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A linguagem Verilog



A linguagem Verilog

e Verilog é uma linguagem complexa, mas neste curso ndo vamos abordar todas as
suas potencialidades;

e O que vamos aprender serd suficiente para projetar e testar uma grande variedade
de circuitos, incluindo processadores;

e Iremos abordar as funcionalidades da linguagem a medida que avangarmos com os
circuitos digitais;
e A principal habilidade desejada neste curso é a capacidade de traduzir com

facilidade um circuito para Verilog e vice-versa;

e Isso s6 pode ser alcancado com a pratica, pois assim como na programacao,
estudar problemas resolvidos ndo ajuda muito.



A linguagem Verilog

e Em Verilog ha vdrias maneiras de se descrever um mesmo circuito, por exemplo, a
partir:
e Funcional ou Légica: de fun¢Ges ou portas bésicas;
e Estrutural: de uma hierarquia de componentes;
e Comportamental: da descricio de seu comportamento;

e Pode-se usar combinagdes das metodologias.



NAO escrever Verilog

e NAO escrever cédigo que se assemelhe a um programa de computador, contendo
muitas varidveis e loops;

e E dificil determinar qual circuito légico as ferramentas CAD produzirdo ao sintetizar
cédigo assim;
e Neste curso veremos exemplos completos de cédigo Verilog que representam uma
ampla gama de circuitos légicos;
e Neles o cédigo é facilmente relacionado ao circuito légico descrito;
e Procure adotar o mesmo estilo de cédigo;
e Se nao for possivel determinar prontamente qual circuito Iégico € descrito pelo
codigo Verilog, entdo as ferramentas CAD provavelmente ndo sintetizardo o
circuito que o projetista estd tentando modelar;

e Analise o circuito resultante produzido pelas ferramentas de sintese;



Exemplos de circuitos
combinacionais
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Exemplo: multiplexador
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Figure 2.36

The logic circuit for a multiplexer.

// Behavioral spectification
module example3(input x1, x2, s,
output reg f);
always @(x1, x2, s)
if (s==0)
f = x1;
else
f = x2;
endmodule
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module example2(input x1, x2, s, output f);

assign £ = (x1 & “s) | (x2 & s);

endmodule

module examplel(xl, x2, s, f);
input x1, x2, s;

output f;

not (k, s);

and (g, k, x1);

and (h, s, x2);

or (f, g, h);
endmodule

module mux2tol (w0, wil, s, f);
input w0, wl, s;
output f;
assign f = s 7 wil

endmodule

: wo;



Exemplo: combinando funcoes légicas

1 module example2 (x1, x2, x3, x4, 7

2 £, g B); !

3 input x1, x2, x3, x4; X3

4 output f, g, h;

5 — &
6 and (z1, x1, x3);

7 and (z2, x2, x4); *2

8 or (g, z1, 2z2); Xy

9 or (z3, x1, "x3);

10 or (z4, "x2, x4); D f
11 and (h, z3, z4);

12 or (f, g, h);

13 endmodule

1 module example2 (x1, x2, x3, x4,
2 £, g h); — h
3 input x1, x2, x3, x4;
4 output f, g, h;

5
6 assign g = (x1 & x3)|(x2 & x4);
7 assign h = (x1 | "x3)&("x2 | x4); . L. —

8  assignf =g | h; Figure 2.39  Logic circuit for the code in Figure 2.38.
9

endmodule



Hierarquia de componentes

Top-level module

Adder module Display module
0 a
SO WO S 0 b b —
X a c ¢ l l
d d -
y b e ¢ l |
s 1 N 1 f a—
W, f .
8

Figure 2.44 A logic circuit with two modules.



Hierarquia de componentes

// Top-level module
module adder_display(x, y, a, b,

¢, d, e, I, g); 1 // A module for driving a 7-segment display

— (0, 1 or 2)
module display(sl, sO, a, b,

input x, y;

wire wi, wO; c, d, e, £, g);

input si1, sO;
adder Ul (x, y, wi, w0);

display U2 (wi, wO, a, b, c,
10 d, e, f, g);

1

2

3

4

5 output a, b, ¢, d, e, f, g;
6

7

8 output a, b, c, d, e, f, g;
9

assign a = "s0;
11 endmodule assign b = 1;
1 // An adder module assign ¢ = "sl;
2 module adder (a, b, sl, s0); 10 assign d = "s0;
3 input a, b; 11 assign e = "s0;
4 output si, s0; 12 assign f = "s1 & "sO0;
5 13 assign g = sl & "s0;
6 assign sl = a & b; 14 endmodule
7 assign sO0 = a ~ b;
8 endmodule 9



Exemplos com aritmética
computacional



Exemplo: somador completo (full adder)

module fulladd (Cin, x, y, s, Cout);

input Cin, x, y;

output s, Cout;

1
2
3
4
D_ 5 xor (s, x, y, Cin);
6 and (z1, x, y);
7
8
9

and (z2, x, Cin);

and (z3, y, Cin);

or (Cout, zl, z2, z3);
10 endmodule

(c) Circuit

10



Exemplo: somador completo (sintaxe alternativa)

(c) Circuit

module fulladd (Cin, x, y, s, Cout);
input Cin, x, y;

output s, Cout;

xor (s, x, y, Cin);
and (z1, x, y),
(z2, x, Cin),
(z3, y, Cin);
or (Cout, zl, z2, z3);
endmodule
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Exemplo: somador completo (atribuicGes continuas)

module fulladd (Cin, x, y, s, Cout);

input Cin, x, y;

output s, Cout;

i |_/" ) Si
— Cin);
D@i ¢ 7 endmodule

(c) Circuit

assign s = x y = Cin;

TR W N =

assign Cout = (x & y) | (x & Cin) | (y &
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Exemplo: somador completo (sintaxe alternativa)

(c) Circuit

TR W N =

module fulladd (Cin, x, y, s, Cout);
input Cin, x, y;

output s, Cout;

assign s = x = y " Cin,
Cout = (x & y) | (x & Cin) | (y &
— Cin);

endmodule
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Somador de 4 bits

module adder4 (carryin, x3, x2, x1, xO0,
y3, y2, yi, yo,
s3, s2, sl, sO, carryout);
input carryin, x3, x2, x1, x0, y3, y2, yi1, yO;

fulladd stage0O (carryin, x0, yO, sO, cl);
fulladd stagel (c1, x1, y1, s1, c2);
fulladd stage2 (c2, x2, y2, s2, c3);
10 fulladd stage3 (c3, x3, y3, s3, carryout);
11 endmodule

1
2
3
4
5! output s3, s2, s1, sO, carryout;
6
7
8
9
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Somador de 4 bits

module adder4 (carryin, x3, x2, x1, xO0,
y3, y2, yi, yo,
s3, s2, sl, sO, carryout);
input carryin, x3, x2, x1, x0, y3, y2, yi1, yO;

fulladd stage0 (.x(x0), .y(y0), .s(s0), .Cout(cl));
fulladd stagel (c1, x1, y1, s1, c2);
fulladd stage2 (c2, x2, y2, s2, c3);

10 fulladd stage3 (c3, x3, y3, s3, carryout);

11 endmodule

1
2
3
4
5! output s3, s2, s1, sO, carryout;
6
7
8
9
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Usando vetores

1 module adder4 (carryin, X, Y, S, carryout);
2 input carryin;

3 input [3:0] X, Y;

4 output [3:0] S;

5 output carryout;

wire [3:1] C;

fulladd stageO (carryin, X[0], Y[0], S[0], C[11);
fulladd stagel (C[1], X[1], Y[1], s[1], C[2]);

10 fulladd stage2 (C[2], X[2], Y[2], S[2], C[31);

11 fulladd stage3 (C[3], X[3], Y[3], S[3], carryout);
12 endmodule

16



Especificacao parametrizada (genérica quanto ao tamanho)

1 module addern (carryin, X, Y, S, carryout);
2 parameter n = 32;

3 input carryin;

4 input [n-1:0] X, Y;

5 output [n-1:0] S;

6 output carryout;

7 reg[n-1:018;

8 reg carryout;

9 reg [n:0] C;

10 integer k;

11

12 always @(X or Y or carryin)
13 begin

14 C[0] = carryin;

15 for (k = 0; k < n; k = k+1)
16 begin

17 S[k] = X[k] ~ Y[k] ~ C[k];
18 Cle+1] = (X[k] & Y[k]) | (X[x] & C[x]) | (Y[k] & C[k]);
19 end

20 carryout = C[n];

21 end

22 endmodule
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Usando atribuicao aritmética

module addern (carryin, X, Y, S);
parameter n = 32;
input carryin;
input [n-1:0] X, Y;
output [n-1:0] S;
reg [n-1:0] S;

N

ot

always @(X or Y or carryin)

© 0 9 O

S =X+ Y + carryin;
endmodule

=
o
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Calculando Carry-out e Overflow

1 module addern (carryin, X, Y, S, carryout, overflow);
2 parameter n = 32;

3 input carryin;

4 input [n-1:0] X, Y;

5 output [n-1:0] S;

6 output carryout, overflow;

7 reg[n-1:0]S;

8

9

reg carryout, overflow;

10 always @(X or Y or carryin)

11 begin

12 S =X+ Y + carryin;

13 carryout=(X[n-1] & Y[n-1]) | (X[n-1] & S[n-11)
14 | (Y[n-1] & S[n-11);
15 overflow = carryout ~ X[n-1] ~ Y[n-1] ~ S[n-1];
16 end

17 endmodule
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Sintaxe alternativa

1 module addern (carryin, X, Y, S, carryout, overflow);
2 parameter n = 32;

3 input carryin;

4 input [n-1:0] X, Y;

5 output [n-1:0] S;

6 output carryout, overflow;

7 reg [n-1:0]1 S;

8 reg carryout, overflow;

9

10 always @(X or Y or carryin)

11 begin

12 {carryout, S} = X + Y + carryin;

13 overflow = carryout ~ X[n-1] ~ Y[n-1] ~ S[n-11;
14 end

15 endmodule
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Uma unidade légica e artimética (ALU)

Table 5.1 ALU operations

000 A AND B
001 A OR B
010 A+B
011 not used
100 A AND B
101 A OR B
110 A-B
111 SLT

21



Uma unidade légica e artimética (ALU)

1 module alu(input 1logic [31:0] a, b,

2 input logic [ 2:0] f,

3 output logic [31:0] y,

4 output logic zero);

5

6 logic [31:0] bb, b2, add_res, and_res, or_res, slt_res;

7

8 assign bb = “b;

9 assign b2 = £[2] 7 bb : b;

10 assign add_res = a + b2 + £[2]; // handle 2's complement BB

11 assign and_res a & b2;

12 assign or_res = a | b2;

13 assign slt_res add_res[31] 7 32'bl : 32'b0;

¥ TV

15 always_comb COUI e

16 case (£[1:0]) IN1] S

17 2'b00: y = and_res;

18 2'b01: y = or_res;

19 2'b10: y = add_res; a
20 2'bll: y = slt_res; N N N N
21 endcase @ e - e F
22 5 1:0
23 assign zero = (y == 32'b0); *N

24  endmodule
22



Test bench

1 module talu();

2 logic clk;

3 logic [31:0] a, b, y, y_expected;

4 logic [ 2:0] £;

5! logic zero, zero_expected;

6

7 logic [31:0] vectornum, errors;

8 logic [103:0] testvectors[10000:0];
9

10 alu dut(a, b, £, y, zero);

11

12 always begin

13 clk = 1; #50; clk = O; #50;

14 end

15

16 initial begin

17 $readmemh("talu.tv", testvectors);
18 vectornum = 0; errors = 0;

19 end

23



Test bench

21 always @(posedge clk)

22 begin
23 #1;
1 2_00000000_00000000_00000000_1
24 f = testvectors[vectornum] [102:100];
2 2_00000000_FFFFFFFF_FFFFFFFF_0
25 a = testvectors[vectornum] [99:68]; B
. 3 2_00000001_FFFFFFFF_00000000_1
26 b = testvectors[vectornum] [67:36];
4 2_000000FF_00000001_00000100_0
27 y_expected = testvectors[vectornum] [35:4];
5 6_00000000_00000000_00000000_1
28 zero_expected = testvectors[vectornum] [0];
29 a 6 6_00000000_FFFFFFFF_00000001_0
en
30 7 6_.00000001_00000001_00000000_1
8 6_00000100_00000001_000000FF_0
31 always @(negedge clk)
39 rerr 9 7_00000000_00000000_00000000_1
egin
g . 10 7_00000000_00000001_00000001_0
33 if (y !== y_expected || zero !== zero_expected) begin
. . B 11  7_00000000_FFFFFFFF_00000000_1
34 $display ("Error in vector %d", vectornum);
. N N . 12 7_00000001_00000000_00000000_1
35 $display(" Inputs : a = %h, b = %h, £ = %b", a, b, £);
36 $display (" Output b (h ted) % (%h ted)" 13  7_FFFFFFFF_00000000_00000001_0
6 ispla utputs: y = %h (%h expected), zero = %h (}h expected)",
BELY e P H 14  O_FFFFFFFF_FFFFFFFF_FFFFFFFF_O
37 y, y_expected, zero, zero_expected);
15 O_FFFFFFFF_12345678_12345678_0
38 errors = errors+l;
39 a 16 0_.12345678_87654321_02244220_0
en
17 0_00000000_FFFFFFFF_00000000_1
40 vectornum = vectornum + 1;
. . 18 1_FFFFFFFF_FFFFFFFF_FFFFFFFF_0O
41 if (testvectors[vectornum] [0] === 1'bx) begin
. . . . 19 1_.12345678_87654321_97755779_0
42 $display("%d tests completed with J%d errors", vectornum, errors);
43 $st 20 1_00000000_FFFFFFFF_FFFFFFFF_0
stop;
P 21 1_00000000_00000000_00000000_1
44 end
45 end

46 endmodule

24



Exemplos com circuitos sequenciais




Latch D com enable

D —q
(Data)
module D_latch (D, Clk, Q);

input D, Clk;

output Q;

reg Q;

Clk —

o
s W N =

o

(a) Circuit
always @(D or Clk)

if (Clk)
Q =D;
endmodule

—1b 0

© 0 N O

—cik Q

(b) Truth table (c) Graphical symbol

23
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Flip-flop D (sensivel a borda)

1 module flipflop(D, Clock, Q);
2 input D, Clock;

3 output Q;
4

reg Q;
Clock =
3]
6 always @(posedge Clock)
7 Q = D;
8 endmodule
D

Clock

26
(b) Graphical symbol



Blocking

D D Qf— Q
Clock > Q
D QfF— Qz
> Q
Figure 7.38  Circuit for Example 7.3.

11

module example7_3 (D, Clock, Q1, Q2);
input D, Clock;
output Q1, Q2;
reg Q1, Q2;

always @(posedge Clock)
begin

Q1 = D;

Q2 = Q1;
end

endmodule

27



Non-Blocking

1 module example7_4 (D, Clock, Q1, Q2);
2 input D, Clock;

3 output Q1, Q2;
4

Ql Qz

Clock > Q > Q reg Q1, Q2;
6 always Q(posedge Clock)
7 begin
Figure 7.40  Circuit defined in Figure 7.39. 8 Q1 <= D;
9 Q2 <= Q1;
10 end

11 endmodule

28



Um processador simples




Processador - uP1’

[ PC MAR Memoria
_)l IR(opcode) I IR(address) InStrU 950
Instrugéo
Instrucéo
MBR :
l Dados
[ ACC | Dados
i Dados
+ uP1’
[ Processador

Experimente ele aqui!

TR W N =

~N >

240
241
242
243

41
52
33
42
31
43
32
80

FF
00
01
00

0100
0101
0011
0100
0011
0100
0011
1000

1111
0000
0000
0000

0001
0010
0011
0010
0001
0011
0010
0000

1111
0000
0001
0000

LOAD
ADD
STORE
LOAD
STORE
LOAD
STORE
JUMP

O W QP Wwaawr>=

// Dados
// A
// B
// C
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https://www.edaplayground.com/x/sNSX

Conjunto de instrucées (ISA) do uP1’ - 8 bits - 4 instrucdes - 2 formatos

e Formato M e Formato J
e Enderego: 0x1111 enderego.D e Endereco: 0xO_enderego_I
(7]6|5]4a]3]2]1]0]bits [[7]6]5]4]3]2]1]0]bits |
0|0 |0| 0| endereco D | ndo usada
0| 0|0| 1| endereco D | ndo usada
0| 0|1]| 0| endereco D | ndo usada
8 (1) é (1J :::::zzz B igi[R)E 1 enderego | (47 bits) JUMP
0|1|/0|1]| endereco D | ADD
0|1|1]|0]| endereco D | ndo usada
0[1|1]|1]| endereco D | ndo usada

30



Organizacao de memdéria do uPl’

e Instrucdes e N3o usada
endereco palavras enderego palavras
0 000OO O O0OTUDO 1 0 000 0 0O
: 270 — 2% =112
27 — 128 111 01 1 11
0 1 1 1 1 1 11 e Dados
endereco palavras
111 1 0 0 0 O
24 =16
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Processador - uP1

1 module uP(

2 input clock, reset,

3 inout [7:0] mbr,

4 output logic we,

5) output logic [7:0] mar, pc, ir);

6

7 typedef enum logic [1:0] {FETCH, DECODE, EXECUTE}

<> statetype;

8 statetype state, nextstate;

9

10 logic [7:0] acc;

11

12 always @(posedge clock or posedge reset)
13 begin

14 if (reset) begin

15 pc = 'bO;

16 state <= FETCH;

17 end

18 else begin
19 case(state)

20
21
22
23
24
25
26
27
28
29
30
31

33
34
35
36
37
38

40
41
42

FETCH: begin
we <= 0;
pc <= pc + 1;

mar <= pc;
end
DECODE: begin

ir = mbr;

mar <= {4'b1111, ir[3:01};
end

EXECUTE: begin
if (ir[7] == 1'b1)
pc <= {1'b0, ir[6:01};
else if (ir[7:4] == 4'b0100) // indirect load
acc <= mbr;
else if (ir[7:4] == 4'b0101) // add acc + data
acc <= acc + mbr;

// jump

else if (ir[7:4] == 4'b0011) // store
we <= 1'bl;
end
endcase

state <= nextstate;
end
end

32



Processador - uP1’

44 always_comb 56 module mem #(parameter filename = "ram.hex")
45 casex(state) 57 (input clock, we,
46 FETCH:  nextstate = DECODE; 58 input [7:0] address,
47 DECODE: nextstate = EXECUTE; 59 inout [7:0] data);
48 EXECUTE: nextstate = FETCH; 60
49 default: nextstate = FETCH; 61 logic [7:0] RAM[255:0];
50 endcase 62
51 63 initial
52 assign mbr = we ? acc : 'bz; 64 $readmemh (filename, RAM);
53 endmodule 65
66 assign data = we 7 'bz : RAM[address];
67
68 always @(posedge clock)
69 if (we) RAM[address] <= data;

70 endmodule

83
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Para saber mais e praticar...

https://hdlbits.01xz.net/

http://digitaljs.tilk.eu/

http://hamblen.ece.gatech.edu/

http://www.asic-world.com/verilog/

https://www.edaplayground.com/x/sNSX
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