Verilog HDL Intro.




1. Overview




%‘ 1.1.2 HDL

« HDL (hardware description language) : Gt =3 HE J|=0ot1]
AMEdI0l&, 8= ot flolf DotE Tz e AN
ex.) Verilog HDL, VHDL

» Advantages of HDL
- Easy to describe hardware system
- Easy to convert_.designs to impiementations
(Automatic hardware implementation by computer)
- Easy to debug (Simulation by computer)
- Easy for rapid prototyping

1.1 Electronic Design Automation
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1.1 Electronic Design Automation
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if 1.2.1 Structural Description

o Structural Description in Verilog HDL
-FHA 252 CHE primitivesl| HZ 2 LIEHS.
- Symbol, schematic, HDL codeZ /4.
- & H Xt= symbolt schematic2 &4 6t11, HDL code=
schematic2Z2FH AH=sHOZ MAE.

a sum
" Add half " module Add_half (sum, c_out, a, b);
o =— - —= c_out input  a,b;
output sum, c_out;
(symbol) wire c_out_bar;
a

xor(sum, a, b) ;
b ._.:D——' sum nand (c_out_bar, a ,b) ;
not (c_out, c_out_bar) ;
‘ }—-Do——- c_out
endmodule

c_out_bar’
(schematic) (HDL code)

1.2 Overview of Verilog HDL



e HDL code

module module_name(module_port_list);

Il declaration of port modes
input input_mode_module_port_list ;

/[ declaration of internal signals
wire internal_signal_list ;

/l design primitives
primitive_name(signal_list) ;
primitive_name(signal_list) ;
primitive_name(signal_list) ;

endmodule

}—-Do——- c_out

c_out_bar/

output  output_mode_module port_list;

module Add-half (sum, c_out, a, b);

// declaration of port modes
input a,b;
output sum, c_out;

I/ declaration of internal signals
wire c_out bar ;

I/ design primitives
xor (sum, a, b) ;
nand (c_out_bar, a, b) ;
not (c_out, c_out_bar) ;

endmodule

1.2 Overview of Verilog HDL




gi.z.z Behavioral Description

« Behavioral Description in Verilog HDL
- input0] HE St g+ [ outputOl HH St g2 X=KXIE JI=.
- Symbol, HDL code=Z & &l 1) schematic2 81 3.
- & H Xt= symboldt HDL codeft= &4,

module Add_half (sum, c_out, a, b);
ad m— —a SUum _
Add_half input  a,b;
b =— - .= C out output sum, c_out;
- reg sum, c_out;
(symbol) always@(a or b)
begin
sum=a”"b;
c out=aé&b;
end
endmodule
(HDL code)

1.2 Overview of Verilog HDL



e HDL code

module module_name(module_port_list);

/I declaration of port modes
input input_mode_module_port_list ;

output output_mode_module_port_list;

/[ declaration of abstract memory variables

reg output_mode_module_port_list ;

// behavioral function
always@(event_list)
begin
output = f(input) ;
output = f(input) ;
output = f(input) ;

end

endmodule

ad m— —m SUMm

Add_half
b e— - —a C_out

module Add_half (sum, c_out, a, b);

Il declaration of port modes
input a,b;
output sum, c_out;
/I declaration of abstract memory variables
reg sum, c_out;
// behavioral function
always@(a or b)
begin
sum=a”"b;
cout=aé&b;
end

endmodule

1.2 Overview of Verilog HDL
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2+1.2.3 Example of Verilog HDL

» Behavioral Description of D-type flip-flop

module Flip_flop (q, data_in, clk, rst);

rst
-— g /I declaration of port modes

Flip_flop —= input data_in, clk, rst ;
: output q;
data—m /[ declaration of abstract memory variables
Clkl e .
g q;
I/l behavioral function
always@(posedge clk)
begin
if (rst==1)
q=0;
else
g = data_in;
end

.—

endmodule

1.2 Overview of Verilog HDL
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2+1.2.3 Example of Verilog HDL

» Behavioral Description of 4-bit adder

module Adder_4 , t,a, b, c_in);
a 4 4 (sum, c_out, a, b, c_in)
4 ——a C_out _
b =&~ Adder 4 |4 I/ declaration of port modes
cin e - 7—a SUm input [3:0] a,b;
— input c_in;
output [3:0] sum ;
output c_out;

/I behavioral function
assign {c_out,sum}=a+b+c_in;

endmodule

1.2 Overview of Verilog HDL
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if 2.1.1 Module

 Module: Basic unit of design in Verilog HDL
e Module is never declared within another module.
o Structural description and behavioral descriptions
can be mixed together in a single module.
e A module consists of:
(1) Module port : input, output, inout
(2) Module implementation
(2-1) Sub-modules and connections (Structural description)
(2-2) Behavioral functions (Behavioral description)

2.1 Verilog Module
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~ A s AN n __ _1_ 1 _ | Y I I B o
<.1l.«2 VIOAQUIe Instantiation
Add _full
a sum g sum
M1 W | Add_half |
am a sum b ¢ out ¢ out
Add_half W2 M2 -

b m b  c_out M3

module Add_full (sum, c_out, a, b);

input a,b,cin;
output sum, c_out;
wire wl, w2, w3 ;

Add_half M1 (w1, w2, a, b) ;
Add_half M2 (sum, w3, wl, c_in);
or M3(c_out, w2, w3) ;
endmodule

module Add-half (sum, c_out, a, b);

input a,b;
output sum, c_out;
wire c_out bar ;

xor (sum, a, b) ;

nand (c_out_bar, a, b) ;

not (c_out, c_out_bar) ;
endmodule

2.1 Verilog Module
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2.2.1 Primitives

* Primitive: Predefined module
(=Predefined structural/functional element)

* Module o Primitive
 Built-in Verilog Primitives

Combitional | Three | MOS | CMOS | Bi-directional Pull
Logic State | Gate | Gate Gate Gate
and bufif0 | nmos | cmos tran pullup
nand bufifl | pmos | rcmos tranifO pulldown
or notif0 | rnmos tranifl
nor notifl | rpmos rtran
Xor rtranifO
xnor rtranifl
buf
not

2.2 Verilog Primitive
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#1:1 U[]it delay module AOI_4_unit (y_out, x_in1, x_in2, x_in3, x_in4);
_ 1 input Xx_inl, x_in2, x_in3, x_in4 ;

x_!n% - )‘ y output y_out;
X 1N i )

_In2®™ = >_ y_out wire yl,y2;
X_in3 -—-:}_ and #1 ( ' in2) ;

Y yl, x_inl, x_in2);
X_in4®™ y2 and #1 (y2,x_in3, x_in4);

nor #1 (y_out,yl,y2);
endmodule

2.2 Verilog Primitive
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% 2.3.2 Be

e Continuous Assignment:
- operatorE At& ot combinational logicE Jl=

a b
8# 8# module Bit_or8 gatel (y, a, b) ;
input  [7:0]a,b;
I tout : .
Bit_or8_gate output  [7:0]y;
assign y=al|b;
Si endmodule
y

2.3 Descriptive Style



» Useful Operators

arithmetic operation module Nand2_RTL (y, x1, x2) ;
. input x1, X2 ;
+ addition ouptput Yy,
- subtraction assign  y = ~(x1 &x2)
. . endmodule
bitwise operation
R negation dule And2_8bit_RTL (y, X1, x2)
modadule An | y X1, X£) ;
& and - T Y
| or input [7:0] x1;
_ input [7:0] x2 ;
A exclusive-or output  [7:0]y;
~& nand assign  y=x1&x2;
~ nor
/l\ . endmodule
~ exclusive-nor

2.3 Descriptive Style
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g 2.3.2 Ope
» Useful Operators
shift operation
<< shift left
>> shift right
reduction operation

~ negation

& and

| or

A exclusive-or

~& nand

~| nor

~N exclusive-nor

I

ator

module Shl_4bit RTL (y, x, ) ;

input [3:0]x ;
input [1:0]c;
output [3:0]y;
assign y=x<<g;
endmodule

module And4_RTL (y, X) ;

input [3:0]x;

output y;

assign y=8&x;
endmodule

2.3 Descriptive Style
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2.3.2

» Useful Operators

logical operation

Operator

negation
and
or
equal
inequal

relational operation

less
less or equal
greater
greater or equal

module And2_algo (y, x1, x2) ;

input X1, X2 ;
output vy;
reg Y,

always@(x1 or x2)
begin
if (x1==1)&&(x2==1))
y=1;
else
y=0;
end

endmodule

2.3 Descriptive Style
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2.3.2 Operator

~N N

» Concatenation: {} IS 2 AtE0tH SFIH Ol &2
signal= oLt 2| binary numberX & =

a B
b =i

C_ in m——

Adder 4

——=a C_Oout
—/—a SUMm

module Adder_4 (sum, c_out, a, b, c_in) ;

/I declaration of port modes

input [3:0] a,b;
input c_in;
output [3:0] sum ;
output c_out;

/I behavioral function
assign {c_out,sum}=a+b+c_in;

endmodule

2.3 Descriptive Style




2 5.3 Sequential & Concurrent
s Execution of Statements

e Module L} 2| & = statement= module Ring_osc2 (a, clk) ;
A5 [ t Ik ;
J|2Xo2 Y 48 nput - o
b, c;
always (...) red  ©
begin — L Il inverter
o ol LHFR U A= not (ac) ;
/I 1st flip-flop
end always@(posedge clk)
= begin
A A
JUHFOUHAHE =82 =2 b=a:
end
I/ 2nd flip-flop
always@(posedge clk)
a b C begin
——<| >o-— - c=b;
/I\ /I\ end
endmodule
clk clk
SO FFE YE oz 48

2.5 Behavioral Description



«2:9.3 Sequential & Concurrent
i‘ Execution of Statements

o Structural Description & RTL Description (assign)
28 At HHE MHOL =38 &A= BHE.

// Structural description
not (b,a) ;

// RTL description
assignc=-~b;

 Algorithm-based Description (always, if)
: always &2 @(signal)O| BtZ [ OtCt begin...endJ} =&,

always@(posedge clk)
begin
b=a;
end

2.5 Behavioral Description



* Wire
- Structural Descriptioni] A &
- module 1} primitiveE ™ Z ol = signal = 0l A
input, output= Al 2/ et 2= signalE wire2 & A

module Add_half (sum, c_out, a, b);
a input a,b;
b -—o:D_—. sum output sum, c_out;
'—L wire c_out_bar;
) D: c_out xor (sum, a, b) ;

nand (c_out_bar, a ,b) ;
not (c_out, c_out_bar) ;

c_out_bar’

endmodule

2.5 Behavioral Description



* Reg

- Algorithm-based Descriptionf] A

- OH

Ol &

= Jd_

(A=B)2 A0l S Zote 2

M O
(-]
—
—

signhal= regz & A

input
output (q;
reg q,

always@(posedge clk)
begin
if (rst==1)
q=0;
else
g = data_in;
end
endmodule

module Flip_flop (g, data_in, clk, rst) ;
data_in, clk, rst;

2.5 Behavioral Description
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if 2.9.1 Synthesis

« Synthesis : HDL description — Physical gates and connections
« Synthesis for Various Description Methods

- Structural description : primitive= gatexz x| &tst LIS

logic optlmlzatlono AL A
- RTL description

- JF2JLO
S B

| assign=

= gateZ Hatet U3
logic optimization=S &l Al

- Algorithm-based description : always...begin...end
LH == Verilog HDLO|
A

&= OF9
=Mt OE, A UsSE cHE
= A= =22 M HoAl gate= HtE LS logic
optimization= &l Al

2.9 Synthesis



%f 2.9.2 Synthesizability

« Synthesizability of Various Description Methods
- Structural Description : 28 2=0] o= R4 2F
1012 HESD 22 &40 IR # S
- RTL Description : behavioral descriptionO| X| 2t
assign== =2 H otE9H 42 HEtg £
A0l HlnE #S
- Algorithm-based Description : T2 ]2 HH =2
=022 &40 HuE HHS

- Synthesizability: Structural > RTL > Algorithm-based

2.9 Synthesis



%f 2.9.3 Flexibility & Design Time

 Flexibility and Design Time of Various Description Methods
- Structural Description : £ A€ =&, & &ot)| H S
=&et AIAE = £ Hol)| =E ot
- RTL Description : Structural 1t Algorithm-based2| =2t
- Algorithm-based Description : At 0| 2424 5l= AU 2
Xk

T2 )20 HHH=E AL=Z2FL0d )
— T iClcoc ZdVia NfsOr\H J

Z0[otd EH Al2t0| &S
- Flexibility: Structural < RTL < Algorithm-based
- Design Time: Structural > RTL > Algorithm-based

=4
o2
= =,

2.9 Synthesis



if 2.11.1 Represen
 Numbers in Verilog HDL
- <size>'<base format><number>
- b: binary (2)
d: decimal (10)
0. octal (8)
h: hexadecimal (16)
- numberJt “x"Lt “z"'2 Al & oA,
MEA=E2 &) 2 RFES
& XLt 2’2 HE

tation of Numbers
number | value | stored binary pattern
2'b10 |2 10

4'd10 10 1010

4010 |8 0100

8'ha 10 00001010

5'bz1x zzz1x

12’hxa XXXXXXXX1010

‘bz Z....... z(32bits)

3'b5 Invalid! | Invalid!

2'da Invalid! | Invalid!

2.11 Representation of Numbers




3. Simulation
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if 3.2.1 Verilog HDL Simulation

 Design Unit Testbench (DUTB)
: Verilog HDLOIA AlZ220l&8= ot )| ol A Bt& = module

e Unit under Test (UUT) : AIZ22I0l& E6t= module

 Design Unit Testbench = Al = ¢2{0] & ol OF € module +
stimulus generator + response monitor

e Stimumus generator, response monitor= Verilog HDLZ
=5 X8 & H dHS otEflH2A= M 2HAH DE 8L

3.2 Testbench
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3.2.2 Active-Low

module Nand_Latch_1 (g,gbar,preset,clear);
output g, gbar;
input preset, clear;

nand #1 G1 (q, preset, gbar), G2 (gbar, clear, q);
endmodule

Preset Clear g(n+l) gbar(n+1)

0 0 1 1
0 1 1 0
1 0 0 1
1 1 q(n) gbar(n)

active lowct &2
Preset ,ClearJl 0L
[MHOfl 2+2f preset latch,
clear latchl s&2

Feistlt= 0| L

3.2 Testbench



23.2.3 Design Unit Testbench (D
e &Ml OFERIN HIAE * Verilog HDL Simulation

Design_Unit_Testbench (DUTB)

Signal :
Generator X b Stimulus
? T Generator
_ Unit_Under_Test (UUT)
Chip
Under !

—)
Test 4’1'““_ -, —) - e
— PaN
— 1
—==
SCI OSCOpe oO———— Requnse
Monitor

3.2 Testbench



clear

40 50

|
60 time

30

40 50

|
60 timj

— 2 0 _ 1_ [ I~ 1-r—
[estbench (DU
DUTB
Stimulus
Generator
a
UuT

3.2 Testbench



pres
{ \ ,\ !\
|
0 |10 \2.7 30 40 Ej
cle% {\
| \ |
0O 10 20 30 40 50

60 time

#10 delay = signal change

initial

- #10 clear =1;
=" #10 preset = 0; |

end

initial

—>"#60 S$finish:

3.2 Testbench



C++ Analogy

%d:10& ==, %h:16 & ==

initial
begin

$monitor("time=%2d preset=%1b clear=%1b
g=%1b gbar=%1b",$time,preset,clear,q,gbar);

end

[ %b:2& =, %0:8&! ==,

$time: simulation times=

|

[ LIEH = & %

C++ Analogy

printf(“time=%2d preset=%1d clear=%1d
g=%1d gbar=%1d", time(),preset,clear,q,gbar);

|

3.2 Testbench



preset

clear

gbar

& o N o N ol W L Y . Y T L
2 O2.4.0 IVIONITOr Vutput
time=0 preset=x clear=x q=x qbar=x
| | | time=10 preset=0 clear=1 g=x gbar=x
10 20 30 40 50 60tme time=11 preset=0 clear=1 g=1 gbar=x
time=12 preset=0 clear=1 q=1 gbar=0
time=20 preset=1 clear=1 q=1 gbar=0
| | | time=30 preset=1 clear=0 q=1 gbar=0
10200 30 40 S0 60time time=31 preset=1 clear=0 q=1 gbar=1
p— time=32 preset=1 clear=0 q=0 gbar=1
time=40 preset=1 clear=1 q=0 gbar=1
1|o 2|O 3|0 Alo 5'0 6|0 fime time:50 preset=0 clear=1 q=0 gbar=1
11 32 51 time=51 preset=0 clear=1 q=1 gbar=1
time=52 preset=0 clear=1 q=1 gbar=0
I K 1
10: 20 30" 40 50 : 60time
12 31 52

3.2 Testbench




3.2.7
DUTB Codes

DUTB

module test Nand_latch_1;

reg preset, clear;
wire g, gbar;

// Unit under Test
Nand_Latch_1 M1 (q,gbar,preset,clear);

/I Stimulus Generator
initial
begin
#10 preset=0; clear=1,
#10 preset = 1;
#10 clear =0;
#10 clear=1;
#10 preset = 0;
end

initial
#60 $finish;

// Response Monitor
initial
begin
$monitor("time=%2d preset=%1b clear=%1b
g=%1b gbar=%1b”",$time,preset,clear,qg,qgbar);
end

endmodule




4. Advanced Syntax




4.3.11

* Net
- data types: wire, supplyO, supplyl ...
- structural descriptionil =& M &

o

- physical connection= 2|0

* Register
- data types: req, integer, real ...
- behavioral description0i| =& M
- program variable (FF out, J|=42] 2|02 2/ 0|

4.3 Data Types



. 4.3.2 How to Find Out
if Net and Reg:s er
* Register

- e 2 (A=B)0l A A0l of Eol= 2 = signal= register= & &
- assign @8 It =0 It U= continuous assignmentil A =
(H =01 /[ et E register2 & HE K| £ =L,

e Net

- module 1} primitiveE ™ Z ol = signal = 0l A
input, output, registerE Al 2l et 2 = signal= netzZ & &

4.3 Data Types



« 4.3.3 Example of

module A(OO0, O1, 10, I1, 12, 13, CIk);

%‘Net and Register

input 10, 11, 12, I3, CIk ;
output OO0, 01;

reg 00, O1; «
»supply0 g;
v \Vire a,b,s,c;

assign a=I10"11;
assign b=12&I13;

Add_full MO (s,c,a,b,g) ;

always@(posedge clk)
begin

O0=s; ®
end

always@(posedge clk)

I Ol=c;

end
endmodule

4.3 Data Types



39‘\:, - . _
£y 4 _ 3 . 7 H lerarc h IC al module test_Add_rca_4;
: reg [3:0] a, b;
Referencing b g
wire [3:0] sum;
test Add rca 4 wire c out:
a[3:0] Db[3:0] c_in initial
! begin
Add rca_4 $monitor ($time,”c_out=%b c_in4=%b
M1 i c_in3=%b c_in2=%b c_in=%Db", c_out,
M1.c_in4, M1.c_in3, M1.c_in2, c_in);
T end
sum([3:0 t M1.A
um(3:0] - c_ou Add_rca 4 M1(sum,c_out,a,b,c_in);
endmodule
a[3] b[3] a[2] b[2] a[1] b[1] a[0] b[0] c_in

[ | [ | [ | [ | [ | [ | [ | [ |
G4 G3 G2 G1

Add_full Add_full Add_full Add_full

c_in4 c_in3 c_in2
| | | |

c_out sum[3] sum|[2] sum[1] sum|[0]
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4.0.1 vperator
arithmetic operator reduction operator
+ addition & reduction AND
- subtraction ~& reduction NAND
* multiplication | reduction OR
/ division ~| reduction NOR
% modulus A reduction XOR
~N &L= "~ reduction XNOR
bitwise operator logical operator
~ bitwise negation ! logical negation
& bitwise AND && logical and
~& bitwise NAND | logical or
bitwise OR == logical equality
~| bitwise NOR = logical inequality
A bitwise XOR
~N &L= "~ bitwise XNOR

4.6 Operator
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4.0.1 vperator
relational operator shift operator
< less than << left shift
<= less than or equal to >> right shift
> greater than
>= greater than or equal to
concatenation operator conditional operator
{A,B} concatenate A and B A?B:C if Athen B else C
a[4:0] = {c_out,c_in[3:0]}; a = (select==0) ? b : c;
. b [ C
c_out c_in[3:0]
\ / / / / select==0 g? select!=0
a[4:0] a

4.6 Operator




/. Behavioral Description
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» Behavioral Statement
- initial £ = always& Al &
- initial £ Al & &l = behavioral statement= 12 0t =84 =
- alwaysZ Al & &l = behavioral statement= Bt= =3t &
- D = behavioral statement= 212t &£ 43
- behavioral statement L £ 2| begin ... end
AMOININ=E =X1&E o2 =&

7.2 Behavioral Statement



* Clock Generator Example #1

module clock_genl (clock);
parameter Clock period = 100;

parameter Clock disable = 1000;
output clock;
reg clock;

clock=0

l

[

initial
clock = 0;

always

#50 clock = ~clock

EEREEENRR NS

-
[

begin
#Clock_period/2 clock = ~clock;
end

initial
#Clock_disable $finish;

endmodule

-

#1000 $finish

l

|

0 50 100 150 200 250 300

7.2 Behavioral Statement

9501000

v



clock=0

l

#10 clock = 1; #40 clock =0

VU

/.2.1 Behavioral
 Clock Generator Example #2
module clock gen2 (clock);
parameter Clock periodl = 10;
parameter Clock period2 = 40;
output clock;
reg clock; é
initial
clock = 0; \
always
begin
#Clock_periodl clock = 1;
#Clock_period2 clock = 0;
end
endmodule

v -

0 50 100 150 200 250

7.2 Behavioral Statement



- event; 8ol &l si
- WAIT: Ao &l K

nal2| gf0| &
X 20| o=

module dfl(q,q_bar,clk,set,reset,data);

output q,q_bar;
input clk,set,reset,data;

reg q,
assign g_bar = ~q;

always @(posedge clk)
begin
if (reset==0) g=0;
else if (set==0) g=1;
else g = data;
end
endmodule

(D flip-flop)

module latch1(q,q_bar,clk,set,reset,data);
output q,q_bar;
input clk,set,reset,data;

reg q;

(D Latch)

assign q_bar = ~q;

always

begin
wait (clk==1);
if (reset==0) g=0;
else if (set==0) =1,
else g = data;

end

endmodule

7.5. Timing Control and Synchronization



R
uz

o~

(121 ... 7?

module mux(y, sel, a, b);

input sel;
input [15:0] a, b;
output [15:0] Y,
reg [15:0] y;
always @(a or b or sel)
y =(sel)?a: b;
endmodule

7.12 Activity Flow Control
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7.12.2 CASE

module mux(y, sel, a, b);

input sel;
input [15:0] a, b;
output [15:0] Y;
reg [15:0] Y;
always @(a or b or sel)
begin
case (sel)
l:y=ga
O:y=Dh;
default y = 1’bx;
endcase
end
endmodule

7.12 Activity Flow Control
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7.12.3 IF .

.. ELSE

module mux(y, sel, a, b);

input sel;
input [15:0] a, b;
output [15:0] Yi
reg [15:0] Y;
always @(a or b or sel)
begin
if (sel==1)
y =&
else
y =b;
end
endmodule

7.12 Activity Flow Control



R
uz

o~

7.12.4 REPEAT

module count_1s(a, b);
input [15:0]
output [4:0]
reg [4:0]
integer

5o

initial
begin
b =0;
| =0;
repeat (16)
begin
if (a[i]==1)
b=>b+1;
I =1+1;
end
end
endmodule

7.12 Activity Flow Control
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7.12.5 FOR

module count_1s(a, b);
input [15:0] a,
output [4:0] b;
reg [4:0] b;
integer I

initial
begin

b =0;
for (i=0; i<16; i=i+1)
if (a[i]==1)
b=b+1;
end

endmodule

7.12 Activity Flow Control
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7.12.6 WHILE

module count_1s(a, b);

input [15:0]
output [4:0]
reg [4:0]
integer

initial
begin
b =0;
| =0;
while (i<16)
begin
if (a[i]==1)

b=b+1;

I =1+1;
end
end
endmodule

5o

7.12 Activity Flow Control
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module count_1s(a, b);

input [15:0] a,
output [4:0] b;
reg [4:0] b
integer I

initial
begin
b=0;
| =0;
repeat](16) [
begin
if (a[i]==1)
b=Db+1;
=1+ 1;
end
end
endmodule

7.12.7 REPEAT and WHILE

input [15:0] a,
output [4:0] b;
reg [4:0] b;
integer I;
initial
begin
b =0;

whilg|(i<16)

if (a[i]==1)
b=Db+1;
=1+ 1;
end
end
endmodule

module count_1s(a, b);

7.12 Activity Flow Control



System Tasks tor Simulation

$display displays values of variables, string, or expressions

— $display(epl, ep2, -, epn);
epl, ep?2, ---, epn. quoted strings, variables, expressions.

$monitor monitors a signal when its value changes.
— $monitor(epl, ep2, -+, epn);
$monitoton enables monitoring operation.

$monitotoff disables monitoring operation.
$stop suspends the simulation.
$finish terminates the simulation.
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Time Scale for Simulations

* Time scale compiler directive
‘timescale time_unit / time_precision

The time_precision must not exceed the time_unit.

For instance, with a timescale 1 ns/1 ps, the delay specification #15 corr
esponds to 15 ns.

It uses the same time unit in both behavioral and gate—level modeling.
For FPGA designs, it is suggested to use as the time unit.
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Modeling and Simulation Example
(A 4-Dbit adder)

Gate—level description of 4—bit adder
module four_bit_adder (x, y, c_in, sum, c_out);
input [3:0] x
input c_in;
output [3:0] sum;
output c_out;
wire C1,C2,C3; // Intermediate carries
// —— four_bit adder body——

// Instantiate the full adder

full_adder fa_1 (x[0],y[0],c_in,sum[0],C1);
full_adder fa_2 (x[1] y[1] Cl,sum[1],C2);
full_adder fa_3 (x[2],y[2],C2,sum[2],C3);
full_adder fa_4 (x[3],y[3],C3,sum[3],c_out);

endmodule
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Modeling and Simulation Example
(A 4-Dbit adder)

LQr S im[3.0
Cc_out

|c in_—» 5
7D
fa_l.ha_2.S

fa_l.ha_1.C
full adder ful_adder XfU”_adder ]
x X s y S
S y ; Cout
5 0\ D;D— ém Cout Cin Cout Cin
[X]3:0] = )D .
S fa 1ha 1.S fa 1.ha 2.C fa_1.Cout fa_2 fa_3 _
a lha 1. e _c=c

After dissolving one full adder.
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Modeling and Simulation Example
(A Test Bench)

‘timescale 1 ns / 100 ps // time unit is in ns.
module four_bit_adder_tb;
//Internal signals declarations:

reg [3 ' O] X Tools used before or after Verilog-XL in the design process, such as pre-layout and postlayout
reg [3 : O] 2 tools, produce Standard Delay Format (SDF) files. These files can include timing
. information for the following: Delays for module iopaths, devices, ports, and interconnect delays
reg c_in; Timing checks Timing constraints Scaling, environmental, technology, and user-defined parameters
. . . SDF files are the input for the SDF annotator, which uses the PLI as an interface to
wire [3 : O ] sums, backannotate timing information into Verilog HDL designs.
wire c_out;

// Unit Under Test port map
four_bit_adder UUT (.x(x), .y(y), .c_in(c_in), .sum(sum), .c_out(c_out));

reg [7:0] i;

initial begin // for use in post—-map and post—par simulations.
$sdf_annotate ("four_bit_adder_map.sdf", four_bit_adder);
$sdf_annotate ("four_bit_adder_timesim.sdf", four_bit_adder);

end
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Modeling and Simulation Example
(A Test Bench)

initial
for (i=0;i<=255;i=1i+ 1) begin
x[3:0] =i[7:4]; y[3:0] =i[3:0]; c_in =1'b0;

#20,; end
initial #6000 $finish;
initial

$monitor($realtime, “ns %h %h %h %h", x, v, c_in, {c_out, sum});
endmodule
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Modeling and Simulation Example

(Simulation Results)

HFHEHFHFHFHTEHFEHFHFHEREHREHE

Ons
20ns
40ns
60Nns
80ns

100ns
120ns
140ns
160ns
180ns
200ns
220ns
240ns
260ns

ololoholololololholNolNololole
O 0O0OTOH"OO~NOOOODSWDNPEO
eololoholoolololholNololololeo

00
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02
03
04
05
06
07
08
09
Oa
Ob
Oc
od

HFHHFHFHFHFITEHFHFHFHRTEREH

280ns
300ns
320ns
340ns
360ns
380ns
400ns
420ns
440ns
460ns
480ns
500ns
520ns
540ns

RPRRRPRRRPRRRPRRRLRRLOO
TO OONOUDNWNEO®=HO0
cNeoNoNoNecloNcNoNecNoNeNoNoNe

Oe
of
01
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03
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07
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Ob
Oc
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Modeling and Simulation Example

_T__..._'jlr—lew Inm=rt Format Toole Whindow

J =HS % J % Ba B J [y 2 & (| | i #g PO 9D Al TR Ll L dE LG
Mw BIEEEE

dder_tb/

_—_—

Mow [I00 ps WP AT TR S R R R R TR PR A R R B AR T R

ﬂ-r.n-stfr Qs

R E—

| 2505100 s to 2510600 s

[ Mow: 6us Delta: 0

!—
o =
| [ -
E=1 I
s IS
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Verilog Example

(£ eshHe UL €3 =

Desktop Calculator =&
Project F=&I)




1. Adder/Subtractor

Al




1.1 MUX

e Multiplexer
2" data inputs, n control inputs, 1 output
used to connect 2" points to a single point

control signals = binary index of input connected to output

l, [

v

v

Choose |,if S=0
Choose ;ifS=1

1.1 MUX



e 2 to 1 Multiplexer (2:1 MUX)
Z=S"1,+S|,

e 4 to 1 Multiplexer (4:1 MUX)

Z =351'eS0'|, + S1'eS0el;
+ S1eS0'el, + S1eS0el,

e 8 to 1 Multiplexer (8:1 MUX)

Z =52'eS1'eS0'e|, + S2'eS1'eS0el;
+ S2'eS1eS0'el, + S2'¢S1eS0e|,
+ S2eS1'eS0'|, + S2¢S1'eS0el
+ S2eS1eS0'el; + S2eS1eS0el,

8:1
MUX

—>

Is, Ts, Ts,




1.1 MUX

AND
0 input

L OoOlWw

S 10
S 11

5150
51 S0
S1S0

S
0
1
0
1 S1 S0
‘;

10
11
12
13




1.1 MUX

w N kO

le —

I7—

= O

(0]

lo —0

1, —1

I2—2

3 —13 50 s1
|
B C

4 — 0

le —1

I6—2

7 —3 s0 s1
|
B C

1.1 MUX

>



like 1's comp
except shifted
one position
clockwise

1.2 2’s Complement

2's complement = bitwise complement + 1
0011 -> 1100 + 1 -> 1101 (representation of -3)
1101 -> 0010 + 1 -> 0011 (representation of 3)

+

4

0011=+3

1101=-3

\_

Number range for n bits: - 21 ~(2n-1-1)

- Only one representation of O
- One more negative number than positive number
- Easy addition / subtraction

1.2 Addition / Subtraction



« 2’s Complement

2's complement =

bitwise complement + 1

0111 -> 1000 + 1 -> 1001
(representation of -7)

1001 -> 0110 + 1 -> 0111
(representation of 7)

G Al

AL O

ORs8le= HdES =6t

o Al

(D2 complementE AFE06I(
do=z BEs =,

®—=.’—§SIE Jd S +=2etlt.

4 0100
+(+3) 0011
7 0111
4 0100
- (+3) 1101
1 10001
L

1.2 Addition and Subtraction

4 1100
+ (-3) 1101

4 1100
-(-3) 0011

1 111

2's complement_

J8,28480] 2HEot)| W

HE=2 UAE 220 AH== L

1.2 Addition / Subtraction




4 4
(+3) - (-3)
1 1

5 5
(+2) (-2)
3 -3

4 4

- (+2) - (-2)
2 -2

1.2 Addition / Subtraction



1.2 Overflow

Add two positive numbers to get a negative number
or two negative numbers to get a positive number

-7 -2=+7
1.2 Addition / Subtraction



1.3 Adder

C2JH|CLJHCOJ} oy A3 B3 A2 B2 Al B1 A0 BO

oo ] ]

___________________________

___________________________

1.3 Adder / Subtractor



_______

1.3 Half Adder

_______

Ai Bi|Sum Carry Bi 0 1 Bi 0 1
O O 0 0 ol O 1 ol o 0
0O 1 1 0
1 O 1 0
1 0
1 1| 0 1 1 1101
Sum = Ai Bi + Ai Bi Carry = Ai Bi

= Ai ©Bi

éi—-:> Sum
B
) Carry

Half-adder Schematic

1.3 Adder / Subtractor




1.3 Full Adder

_______

A B Ci|Ss co
0O 0 O 0 O
0O 0 1 1 0
0 1 0 1 0
0 1 1 0 1 S
1 0 O 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1
Co

S =Ci xor A xor B

AB
Ci\00 01 11 10
o|lo |[t]|o |[2
111l o |[1]] 0
AB

Ci\00 01 11 10
ololo |[1]]o0
1| o ([T M1

Co=BCi + ACi + AB=Ci(A+B)+AB

1.3 Adder / Subtractor
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Standard Approach: 6 Gates

Ci

>

Alternative Implementation: 5 Gates

1.3 Full Adder

2O

®—>Co

S

Co

B

A®B®®Ci
S

Ci (A ® B)

A A®B
—®| Half 3 > Half
Add Adder
B —» erCo AB -
Ci

+ +—»Co

AB+Ci(A®B)=AB +B Ci+ACi

1.3 Adder / Subtractor



1.3 Adder / Subtractor

Bitwise comRIement of B

A-B=A+(-B)=A+(B+1)=A+B+1

%_J

2's complement of B

.

(Addition) C=A+B
(Subtraction) C=A+B +1

A\ 4

A .
4-hit
j’ Adder P

v
L O

A\ 4

(Addition) C=A + B+ Mode if Mode=0 J—’B B .
(Subtraction) C = A + B + Mode if Mode=1 #

*—>>

Mode

1.3 Adder / Subtractor



1.3 Adder / Subtractor

A3 B3 A2 B2 Al B1 A0 BO
\O 1;— 0 1/ 0 1/ 0O 1/e—se
A B A B A B A B
Co FA Ci |e Co FA Ci |e Co FA Ci |e Co FA Ci |«—e
S S S S
S3 S2 S SO Mode

1.3 Adder / Subtractor



1.4 Adder/Subtractor & &

(1) p.152] 3|2 E Verilog HDL 2 == E 8 0IAl 2.

/
Symbol\
e N\ A[3:0] =—
Schematic B[3:0] =—{ ADDSUB |—=a S[3:0]
M m—
A[3]1 B[3]  A[2] B[2]  A[1] B[1]  A[0Q] B[0] \_ )
¥ 1§ -
A B A B A B A B K Verilog HDL \
Co Cil+—Co Ci [« Co Ci+Co Ci[eo
I" T f f module ADDSUB(S, A, B, M)
S[3] S[2] S[1] S[0] Y N
endmodule
N J \ %

1.4 Adder / Subtractor & &



1.4 Adder/Subtractor & &

=

FOd

Qli

(2) p.160Il AFZE full adder2t muxE p.131 p.4
Verilog HDL 2 =2 HE&0lA R

i
Ozt

2 o A

1.4 Adder / Subtractor & &



g ois ZBE + ASS A[3:0], B[3:0], MS

eneratorE Verilog HDL 2 &= & ESoHAMIR
(7h
4 1100 /\IgEﬂOI/\q =
A ( XXXX X 1100 X 0100 >
+ (-3) 1101
-7 11001 : : :
(Lh B ( XXXX X 1101 X 1101 >
4 0100 ' | |
- (-3) 1101 M X addition | subtraction
7 00111 0 20 40 60

1.4 Adder / Subtractor & &



1.4 Adder/Subtractor & &

(4) Al2t $time, 221 AIS A B, M, 2 A5 SE =X 5l=

response monitorE Verilog HDL 2 &2 HE & GHAI 2.

C++ Analogy
%b:2& ==, %0:8&! ==,
| %d:10& %, %h:16X 2=
initial
begin o
q?.mnnn“nr( "Time=%3d A=%4bh B=%4b o $time: simulation time =
%1b S=%db" $ime ABMS), | { |meus[:|’r+nLLﬁ El({)_br:lmeEJ

C++ Analogy

[ printf(“A=%4b B=%4b M=%4b S=%4b”, time(),A,B,M,S); ]

1.4 Adder / Subtractor & &



1.4 Adder/Subtractor & &

(5) &2l (1)-(4)0l M & A8t Verilog HDL 2 =2 X&56t(, (1)
322 HIAEG= DUTB2 Verilog HDL Z &£ & &0HAl 2.

(6) SILOS T2 1S A}
AMNZd0|&st], =4 Al

_J,|-xl- |.A-|| C)

=
o
=)

504 (5)0ll Al =+Ad 5t DUTBE
SOF AIZHOI TH2t Ol E | 6t

1.4 Adder / Subtractor & &



2. Decoder




2.1 Decoder

Decoder

n control inputs, 2" outputs
used to make one point to “1” out of 2" points
used as a “minterm generator”

control signals = binary index of minterm

N Z,

Z,=“1"ifS=0
Z, Z,=*1"ifS=1

2.1 Decoder



2.1 Decoder

e Decoder
—> :
: 2-t0-4 g
input | I-th outputis “1 output CS

lb [ OG0 O1 O, O;

w NP O

PP, OO

R OPFr O
oloeloel
oo o
oOrr OO
R O OO

I

2.1 Decoder



2.1 Decoder

e Decoder as a 2 : %ggg
minterm generator o 7505 ) >_|:1
3— ABCD —
4A— ABCD
5— ABCD —
A S, 6 — ABCD
3——{S: docoder [ ABCD
C s, 8— ABCD F,
s B (=l
10— ABCD
11— ABCD
F,=A'B'CD+A'BC'D + ABCD 12— ABCD —
F,=ABC'D' + ABCD' + ABCD 13— ABCD
F,=A'"+B'+C'+D' = (ABCD)' ub— ABcCD

H
Ul
>
oy,
O
O
®
i Jn

2.1 Decoder
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2.2 CASE

1

module mux(y, sel, a, b);

input sel;
input [15:0] a, b;
output [15:0] Y,
reg [15:0] Yy,
always @(a or b or sel)
begin
case (sel)
l:y=ga
O:y=Dh;
default y = 1'bx;
endcase
end
endmodule

2.2 CASE =



2.2 CASE =

module dec2to4(o, i);

input [1:0] i;
output [3:0] 0;
|1, 1, o, 0, 0, O, reg [3:0] ;
always @(i
olo o1 0 o o beain 0
1 O 1 O 1 O O case (|)
2 1 O O 0 1 O 2'b00: 0 = 4’b0001;
3 i 1 O 0 0 1 2'b01: 0 =4’b0010;

2'b10: 0 =4'b0100;
2'b11: 0 =4b1000;
default y = 4’bxxxx;
endcase
end
endmodule

2.2 CASE =



I[O

Symbol
]I Schematic

I[1:0] =—| DECODER |—= O[3:0]
o )
t Doﬁgbo—m[s]
J ! K Verilog HDL \

Obl[1
}—-]Do—m[z]
. module DECODER(......)

b[2

11 O[1]

Ib[0] b[3 o) |
2
\\ B[] / K endmodule /

2.3 Decoder &2 & (1)




(2) 2-to-4 DecoderE
Uhslol g4 A I1E MAot

Verilog HDL 2 =2 E 3 6HM 2.

> UU

Z Q)
l

rr N
?

I[1] 1[0] [ O[0] O[1] O[2] O3] INE=E RS

~

0 20 40 60 80 100time

PR OO
R OR O
coor
oOor o
oOr oo
N eoNoNe)

2.3 Decoder &/ (1)



(3) Al2E $time, B85 &= |, 25 &2 OS =& 0ol= response
monitorS Verilog HDL 2 &2 H

(4) &2 (1)-(3)0l A A& et Verilog HDL 2 =5 £ 8o, (1)2
328 HAEG= DUTB2l Verilog HDL Z & E & & 0IAl 2.

(5) SILOS T2 S ALR 510! (4)0 M =48 DUTBS
AE20185t 0, £2 615 Ot AlZH0l ek Of & B 6HEX
BEGHAIR.

2.3 Decoder &/ (1)



2.4 Decoder && (2)

(1) p.262 & X0l 2-to-4 DecoderE CASEEZ = AIE06H
Verilog HDL 2= 2 E&8otAIR. 0|, 20| S IIA &2 0|
Lt J|I)H Xl 2l Delay= 500[2t1] JtEGHMI L.

(2) p.28= & X050 2-t0-4 Decoders 258 4 Y= L&
A

A 6t = stimulus generatorE Verilog HDL 2 =2

—

2.4 Decoder & & (2)



(3) Al2E $time, B85 &= |, 25 &2 OS =& 0ol= response
monitorS Verilog HDL 2 &2 H

(4) &2 (1)-(3)0l A A& et Verilog HDL 2 =5 £ 8o, (1)2
328 HAEG= DUTB2l Verilog HDL Z & E & & 0IAl 2.

(5) SILOS T2 S ALR 510! (4)0 M =48 DUTBS
AE20185t 0, £2 615 Ot AlZH0l ek Of & B 6HEX
BEGHAIR.

2.4 Decoder &1& (2)



ale 3. BCD Adder




3.1 BCD (Binary-Coded Decimal)

=Xt | BCD = | BCD =X  BCD =X  BCD
00000 0 | 00000
1 10001 1 | 00001 X 1 0001 X 7 o0
210010 2 | 00010 #Y 20010  +Y 3 0011
3 |oou 3 | 0oou
410100 4| 00100
=010 =0 0101 Z 0 0011 Z 10 10000
6 |0110 6 | 00110
7 0111 7 | 00111
8 1000 8 | 01000 N .
ﬂ 1 8882 X 8 1000 X 9 1001
12 110010 #Y 5 0101  +Y 9 1001
13 | 10011
14 | 10100 Z 13 10011 Z 18 11000
15 | 10101
16 | 10110
17 | 10111
18 | 11000

3.1 BCD



3.2 BCD Adder & &

(1) CtE 1 & 1 &2 4bit BCD (binary-coded decimal)
adderE Verilog HDL 2 =2 E 3 0IAl K.

X[3:O]T T Y[3:0]

K A[3:0] B[3:0] _
CO Add 4 Cl—® c_in
C[3:0]

N3 N2[ N1| NO

JL ®
c_out | T
M o

0 A[3:0] B[3:0]

—CO Add 4 Cl— logic O
C[3:0]
l Z[3:0]

3.2 BCD Adder £ &



3.2 BCD Adder & &

(2) p.340 AtEE! Add_4Z VerilogHDL 2 =2 Z & otN 2.
(structural descriptionO| = behavioral description0| = 2t A
A, delay= 00[ct 2 JtESHAIR.)

3.2 BCD Adder £ &



3.2 BCD Adder & &

(3) AlZ2H0H (FE X, Y 8i0] 214t 2 &= ot= stimulus
generatorE Verilog HDL 2 &2 &GN 2.

Al2H0] 10 £2 XL S0 Al 2t X Y
X[3:0]01 =Xt 6(=0110)° 10 1 2
22 JtX| 7 5t= HDL RE=

#10 X = 4'b0110 20 7 3

Ot EICH, 20 3 c

> Q 40 9 9

Q 50 A= 0|48 &2
O

1.4 BCD Adder & &



(4) Al2+ $time, &

3.2 BCD Adder & &

==

L

AS X, Y, B AS X+YE EH

response monltora Verllog HDL 2 &= Ed0tAMlR.
ZSHM5bitALE S5 = 20

c_out, Z[3:0]0| &t

O|otMl .

time=10

X=0001 Y=0010 X+Y=00011

3.2 BCD Adder £ &



3.2 BCD Adder & &

(5) &2l (1)-(4)0l M & A8t Verilog HDL 2 =2 X&56t(, (1)
322 HIAEG= DUTB2 Verilog HDL Z &£ & &0HAl 2.

(6) SILOS T2 &S
AMEd0IE&st D, =

Hot= Al 2ESHAR

Ak
Al

|

1235101 (5)00l Al =43t DUTBE
S X+YOF AlZHOl [t Of & )

(7) 0l ASOAH OHE RE THYUS MEHA BRI R. TS
AE Ol CHAl AFRE LIC

3.2 BCD Adder £ &



4. Desktop Calculator

Al




4.1 Desktop Calculator & &

=2 4Xt2l2 10& =2 HAlZ= 16HI E BCD = At
= N 5Xtel 2 7-segment LEDO| HEAlSt= HI&HD| 2
SCQLICH 0| 2=2 VerilogHDL 2 =2 ZE6HN 2.

—_—

A3[3:0] B3[3:0] A2[3:0] B2[3:0] A1[3:0] B1[3:0] A0[3:0] BO[3:0]

r 1T r 1T r 1T r 1T

X[3:0] Y[3:0] X[3:0] Y[3:0]

X[3:0] Y[3:0] X[3:0] Y[3:0] .
c_out c_in C2 c_out c_in Cl c_out c_in CO c_out c_in—logIC 0
BCD Add 4 BCD Add 4 BCD Add 4 BCD Add 4
Z[3:0] Z[3:0] Z[3:0] Z[3:0]
D3[3:0] D2[3:0] D1[3:0] DO[3:0]
X[3:0] X[3:0] X[3:0] X[3:0]
BCD _LED 7 BCD _LED 7 BCD _LED 7 BCD _LED 7
Y[6:0] Y[6:0] Y[6:0] Y[6:0]
L l l l
L4 L3[6:0] L2[6:0] L1[6:0] LO[6:0] (Schematic)

4.1 Desktop Calculator & &



4.1 Desktop Calculator & &

A3[3:0] B3[3:0] A2[3:0] B2[3:0] A1[3:0] B1[3:0] A0[3:0] BO[3:0]
BCD_Add_Calc
L4 L3[6:0] L2[6:0] L1[6:0] LO[6:0] (Symbol)

4.1 Desktop Calculator & &



4.1 Desktop Calculator & &

2+2+9] 4H|E BCD = AtE 7-segment LED0||
BCD LED 7 === LIEIHH AL EP o] =252
DLE=2 E&0tA K. 0|, case= =Xeldw
stL| C}
Y[O] Y[0]
A Vi | A—
T’ Y[2] R e Y[1]
—< "|BCD_LED_7 i{j} CNTD 0 s 2 3
"o | v[5] a ¥i2
- Y[6] >
Y[3]
5 6 7 8

4.1 Desktop Calculator & &




(3) AI2H0Il (2 AO~A3, BO~B32| ==X} 24

4.1 Desktop Calculator & &

Ol it &= M

oled AlS A0[3:0], AL[3:0], A2[3:0], A3[3:0], BO[3:0], B1[3:0],
B2[3:0], B3[3:0]2 &4 A ol= stimulus generatorE Verilog HDL
DEZ EEG6HMR.

AlZ2H0l 10 =3 Al =0
X[3:0]01 ==X 6(=0110)2)
st= JtAIH ot= HDL 2 &=

#10 X = 4'b0110
Jb =1L,

\

A2t |A3|A2|A1|A0(B3|B2|B1|B0O
10 1123|443 |2|1
20 /71211181013 (6]9
30 0|5|/014|9(8|2]|6
40 513|472 |14]|8
50 AN=d0l&E &

4.1 Desktop Calculator & &



&S A3~Al, B3~Bl, =8 &S L4~L0=
= = 6t = response monitorE Verilog
e

time=10 A=1234 B=4321 L=0 1101101 1101101 1101101 1101101

4.1 Desktop Calculator & &



4.1 Desktop Calculator & &

(5) 22l (1)-(4)H M &8t Verilog HDL 2Z = 2F, 0| &
AEUAM &H3E BCD Add 4 2=2 28

o)
(12l 2|2 E HIAEodl= DUTBS Verilog HDL 2= &
BN

(6) SILOS T2 142 AR50 (5)0l Al XA 5t DUTBE
ANE0I&EIT, 22 AS L4~LOJ} AI2H0I (T2t I A
HoH=X 2HESHM R

4.1 Desktop Calculator & &



Barrel Shifter

5

Al




5.1 CASE

module mux(y, sel, a, b);

input sel;
input [15:0] a, b;
output [15:0] Y,
reg [15:0] Yy,
always @(a or b or sel)
begin
case (sel)
l:y=ga
O:y=Dh;
default y = 1'bx;
endcase
end
endmodule

o—
I_l

5.1 CASE =



52FOR &

module count_1s(a, b);
input [15:0] a,
output [4:0] b;
reg [4:0] b;
integer I

initial
begin

b =0;
for (i=0; i<16; i=i+1)
if (a[i]==1)
b=b+1;
end

endmodule

52FOR &



5.3 Barrel Shifter & &

(1) Barrel Shifter= 2 & 413 I[7:0]2F M &S C[1:0], S[2:0]=2
SHOLA], C=112 MHOl= &2 415 O[7:0] = I (load), C=10Y

[H 0l = O = O>>S (shift right), C=01< [l il = O=0<<S (shift left),
C=00g ll=0ogt=2 AU=E RAIAIII= == LILCH O [H,

=9 o= 25 &3 CIkel positive edge0ll M #20 Bt=2 2

AZEOI XIS 20 HIR O, fl ZEAIZ! BlA2I 0= 0°0] X & LICH

5.3 Barrel Shifter & &



5.3 Barrel Shifter & &

Clk C
00

j 01 1<<'S
10 | >>S

u7xnl

lSEZO]

Barrel_shifter

«— C[1.0]

O[7:0]

Clk ‘

C 11

00

)

#20 o :N—Vi h.,i Eq_pi "
€5 &3 O CXCIO

[7:0] C[1:0] | S[2:0] O[7:0]
10101010 01 | 010 | 10101000
11100111 10 | 010 00111001
00011010 01 | 001 | 00110100
01010101 10 | 011 | 00001010
00011100 01 | 100 11000000
11001100 10 | 110 00000011

5.3 Barrel Shifter & &




5.3 Barrel Shifter & &

(2) p.502| Barrel ShifterE case= 1 for2= AtE6t Verilog
HDL @ =% HS0otAl K. Ol M, shift operator “<<”, “>>"&
A&l 0Nl 2.

(8l E) Cgt0fl k2t M load, shift left, shift right S 2| =& 2

=2l = ol =2 case =2 %, [7:0]=, S[2:0]HIEQS

E MAAM O[7:0]2 ddotes F=2for 222 J|=0otM K.

T

I

7
A

5.3 Barrel Shifter & &



5.3 Barrel Shifter & &

(3) Lisdt &2 288 &l & 8 4ol= stimulus generators
Verilog HDL 2 =2 & 0N 2.

time I[7:0] C[1:0]| S[2:0]
0 10101010 11 010

100 01

200 11100111 11 010

300 10

400 00011010 11 001

500 01

600 01010101 11 011

700 10

800 00011100 11 100

900 01

1000 11001100 11 110

1100 10

1200 AM=Zdl0l& &

5.3 Barrel Shifter & &



M= 1,C, S, =8 &= 05 &0t
g

time=0 [=10101010 C=11 S=010 O=XXXXXXXX

(5) (2)0I M Dl =8t Barrel_shifter 22 HIAEE = J &
DUTBE 214 &H =, SILOS 22 )= AIE6H0 AIZ 20

=4 O AlIZH0 U2 2H&E oA K.

I

=

F

5.3 Barrel Shifter & &






6.1 ALU & &

(1) ALU= &t= A A (arithmetic operation) 2t =2 & 4 (logic
C

operation)= EYole= =522, U0 d2 X2 AL

SH Al

-/ O

SE=QLICEH 01 AE0IA £ E 8HIE ALUE OF2H2F 22
<42 Jls= JH&LILH

S[2:0] Output Function

A[7:0] l l B[7:0]

00O F=A Transfer

001 F=A+B Addition S[2:0]

010 F=A-B Subtraction ALU PR

011 F=-A Negation

100 F=A|B OR

101 F=A&B | AND l _

110 |F=AAB |XOR F[7:0]

111 F=-~A NOT

>.
ogr

6.1 ALU

Il



6.1 ALU & &

A[7:0] B[7:0]
M» add_unit logic_unit M
X[7:0] Y[7:0]
8[2]\ V(V) \ 4

g mux_8
l F[7:0]

A[7:0] l l B[7:0]

S[1:0]

add_unit

l X[7:0]

A[7:0] l l B[7:0]

: .| S[1:0]
logic_unit =————

l Y[7:0]

6.1 ALU &/ &



6.1 ALU & &

(2) 8HIE T Al D| add_8(0O,A,B), 8HIE WAl J| sub_8(0,A,B),
8H| E MUX?2! mux_8(0,A,B,S)= behavioral description & 4]

© 2 Verilog HDLZ E&6tAI 2. Ol H, &M 0l = carry2t borrowJt
TAEH UK #2282 0|2 Z&otH J|=0tM 2.

(3) p.562] add _unit 2== Verilog HDL 2 &2 E & 06IM 2. Ol [,
behavioral description= AtE ot Al &1, (2)0 A 2= add_8,
sub_8, mux_83t= AtE0H(] structural description2 2 J|=0tAl 2.
(81 E) F=A, F=A+B2| &2 add 81 mux 82, F=A-B, F=-A%)
HEEE2 sub 82 &S == QUSLICE mux 82 25 410 2 8L L.

6.1 ALU &/ &



6.1 ALU & &

(4) p.562| logic_unitE Verilog HDLEZ E & otAI 2. Ol [, behavioral
description= Ar= o6t Xl &), Verilog HDL primitives@! or, and, xor,
not2t (2)0ll Al Bt= mux_82t= At= 06+ structural description2 =2
J|=otNl 2.

(elE)mux 82 25 34t € erL|LCh.

(5) p.552| ALUZ add_unit?t logic_unitE A& ot Verilog HDL
=2 HE0oMR.

6.1 ALU &/ &



g

(6) Ltz €= 23 &l s E MAote= stimulus generators

Verilog HDL D2 &£ XS 0IAM K.
time A[7:0] B[7:0] S[2:0]

0 10101010 | 01010101 | 00O

100 00000011 | 00111111 001
200 01111101 | 00000011 010
300 01100111 11100111 011
400 00110011 | 00001111 100
500 11110000 | 11001100 101
600 11110000 | 10011001 110
700 01100111 11100111 111
800 NEENEE

6.1 ALU

>.
ogr

Il



6.1 ALU & &

(7) A2t $time, 262 AIS A, B, S, 5 415 FS £Xot0 OHS
& 0] == ot= response monitorE Verilog HDL Z== HEES oMM R

time=0 A=10101010 B=01010101 S=000 F=XXXXXXXX

8) B)UHIA Jl=ctALU E== HAEE &= J == DUTBE 24

(9) SILOS T2 122 AFR5H0 Al23/0| & 5t

S EON .

K
i
I
-
U
>
3
2
ot



Al 7. BCD to Excess-3
Code Converter




7.1 State Machine

« Datapath/Control Approach: Simpler to Design

Computer Hardware = Datapath + Control

_—— Qualifiers  —————

Combinational Functional Units FSM generating sequences
Registers, Buses Control of control signals

A

« Complex to design

¢ Sma” In Slze .................................. . Contr0| n .
- Little repetition Master of Puppets

AAAAAAAAA | I AN A A

Quialifiers State Control
and Signal
Inputs Outputs

A 4

» Simple to design
e Large insize | ‘. Datapath "Puppet"
* Much repetition

« Combinational logic

7.1 State Machine



 Parity Checker:

assert output whenever input bit stream has odd # of 1's

Reset

State
Diagram

7.1 State Machine

Present State  Input Next State  Output
Even 0 Even 0
Even 1 Odd 0
Odd 0 Odd 1
Odd 1 Even 1

Symbolic State Transition Table (Symbol)

Present State  Input Next State Output
0 0 0 0
0 1 1 0
1 0 1 1
1 1 0 1

Encoded State Transition Table (Binary Number)

7.1 State Machine



e Implementation

Next State/Output Functions

NS = PS xor PI; OUT =PS

Input—/
—|D Q -
CLK PS/Output
P RrQ
\Reset |

D FF Implementation

7.1 State Machine

Input Output

CLK

N D Q
\Reset

T FF Implementation

7.1 State Machine



% 7.2 Timing

* Timing Behavior

Input | 1| O 0 1 1 0 110 |1 1 1 0
Output 1 1 1 0 1 1 0 0 1 0O]1 1

Timing Behavior: Input100110101110

7.2 Timing



7.2 Timing

* Timing: When are inputs sampled,
next state computed, outputs asserted?

State Time: Time between clocking events

- Clocking event causes state/outputs to transition, based on inputs
- After propagation delay, Next State entered, Outputs are stable

NOTE: Asynchronous signals take effect immediately
Synchronous signals take effect at the next clocking event

ex) tri-state enable: effective immediately

sync. counter clear: effective at next clock event
async. counter clear: effective immediately

7.2 Timing



7.2 Timing

 Example: Positive Edge Triggered Synchronous System

On rising edge, inputs sampled

euts 1ol siate Time . — outputs, next state computed

sampled

— After propagation delay, outputs and
Clock next state are stable

IMPORTANT:
Inputs ¢~ & ><><><: Inputs to FSM should be settled down

: _ before clock edge.

Outputs and
next states
are stable

7.2 Timing



FSM 1

FSM 2

7.2 Timing

CLK

FSM, AP A B
X

FSM, C D D
Y

- Initial inputs/outputs: X=0,Y =0

7.2 Timing



7.3 Vending Machine Example

» General Machine Concept

- deliver package of gum after 15 cents deposited
- single coin slot for dimes (10 cents), nickels (5 cents)
- no change

« Step 1: Understand the problem: draw a block diagram

| N
SCom D Vending Open Gum
ensor Machine }——> Release
Reset FSM Mechanism
Clk A

7.3 Vending Machine Example



7.3 Vending Machine Example

» Step 2: Map into more suitable NN
abstract representation "¢

Tabulate typical input sequences:

- three nickels

- nickel, dime

- dime, nickel

- two dimes N
- two nickels, dime

_ S4 S6
Draw state diagram: @
[open] [open]

- Inputs: N, D, reset D
- Output: open /

D N

zZ

7.3 Vending Machine Example



% 7.3 Vending Machine Example

» Step 3: State Minimization

Present Inputs Next Output
resonN N State D State Open

0c¢ oc¢
5S¢
10¢
X
5S¢
10¢
15¢
X
10¢
15¢
15¢
X
15¢

N

N

10

10¢

N, D

reuse states
whenever possible

XIkrFFROOIFRFROO|IFRFROO
XIPORPROIFRPORO|IkRORrO|Z
RIXooolXKooolXooo

15¢

Symbolic State Table

7.3 Vending Machine Example



Present State

Q Q

Inputs
D

Next State  Output
Open

),
o

0O O

P FRPOOFRFRPOOFRPRFRPOOFRLFLROO
RPOPFROIFPFOFRROFRLRFOFRO|IkRPRORL O] Z

Dl
0
0
1
X
0
1
1
X
1
1
1
X
1
1
1
X

XhrpkrprXprroXror|Xor o
XpRrpRrppRr|XooolXoooXooo

7.3 Vending Machine Example



K-map for D1
Q0Q1 1
DN 00 01 11 10
00 |0 |0 {112
OL |of1 (J1] 2
1T x| x {IX] X
° | 10 101 |1 1
-
QO

D1=Q1+D+QO0N

DO=NQO + QON + Q1N + Q1D

OPEN = Q1 Q0

DN

K-map for DO
Q0Q1 Q1
DN 00 01 11 .10
cO foflr |1} o0
o711 ollr (ITIT
N
111 x| x (I x |é|_
D
10 foffz |22
(I
Qo0
Q
D D D Q Q,
_LK \Q
g
\reset
N —|
\Q, -
Q, —
\N
Dy 5 o Q,
Q, —
Nl_ CLK L o Q \Q,
\reset
s -

K-map for OPEN

Q0 Q1 Q1

00 01 11 10

OO fo|oOff2yf O

01

10

0 11 o
11 | x X |l X
0 11 o

> OPEN

7.3 Vending Machine Example



7.4 Moore Macine and
Mealy Machine

 Moore Machine

A 4

Next-State
Combinational
Logic

A 4

State
Register

Output

Combinational—

Outputs are function
solely of the current state

| Logic

Outputs change
synchronously with

ctatea rhannaoc
DLUALL ViIAlNITIvYULOV

7.4 Moore Machine and Mealy Machine



7.4 Moore Macine and
Mealy Machine

 Mealy Machine

A 4

Next-State
Combinational
Logic

A 4

State
Register

—

Output
Combinational
Logic

Outputs depend on
state AND inputs

Input change causes an
iImmediate output change

Asynchronous outputs

7.4 Moore Machine and Mealy Machine



Moore
Machine

7.4 Moore Macine and
Mealy Machine

Outputs are associated
with State

(ND + Reset)/0
Reset/0

Outputs are associated
with Transitions

Mealy
Machine

7.4 Moore Machine and Mealy Machine




7.4 Moore Macine and
Mealy Machine

- Mealy Machine typically has fewer states than Moore Machine for same output sequence

- Timing of Mealy Machine is more complex than Moore Machine

Moore 2 0/o Mealy
Machine Machine AAIG O™
Moore Machinel &
& Hol= EHOl

0/0 1/0 C
=2 6}C}.

0

Same 1/O behavior
but
Different # of states

Mealy Machine2
state2| It HI| I 20l

N =2 designers2
S&EMHE 1< ALEStCY.

7.4 Moore Machine and Mealy Machine



7.5 Complex Counter Example

e Problem Definition

A sync. 3 bit counter has a mode control M. When M = 0, the counter
counts up in the binary sequence. When M = 1, the counter advances
through the Gray code sequence.

Binary: 000, 001, 010, 011, 100, 101, 110, 111

Gray: 000, 001, 011, 010, 110, 111, 101, 100

« Example of Valid I/0 behavior

Mode Input M Current State Next State (Z2 Z1 Z0)
0 000 001
0 001 010
1 010 110
1 110 111
1 111 101
0 101 110
0 110 111

7.5 Complex Counter Example



7.5 Complex Counter Example

» State Diagram of Moore Machine
»/ :
0 0
SO
) () (&) (@) (@) @) (@
- v 1
1

7.5 Complex Counter Example




7.6 Traffic Controller Example

* Problem Definition

A busy highway is intersected by a little used farmroad. Detectors
C sense the presence of cars waiting on the farmroad. With no car
on farmroad, light remain green in highway direction. If vehicle on
farmroad, highway lights go from Green to Yellow to Red, allowing
the farmroad lights to become green. These stay green only as long
as a farmroad car is detected but never longer than a set interval.
When these are met, farm lights transition from Green to Yellow to
Red, allowing highway to return to green. Even if farmroad vehicles
are waiting, highway gets at least a set interval as green.

Assume you have an interval timer that generates a short time pulse

(TS) and a long time pulse (TL) in response to a set (ST) signal. TS
Is to be used for timing yellow lights and TL for green lights.

7.6 Traffic Controller Example



% 7.6 Traffic Controller Example

e |llustration
Farmroad
C
HL
FL@& T 659
<«<—  Highway
<
I
Highway —)
¢ KE FL
HL C
Farmroad

7.6 Traffic Controller Example



7.6 Traffic Controller Example

 Tabulation of Inputs and Outputs:

Input Signal Description

reset place FSM in initial state

C detect vehicle on farmroad

TS short time interval expired

TL long time interval expired

Output Signal Description

HG, HY, HR assert green/yellow/red highway lights
FG, FY, FR assert green/yellow/red farmroad lights
ST start timing a short or long interval

 Tabulation of Unique States

State Description

SO Highway green (farmroad red)
S1 Highway yellow (farmroad red)
S2 Farmroad green (highway red)
S3 Farmroad yellow (highway red)

7.6 Traffic Controller Example



7.6 Traffic Controller Example

 State Diagram of Mealy Machine

. L+C

Reset .
(/- S0: HG
TLeC/ST TS/ST S1: HY

= S2: FG
S3: FY
TSIST TS
TL + C/ST

7.6 Traffic Controller Example



7.7 State Machine Reduction

0

 Parity Checker

Example 0
® (@
1 @ 0 ’@ '
1
- ()
C (112
°

- Identical output behavior on all input strings

- FSMs are equivalent, but require different implementations

7.7 State Machine Reduction



7.7 State Machine Reduction

e Implement FSM with fewest possible states

- Least number of flip-flops
- Boundaries are power of two number of states
- Fewest states usually leads to more opportunities for don't cares

- Reduce the number of gates needed for implementation

7.7 State Machine Reduction



7.7 State Machine Reduction

e Goal - Identify and combine states that have equivalent behavior

- Equivalent States: for all input combinations, states transition
to the same or equivalent states

- Parity Checker Example: S0, S2 are equivalent states
Both outputa O
Both transition to S1 on a 1 and self-loopona 0

e Approach

- Start with state transition table

- Identify states with same output behavior

- If such states transition to the same next state, they are equivalent

- Combine into a single new renamed state

- Repeat until no new states are combined
7.7 State Machine Reduction



7.7 State Machine Reduction

* 4-bit Sequence Detector Example
Single input X, output Z

Taking inputs grouped four at a time, output 1 if last four inputs
were the string 1010 or 0110

/O Behavior:

X =0010 0110 1100 1010 0011 . ..
Z = 0000 0001 0000 0001 0000 . ..

* Upper bound on FSM complexity

Fifteen states (1 + 2 + 4 + 8)
Thirty transitions (2 + 4 + 8 + 16)

sufficient to recognize any binary string of length four!

7.7 State Machine Reduction



7.7 State Machine Reduction

 State Diagram

)OK Reset
1/0

0/0

0/0 1/0 0/0 1/0

1/0  0/0 1/0 0/o}§> 10 0/0 1/0
0/0 0/1<) 0/0\1/0 0/0/\1/0 1/0
1/0/\1/0 \z/oéi o1 \1/0 0/0

7.7 State Machine Reduction




e State
Transition
Table

7.7 State Machine Reduction

Input Sequence

Present State

Next State  Output
X=0 X=1] X=0 X=1

Reset Sy S, S, 0 0)
0 S, Sy S 0 0

1 S, S Sq 0 0)
00 S, S; Sy 0 0)
01 S, Sg S 0) 0)
10 Sg S11 S 0 0)
11 Sq Si13 Sy 0 0)
000 S, Sy Sy 0) 0)
001 Sg Sy Sy 0) 0)
010 Sq Sy Sy 0 0)
o1l S0 Sy Sy 1 0)
100 Sy Sy Sy 0) 0)
101 S Sy Sy 1 0)
110 Si3 Sy Sy 0 0)
111 Sy Sy Sy 0) 0)

7.7 State Machine Reduction



/.7 State Machine Reduction

Input Sequence

Present State

Next State  Output
X=0 X=1] X=0 X=1

Reset Sy S, S, 0 0)
0 S, S S, | 0 O

1 S, Ss S| 0 ©
00 S, S, Sg| 0 ©
01 S, Se S| 0 O
10 Sc S; S| 0 o0
11 Se Si3 Su]l 0 O
000 S, S, S| 0 O
001 Sg S, S| 0 O
010 Sq S Sg| 0 o©
D11 Siq So S 1 O
100 Sy So Sg| 0 o©
jo1 S;, So So| 1T 0O
110 Si3 S, Sg| 0 O
111 Si4 S, Syl 0 O

[ .1 OLALT Iviaullllic nocuuuvtLuulli



7.7 State Machine Reduction

Next State  Output

Input Sequence |Present State | X=0 X=1| X=0 X=1
Reset Sy S, S, 0O O
0 S, S;, S, 0 O
1 S, Sc Sk 0 0
00 S, S, Sg| 0 O
01 S, Sy  Sio 0 0
10 Sg S;1 Sh 0 0
11 Sg Siz S| © 0
000 S, S Sp| 0 O
001 Sq Sy Sy 0 0
010 Sq Sy Sy 0 0
011 or 101 Sio Sy Sy 1 0
100 Sy Sy Sy 0 0
110 Sq3 Sy Sy 0 0
111 S14 Sy Sy 0 0

7.7 State Machine Reduction



7.7 State Machine Reduction

Next State  Output

Input Sequence |Present State | X=0 X=1| X=0 X=1
Reset Sy S, S, 0 0
0 S, S;, S, | 0 O
1 S, St Sk 0 0
00 S; S, Sg| 0 O
01 Sy Sy S| O 0
10 Sg S;17 Sl O 0
11 Sg S S 0 0
o0 S, | 5 S | 0 O]
001 Sg Sy Sy 0 0
010 Sq S S 0 0
011 or S10 s'g s",i I 0
100 Sy Sy Sy 0 0
110 Si3 Sy Sy 0 0
111 Si4 S, S, 0 0

7.7 State Machine Reduction



Input Sequence

Present State

7.7 State Machine Reduction

Next State  Output
X=0 X=1|X=0 X=1

Reset Sy S, S 0) 0)

0 Sq S3 SR I 0

1 S, Sc S | O 0

00 S3 S; S, 10 0

01 S, S; Sip| O 0

10 S S; Sip| O 0

11 S S S, 1 0 0

not (011 or 101) S5 Sy S |1 O 0
011 or 101 Sio Sy S 1 0

7.7 State Machine Reduction



7.7 State Machine Reduction

Next State  Output
Input Sequence |Present State |[X=0 X=1|X=0 X=1
Reset Sy S, S, o) 0)
0 Sy S, S 0 0
1 S S 0 0
00 Sy S S, | O 0
01 S, S Sio|] O 0
|10 Ss S S0 | O o)
11 S S, S 0 o)
not (011 or 101) Sy Sy S |0 0
011 or 101 Sio Sy S 1 0

7.7 State Machine Reduction



Final Reduced
State Transition Table

Corresponding State
Diagram

7.7 State Machine Reduction

Next State Output
Input Sequence | Present State | X=0 X=1 X=0 X=1
Reset SO S1 S2 0 0
0 S1 S3' sS4 0 0
1 S2 S4' S3 0 0
00 or 11 S3' s7' ST 0 0
01 or 10 sS4 S7' S10' 0 0
not (011 or 101) Y SO SO 0 0
011 or 101 S10 SO SO 1 0
Reset
)(Sm/
0/0 . 1/0
S1
0/0 0 g 0/0
0,1/0 0/0 1/0
0/1 @ 1/0
0,1/0

7.7 State Machine Reduction



7.7 State Machine Reduction

* Row-Matching Method

- Straightforward to understand and easy to implement

- Problem: does not allows yield the most reduced state table!

Example: 3 State Parity Checker

Next State
Present State | X=0 X=1 | Output
So So S 0
S; S, S, 1
S, S, S 0

No way to combine states SO and S2
based on Next State Criterion!

7.7 State Machine Reduction



7.8 BCD to Excess-3
Code Converter &/ &

BCD Excess-3
(1) BCD Code %t Excess-3 Code= 0000 0011

D% HIE IS0, TE om0

HOIS D 285 LICH 0011 | 0110
0100 0111
0101 1000
0110 1001
0111 1010
1000 1011
1001 1100
1010 XXXX ) Shorg| =
1011 XXXX BCD CodeJ}
1100 XXXX > gob=z
1101 XXXX 42
1110 XXX Don’'t Care
1111 XXXX )

7.8 BCD to Excess-3 Code Converter & &



7.8 BCD to Excess-3

Code Converter & &

(2) 0| &5 0lAM 2 H S BCD to Excess-3 Cod = 03
1810 20| 4HI E2| BCD CodeE 1H| E& 22 8H0LA
A4H| E °| Excess-3 CodeE 1H|EA £&ot= Jls i)t

L2 & LILH

BCD Input
(Serial, LSB First) >
- Reset —

Clock —

In
Rst
Clk

Excess-3 Output
Out — (Serial, LSB First)

—

0100 0-+0-»1-+1

—

0111 1-1+1-+0

7.8 BCD to Excess-3 Code Converter & &



7.8 BCD to Excess-3
Code Converter &/ &

(3) BCD to Excess-3 Code Converter2| State Diagram=
Mealy Machine2 2 “12|NI K. 2t=Fatot Al 2 1) p.88 K &
150 2| State )t 25 H AIE[HOF & LILH.

(4) 124 &l State DiagramOi| M p.892t & 2 State Transition
Table= 12| Nl K.

(5) 124 &l State Transition Table=S Jt X[ 12 p.90~p.95%2t & 0|
State Reduction= & A|GHAI 2.
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(7) BCD Code 10JHE /256101 £220| HUZ H2=XIE
g ole == &= = Gt= stimulus generator, response monitor,
DUTBE Verilog HDLZ E 3 6HAI K.

(8) SILOS T2 1S AFR5I0 AI2301M5ID, 531 F=
A2HOIl (T2t 2HEBHAIR.
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