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Chapter 8: Combinational Logic Modules

Objectives

After completing this chapter, you will be able to:
¢ Understand the features of decoders

“+ Understand the features of encoders

“ Understand the features of priority encoders

*» Understand the features of multiplexers

¢ Understand the features of demultiplexers

s+ Describe how to design comparators and magnitude
comparators

* Describe how to design a parameterized module
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Basic Combinational Logic Modules

<+ Commonly used combinational logic modules:
= Decoder
= Encoder
= Multiplexer
= Demultiplexer
= Comparator
= Adder (CLA)
= Subtracter (subtractor)
= Multiplier
= PLA
= Parity Generator

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley

8-3



Chapter 8: Combinational Logic Modules

Options for Modeling Combinational Logic

* Options for modeling combinational logic:

Verilog HDL primitives

Continuous assignment

Behavioral statement

Function

Task without delay or event control
Combinational UDP

Interconnected combinational logic modules
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Three Descriptions of Combination Logic

Logic Description Verilog Description
Circuit Schematic < »  Structural Model
Truth Table < » User-Defined Primitives
Switching Equations < » Continuous Assignments
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Decoder Block Diagrams

“* An n x m decoder has n input lines and m output lines. Each

output line Y; corresponds to the ith minterm of input (line)
variables.

= Total decoding: when m = 2",
= Partial decoding: when m < 2",

. —> X0 YO —> N e Xo YO O
—> x Yi—> —> x Y, p—>
®) - . n-to-m . =
5 n-to-m < =P . !
2 decoder r g < . decoder =
—> N2 Ym 2> ) Xn-2 m-2
N R mi > TP X g Y P—> -
Enable control Enable control
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A 2-t0-4 Decoder Example
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(b) Function table (c) Logic circuit

¢ : don’t care
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A 2-10-4 Decoder Example

/[ a 2-to-4 decoder with active low output
module decoder_2to4 low(x,enable,y);
input [1:0] x;
input enable; - —
output reg [3:0] y; N ur%zg
// the body of the 2-to-4 decoder
always @(x or enable) [Enabe —
if (lenable) y = 4'b1111; else T Yeaspr
case (x) o >——I> V(o0
2'n00 : y =4'b1110; vat Uty
2'n01 :y =4'p1101;
2'n10 : y =4'p1011; e
2'bl1l :y =4'b0111; y26 un1_y26
default: y = 4'b1111;
endcase 29 >
endmodule y25 un1_y25
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A 2-to-4 Decoder with Enable Control

/[ a 2-to-4 decoder with active-high output
module decoder 2to4 high(x,enable,y);
input [1:0] x;

input enable; . o
output reg [3:0] y; EE— }

/ the body of the 2-to-4 decoder
always @(x or enable)

if (lenable) y = 4'b0000; else 0 -
case (X) 72;—1% ’

2'b00 : y = 4'b0001;
2'b01 : y = 4'b0010; 2
2'b10 : y = 4'b0100; yZDG'
2'bl1l :y =4'h1000;
default : y = 4'b0000;
endcase
endmodule

ﬁ?j
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A Parameterized Decoder Module

/[ an m-to-n decoder with active-high output

module decoder_m2n_high(x,enable,y);

parameter m = 3; // define the number of input lines
parameter n =8; // define the number of output lines

input [m-1:0] x;

input enable; Tocode
output reg [n-1:0] y; L0 =>almlilemt D[10]  EQ30)
/] The body of the m-to-n decoder y_3[3:0]

always @(x or enable)
if ('enable) y = {n{1'b0}};
else y = {{n-1{1'b0}},1'b1}} << x;
endmodule
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Encoder Block Diagrams

“» An encoder has m = 2" (or fewer) input lines and n output
lines. The output lines generate the binary code
corresponding to the input value.

_ —>» |0 YO —> N o > |0 YO e ) A
— 1, Y, —> —> I, Y, p—>
= m-to-n @) = : m-to-n 3
29 encoder . . 5 £ encoder . %=
=1 @)
—> ., Yoo —> —» I Yoo p—>
. —> Im_1 E Yn-l —> R Im-1 E n-1 7
Enable control Enable control
(@) Noninverted output (b) Inverted output
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A 4-10-2 Encoder Example

ly, —— |
|
L, L Y, Y, I i |
1 YO
0 00 1/0 O | | |
2 | |
0O 0 1 0] 0 1 | ! |
3 | [ |
0O 1 0 0|1 O |
| | Yl
1 0 0 0|1 1 | |
- - - - - —
(a) Function table (b) Logic circuit

Q: What is the problem of this encoder?
There are many undefined input cases!
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A 4-10-2 Encoder Example

/[ a 4-t0-2 encoder using if ... else structure
module encoder_4to2_ifelse(in, y);
input [3:0]in;
output reg [1:0] vy;
// the body of the 4-to-2 enecoder
always @(in) begin

if (in ==4'b0001) y = 0; else

if (in ==4'b0010) y =1, else

if (in ==4'b0100) y = 2; else

if (in ==4'b1000) y = 3; else

y = 2'bx;

end
endmodule

y22

y23

@ IECD r?(D

fif

y24

Y

y25
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Another 4-to-2 Encoder Example

/[ a 4-to-2 encoder using case structure
module encoder_4to2_case(in, y);
input [3:0] in;

output reg [1:0] vy;

// the body of the 4-to-2 enecoder

always @(in)
case (in)
4'b0001 :y =0;
4'b0010 :y = 1;
4'h0100 :y = 2;
4'p1000 :y = 3;
default : y = 2'bx;
endcase
endmodule

y22

y23

(o] '9(0 '%fD

y24

Y

y25

iy

y[1:0]
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A 4-10-2 Priority Encoder

4-t0-2
priority encoder

—> |
—p |, 0 >
—> | )

—> |

(a) Block diagram

Input Output
|3 I2 Il I0 Al AO
o 0 o0 1,0 O
o 0 1 ¢ 0 1
o 1 ¢ ¢ 1 0
1 ¢ ¢ ¢ |1 1

(b) Function table
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A 4-to-2 Priority Encoder Example

Il a 4-to-2 priority encoder using if ... else structure
module priority_encoder_4to2_ifelse (in, valid_in, y); — =
input [3:0] in;
output reg [1:0] v; g>¥ —
output valid_in;
// the body of the 4-to-2 priority encoder :
assign valid_in = |in; S
always @(in) begin
if (in[3]) y =3; else [/ MSB: higher priority
if (in[2]) y = 2; else i

if (in[1])) y =1, else v2 —e
if (in[0]) y =0; else
y = 2'bx; 1 0

end M ] UM s

unl in 3
endmodule

valid_in

unl in 1
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Another 4-to-2 Priority Encoder Example

Il a 4-t0-2 priority encoder using case structure - A
module priority_encoder_4to2_case(in, valid_in, y);
input [3:0]in; valid_in
output reg [1:0] y; Er—safad )
output valid_in; y23[0]
I/ the body of the 4-to-2 priority encoder a TN
assign valid_in = |in; b
always @(in) casex (in) ; gy R CRE 5
A'bIxXXX: Y = 3; Ew': "t
4'b01XX: Y = 2; A0 e
4'p001x:y =1, y11:0]
4'b0001: y =0;
default: vy =2'bx; 1
endcase ad D
endmodule y25
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A Parameterized Priority Encoder Example

/[ an m-to-n priority encoder

module priencoder_m2n(x, valid_in, y);

parameter m = 8; // define the number of inputs
parameter n = 3; // define the number of outputs
input [m-1:0] x;

output valid_in; // indicates the data input x is valid.

output reg [n-1:0] y;
I nteger | ; check for 1 IL.urgpcey for 1 12.i18

/[ the body of the m-to-n priority encoder
assign valid_in = |x;
always @(*) begin: check for 1
fori=m-1;i>0;i=1-1)
It (X[i] ==1) beginy =1, disable check for 1;end
elsey =0; // Why need else ...?
end

check for_1_11.i20

check for_1 [2.i21

- - - .m
endmodule  Q: Explain the philosophy behind ) > e
this program. Why is it so simple? valid.in
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A Better Parameterized Priority Encoder Example

/[ an m-to-n priority encoder

module priencoder_m2n_while(x, valid_in, y);
parameter m = 4; // define the number of inputs
parameter n = 2; // define the number of outputs
input [m-1:0] x;

output valid_in; //indicates the data input x is valid. .
output reg [n-1:0] y; L& I
integer i; ﬁ@' valid_in
/I the body of the m-to-n priority encoder i
assign valid_in = |x; -
always @(*) begin o e
i=m-1; ﬁ@ urgll—oq_
Whlle(X[I] =0 &&i>= 0) i=i- 1, unl_x 1 X e
y=1i i
end
endmodule EDunl_X_s'
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Multiplexer Block Diagrams

“ An m-to-1 ( m = 2" ) multiplexer has m input lines,1 output
line, and n selection lines. The input line I, selected by the

binary combination of n source selection lines is directed to
the output line, Y.

( ) Io\ (" ) IO\
_) Il _) Il
. 2"-to-1
Input
Input < X 2"-to-1 y outou Put < : MUX y _—
MUX Y [— Outpu » L., —» Outpu
) :2 -2 S— Doy
—» a1 Enable »d E
SM/T/ST’/ control %{T
| — | ——
Source selection Source selection
(a) Without enable control (b) With enable control

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley 8-20



Chapter 8: Combinational Logic Modules

A 4-to-1 Multiplexer Example

Gate-based 4-to-1 multiplexers

l |
a=Dal
l |
l |
| } I
l |
I Y
1, ! |
’IO I I
X | |
e s e ] T O '
| |
_)IZE_‘Y_) 0 O |0 | |
—{1, 0 1] 1 | Al A |
31 0 1 0 |2 S R e et
/W 1 1) 1
S S

0
(a) Logic symbol (b) Function table ' (c) Logic circuit
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An n-bit 4-to-1 Multiplexer Example

/[ an N-bit 4-to-1 multiplexer using conditional operator.

module mux_nbit_4tol(select, in3, in2, inl, in0, y);

parameter N = 4; // define the width of 4-to-1 multiplexer

input [1:0] select;

input [N-1:0] in3, in2, in1, inO; unt._select 2

output [N-1:0] y; [

// the body of the N-bit 4-to-1 multiplexer i d\

assign y = select[1] ? %d L o
(select[0] ? in3 :in2) : a1
(select[0] ? inl : in0) : i i

endmodule V3l

unlgei-:ct_4
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The Second n-bit 4-to- 1 Multiplexer Example

/[ an N-bit 4-to-1 multiplexer with enable control.
module mux_nbit_4tol en (select, enable, in3, in2, inl, in0, y);
parameter N = 4; // define the width of 4-to-1 multiplexer
input [1:0] select;
input enable;
input [N-1:0] in3, in2, in1, in0;
output reg [N-1:0] y;
// the body of the N-bit 4-to-1 multiplexer
always @(select or enable or in0 or inl or in2 or in3)
if (lenable) y = {N{1°b0} };
else y = select[1] ?
(select[0] ? in3 :in2) :
(select[0] ? inl :in0) ;
endmodule
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The Third n-bit 4-to- 1 Multiplexer Example

// an N-bit 4-to-1 multiplexer using case structure.
module mux_nbit_4tol case(select, in3, in2, inl, in0, y);
parameter N = 8; // define the width of 4-to-1 multiplexer
input [1:0] select;
input [N-1:0] in3, in2, in1, in0; - th )~
OUtpUt reg [N-].O] Y, unl_select 2
/I the body of the N-bit 4-to-1 multiplexer ———_
always @(*) LI\
case (select) D -
2’bll: Y= in3 ; il-:l_f_select_S - : —
2’b10: y=1n2 ; Ay e
2’b01: y=inl ; o[ 70> Kmd
2°b00: y =1in0 ; B 70l
endcase f;_f_selectj
endmodule

unl_select 5
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A Parameterized Multiplexer Example

/[ an example of parameterized M-to-1 multiplexer.

module mux_m_to_1(select, in, y); Em—safa | )

13.unl_select

parameter M = 4; // define the size of M-to-1 multiplexer
parameter K = 2; // define the number of selection lines N
!nput [K-1:0] s_elect; 4 ) 2 ‘
InpUt [M-lO] In, 2.unl_select Z =
output reg vy; d
I the body of the M-to-1 multiplexer [ 2
integer i; . y
always @(*) e
for(i=0;i<M;i=i+1)
If (select==1) y = inJi]; re -
endmodule _10.unL_select
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DeMultiplexer Block Diagrams

% A 1-to-m (m = 2" ) demultiplexer has 1 input line, m output
lines, and n destination selection lines. The input line D is
directed to the output line Y; selected by the binary
combination of n destination selection lines.

Y. —> Y, —>
1-to-2" . 1-to-2" .
Input —» D DeMUX | ° &Output Input —{ D pemux | S Output
Yoo ) Enable E Yoo
S Youu —> J control S You —> |
il S, Tnl\sTi
J J
Destination selection Destination selection
(@) Without enable control (b) With enable control
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Gate-based 1-to-4 demultiplexers

1-to-4 DeMUX

A 1-to-4 DeMultiplexer Example

wn
=

w
o

<

<

<
-

<
o

(a) Logic symbol

O O o o

P, O O =

R O L, O

U o o o o

o U o o o

o o U o o

o o o O o

(b) Function table

(c) Logic circuit

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley

8-27



Chapter 8: Combinational Logic Modules

An n-bit 1-to-4 DeMultiplexer Example

/[ an N-bit 1-to-4 demultiplexer using if ... else structure
module demux_1to4 ifelse (select, in, y3, y2, y1, y0);
parameter N = 4; // define the width of the demultlplexer
input  [1:0] select;

input  [N-1:0] in; | e
output reg [N-1:0] y3, y2, y1, yO0; 30
/] the body of the N-bit 1-to-4 demultiplexer -
always @(select or in) begin y2[30
iIf (select == 3) y3 =in; else y3 = {N{1'b0}}; :
if (select == 2) y2 = in; else y2 = {N{1'b0}}; | L °
if (select == 1) y1 = in; else y1 = {N{1'b0}}; == §
If (select == 0) yO = in; else yO = {N{1'b0}}; 0
end L °
endmodule 0
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The Second n-bit 1-to-4 DeMultiplexer Example

/[ an N-bit 1-to-4 demultiplexer with enable control
module demux_1to4 ifelse_en(select, enable, in, y3, y2, y1, y0);
parameter N =4; // Define the width of the demultiplexer
input  [1:0] select;
input  enable;
input  [N-1:0] in;
output reg [N-1:0] y3, y2, y1, y0;
I/ the body of the N-bit 1-to-4 demultiplexer
always @(select or in or enable) begin
iIf (enable)begin
If (select == 3) y3 =in; else y3 = {N{1'b0}};
If (select ==2) y2 =in, else y2 = {N{1'b0}};
If (select ==1) y1 =in, else y1 = {N{1'b0}};
If (select == 0) y0O =in; else yO = {N{1'b0}};
end else begin
y3 = {N{1'00}}; y2 = {N{1'b0}}; y1 = {N{1'b0}}; yO = {N{1'b0}};
end
end
endmodule
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A Parameterized DeMultiplexer Example

/[ an example of 1-to-M demultiplexer module ] —
module demux_1_to_m(select, in, y); e B
parameter M = 4; // define the size of 1-to-m demultiplexer Y1)
parameter K= 2; // define the number of selection lines
input [K-1:0] select; %
input in; = Zo
output reg [M-1:0] vy;
integer i; i )+
// the body of the 1-to-M demultiplexer HLyez
always @(*) y 1]
for (i=0;i<M;i=1i+1)begin

if (select == i) y[i] = in; else y[i] = 1'b0; end W

endmodule

y 1]2]
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Comparators

“» A magnitude comparator is a device that determines the
relative magnitude of two numbers being applied to it.

“» Two types of magnitude comparator circuits:
= Comparator
= Cascadable comparator

Lyl

A

0 I
A

O, 4-bit comparator IA B

OA<B B I

T

A 4-bit cascadable comparator block diagram

TTT
TTT

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley 8-31



Chapter 8: Combinational Logic Modules

Comparators

¢+ Cascading two 4-bit comparators to form an 8-bit comparator.

A, A A A, A, A, A A

<« A>BA3 A, AL Ay Aop le—— OA>BA3 A, AL Ay g le— 0

<«—{0,_, 4-bit comparator A lp-5j[«—— 0, . 4-bit comparator B lp-pje— 1

< aeB, B, B, B, | g f€—— 0,5 B, B, B, B, lyple— 0
B, B, B, B, B, B, B, B,

<+ What will happen if you set the input value (010) at the

rightmost end to other values?
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A Simple Comparator Example

/[ an N-bit comparator module example
module comparator_simple(a, b, cgt, clt, ceq);
parameter N = 4; // define the size of comparator

//'1/O port declarations
input [N-1:0] a, b;
output cgt, clt, ceq;

/I the body of the N-bit comparator G E—
assign cgt = (a>Db); cgt

assignclt = (a<Db); s G —
assign ceq = (a == b); N
endmodule
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A Cascadable Comparator Example

module comparator_cascadable (lagth, laegb, laltb, a, b, Oagtb, Oaeqb, Oaltb);
parameter N = 4; // define the size of comparator m=

[3:( [3:0L
@f Oagth >
13 [3.00
unl_Oaeqb un2_Oagtb Oagtb
[3:0L
13.0L

//'1/O port declarations

input  lagtb, laegb, laltb;
input  [N-1:0] a, b;

output Oagtb, Oaegb, Oaltb;

1l

// dataflow modeling using relation operators =
assign Oaegb = (a ==b) && (laegb == 1); // equality

assign Oagtb = (a > b) || ((a == b)&& (lagtb == 1)); // greater than
assign Oaltb = (a<b) || ((a ==Db)&& (laltb == 1)); // less than
endmodule

un2_Oaltb
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