valString = (inVal & 16 b11111110. 11111110) ?'X" : "Z";
endcase

endfunction

I Coerce a three-valued logic output value to a full output strength value
I for the scheduling of the evd uation element
function [15:0] strengthvd;
input [1:0] logVal;
case (logVval)
'Val0: strengthVal = deStrength[evalElement] & 16 b11111111. 00000000;
"Vall: strengthVal = deStrength[evalElement] & 16 b0O0000000. 11111111 ;
‘ValX: strengthVal =fillBits(eleStrength[ evalElement]) ;
endcase

endfunction

I Given an incomplete strength value, fill the missing strength bits .
I The filling is only necessary when the value is unknown .

function [15:0] fillBits;

input [15:0] val;

begin
fillBits = val;
if (log3(val) == "ValX)
begin

casez (val)
16 bl ??2?7?7??2 2?27?2272 fillBits = fillBits | 16 b11111111- 00000001 ;
16 b01 ??7?7??2 2???????2 fillBits = fillBits | 16 b01111111. 00000001 ;
16 b001 72?7?72 ????2????2 fillBits = fillBits | 16 b00111111. 00000001 ;
16 b0001 ???2 ???7???7??2 fillBits = fillBits | 16 b00011111- 00000001 ;
16 b00001 ??2 ???????2 fillBits = fillBits | 16 b00001111. 00000001 ;
16 b000001 ?2 ??7?????2 fillBits = fillBits | 16 b00000111. 00000001 ;
16 b0000001 2 2?7?7272 fillBits = fillBits | 16 bO0O000011- 00000001 ;

endcase

casez (val)
16 b 22?2?7272 1 2?72?7272 fillBits = fillBits | 16 bOO000001- 11111111 ;
16 b ??2??2?7??2 01 2?72?72 fillBits = fillBits | 16 bO0O000001. 01111111 ;
16 b ????7?7??2 001 ?????2 fillBits = fillBits | 16 bO00O00001. 00111111;
16 b ???????2 0001 ???2 fillBits = fillBits | 16 bO0O0O00001- 00011111 ;
16 b ????7???2 00001 ??? fillBits = fillBits | 16 bOO0O00001. 00001111;
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16 b ???????2 000001 ?? fillBits
16 b ???????? 0000001 ? fillBits
endcase

end
end

endfunction

I Evduate a’' Nand gate primitive .
task evalNand;

input fanout; / first or second fanout indicator
begin
storelnVd (fanout) ;

I calculate new output value

in0 = log3(inOVal[evalElement]);

inl = log3(inlVal[evalElement]);

out = ((in0 == Valo) || (inl == Valo)) ?
strengthva ('Vall) :

((in0 == ValX) || (inl == "VvdX)) ?
strengthVal (ValX) :
strengthVal (Val0);
I schedule if output value is different
if (out !'= outVal[evalElement])

schedule(out) ;
end

endtask

II' Evduate a D positive edge-triggered flip flop
task evalDEdgeFF;

input fanout; / first or second fanout indicator
I check vadue change is on clock input
if (fanout ?(folTermNum[eventElement] == 0) :
(foOTermNum[ eventElement] == 0))
begin

I get old clock value
oldinO0 = log3(inOV d[evalElement]) ;
storelnvVd (fanout) ;
in0 = log3(in0OVal[evdElement]);
Il test for positive edge on clock input
if ((oldIn0 == "Val0) & & (in0 == Vall))

fillBits | 16 bOOO00001- 00000111;
fillBits | 16 bOOO00001. 00000011 ;
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begin
out = strengthVal(log3(inlVal[evalElement])) ;
if (out !'= outVa[evalElement])

schedule(out) ;
end
end
else
storelnVd (fanout) ; / store data input value

endtask

I Evaduate a wire with full strength vdues
task evalWire;
input fanout ;
reg [7:0] mask;
begin
storelnVd (fanout) ;

in0 inOVal[eva Element] ;

inl = inlVal[evaElement] ;

mask = getMask(in0[15:8]) & getMask(in0[7:0]) &
getMask(in1[15:8]) & getMask(in1[7:0]);

out = fillBits((in0 | inl1) & {mask, mask});

if (out '= outVal[evalElement])
schedule(out) ;

if (DebugFlags[2])
display("in0 = %b- %b\ninl = %b- % b\nmask= %b %b\nout = %b- %',
in0[15:8],in0[7:0], inl[15:8],inl1[7:0],
mask, mask, out[15:8] ,out[7:0]) ;
end
endtask

I Given either a O-strength or 1-strength haf of a strength va ue
I return a masking pattern for use in a wire evaluation .
function [ 7: 0] getMask;
input [7:0] hdfVal; / half a full strength value
casez (halfval)
8 b 77?7?74 : getMask
8 b ?????240: getMask
8 b ????200: getMask
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8 b ???2000: getMask = 8 b11111000;

8 b ??210000: getMask = 8 b11110000;

8 b ?200000: getMask = 8 b11100000;

8 b 2000000: getMask = 8 b11000000;

8 b10000000: getMask = 8 b10000000;

8 b00000000: getMask = 8 b11111111;
endcase
endfunction

I Schedule the evaluation element to change to a new value .
I 1f the element is already scheduled then just insert the new value .
task schedule;
input [15:0] newVal; // new value to change to
begin
if (DebugFlags[0])
display(
"Element %0d, type %0s, scheduled to change to %s(%b. %b)",
evad Element, typeString(eleType[evadElement] ),
valString(newVal) , newVal[15:8], newVd([7:0]);
if ( !schedPresent[evaElement])
begin
schedList[ evalElement] = nextList;
schedPresent[ evalElement] = 1;
nextList = evalElement;
end
outVal[evalElement] = newVd;
end
endtask
endmodule

943

Loading toggle circuit

Loading dement 1, type DEdgeFF,with initial va ue 1(00000000. 01000000)
Loading dement 2, type DEdgeFF,with initial va ue 1(00000000- 01000000)
Loading e ement 3, type Nand, with initial value 0(01000000- 00000000)
Loading dement 4, type DEdgeFF,with initial va ue 1(00000000. 01000000)
A pplying 2 clocks to input element 1

At 1,0 Element 1, type DEdgeFF,changes to 0(01000000. 00000000)
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At 2,0 Element 1,type DEdgeFF,changes to 1(00000000- 01000000)
At 2,1 Element 4,type DEdgeFF, changes to 0(01000000- 00000000)
At 2,2 Element 3,type Nand,changes to 1(00000000- 01000000)

At 3,0 Element 1,type DEdgeFF,changes to 0(01000000- 00000000)
At 4,0 Element 1,type DEdgeFF,changes to 1(00000000- 01000000)
At 4,1 Element 4,type DEdgeFF, changes to 1( 00000000 - 01000000)
At 4,2 Element 3,type Nand,changes to 0(01000000. 00000000)
Changing element 2 to vaue 0 and applying 1 clock

At5,0 Element 1,type DEdgeFF, changes to 0( 01000000 - 00000000)
At5,0 Element 2, type DEdgeFF, changes to 0(01000000. 00000000)
At5,1 Element 3, type Nand,changes to 1(00000000. 01000000)

At 6,0 Element 1,type DEdgeFF,changes to 1(00000000. 01000000)

Loading open-collector and pullup circuit

Loading dement 1,type DEdgeFF,with initial va ue 1(00000000. 01000000)
Loading dement 2, type DEdgeFF,with initial va ue 0(01000000. 00000000)
Loading dement 3, type Nand,with initial value 0(01000000. 00000000)
Loading dement 4, type Nand,with initial value Z(00000000. 00000001)
Loading ement 5, type Wire,with initia value 0(01000000. 00000000)
Loading dement 6, type DEdgeFF,with initial va ue 1(00000000. 00100000)
Loading element 7, type Wire,with initia value 0(01000000. 00000000)
Changing element 1 to vaue O

At 7,0 Element 1,type DEdgeFF,changes to 0(01000000. 00000000)

At 7,1 Element 3,type Nand, changes to Z(00000000. 00000001)

At 7,2 Element 5, type Wire,changes to Z(00000000. 00000001)

At 7,3 Element 7,type Wire,changes to 1(00000000. 00100000)

Changing element 2 to vaue 1

At 8,0 Element 2, type DEdgeFF, changes to 1(00000000. 01000000)

At 8,1 Element 4,type Nand, changes to 0(01000000. 00000000)

At 8,2 Element 5, type Wire,changes to 0(01000000. 00000000)

At 8,3 Element 7,type Wire,changes to 0(01000000. 00000000)

Changing element 2 to va ue X

At 9,0 Element 2,type DEdgeFF,changes to X(01111111. 01111111)
At9,1 Element 4,type Nand,changes to X(01111111. 00000001)

At 9,2 Element 5, type Wire,changes to X(01111111. 00000001)

At 9,3 Element 7, type Wire,changes to X (01111111. 00111111)
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95

, , trireg
Verilog miniSim,
miniSim

96

9.1 92 phasel
d :
9 2 wand : NAND pullup
“ " (wired-AND)
93 trireg

9 4 MOS ?

A .0(00110000. 00000000)
B . X(00000011. 00000001)
C . 1(00000000. 11111110)

95 : : ?

x(00000001- 01111111) outputl
0(00100000- 00000000)  output2
x(00111111. 01111111) result on net
0(01100000. 00000000)  outputl
x(01111111. 00111111) output2
0(01100000. 00000000)  result on net

96 “ »(wired-AND)
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9.7
98

99

0(01000000- 00000000)  outputl
1(00000000. 01000000)  output2
0(01000000- 00000000)  result on wired-AND net

“ »(wired-AND) ?

0(01100000. 00000000)  outputl
1(00000000. 01100000)  output2

miniSim , NAND
miniSim : bufifl
0 1 ?
miniSim ,
“ " (wired-AND) 0 1
0 ( : masking
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: Verilog
V erilog

10 1
Verilog :

101 1

; CMOS
0 1
1 0 , 0 1
, Verilog
101 2

a=b+c+d+e
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] Z (
a=(b+c)+(d+e)), b ¢ : d e
a
3 ( a=b+(c+(d+e)))
Tl
b ¢ :
,d e :
101 3
A . ,
(#1)

16 —

B A 16
( random) 2000 (
b,c,d e ),
C. “ myNAND” myNAND
0 1
, , 0
1 0 1 )
0 0 1 1 0
D. myNAND
myNAND : 1 mMyNAND
( )
, 0 1 ,
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10 2
102 1
, Verilog
: (Cyclic Redundancy Checksum, CRO)
: FIFO
(DMA) FIFO Verilog
10 1 , 10 1
Verilog Verilog
CRC ;
FEfif 2%
\ PRz
Bt I \ -
fl\ﬁ IDX £0 Sector err Eﬁ T
number

RDDATA L 1 done =

' CK - A\

2 17 FIFO | [
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/
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CRC |=
faates) IRESET
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, 10 2(b) IDX
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0 : 1
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10

10 .3

246 -

Series-to-parall e ( SerPar)

10 .2
RDDATA,
DECODE :
Ser Par ,
(preamble), 16 0
sync (10000001) sync
: (preamble) :
0 sync :
sync
(LSB) ( )
5B ( ) (01011011) : 11011010
: : 16 0
( 1025 )
512 512 - 16-1- 16 - 2=477

RDDATA

16

477
10 3



102 3

Decode: Decode  RDDATA , RDDATA
: Decode : Ser Par
RDDATA ( RDDATA ) :
10 3 RDDATA (
0 : 1 ) 16
0, RDDATA sync
1
10 .3 RDDATA 01011011
RDDATA RDDATA 4 s, (duty cycle) 1 8
, 10 3 (duty cycle)
SerPar: SerPar IDX Decode
go go ,SerPar CRC :
IDX , Ser Par
Decode sync Ser Par CRC,
FIFO :
16 CRC : Ser Par
done : Ser Par err
CRC:CRC  SerPar
,CRC SerPar CRC
FIFO: FIFO 16 SerPar DMA
Ser Par , FIFO DMA
DMA , FIFO DMA
DMA:DMA FIFO FIFO ,DMA
DMA hrq
hack DMA DMA : FIFO
: memw
FIFO ,DMA hrg ( )
: FIFO 10 4
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10 4

101
ck Input ,8 MHz
hrq Output
hack Input DMA
a[7:0] Output
d[7:0] Output
memw Output
102 4
RDDATA 4 s,
” , (: aJ S
RDDA TA 1’ OH
4 s
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s,
RDDATA

102 5

Xl6+X12+X5+1

CRC

CRC

10 2 6

Verilog

memory Vv’

2 s
(PLL)

Decode

Verilog

CRC

16
16

Verilog

COrrectx v errorx vV’

10 5

RDDATA
Jus+ 5%,

V erilog
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module memory(clock ,hrq, hack, memw ,d,a) ;

output clock ,hack;
input hrg, memw ;
inout [0:7] d,a;

module disk (idx , rddata) ;
output idx, rddata;

modul e simint(go, count,done, err) ;

output go;

output [0:2] count ;

input done,err;
10 .5
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1 )
1 b
1
Verilog —_
1 CD ’
CD , ,
Al
112 Verilog
Al Al Verilog
F=(AB) +C,
(AND,OR NOT),
: Al F=(AB)+C
B B, ( )
! ;
and #5 myFirstAnd(q,r,Ss);
5 : myFirstAnd, q,r
S ? v g )
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, ( top),

module top;
not #1 gl(d,b);
and #2 g2(e,d,a);

or #2 g3(f,c,d); I g3(f,c, e
endmodule
, ?
? ?
J ?
, , de f
wire a,b c ,
? Verilog :
( ),
wire d,e,f;
reg a,b,c;
wire, wire
module top;
reg a,b,c;
not #1 gl(d,b);
and #2 g2(e,d,a);
or #3 g3(f,c,d); I g3(f,c,e)
endmodule
( )
initial
top

(a,b,c) :100, 110,010,
011
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initial initia always
: initial
, (a,b,c) 100
b : 110 a : 010,
011 ,
initial begin
a=1;
b =0;
c=0;
b=1;
a=0;
c=1
end
initia
monitor , , ,

monitor( time,,"a= %b, b= %Db, c=%b, d= %b, e= %b, f=%0b",a,b,c,d,e,f);

monitor ,
( a,b,c,d,e f), ,
: monitor
monitor , monitor ,
011
( ) X ( ) initial  always
initial , ,
,a=0,b=1,c=1 initial ,
module top;
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wire d, e, f;

reg a, b, c;

not #1 gl(d, b);

and #2 g2(e, a, d);

or #2 g3(f, e, ©); I (AB)+C
initial begin

monitor( time,, "a= %b, b= %b, c= %b, d= %b, e= %b, f=%b\n",
a, b,c,de,f);

a=1; I initialization
b =0;
c = 0;
b=1,; I first change of input
a=0; I second change of input
c = 1; II' third change of input
#20 finish; I this tdls the simulator to stop
end
endmodule
0 , hot (d)
(e) g3 () C 1 f
not g2 g3

0a=0,b=1,c=1,d=x,e=x,f=x
1a=0,b=1,c=1,d=0,e=x,f=x
2a=0,b=1,c=1,d=0,e=0,f=1

initial
initial begin
monitor( time,, "a= %b, b= %b, c=%b, d= %b, e= %b, f=%b\n",
a, b,c,d e, f);

/I initialization

# © T 9
I
T o o B

=1, II' first change of input
254 -



#2a=0;
#2c = 1;
#20 finish;
end

0a=1,b=0,c=0,d=x,e=x,f=x
la=1,b=0,c=0,d=1,e=x,f=x
2a=1,b=1,c=0,d=1,e=x,f=x
3a=1,b=1,c=0,d=0,e=0,f=x
4a=0,b=1,c=0,d=0,e=0,f=x
5a=0,b=1,c=0,d=0,e=0,f=0
6 a=0,b=1,c=1,d=0,e=0,f=0
8a=0,b=1,c=1,d=0,e=0,f=1

module top;
d, e, f;
reg a, b, c;

wire

not #1
and #2
or #2
initial begin
monitor (

* B
N N DN
S & O
o o o °
non o
R O

gl(d, b);
g2(e, a, d);
g3(f, e, ©);

/)
/)

/)

/)

/)
/)
/)

second change of input
third change of input

#3072

(AB) +C

time,, "a= %b, b= %b, c= %b, d= %b, e= %b, f=%b\n",

a, b, c,d, e, f);

initialization

first change of input
second change of input

third change of input
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#20 finish;
end
endmodule

la=1,b=0,c=0,d=1,e=x,f=x

3a=1,b=0,c=0,d=1,e=1,f=x

5a=1,b=0,c=0,d=1,e=1,f=1

20a=1,b=1,c=0,d=1,e=1,f=1
2la=1,b=1,c=0,d=0,e=1,f=1
23a=1,b=1,c=0,d=0,e=0,f=1
25a=1,b=1,¢c=0,d=0,e=0,f=0
40a=0,b=1,c=0,d=0,e=0,f=0
60a=0,b=1,c=1,d=0,e=0,f=0
62a=0,b=1,c=1,d=0,e=0,f=1

A2 : adder .v
hal fadder
module halfadder (cOut, sum, a, b);
output cOut, sum;
input a, b;
xor #1 (sum, a, b);
and #2 (cOut, a, b);
endmodule
, 1
XOR ,a b , sum
: endmodule
testadder
system
: testadder initial
( : ) initial
initial : monitor (
), X Yy 0“ #1O 10
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XOR
and

halfadder

10



10 . finish

: system wire

module system;

wire CarryOut, SumOut,inl,in2;
halfadder AddUnit(CarryOut, SumOut,inl,in2) ;
testadder TestUnit(inl,in2,CarryOut, SumOut) ;
endmodule
system — :
, : halfadder AddUnit, testadder
TestUnit

module testadder ( X, y, ¢, S);

output X, Y,
reg X, Y,
input C, s,
initial begin

monitor( time,,

"X = %b,y = %b, Sum = %b, Cary = %b', x, vy, s, C);

X = 0;
y = 0;
# 10 X = 1;
# 10 y = 1;
#10 x = 0;
# 10 finish;
end
endmodule
system
halfadder AddUnit(CarryOut, SumOut,inl,in2) ;
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testadder TestUnit(inl,in2,CarryOut, SumOut) ;
halfadder, testadder——
: testadder X Y
: 10 , halfadder XOR AND
testadder
(1) halfadder ? (
1
(2) finish : ?
(3) initial aways : ?
A3 12 Al :
?
: 2
B,C D
A4 : AND OR
DeMorgen
A5 ,
DeMorgen
Ab #6 #1,
A7 , a
Al 12
module binary TOESegSim;
wire eSeg, pl, p2, p3, p4;
reg A, B, C, D;
nand # 1
gl (p1, C, D),
92 (p2, A, B),
93 (p3, B, D),
g4 (p4, A, C),
g5 (eSeg, pl, p2, p3, p4);
initial /I two dlashes introduce a single line comment
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begin
monitor ( time,,,
"A = %bB = %bC = %bD = %b, eSeg = %b’',
A, B, C, D, eSeqg);
I waveform for simulating the binary TOESeg driver
#100A =0;B=0;,C=0,;D = 0;

#10D = 1;
#10C = 1, D = 0;
#10 finish;
end
endmodule
A2
114
A 8 A4 Al
A9 A5 | Al
A3 always
12 A 11
A 10 binary ToESeg- Behavioral 1 4 testBench
?
A 11 : always
6
A2
? ) 1)
| A2 F=(AB)+C
0, f 0,
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module andOr(f, a, b, c);

input

output

reg

a, b, c;

f;
f;

always @ (aor b or c)
if (c+ (a&

endmodule

b))

else

module andOr(f, a, b, c);

b))

input a, b, c;
output f;
reg f;
always @(aor b or c)
if (c + (a&
f = 1;
else f = 0;
endmodule
f
f 1
always @ (a or b or c) begin
f = 0;
if (c+ (a& b))
f =1,
end
l( @H)
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else

el se

always

, always



module andOr(f, a, b, c);

input a, b, c;
output f;
reg f:
always @(aor c) /) b! (aor borc)
if (c)
f=1,
else
f=a& b
endmodule
, b : : a ¢ ,
: b
, b
A 12 15, “ eSeg=0" 1
aways testBench
A 13 Verilog case A 2 -
(BCD) Verilog : case 2.4 2
, case
0O 9 : : A F
1 ; 0
( a f : f a )
A 2 BCD Verilog
module BCDtoSevenSeg ( led, bcd);
output [7:0] led;
input [3:0] bcd;
reg [7:0] led;

always @ (bcd)

case (bcd)
0: led = ' h81;
1: led = ' hcf;
2 led = 'h92;
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3: led = ' h86;
4 . led = 'hcc;
5: led = ' had,;
6 : led = 'ha0;
7 : led = ' h8f;
8 : led = ' h80;
9 : led = 'h8c;
default:led = " BXXXXXXXX :
endcase
endmodule
A4
13 ,
A 14
up
reset 0
:0,1,2,3 :
up= 1":0- >1- >2- >3- >0->1->2- >3- > ...
up= 0":0- >3- >2->1->0->3->2->1-> ...
0 3 3 0
reset 0
? A 3
A3
? 00 0,
01 1, 10 2, 11 3
Verilog
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module counter- 2- bit(up, dk, rst, count) ;
input up, clk, rst;

output [1:0] count;

reg [1:0] count;
A 15 default:
A 16 16

0,0,1,0,1,1,1,1,0,0

A 17 16 (<=)
A 18 )
17 else
2
A 19
reg [7:0] a,b,temp;

always begin

temp = a;
a = b;
b = temp;
a b ( temp)
module counter. 2. bit (up, clk, st, count); / Answer to problem A 14
input up, clk, rst; / Declarations
output [1:0] count;
reg [1:0] count, nextCount;

always @ (up or count)
case (count)
0: begin
if (up) nextCount = 1;
e se nextCount = 3;

(

109
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end

1: begin

if (up) nextCount = 2;

dse nextCount = O;

end

2: begin

if (up) nextCount = 3;

dse nextCount = 1;

end

3: begin

if (up) nextCount = O;
e se nextCount = 2;

end

default:

nextCount = O;

endcase

always @ (posedge clk or negedge rst)

if (

else

endmodule
ADb
A 20
A 21
1. 10)
A 6
A 22
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rst)

count <= O0;

count <= nextCount;

14

15

113 13

(always

1.9

15

initial)

board

13,

1 .8,

19



A 23 :

0 0, TRUE;
A 24 : 111

A 25 sillyComputation

y X,y,cState i
A 26 sillyComputation
(
A ./
16
A 27 119
A 28 Fibonacci
8,
reset

FALSE

117 1 18)

16

1.10

32

1,1,2,3,5,
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V erilog
B1
/ * :
B 2
B3

ss..sfnn...n
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tab

*/

0O 9
, Verilog

tab

I

Verilog

Cc4



B1

'f

dho

nn...n

12 b Ox0Ox- 1101- 0zx1

12" b 0x0x11010zx1

729
7d9

"h 7d9
"0 7746

12" h x

8'h fz
10'd 17

B 4

\n

I
I
I
Il

I
I
Il

12

17

SS.. S

:8'b 1111. zzzz
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\t tab tab

\\ \

\II

\ddd 1 3 ASCI |

B5
begin-end
( B ) ’
1024
(
F
L( \H ) ’
\ bus-index
\a+b
CAD
B 2 Verilog

always and assign begin buf
bufifO bufifl case casex casez
cmos deassign default defparam disable
edge ese end endcase endfunction
endmodule endprimitive endspecify endtable endtask
event for force forever fork
function highz0 highz1 if initial
inout input integer join large
macromodul e medium module nand negedge
nmos nor not notifO notifl
or output pmos posedge primitive
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pullO pulll pulldown pullup rcmos
reg release repeat rnmos rpmos
rtran rtranifO rtranifl scalared small
specify specparam strong0 strongl supplyO
supplyl table task time tran
tranifO tranifl tri tri0 tril
triand trior vectored wait wand
weakO weakl while wire wor
xnor xor
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Cl

C Verilog

C1 \Verilg

{.}

{b,{3{a,b}}}

{b,a,b,a,b,ab}

%
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<
<= !
| 0 (TRUE) 0:0 (FALSE) 1;
' X
, if Jif ((a>b)
& &
& & (c<d))
] , if Jif ((a>b)
| [ (c<d))
| =
c , X VA
=== ase
TRUE, FALSE
C - |
|= = ase
TRUE, FALSE
X X
&
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&
&
|
|
N
N
N
< < 0
> > 0
condExpr ? trueExpr: fal seExpr condExpr
, trueExpr;
condExpr , falseExpr
R condExpr , trueExpr
i falseExpr
1, 1; 0, 0; ;
X
C2
(2 )
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C3

C3

C2

Ch

c4a

c4a

L)

C&6
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Cob

i OP j max (L (i), L(j)) OP +,-/.,*% %,&,[  *
£, - L (i)
i L (i)
o] OP ===, l==,== 1= &&,||,<,<=,>,
> = &, &, |~ A
i>>ji<<j L (i)
i 7:k max (L (j),L(k))
{i, ...} L)+  +L(j)
{i{i, ...k} (L) +  +L(k))
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D Verilog

D1

0

AND

NAND

OR

NOR

XOR
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0

XNOR

NOT

D2 BUF

O 1 X X

— O X X

BUF

O <« X N

NOT

O +d X N

NOTIF

D3 BUFIF

(L

z:H

Control Input

0

bufifO
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D4 MOS

NMOS PMOS

supply

Control Input
bufifl 0 1 X z
D 0 z 0 L L
A 1 Z 1 H H
T X z X X X
A z z X X X
Control Input
NotifO 0 1 X Z
D 0 1 Z H H
A 1 0 Z L L
T X X z X X
A z X z X X
Control Input
Notifl 0 1 X Z
D 0 Z 1 H H
A 1 Z 0 L L
T X z X X X
A z z X X X
NMOS PM OS B
strong 97
(L O zH 1 z)
Control Input
(r) pmos 0 1 X z
D 0 0 Z L L
A 1 1 Z H H
T X X z X X
A z z z z z

277 -



Control Input
(r)nmos 0 1 X z
D 0 z 0 L L
A 1 z 1 H H
T X z X X X
A z z z z z
D5
“tran, tranifl, tranifO, tran, rtranifl rtranifO
tranif rtranif , ,
D6 CMOS
CMOS nmMos pmos
) ) n_ 1
p- CmMos rcmos
D 7 Pullup Pulldown
pull ( ) pullup

pulldown 0
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E1l

reg

reg tempBit;
tempBit :
reg [15:0] tempNum;

tempNum 16
( 15)

reg [0:15] tempNum;

reg- declaration =reg [range] list- of- register- identifiers;
list. of. register. identifiers =register. name {, register. name}

register- name =

= registe - identifier

| memory. identifier [ upper. [imit. constant. expression :

lower. limit. constant. expression ]

range = [ msb constant. expression : |sb. constant. expression |

( )

reg [10:0] counter ;

reg a,
reg [2:0] b;

reg [ -5:7] C
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counter[7]; I

counter[4:2]; I

primary =
=identifier [ expression ]

| identifier [ msb. constant. expression :

E 2

reg [10:0] lookUpTable[0:31];

lookUpTable 32

lookUpTable[5] = 75;

,lookUpTable 75

E3
integer  time
integer ,
time
integer a,b; I
integer c[1:100]; )

280 -

counter 7

counter 43,2 b

. Ish. constant. expression |



time q,r; )
time s[1:100] ; ]

32 ,
64 , time
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F

Verilog

F1 Display Write

display write
display
display

display (" Some text %d and maybe some more: %h ! ,a,b);

: a “%d, b

“ %h” “ %d “ %h”
h H
d D
o O
b B
c C ASClI
v V ( 94 * ")
m M
s S

“ %0d” 0

0
(.1)

\n
\t tab
\\ \
\" "

282 -



\ddd (

)
F 2
monitor ,
monitor display
monitor ( display
monitor
moni tor
monitor ( time, ,"regA =",regA) ;
F3
strobe display
F A4
display write  monitor
fdisplay ( , display
fwrite ( ,write
fmonitor ( , monitor
fstrobe ( , sStrobe
fopen

display("Heédlo world\n'") ;

strobe

strobe

monitor

monitor
moni tor

display :

32
283 -



fopen

fopen ("name of file");

fclose (

F5

time

monitor (

F 6

stop

stop;
stop(n) ;
finish;

finish(n) ;

284 -

, fopen

64

monitor

time, ,,"regA =" ,regA);

stime

monitor
finish stop
finish
0
1
2
1

fopen

32



F .7

random ,

random;
random( < seed>);
< seed > , random < seed >

, random ,

F 8

readmemb readmemh Verilog
13 b” l: h”

readmemx ("filenamé’ , < memname> , < <start. addr> <, <finish. addr> > ? > 9 ;

“ B p

< memname > Verilog IDENTIFIER( :
G 10)

< start.- addr > : ;

< finish. addr > , < start. addr > ,

X

< finish. addr >
< finish. addr >
“ @hhh .. h”

Verilog

285 -



BNF , G2 ,
1995 IEEE Standard 1364-1995 |IEEE
Verilog (LRM) |[EEE
|EEE ( )
Gl
( G' 1) 1 D
dEdgeFF

, ( module’f endmodul€”’)

module. declaration
= mod le. keyword module identifier [list. of. ports] ;

{ module. item}

endmodule
module. keyword
= module
|
: “ module- keyword” % module. keyword”
“ module- identifier” ([] ),
o “{}V ), “ endmodule”
module- keyword “ module®, module identifier” “ identifier”
Gl
© =T © =7 (

, , Y module” “ ,

G1l
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module dEdgeFF (g, clock, data);

input clock, data;
output q;
reg reset;
wire g, gBar, r, s, rl, sl;
initial begin
reset = 1;
#20 reset = 0O;
end
nor #10

a(q, gBar, r, reset);
nor

b (gBar, q, ),

c (s, r, cock, s1),

d (sl, s, data),

e (r, r1, clock),

f(rl, s1, r);
endmodule
G1
name = -
I , ( )
name
[item]
{item} , ,
name2 namel name?2
namel. name2
name2
G2 G10)
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module. identifier

IDENTIFIER
module identifier IDENTIFIER
: identifier
module : port. identifier,
module identifier
list. of . ports
list- of . ports :
( )’ ’ 113 ()”
list. of. ports
= ( port {,port} )
port. expression, port. expression port. reference
port- reference port. reference port- identifier (
IDENTIFIER), port. identifier ( ), port.
identifier ( ) :
port

= [ port. expression ]

port- expression

port. reference
{ port. reference{ , port. reference} }

port. reference

item
initial

288 -

port- identifier
port- identifier [ constant- expression ]

port. identifier [ msb. constant. expression : Ish. constant. expression |

: module. item module.
, Gl ,
always module. item. declaration, register  net



module. item
= module. item. declaration
continuous- assign
gate- instantiation
module. instantiation

I
I
I
| initial . construct
| always- construct
I

module. item. declaration
= input- declaration
output. declaration
inout. declaration

I
I
| net. declaration
| reg- declaration
I

input - declaration

input. declaration
= input [range] list. of. port. identifiers ;

range

= [ msb. constant. expression : |Ish. constant. expression |

constant- expression
= constant- primary

constant- primary
= number

list- of - port- identifiers
= port. identifier { , port. identifier }
, input
range( ) : ,
range,
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E 1; IDENTIFIERSB 5,G 10

G 2

source. text = {description}

description =
module- declaration
| udp. declaration
module. declaration =

module- keyword module identifier [list- of- ports] ; { module- item

} endmodule
module. keyword = module | macromodule
list- of- ports = ( port{ ,port} )

port =
[ port. expression ]
|  port. identifier ( [ port. expression] )
port. expresson =
port. reference
[{ port- reference{ ,port- reference}}
port. reference =
port. identifier
| port. identifier [ constant. expression ]
| port- identifier [ msb constant- expression : Ish- constant- expression ]
module. item =
module. item. declaration
parameter - override
continuous. assign
gate. instantiation

udp- instantiation

|

|

|

|

| module. instantiation
| specify. block

| initial. construct

| always. construct
module. item. declaration =

parameter - declaration
290 -



input- declaration
output. declaration
inout- declaration
net. declaration

reg- declaration

|

|

|

|

|

| integer. declaration
| red - declaration

| time. declaration

| redtime. declaration
| event. declaration

| task. declaration

| function. declaration

parameter. override = defparam list. of. param. assignments ;

G3

parameter- declaration = parameter list- of - param- assignments ;
list- of - param- assignments = param- assignment { , param- assignment }
param. assignment = parameter. identifier = constant. expression
input- declaration = input [range] list- of- port- identifiers ;
output. declaration = output [range] list. of. port. identifiers ;
inout- declaration = inout [range] list- of- port- identifiers ;

list. of. port. identifiers = port. identifier { , port. identifier }
reg- declaration = reg [range] list- of- register - identifiers ;

time. declaration = time list. of. register. identifiers ;

integer - declaration = integer list- of- register - identifiers ;

real. declaration = real list. of. real . identifiers ;

realtime. declaration = realtime list. of. real. identifiers ;

event. declaration = event event. identifier { , event. identifier } ;
list. of. red. identifiers = real. identifier { , real. identifier }
list. of. register. identifiers = register. name { , register. name }

register. name =
register. identifier
| memory. identifier [ upper. limit. constant. expression :
lower. limit. constant. expression |
range = [ msb. constant. expression : Ish. constant. expression ]

net. declaration =
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net- type [vectored | scalared] [range] [delay3] list- of- net- identifiers ;
|  trireg [vectored | scalared] [charge. strength] [range] [delay3]
list. of . net. identifiers;
| net- type [vectored | scalared] [drive- strength] [range] [deday3]
list. of. net. decl. assignments;
net. type = wire]tri]tril]supplyO]wand| triand] triO] supplyl|wor |trior
list- of - net- identifiers = net- identifier { , net- identifier }
drive. strength =
('strengthO, strengthl)
| (strengthl,strengthO)
| (strengthO, highzl)
| (strengthl,highz0)
| (highzl, strengthO)
|  (highzO, strengthl)

strengthO = supplyO | strongO | pullO | weakO
strengthl = supplyl | strongl | pulll | weakl
charge- strength = (gmall ) | ( nedium ) | ( large )
dday3 = #delay. value | # ( ddlay. value [ , delay. value [ , dday. value ]])
deday2 = #delay. value | # ( ddlay. value [ , delay. value ] )
delay- vdue = unsigned- number | parameter- identifier |
constant. mintypmax. expression
list. of. net. decl. assignments = net. decl. assignment { , net. decl. assignment }
net- decl- assignment = net- identifier = expression

function. declaration =
function [ range. or. type ] function. identifier ;
function- item- declaration { function- item- declaration }
statement
endfunction
range- or- type = range | integer | real | realtime | time
function. item. declaration =
block. item. declaration
| input. declaration
task - declaration =
task task. identifier ;
{task. item. declaration}

statement- or - null
endtask
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task - item- declaration =

block. item. declaration
| iuput. declaration
| output- declaration
| inout. declaration

block. item. declaration =

G4

parameter . declaration
reg- declaration
integer. declaration
rea . declaration
time. declaration
reatime- declaration
event. declaration

gate. instantiation =

n. input. gatetype [drive. strength] [delay2] n. input. gate. instance{ ,

n. input. gate. instance } ;

n- output- gatetype [drive- strength][delay2] n- output- gate- instance

{, n.output. gate. instance } ;

enable. gatetype [drive. strength] [delay3] enable. gate. instance{ ,
enable. gate. instance };

mos- switchtype [ delay3] mos- switch- instance{ ,mos- switch- instance } ;
pass. switchtype pass. switch. instance| , pass. switch. instance } ;

pass. en. switchtype [ delay3] pass. en. switch. instancef ,

pass. en. switch. instance } ;

cmos- switchtype [delay3] cmos- switch- instance{ , cmos- switch- instance } ;
pullup [ pullup. strength] pull. gate. instance { ,pull. gate. instance} ;
pulldown [ pulldown. strength] pull. gate. instance { ,pull. gate. instance} ;

n. input. gate. instance = [name. of. gate. instance] (output. terminal,input. termina
{,input- termind})

n. output. gate. instance = [name. of. gate. instance] (output. terminal{, output. terminal}
,input. terminal)

enable. gate. instance = [name. of. gate. instance] (output. terminal ,input. terminal
,enable- terminal)

mos. switch. instance = [name. of. gate. instance] (output. termina ,input. terminal
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,enable- terminal)
pass. switch. instance = [name. of. gate. instance] (inout. terminal ,inout. termind)
pass- en- switch- instance = [name- of. gate- instance] (inout- terminal,inout- terminal
,enable. terminal)
cmos- switch- instance = [name- of - gate- instance] (output- terminal,input- terminal
,hcontrol . termind , pcontrol . terminal)
pull - gate- instance = [name- of - gate- instance] (output- terminal)
name. of . gate. instance = gate. instance. identifier [range]
pullup. strength =
(strengthO, strengthl)
| (strengthl, strengthO)
| (strengthl)
pulldown. strength =
(strengthO, strengthl)
| (strengthl, strengthQ)

| (strengthO)
input. terminal = <alar. expression
enable- terminal = <scalar- expression
ncontrol . terminal = scalar. expression
pcontrol - terminal = scalar- expression
output. termind = terminal. identifier | terminal. identifier [constant. expression]
inout- terminal = terminal- identifier | terminal- identifier [constant- expression]
n. input. gatetype = and | nand | or | nor | xor | xnor
n- output- gatetype = buf | not

enable. gatetype = bufifO | bufifl | notifO | notifl
mos- switchtype nmaos | pmos | rmaos | rpmaos

pass. switchtype = tran | rtran
pass- en- switchtype = tranifO | tranifl | rtranifl | rtranifO
cmos. switchtype = amos | ranos

G b

module- instantiation =
module identifier[ parameter. vaue. assighment] module. instance]
,module. instance} ;

parameter. value. assighment = # (expression{ ,expression} )

module- instance = name- of - instance ([ list- of- module- connections] )
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name- of- instance = module instance identifier [range]
list. of. module. connections =
ordered. port. connection{ , ordered. port. connection }

| named- port- connection{, named- port- connection }

ordered. port. connection = [expression]
named. port. connection = .port. identifier([expression])
G 6 UDP

udp. declaration =
primitive udp. identifier (udp. port. list);
udp. port. declaration { udp. port. declaration}

udp- body
endprimitive
udp. port. list = output. port. identifier, input. port. identifier {, input. port. identifier}

udp- port- declaration =
output. declaration
| input. declaration

| reg- declaration

udp- body = combinational - body | sequentid - body

combinational. body = table combinational. entry {combinational. entry} endtable

combinational. entry = level. input. list : output. symbol ;

sequential - body = [udp- initid - statement] table sequential - entry {
sequentid . entry} endtable

udp. initial . statement = initial udp. output. port. identifier = init. val ;

init.vd  =21b0]XIbl|1lbx|1bX]|2BO]|IBL]1IBx]|IBX]1]0

sequential - entry = seq- input- list : current- state : next- state ;

seq- input. list = level. input. list | edge. input. list

levd . input. list = levd. symbol {levd . symbol}

edge- input- list = {levd- symbol} edge- indicator { level- symbol}

edge. indicator = (leve. symbol level. symbol) | edge. symbol

current. state = leve. symbol

next- state = output- symbol | -

output. symbol =0 1] x| X

levedl. symbol =0 1] x| X] ?]b]B

edge.symbol =r|R|Jf]JF]lp]PIn]IN|] *

udp. instantiation = udp. identifier [drive. strength][delay2] udp- instance{ , udp. instance} ;
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udp- instance = [name- of- udp- instance] (output- port- connection,input- port- connection

{, input. port. connection })

name- of- udp- instance = udp- instance identifier [ range]

continuous. assign = assign [drive. strength] [dday3] list. of. net. assignments;
list. of. net. assignments = net. assignment { , net. assignment }

net- assignment = net- Ivalue = expression

initial - construct = initial statement

always. construct = always statement

statement =

blocking- assignment;

non. blocking. assignment;
procedural - continuous. assignment;
procedural. timing. control . statement
conditiond - statement

case. statement

loop - statement

|

|

|

|

|

|

| wait. statement
| disable- statement
| event. trigger
| seq- block

| par. block

| task- enable
|

system. task . enable

statement. or. null = statement | ;
blocking- assignment = reg- lvalue = [delay- or- event- control] expression
non. blocking. assignment = reg. lvalue <= [delay. or. event. control] expression

procedural - continuous- assignment =
| assign reg. assignment;
deassign reg. lva ue;
force reg. assignment;

I
I
| force net- assignment;
| release reg. Ivalue;

|

release net- lvalue;
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procedural - timing- control - statement =
delay. or. event. control statement. or. null
delay. or. event. control =
delay- control
| event. control
| repeat ( expression ) event. control
delay- control =
# dday. value
| # ( mintypmax. expression )
event- control =
@ event. identifier
| @ ( event. expression )
event. expresson =
expression
| event. identifier
| posedge- expression
| negedge. expression

| event. expression or event. expression
conditional - statement =
if (expression) statement. or. null [else statement. or. null]
case. statement =
case ( expression ) case- item { case- item } endcase
| ( expression ) case. item { case. item } endcase
| casex ( expression ) case. item { case. item } endcase
case- item =
expression {,expression} : statement. or. null
| default [ :] statement. or. null
loop- statement =
forever statement
| repeat(expression) statement
| while (expression) statement
| for (reg. assignment;expression;reg. assignment) statement
reg. assignment = reg. lvalue = expression
wat. statement =
wait (expression) statement- or- null
event. trigger =

- > event- identifier;
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disable. statement =
disable task. identifier;
| disable block- identifier;

seq. block = begin [ : block. identifier { block. item. declaration}] {statement} end
par - block = fork [: block- identifier { block - item- declaration} ] { statement} join
task. enable = task. identifier[ (expression{ ,expression})] ;

system- task- enable = system- task- name [ (expression{ ,expression})] ;

system. task. name =  identifier

G 8 Specify

specify . block = specify [ specify. item] endspecify
specify . item =
specparam- declaration
| path. declaration
| system- timing- check
specparam. declaration = gpecparam list. of . specparam. assignments;
list- of - specparam- assignments = specparam- assignment { , specparam- assignment}
specparam. assignment =
specparam- identifier = constant- expression
| pulse. control. specparam

pulse- control- specparam =

PATHPULSE = (reject. limit. value[, error. limit. value]) ;
| PATHPULSE specify- input- terminal- descriptor specify- output- terminal-
descriptor
= (reject- limit- value [, error- limit- value]) ;
limit. vdue = constant. mintypmax . expression

path. declaration =
simple. path. declaration;
| edge. sensitive. path. declaration;
| state. dependent. path. declaration;
simple. path. declaration =
parallel. path. description = path. delay. value
| full. path. description = path. delay. value
pardld. path. description =
(specify. input. terminal . descriptor [ polarity. operator] = >
specify- output- terminal - descriptor)
298 -



full - path- description =

(list. of . path. inputs [ polarity. operator] * > list. of. path. outputs)
list. of. path. inputs =

specify- input- terminal- descriptor{ ,

specify. input. terminal. descriptor}
list. of. path. outputs =

specify- output- terminal - descriptor{ ,

specify. output. terminal . descriptor}
specify . input. termind . descriptor =

input- identifier

| input. identifier [ constant. expression]

| input. identifier [ msh. constant. expression : |sh. constant. expression]

specify - output- terminal- descriptor
output. identifier
| output. identifier [ constant. expression]

| output- identifier [ msb- constant- expression : |sh constant- expression]

input. identifier = input. port. identifier | inout. port. identifier
output. identifier = output. port. identifier | inout. port. identifier
polarity- operator = + | -

path. dday. value =
list. of. path. dday. expressions
| (list- of- path- delay- expressions)
list. of. path. delay. expressions =
t. path. delay. expression
| trise- path- delay- expression, tfall- path- delay- expression
| trise. path. delay. expression, tfall. path. delay. expression,
tz. path. delay. expression
| tO1- path- delay - expression, t10- path- delay- expression,
t0z. path. delay. expression,
tzl. path. delay. expression, tlz. path. dday. expression,
tz0 - path- delay- expression
| tO1. path. delay. expression, t10. path. delay. expression,
t0z. path. delay. expression,
tzl . path. delay. expression, tlz. path. delay. expression,
tz0 - path- delay- expression,
tOx . path. delay. expression, txl. path. delay. expression,

tlx- path- delay- expression,
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tx0- path- delay- expression, txz- path- delay- expression,
tzx. path. delay. expression
path. dday. expresson = constant. mintypmax. expression
edge- sensitive- path- declaration =
parallel. edge. sensitive. path. description = path. delay. vdue
| full. edge. sensitive. path. description = path. dday. vaue
pardld- edge- sensitive- path- description =
([ edge. identifier] specify. input. terminal. descriptor = >
specify. output. terminal. descriptor [ polarity. operator] :
data- source- expression)
full . edge. sensitive. path. description =
([ edge. identifier] list. of. path. inputs * >
list- of - path- outputs [ polarity- operator] :
data. source. expression)
data. source. expression = expression
edge- identifier = posedge | negedge
state. dependent. path. declaration =
if(conditional . expression) simple. path. declaration
| if(conditional - expression) edge- sensitive- path- declaration
| ifnone simple. path. declaration

system- timing- check =

setup (timing. check. event, timing. check . event,
timing. check. limit [ , notify. register]) ;
| bhold (timing- check- event,timing- check- event,
timing. check. limit [ , notify. register]) ;
| period (controlled. timing. check . event, timing. check. limit
[, notify- register]) ;
|  width (controlled. timing. check. event, timing. check . limit,
constant. expression [, notify. register]) ;
| dkew (timing- check- event, timing- check - event,
timing. check. limit [ , notify. register]) ;
|  recowery (controlled. timing. check. event, timing. check . event,
timing- check- limit [ , notify- register]) ;
| setuphold (timing. check. event,timing. check. event,
timing. check. limit, timing. check. limit [, notify. register]);
timing- check- event =
[timing. check . event. control] specify. terminal. descriptor [ & & &
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timing- check- condition]
specify . termind . descriptor =
specify- input- terminal- descriptor
| specify. output. terminal . descriptor
controlled- timing- check- event =
timing. check. event. control specify. terminal . descriptor [& & &
timing- check- condition]
timing. check. event. control =
posedge
| negedge

| edge. control . specifier
edge. control. specifier = edge [ edge. descriptor [, edge. descriptor]]
edge. descriptor =
01
| 10
| Ox
| xa
| Ix
| xO
timing- check- condition =
scdar. timing. check. conditon
| (scalar- timing- check - conditon)
scalar. timing. check. conditon =

expression
| expression
| expression == scalar- constant
| expression === scdar. constant
| expression != scalar- constant
| expression !'= = scalar. constant
timing- check- limit = expression
scalar. constant = 1bO|1b1|2BO|XIB1] 'bO] 'kKl] 'BO] 'B1]1]O
notify- register = register- identifier
GO
net. lvalue =

net. identifier
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| net- identifier [ expression |
| net. identifier [ msb. constant. expression : |sh. constant. expression |
| net. concatenation
reg- lvalue =
reg. identifier
| reg. identifier [ expression ]
| reg- identifier [ msb constant- expression : |sb- constant- expression |
| reg- concatenation
constant. expression =
constant- primary
| unary. operator constant. primary
| constant. expression binary. operator constant. expression
| constant- expression ?constant- expression : constant- expression
| string
constant. primary =
number
| parameter- identifier
| constant. concatenation
| constant. multiple. concatenation
constant- mintypmax- expression =
constant. expression
| constant. expression : constant. expression : constant. expression
mintypmax- expression =
expression
| expression : expression : expression
expression =
primary
| unary. operator primary
| expression binary- operator expression

| expression ?expression : expression

| string
unary. operator =
- L& &I AN
binary. operator =
tl -/ % ==]1=]===]!==]&&]||
| <l <=T[>]>=1&[[[*" | *|>>] <<

primary =
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number
identifier
identifier [ expression]

identifier [ msb. constant. expression: |sb. constant. expression]

|
|
|
| concatenation
| multiple. concatenation
| function- call
| (mintypmax. expression)
number =
decima . number
octal- number
binary. number
hex. number
real - number
real. number =

[sign] unsigned. number .unsigned. number

| [sign] unsigned- number [ .unsigned- number] e [sign] unsigned- number
| [sign] unsigned. number [ .unsigned. number] e

[sign] unsigned. number
decimal - number =

[sign] unsigned. number

| [size] decimal . base unsigned. number

binary- number = [size] binary- base binary- digit {- | binary- digit}
octal. number = [size] octd. base octal. digit {- | octal. digit}

hex. number = [size] hex. base hex. digit {. | hex. digit}

sign = + | -

size = unsigned. number

unsigned. number = decimd . digit {. | decmd . digit }

decimal-base = 'd| 'D

binary. base = ‘b | 'B

octal. base = 'o| 'O

hex. base = 'h| 'H

decimal- digit =0]1]2]314]1516]|7]181°9

binary. digit =x]X]z]Z]0]1

octal. digit =x]X]z]Z]O0]|1]12]3]14]516]7

hex. digit =x|X]z]lZ]Oo]l1]12]|314]15]16|7]18|9]alblcld]le]lflA]B]
CIDIE|F
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concatenation = {expression {,expression}}
multiple. concatenation = {expression {expression {, expression}}}
function- cdl =

function. identifier (expression { ,expression})

| name. of. system. function [ (expression {,expression}) ]

name. of . system. function = identifier
string = "{Any. ASCII. Characters. except. new. line}"
(1)

(2) name. of. system. function

G 10
comment =
short. comment
| long. comment
short. comment =/ comment. text \n
long. comment =/ * comment. text */
comment- text = { Any- ASCII- character }
identifier = IDENTIFIER [{ . DENTIFIER }]
IDENTIFIER =
simple. identifier
| escaped. identifier
simple- identifier = [azA-Z][azA-Z- ]
escaped. identifier = \ { Any. ASCII. character. except. white. space } white. space
white- space = space | tab | newline
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