module full adder(a, b, cin, s, cout);

input a, b, cin;
output s, cout;

assign s = a’b”cin;
assign cout = (aé&b)

endmodule

module RCA(p, q, <O,
input [3:0] p, a;
input c¢O0;

Qutput [4:0] x;
wire cl, c2, c3;
full adder faO(p[O0],
full adder fal(p[1l],
full adder fa2(p[2],
full adder fa3(p[3],

endmodule

| (b&cin) | (a&cin) ;

ql[0], <0, r[O0],
qll], 1, r[1],
ql2], c2, r[2],
ql3], e3, r[3],

cl);
c2) ;
c3);
r[4]);




module tbl; // specific input sequence, binary output Veriiog ripple.v tbl.v

reg ,[3:0]va, b;

iige'Tz-OJ s; : : ' 0 a= 0010 b = 1010 ¢ = 0-s = 01100
T : 1 10 a = 1111 b = 0000 ¢ = 0 s = 01111
20 a = 0001 b = 0001 ¢ = 1 s = 00011

'// instantiate the ‘4-bit rlpple carry adder

RCA rcal (a, b, c, 8);

- // apply a spe01flc set of input vectors every 10 time units !

initial begin

a = 4'b0010; b = 4’b1010; c = 1’b0; :
$10 a = 4'b1111; b = 4'b0000; c = 1'b0; ‘ - / ilyi
410 a = 4/b0001; b = 4'b0001; ¢ = 1'bl; e. \/
‘end - . . ;

// print the 1nput and output values after they change

~~initial .
$monitor ($time, " 'a = %b", a, " b = %b", b, " c = %b", c, " s = %b", 8);°
endmodule

module tb3; // random inputs, degiﬂal values including a check

reg' (3:0] a, b; // 4-bit inputs (to be chosen randomly)

reqg ‘cj’ // carry input (to be chasen randomly)
- wire [4:0] s; // S5-bit output of the RCA circuit

reg [4:0] check; // 5-bit sum value used to check correctess

// instantiate the 4-bit ripple-carry adder
RCA rcal(a, b, ¢, s8);’ . .

// simulation of 20 random addition operations : _ ' 3 } 4 Y
initial repeat (20) begin . ‘C~ l _éL 3 \/
// get new operand values and compute a check value 1 ’

= $random; b = $random; = S$random;
check =a+ b + c;

// compute and display the sum every 10 time unlts
410 $display($time, " &d + %d + %d = %d (&d)", "b, ¢, s, check);

end

- endmodule

verilog ripple.v tb3.v

6 ( 6)

10 4 + 1 + 1=
200 3+ 13 + 1 =17 (17)
30 5+ 2+ 1= 8.8)
40 13 + 6 + 1 = 20 (20)
50° 13 + 12 + 1 = 26 (26)
60 6 + 5 + 0 =11 (11)
70 5+ 7+ 0 =12 (12)
80 15 + 2+ 0 =17 (17)
90 8 + 5+ 0 =13 (13)
100 13 + 13 + 1 = 27 (27)
110 3 + 10 + 0 = 13 (13)
120 0+ 10 + 1 = 11 (11)
130 6 + 3+ 1 =710 (10)
140 3 + 11 + 1 = 15 (15)
150 2 + 14 + 1 = 17 (17)
160 15 + 3 + 0 = 18 (18)
170 10 + 12 + 0.= 22 (22)
180 10 + 1 + 0 = 11 (11).
0160 8 + 9 +.1 = 18 (18)
200 6 + 6+ 0 =12 (12)




module tb5; // testbench for éignedugdditiop and subtraction

-gl'l(

reg [3:0] a, b; // 4-bit inputs (to be chosen randomly)

integer aval, bval; // numerical values of inputs a and b _

reg c; // carry input (to be used for subtraction) :

wire [4:0] s; // 5-bit output of the RCA circuit JCE 5,\/
integer 'sval, dval; // numerical values of the sum and difference \

integer sum_check; // value used to check correctness of an addition -

integer dif_check; // value used to check correctness of a subtraction -

// instantiate the 4-bit ripple-carry adder
RCA rcal(a, b, c, s);

// simnlation of 10 additions and 10 subtractions using random operands

" initial repeat (10) begin

// get new operand values and compute the two check values ’ £ Fy
a = $random; b = $random; c = 0; : ) o) BN
aval = -a[3]*8 + a[2:0]; - : o ; ~ 3. ) 1\
bval = -b[3]1*8 + b[2:0]; . » ( Ve : »
sum_check = aval + bval; ' - ava - -Q ':l + < Czl :
dif_check = aval - bval;’ . , N ] S

[/

// compute and display thé sum with its.check value
#10 sval = -s[3]1*%8 + s[2:0]; . i .
Sdisplay($time, " %d + %d = %d (%d)", aval, bval, sval, .sum_check);

// compute and display the difference with its check value .
b= "b; ¢ =1; // one’s complement of b plus 1 into the LSB
#10 dval = -s[3]1*8 + s[2:0];
. $display($time, " %d - %d = %d (%d)", aval, bval, dval, dif_check);
end : .

endmodule

verilog ripple.v tb5.v

10 4 + 1= 5 5)

20 4 - 1 = 3 ( 3)

30 -7 + 3 = -4 (. -4)

40 =7 - . 3= .6 ( -10)<—

50 -3 + -3 = -6 ( -6)

60 . -3 - -3 = 0 ( 0)

70 5 + 2 = 7 ( 7).

80 5 - 2 = 3 ¢ 3) .
.90 1+ =3 = -2 -2)-
100 1 - -3 = 4 ( 4)
110 6 + -3 = 3 ¢ 3)
120 6 — -3 = -7 ( 9)<—
130 -3 + -4 = -7 -7)
140 -3 - -4 = 1 ¢ 1)
150 -7 + 6 = -1 ¢ -1)
160 -7 - 6 = T3 -13)&—
170 : 5 + . -6 = =1 { .o=1)
180 5 — -6 = -5 { 11) &
190 5 + 7 = -4 | 12)<—~

5 - 7 = -2 -2)

200
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// half adder component used in the multiplier
module half_adder(a, b, s, cout);

input a, b; S —(:; (
output s, cout; L e,

mo\t3.V o

assign s = a"b;
assign cout = aé&b;

Xo K, X

endmodule o
// full adder component used in the multiplier ) YEZ ;‘ )4,
module full_adder(a, b; cin, s, cout); -
input a, b, cinj ) XZYO. K’Yo )(°YO
output s, cout; ’ )
)(ZY) K‘Y} XOY\

assign s = a“b”*cin; 4 _
assign cout = (a&b) | (b&cin) | (a&cin); . >42>él K’)EZ' X;yé

__,..-—“—‘.’—’--

endmodule

» . A : Pg‘ 'F‘r} F_g F‘Z- : F) Po
// 3-bit by 3-bit unsigned multiplier i
module mult3(x, y, P);

input [2:0]) x, y/
output [5:0] p;

// internal nodes within the multiplier circuit > k"%ﬁ kjk’ ,
wire tl, t2, t3, t4, t5, t6,. t7; : . . ) ns.*) %n l :

// S&tructural description of the multiplier circuit ' ) e ]%f ’
assign pl0] = x[0]&y[0]; ' , , mvu ‘F IRV
half_adder hal(x[1]&yI[0l, x[0l&yI[1], plll, tl1); .
hqlf;adder ha2(x[2]&yj0], x[11&y (1), t2, t3);
full_adder fal(t2, tl, x[0l&y([2]), pl2], t4);:
full_adder fa2(x[2)l&y([l], t3, x[1l&y[2], t5, t6);
. half_adder ha3(t5, t4, p[3), t7); ‘
full_adder fa3(x[2]&yl[2], t6, t7, pl4l, p[51);

éndmodule




: _F_, IZ _t\o*? \/ verilog mult3.v tb7.v
module tb7; // testbench for the 3-bit by 3- blt multlpller 10 4 * 1= 4 (4)
_— // random inputs, decimal values including a check 20 1 *3="3 (3)
30 5 * 5 = 25 (25)
reg [2:0)] %, y; // 3-bit inputs (to be chosen randomly) i 40 ©5 * 2 = 10 (10)
wire ([5:0] p; -// 6~bit output of the multiplier circuit 50 1*5= 5 (5)
reg [5:0] check; // 6-bit product value used to check correctess 60 6 * 5 = 30 (30)
' 70 '5 * 4= 20 (20)
// instantiate the 3<bit by 3-bit multiplier 80 1 * 6= 6 (6)
mult3 mult_instance(x, y, p)i 90 S5 * 2 = 10" (10)
. 100 5 * 7 = 35 (35)
// 31mulatlon of 20 random multlpllcatlon operations 110 2 * 7 =14 (14)
initial repeat (20) begin 120 2 * 6 = 12 (12)
// get new operand values and compute a check value 130 0* 5= 0 (0)
= Srandom; y = $random, 140 4 *'5 = 20 (20)
Check =X * y; 150 5 *¥ 5 = 25 (25)
. 160 3 *2= 6 (6)
// compute and display the product every 10 time units 170 0 * 0 0 (0)
- #10 S$display(Stime, " &%d * %d = %d (%d)",. x, y, p, check);. 180 2 * 5 =10 (10)
end : 190 6 * 3 = 18 (18)-
2005 * 3 = 15 (15)

endmodule : ’

module tbe; // testbench for the 3-bit by 3-bit unsigned multiplier

// exhaustive checking of all -64 possible cases

reg (2:0] x, y; // 3-bit inputs

wire [5:0] p; // 6-bit output of the multlpller circuit

reg ' [5:0] check; // 6-bit product value used to check correctess
integer i, 3; // loop variables

integer num_correct; // counter to keep track of the number. correct
integer num_wrong; // counter to keep track of the number wrong

// instantiate the 3-bit by 3-bit multiplier
mult3 mult_instance(x, y, P);

// exhaustive checking of all 64 p0551ble cases
1n1t1al begin
// initialize the counter variables
num_correct = 0; num_wrong = 0;

'// loop through all possible cases and record the results
for (i =0; 1 < 8; i =1 + 1) begin

X = i;
for (j =0; j <8; j=3j+ 1) begin
y = Ji :

check = x * y;

// compute and check the product
#10 if (p == check)
" num_correct = num_correct +. 1;
else
num_wrong = num._wrong + 1;

// following line is commented out, but is useful for debugging
// $dlsplay§$tlme, " o2qd * &d = %d (%d)", X, y, p, check);

end
end

// print the final counter values

$display("nun_correct = %d, num_wrong = %d", num_correct, num_wrong);

' i
-yt

end

&erilog mult3.v tbe.v
endmodule '

num_correct = 64, num_wrong =




