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Figure 4.22 A four-bit comparator circuit.

4.6 Verilog for Combinational Circuits

Having presented a number of useful building block circuits, we will now consider how
such circuits can be described in Verilog. Rather than using gates or logic expressions,
we will specify the circuits in terms of their behavior. We will also give a more rigorous
description of previously used behavioral Verilog constructs and introduce some new ones.

4.6.1 The Conditional Operator

In a logic circuit it is often necessary to choose between several possible signals or values
based on the state of some condition. A typical example is a multiplexer circuit in which
the output is equal to the data input signal chosen by the valuation of the select inputs. For
simple implementation of such choices Verilog provides a con dition al operator (?:) which
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figure4.40.v

1 module compare (A, B, AeqB, AgtB, AltB);
2 input [3:0] A, B;
3 output reg AeqB, AgtB, AltB;
4

5 always @(A, B)
6 begin
7 AeqB = 0;
8 AgtB = 0;
9 AltB = 0;

10 if(A == B)
11 AeqB = 1;
12 else if (A > B)
13 AgtB = 1;
14 else
15 AltB = 1;
16 end
17

18 endmodule
3
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Figure 3.45 A comparator circuit.

module comparator (X, Y, V, N, Z);
input [3:0] X, Y;
output V, N, Z;
wire [3:0] S;
wire [4:1] C;

fulladd stage0 (1’b1, X[0], Y[0], S[0], C[1]);
fulladd stage1 (C[1], X[1], Y[1], S[1], C[2]);
fulladd stage2 (C[2], X[2], Y[2], S[2], C[3]);
fulladd stage3 (C[3], X[3], Y[3], S[3], C[4]);
assign V = C[4] C[3];
assign N = S[3];
assign Z = !S;

endmodule

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

assign s = x y Cin;
assign Cout = (x & y) (x & Cin) (y & Cin);

endmodule

Figure 3.46 Structural Verilog code for the comparator circuit.

X < Y ⇐⇒ N ⊕ V X = Y ⇐⇒ Z X ≤ Y ⇐⇒ (N ⊕ V ) + Z
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figure3.46.v

1 module comparator (X, Y, V, N, Z);
2 input [3:0] X, Y;
3 output V, N, Z;
4 wire [3:0] S;
5 wire [4:1] C;
6
7 fulladd stage0 (1'b1, X[0], ~Y[0], S[0], C[1]);
8 fulladd stage1 (C[1], X[1], ~Y[1], S[1], C[2]);
9 fulladd stage2 (C[2], X[2], ~Y[2], S[2], C[3]);

10 fulladd stage3 (C[3], X[3], ~Y[3], S[3], C[4]);
11 assign V = C[4] ^ C[3];
12 assign N = S[3];
13 assign Z = !S;
14
15 endmodule
16
17 module fulladd (Cin, x, y, s, Cout);
18 input Cin, x, y;
19 output s, Cout;
20
21 assign s = x ^ y ^ Cin,
22 Cout = (x & y) | (x & Cin) | (y & Cin);
23
24 endmodule

5



figure3.47.v

1 module comparator (X, Y, V, N, Z);
2 parameter n = 32;
3 input [n-1:0] X, Y;
4 output reg V, N, Z;
5 reg [n-1:0] S;
6 reg [n:0] C;
7 integer k;
8
9 always @(X, Y)

10 begin
11 C[0] = 1'b1;
12 for (k = 0; k < n; k = k + 1)
13 begin
14 S[k] = X[k] ^ ~Y[k] ^ C[k];
15 C[k+1] = (X[k] & ~Y[k]) | (X[k] & C[k]) | (~Y[k] & C[k]);
16 end
17 V = C[n] ^ C[n-1];
18 N = S[n-1];
19 Z = !S;
20 end
21
22 endmodule
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Figure 4.50 A shifter circuit.

Then, the second LUT performs the function

f = s1k + s1(kw3 + kw4)

Example 4.30 Problem: In digital systems it is often necessary to have circuits that can shift the bits of
a vector by one or more bit positions to the left or right. Design a circuit that can shift a
four-bit vector W = w3w2w1w0 one bit position to the right when a control signal Shift is
equal to 1. Let the outputs of the circuit be a four-bit vector Y = y3y2y1y0 and a signal k,
such that if Shift = 1 then y3 = 0, y2 = w3, y1 = w2, y0 = w1, and k = w0. If Shift = 0
then Y = W and k = 0.

Solution: The required circuit can be implemented with five 2-to-1 multiplexers as shown
in Figure 4.50. The Shift signal is used as the select input to each multiplexer.

Example 4.31 Problem: The shifter circuit in Example 4.30 shifts the bits of an input vector by one bit
position to the right. It fills the vacated bit on the left side with 0. A more versatile shifter
circuit may be able to shift by more bit positions at a time. If the bits that are shifted out are
placed into the vacated positions on the left, then the circuit effectively rotates the bits of
the input vector by a specified number of bit positions. Such a circuit is often called a barrel
shifter. Design a four-bit barrel shifter that rotates the bits by 0, 1, 2, or 3 bit positions as
determined by the valuation of two control signals s1 and s0.

Solution: The required action is given in Figure 4.51a. The barrel shifter can be imple-
mented with four 4-to-1 multiplexers as shown in Figure 4.51b. The control signals s1 and
s0 are used as the select inputs to the multiplexers.

Example 4.32 Problem: Write Verilog code that represents the circuit in Figure 4.17. Use the dec2to4
module in Figure 4.31 as a subcircuit in your code.

Solution: The code is shown in Figure 4.52. Note that the dec2to4 module can be included
in the same file as we have done in the figure, but it can also be in a separate file in the
project directory.
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figure4.53.v

1 module shifter (W, Shift, Y , k);
2 input [3:0] W;
3 input Shift;
4 output reg [3:0] Y;
5 output reg k;
6
7 always @(W, Shift)
8 begin
9 if (Shift)

10 begin
11 Y[3] = 0;
12 Y[2:0] = W[3:1];
13 k = W[0];
14 end
15 else
16 begin
17 Y = W;
18 k = 0;
19 end
20 end
21
22 endmodule
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figure4.54.v

1 module shifter (W, Shift, Y , k);
2 input [3:0] W;
3 input Shift;
4 output reg [3:0] Y;
5 output reg k;
6
7 always @(W, Shift)
8 begin
9 if (Shift)

10 begin
11 Y = W >> 1;
12 k = W[0];
13 end
14 else
15 begin
16 Y = W;
17 k = 0;
18 end
19 end
20
21 endmodule

9



Deslocamento (rotate)

December 31, 2012 09:12 vra80547_ch04 Sheet number 51 Page number 239 magenta black

4.8 Examples of Solved Problems 239

w3 w2 w1 w0

y3 y2 y1 y0

s1

s0

0
0
1
1

1
0
1

y3s1

0

s0 y2 y1 y0

w3 w2 w1 w0
w0 w3 w2 w1
w1 w0 w3 w2
w2 w1 w0 w3

(a) Truth table

(b) Circuit
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Figure 4.51 A barrel shifter circuit.

Example 4.33Problem: Write Verilog code that represents the shifter circuit in Figure 4.50.

Solution: One possibility is to specify the structure of this circuit as shown in Figure 4.53.
The if-else construct is used to define the desired shifting of individual bits. A typical
Verilog compiler will implement this code with 2-to-1 multiplexers as depicted in Fig-
ure 4.50.

An alternative is to make use of the shift operator defined in Section 4.6.5, as indicated
in Figure 4.54.

Example 4.34Problem: Write Verilog code that defines the barrel shifter in Figure 4.51.

Solution: The code in Figure 4.55 is a possible solution. The rotate function is accomplished
by concatenating two copies of the input vector W and shifting the obtained 8-bit vector to
the right by the number of bit positions specified as the input S. The four least-significant
bits of the resulting 8-bit vector are the desired output Y.
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figure4.55.v

1 module barrel (W, S, Y);
2 input [3:0] W;
3 input [1:0] S;
4 output [3:0] Y;
5 wire [3:0] T;
6

7 assign {T, Y} = {W, W} >> S;
8

9 endmodule
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module seg7 (hex, leds);
input [3:0] hex;
output reg [1:7] leds;

always @(hex)
case (hex) //abcdefg

0: leds = 7’b1111110;
1: leds = 7’b0110000;
2: leds = 7’b1101101;
3: leds = 7’b1111001;
4: leds = 7’b0110011;
5: leds = 7’b1011011;
6: leds = 7’b1011111;
7: leds = 7’b1110000;
8: leds = 7’b1111111;
9: leds = 7’b1111011;
10: leds = 7’b1110111;
11: leds = 7’b0011111;
12: leds = 7’b1001110;
13: leds = 7’b0111101;
14: leds = 7’b1001111;
15: leds = 7’b1000111;

endcase

endmodule

Figure 4.34 Code for a hex-to-7-segment decoder.

Table 4.1 The functionality
of the 74381
ALU.

Inputs Outputs
Operation s2 s1 s0 F

Clear 0 0 0 0 0 0 0

B−A 0 0 1 B − A

A−B 0 1 0 A − B

ADD 0 1 1 A + B

XOR 1 0 0 A XOR B

OR 1 0 1 A OR B

AND 1 1 0 A AND B

Preset 1 1 1 1 1 1 1

1 // 74381 ALU
2 module alu (S, A, B, F);
3 input [2:0] S;
4 input [3:0] A, B;
5 output reg [3:0] F;
6

7 always @(S, A, B)
8 case (S)
9 0: F = 4'b0000;

10 1: F = B - A;
11 2: F = A - B;
12 3: F = A + B;
13 4: F = A ^ B;
14 5: F = A | B;
15 6: F = A & B;
16 7: F = 4'b1111;
17 endcase
18

19 endmodule

12
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module seg7 (hex, leds);
input [3:0] hex;
output reg [1:7] leds;

always @(hex)
case (hex) //abcdefg

0: leds = 7’b1111110;
1: leds = 7’b0110000;
2: leds = 7’b1101101;
3: leds = 7’b1111001;
4: leds = 7’b0110011;
5: leds = 7’b1011011;
6: leds = 7’b1011111;
7: leds = 7’b1110000;
8: leds = 7’b1111111;
9: leds = 7’b1111011;
10: leds = 7’b1110111;
11: leds = 7’b0011111;
12: leds = 7’b1001110;
13: leds = 7’b0111101;
14: leds = 7’b1001111;
15: leds = 7’b1000111;

endcase

endmodule

Figure 4.34 Code for a hex-to-7-segment decoder.

Table 4.1 The functionality
of the 74381
ALU.

Inputs Outputs
Operation s2 s1 s0 F

Clear 0 0 0 0 0 0 0

B−A 0 0 1 B − A

A−B 0 1 0 A − B

ADD 0 1 1 A + B

XOR 1 0 0 A XOR B

OR 1 0 1 A OR B

AND 1 1 0 A AND B

Preset 1 1 1 1 1 1 1

1 // 74381 ALU
2 module alu (S, A, B, F);
3 input [2:0] S;
4 input [3:0] A, B;
5 output reg [3:0] F;
6

7 always @(S, A, B)
8 case (S)
9 0: F = 4'b0000;

10 1: F = B - A;
11 2: F = A - B;
12 3: F = A + B;
13 4: F = A ^ B;
14 5: F = A | B;
15 6: F = A & B;
16 7: F = 4'b1111;
17 endcase
18

19 endmodule 12
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Table 4.2 Verilog operators.

Operator type Operator symbols Operation performed Number of operands

Bitwise ∼ 1’s complement 1
& Bitwise AND 2
| Bitwise OR 2
∧ Bitwise XOR 2

∼ ∧ or ∧ ∼ Bitwise XNOR 2

Logical ! NOT 1
&& AND 2
∥ OR 2

Reduction & Reduction AND 1
∼& Reduction NAND 1
| Reduction OR 1

∼ | Reduction NOR 1
∧ Reduction XOR 1

∼∧ or ∧ ∼ Reduction XNOR 1

Arithmetic + Addition 2
− Subtraction 2
− 2’s complement 1
∗ Multiplication 2
/ Division 2

Relational > Greater than 2
< Less than 2

>= Greater than or equal to 2
<= Less than or equal to 2

Equality == Logical equality 2
! = Logical inequality 2

Shift >> Right shift 2
<< Left shift 2

Concatenation {,} Concatenation Any number

Replication {{}} Replication Any number

Conditional ?: Conditional 3

C = A ∼∧ B;

gives c2 = a2 ⊕ b2, c1 = a1 ⊕ b1, and c0 = a0 ⊕ b0. If the operands are of unequal size,
then the shorter operand is extended by padding 0s to the left.

A scalar function may be assigned a value as a result of a bitwise operation on two
vector operands. In this case, it is only the least-significant bits of the operands that are
involved in the operation. Hence the statement

f = A ∧ B;

yields f = a0 ⊕ b0.

. . .
13
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Table 4.2 Verilog operators.

Operator type Operator symbols Operation performed Number of operands

Bitwise ∼ 1’s complement 1
& Bitwise AND 2
| Bitwise OR 2
∧ Bitwise XOR 2

∼ ∧ or ∧ ∼ Bitwise XNOR 2

Logical ! NOT 1
&& AND 2
∥ OR 2

Reduction & Reduction AND 1
∼& Reduction NAND 1
| Reduction OR 1

∼ | Reduction NOR 1
∧ Reduction XOR 1

∼∧ or ∧ ∼ Reduction XNOR 1

Arithmetic + Addition 2
− Subtraction 2
− 2’s complement 1
∗ Multiplication 2
/ Division 2

Relational > Greater than 2
< Less than 2

>= Greater than or equal to 2
<= Less than or equal to 2

Equality == Logical equality 2
! = Logical inequality 2

Shift >> Right shift 2
<< Left shift 2

Concatenation {,} Concatenation Any number

Replication {{}} Replication Any number

Conditional ?: Conditional 3

C = A ∼∧ B;

gives c2 = a2 ⊕ b2, c1 = a1 ⊕ b1, and c0 = a0 ⊕ b0. If the operands are of unequal size,
then the shorter operand is extended by padding 0s to the left.

A scalar function may be assigned a value as a result of a bitwise operation on two
vector operands. In this case, it is only the least-significant bits of the operands that are
involved in the operation. Hence the statement

f = A ∧ B;

yields f = a0 ⊕ b0.
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Table 4.3 Precedence of Verilog operators.

Operator type Operator symbols Precedence

Complement ! ∼ − Highest precedence

Arithmetic ∗ /
+ −

Shift << >>

Relational < <= > >=
Equality == ! =
Reduction & ∼&

∧ ∼ ∧

| ∼ |
Logical &&

∥
Conditional ?: Lowest precedence

Conditional Operator
The conditional operator is discussed fully in Section 4.6.1.

Operator Precedence
The Verilog operators are assumed to have the precedence indicated in Table 4.3.

The order of precedence is from top to bottom; operators in the top row have the highest
precedence and those in the bottom row have the lowest precedence. The operators listed
in the same row have the same precedence.

The designer can use parentheses to change the precedence of operators in Verilog code
or remove any possible misinterpretation. It is a good practice to use parentheses to make
the code unambiguous and easy to read.

4.6.6 The Generate Construct

In Section 3.5.4 we introduced the generate loop capability which can be used to create
multiple instances of subcircuits. A subcircuit may be defined in a block of statements
delineated by the generate and endgenerate keywords. The subcircuit is instantiated
multiple times using a generate-index variable. This variable is defined using the genvar
keyword and it can have only positive integer values. It is not possible to use an index
declared as a normal integer variable.

Example 4.21 Figure 4.41 shows how the generate construct can be used to specify an n -bit ripple-carry
adder. The subcircuit is a full-adder defined structurally in terms of primitive gates as
introduced in Figure 3.18. The for loop causes the full-adder block to be instantiated n
times.
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Perigo!: Especificação Incompleta
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Dangers of Verilog: Incomplete SpecificationDangers of Verilog: Incomplete Specification

module maybe_mux_3to1(a, b, c, 
                      sel, out);
  input [1:0] sel;
  input a,b,c;
  output out;
  reg out;
 
  always @(a or b or c or sel)
  begin
    case (sel)
      2'b00: out = a;
      2'b01: out = b;
      2'b10: out = c;
    endcase
  end
endmodule

Is this a 3-to-1 multiplexer?

Proposed Verilog Code:Goal:

00

sel

out01

10

a

b

c

2

3-to-1 MUX
(‘11’ input is a don’t-care)

1 module mux3to1(a, b, c, sel, out);
2 input [1:0] sel;
3 input a, b, c;
4 output out;
5 reg out;
6

7 always @(a or b or c or sel)
8 begin
9 case (sel)

10 2'b00: out = a;
11 2'b01: out = b;
12 2'b10: out = c;
13 endcase
14 end
15 endmodule

16



Perigo!: Especificação Incompleta
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 Latch memory “latches”
old data when G=0 (we
will discuss latches later)

 In practice, we almost
never intend this

Incomplete Specification Infers LatchesIncomplete Specification Infers Latches

module maybe_mux_3to1(a, b, c,
                      sel, out);
  input [1:0] sel;
  input a,b,c;
  output out;
  reg out;

  always @(a or b or c or sel)
  begin
    case (sel)
      2'b00: out = a;
      2'b01: out = b;
      2'b10: out = c;
    endcase
  end
endmodule

if out is not assigned

during any pass through

the always block, then the

previous value must be

retained!

00

sel

out01

10

a

b

c

2

D Q

G

sel[1]
sel[0]

Synthesized Result:

17



Evitando a Especificação Incompleta

1 always @(a or b or c or sel)
2 begin
3 out = 1'bx
4 case (sel)
5 2'b00: out = a;
6 2'b01: out = b;
7 2'b10: out = c;
8 endcase
9 end

1 always @(a or b or c or sel)
2 begin
3 case (sel)
4 2'b00: out = a;
5 2'b01: out = b;
6 2'b10: out = c;
7 default: out = 1'bx
8 endcase
9 end

18
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Dangers of Verilog: Priority LogicDangers of Verilog: Priority Logic

module binary_encoder(i, e);
  input [3:0] i;
  output [1:0] e;
  reg e;
 
  always @(i)
  begin
    if (i[0]) e = 2’b00;
    else if (i[1]) e = 2’b01;
    else if (i[2]) e = 2’b10;
    else if (i[3]) e = 2’b11;
    else e = 2’bxx;
  end
endmodule

What is the resulting circuit?

Proposed Verilog Code:Goal:

I3
I2
I1
I0

4-to-2 Binary Encoder

E1

E0

1

0

0

1

0

0

I3 I2 I1 I0

0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0

all others

E1 E0

0 0

0 1

1 0

1 1

X X

1 module binary_encoder(i, e);
2 input [3:0] i;
3 output [1:0] e;
4 reg e;
5

6 always @(i)
7 begin
8 if (i[0])
9 e = 2'b00;

10 else if (i[1])
11 e = 2'b01;
12 else if (i[2])
13 e = 2'b10;
14 else if (i[3])
15 e = 2'b11;
16 else
17 e = 2'bxx;
18 end
19 endmodule 19
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  if (i[0]) e = 2’b00;
  else if (i[1]) e = 2’b01;
  else if (i[2]) e = 2’b10;
  else if (i[3]) e = 2’b11;
  else e = 2’bxx;
  end

Priority LogicPriority Logic

 if-else and case statements are interpreted very
literally! Beware of unintended priority logic.

Intent: if more than one input is

1, the result is a don’t-care.

I3 I2 I1 I0

0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0

all others

E1 E0

0 0

0 1

1 0

1 1

X X

Code: if i[0] is 1, the result is 00

regardless of the other inputs.

i[0] takes the highest priority.

1

i[0]

0

2’b001

i[1]

0

2’b011

i[2]

0

2’b101

i[3]

0

2’b11

2’bxx
e[1:0]

Inferred

Result:

20
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Avoiding (Unintended) Priority LogicAvoiding (Unintended) Priority Logic

 Make sure that if-else and case statements are parallel
 If mutually exclusive conditions are chosen for each branch...

 ...then synthesis tool can generate a simpler circuit that evaluates the
branches in parallel

module binary_encoder(i, e);

  input [3:0] i;

  output [1:0] e;

  reg e;

 

  always @(i)

  begin

    if (i == 4’b0001) e = 2’b00;

    else if (i == 4’b0010) e = 2’b01;

    else if (i == 4’b0100) e = 2’b10;

    else if (i == 4’b1000) e = 2’b11;

    else e = 2’bxx;

  end

endmodule

Minimized Result:Parallel Code:

I3

I1
I0

E0

E1

1 module binary_encoder(i, e);
2 input [3:0] i;
3 output [1:0] e;
4 reg e;
5

6 always @(i)
7 begin
8 if (i == 4'b0001)
9 e = 2'b00;

10 else if (i == 4'b0010)
11 e = 2'b01;
12 else if (i == 4'b0100)
13 e = 2'b10;
14 else if (i == 4'b1000)
15 e = 2'b11;
16 else
17 e = 2'bxx;
18 end
19 endmodule 21
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