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ir 1.1.2 HDL

« HDL (hardware description language) : Gt=H3IHE J|=0ot1]
AMZdI0IE, 8= ot)| floll DotE T2 e AN
ex.) Verilog HDL, VHDL

» Advantages of HDL
- Easy to describe hardware system
- Easy to convert designs to implementations
(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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% 1.2.1 Structural Description

e Structural Description in Verilog HDL
-FHE 252 CHE primitives2] HZ 2 LIEHH
- Symbol, schematic, HDL codeZ + 4.

- & H Xt = symbol 1t schematic2 &4 6t11, HDL code=
schematic2 22 H A=sHCz2 MHE.

a sum
" Add half o module Add_half (sum, c_out, a, b);

b w— - —a C_out

input a,b;
output sum, c_out;
(symbol) wire c_out_bar;

a xor(sum, a, b) ;
b ._.:D——I sum nand (c_out_bar, a ,b):
not (c_out, c_out bar)
H >o-—a C_Oout
endmodule

c_out_bar’
(schematic) (HDL code)

1.2 Overview of Verilog HDL




e HDL code

module module _name(module port_list);

/l declaration of port modes
input input_mode_module _port list ;
ouitput output_mode _module port list ;

Il declaration of internal signals
wire internal_signal_list

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

endmodule

" 1.2.1 Structural Description

S . T))—=sum
FL_ ):r—-l >o-—u C_out

C_ O ut_barf’f

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

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

/[ declaration of internal signals
wire c_out bar;

// 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




%1.2.2 Behavioral Description

» Behavioral Description in Verilog HDL
- inputO] HE st 2+ M outputO] HEst B2 H=XE Jl=.
- Symbol, HDL codeZ *& & 1) schematic2 81 =.
- & H Xt= symbol 1t HDL codePt= & 4.

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

1.2 Overview of Verilog HDL
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e HDL code

module module _name(module port_list);

/l declaration of port modes
input input_mode_module port list ;
ouitput output_mode _module port list ;
/l declaration of abstract memory variables
reg output_mode _module port_list ;
// behavioral function
always@(event list)
begin
output = f(inpuft) ;
output = f(inpuft) ;
output = f(inpuft) ;

end

endmodule

2> 1.2.2 Behavioral Description

ad m— —a SUMm

Add_half
b e— - —a C_out

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

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




?1 2.3 Example of Verilog HDL

» Behavioral Description of D-type flip-flop

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

rst
— g / declaration of port modes

Flip_flop —m= input  data_in, clk, rst;

. output (;
data_m o |2£ /l declaration of abstract memory variables

reg g,
// 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 (sum, c_out, a, b, c_in);
a 4 u 4 ( _out, a, b, c_in)
4 — C_Out .
b w*/{ Adder 4 |4 Il declaration of port modes
cin — & sum input [3:0] a,b;
— ] -
— input c_In;
ouitput [3:0] sum ;
output c_out;

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

endmodule

1.2 Overview of Verilog HDL






i' 2.1.1 Module

 Module: Basic unit of design in Verilog HDL
 Module is never declared within another module.
e 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



2.1.2 Module Instantiation

Add full
oo} | a sum g sum
M1 Add_half
an a sum |-Wi w3
b C_Out . C 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 = Primitive
e 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




&4 2.2.2 Delay Modeling

o #N: 2BSF U =F AO[2] AIH AlZ2F= Nunitdelays €&

#1:1 Uf'it delay module AOI_4_unit (y_out, x_in1, x_in2, x_in3, x_in4);
1 input X_inl, x_in2, x_in3, x_in4 ;

X m% -—-D 1Y output y out:
X In ] ;

o B >_ y_out wire yl, y2 ;
X In3 I—-:>,_ and #1 ( ' in2) ;

| 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> 2.3.2 Behavioral Description

« 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 output [7.0]y;

Bit or8 gate utput  (7:0ly
assign y=al|b;
Bi endmodule
y

2.3 Descriptive Style



2.3.2 Operator

e Useful Operators

arithmetic operation

addition
subtraction

bitwise operation

module Nand2_RTL (y, x1, x2) ;

input x1, x2 ;
output vy,

assign y=~(x1&x2);

endmodule

negation
and
or
exclusive-or
nand
nor
exclusive-nor

module And2_8bit_ RTL (y, x1, X2) ;

input [7:0] x1 ;
input [7:0] x2 ;
output [7:.0]y;

assign y=x1&x2;

endmodule

2.3 Descriptive Style




2.3.2 Operator

e Useful Operators

shift operation

<<
>>

shift left
shift right

reduction operation

negation
and
or
exclusive-or
nand
nor
exclusive-nor

module Shl_4bit RTL (y, x, ¢) ;

input [3:0]x ;
input [1:0]c;
output [3:.0]y;

assign y=Xx<<g;

endmodule

module And4_RTL (y, X) ;

input [3:0]x ;
output vy,

assign y=8&x;

endmodule

2.3 Descriptive Style




2.3.2 Operator

e Useful Operators

logical operation

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

e Concatenation: {} JISE AIEZ0t SOH Ol &2

signal= otLt2| binary numberXd & =

a w2t
b «2.]

C_IN m—

Adder 4 (4

= C out

input

output

endmodule

ouitput [3:0]

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

- /l declaration of port modes
——a Sum input  [3:.0]

a, b;
c_in;
sum ;
c_out;

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

2.3 Descriptive Style




2-9.3 Sequential & Concurrent
i’ Execution of Statements

 Module LH 2| 2 = statement= module Ring_osc2 (a, clk) ;
JERoR HE 28 ot
always (...) re_g b.c;
.| Pegin ol e A not (acy.
end Zlif;;iggposedge clk)
T UHSOAL =X HOZ 23 o
end

/Il 2nd flip-flop
always@ (posedge clk)
a b C begin
o ) c=b:
A\ L\ end

endmodule

clk clk

< JHel FFS g moz &

0

2.5 Behavioral Description



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

e Structural Description & RTL Description (assign)
24 Ao gHE HOLH =2 &S JF BHE.

/I Structural description
not (b,a) ;

/l RTL description
assignc =-~b;

e Algorithm-based Description (always, if)
: always = 2| @(signal)0| bH& [ 0tCt begin...endJt %=

o2
in

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

2.5 Behavioral Description



N,
3 2.5.4 Wire & Reg

* Wire
- Structural Descriptionf| A &
- module 1t primitiveE ™ & ol = signal = 0il A

—

input, output= Xl 2l et 2= signal= wireZ & &

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

b ._.ﬂ——.'I sum output sum, c_out ;

wire c_out_bar;

3 D c_out xor (sum, a, b) ;

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

endmodule

2.5 Behavioral Description



N,
e 2.5.4 Wire & Reg

* Reg
- Algorithm-based Description| A 2]
- e =(A=B)2 Alll ol ot= 2 = signal= reg: &

Q

module Flip_flop (q, data_in, clk, rst) ;
input data_in, clk, rst;
output (,;
reg q;

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

2.5 Behavioral Description



ir 2.9.1 Synthesis Methods

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

- Structural description : primitiveZE gateZ X|&tst LIS

logic optlmlzatlonc> Al A
- RTL description : 2% 22| assign®= gateZ

Hetet U=
logic optimization= &! Al
- Algorithm-based description : always...begin...end
LH == Verilog HDLO|
A

_|_Ml_l_

S M5

l__ll_

a|9|§3 AH A

= OO

2 Al

IS, A UWHES =

ol M gateZ Ht2 C
optimization=

2.9 Synthesis



ir 2.9.2 Synthesizability

« Synthesizability of Various Description Methods
- Structural Description : 2f 2=0| ot&E/IH 224 2
1012 HED 22 &40l IR # S
- RTL Description : behavioral descriptionO| X| 8t
assign== =& H ot=EAH LAZ HES £

OIODE ol-/\-|0| [j| —1 |5

- Algorithm-based Description : T2 1Y HH 2
Jl=olBz &40 X Hd=
- Synthesizability: Structural > RTL > Algorithm-based

2.9 Synthesis



* Flexibility and Design Time of Various Description Methods
Z2 A28 SAGII|IHAHAED

if 2.9.3 Flexibility & Design Time

- Structural Description : & HE =&, =&
S&ot AIAEE & Hot)| = EolLt.

- RTL Description : Structural 1t Algorithm-based2| =

- Algorithm-based Description : AFEF 0| 24 2t5t= 24 EHE

256t Jl=ote =z, =8, &0

T2 )Y HHE AIE
of 11 & H AlZH0| 22
- Flexibility: Structural < RTL < Algorithm-based

=0|ot !
- Design Time: Structural > RTL > Algorithm-based
2.9 Synthesis



% 2.11.1 Representation of Numbers

 Numbers in Verilog HDL
- <size>'<base format><number>
- b: binary (2)
d: decimal (10)
0: octal (8)
h: hexadecimal (16)

- numberJ} “x’Lt “z"2 Al &5IHA,

A= = o
X|'§\|_I_§ QCI-_;IEE L:';LC

P& XLt 2’2 2.

number | value | stored binary pattern
2'b10 |2 10

4'd10 |10 1010

4010 |8 0100

8'ha 10 00001010

5'bz1x z2zz1x

12’hxa XXXXXXXx1010

‘bz Z.o.... z(32bits)

3'b5 Invalid! | Invalid!

2'da Invalid! | Invalid!

2.11 Representation of Numbers




3. Simulation




ir 3.2.1 Verilog HDL Simulation

* Design Unit Testbench (DUTB)
: Verilog HDLOI| A Al=Z¢2ll01 & & otJ] ?o Al BF&== module

« Unit under Test (UUT) : AlZ22lI01 & Eot= module

* Design Unit Testbench = Al Zd| 0] & 6} OF € module +
stimulus generator + response monitor

 Stimumus generator, response monitor= Verilog HDLZ
=5 X8 &AM dHS GtERIHA= A 2 A DE UL

3.2 Testbench



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 ,ClearJ} 0&
[TH Ol 2F2+ preset latch,
clear latch 2

=3 BI L}

S X2
ST =

= =< O0|Ch.

3.2 Testbench



%}3.2.3 Design Unit Testbench (DUTB)

o &Ml OFERINH HIAE * Verilog HDL Simulation

Design_Unit_Testbench (DUTB)

Signal _
Generator X ha Stimulus
? T Generator

Unit_Under_Test (UUT)
Under

Test ’ 1 | I ‘ | | N ' .
PaN
|
Osc W] ==
scilloscope oO—— Response
Monitor

3.2 Testbench

Chip

L




%3.2.3 Design Unit Testbench (DUTB)

DUTB
N
Stimulus
preset Generator

clear

|
\0\10 20

3.2 Testbench



#10 delay = signal change
Nothing - No change

& 3.2.4 Stimulus Generator
(i J\\ AR e

bres}
| | | e :
0 10 \Zj £ 1° W™ 60‘“""6 #10 clear=0. |
#10__clear = 1;
cIeT (\ — #10 preset = 0; |
end

‘ ‘ initial
| )] | —=>{"#60 S$finish: I

0 10 20 30 0 50 (10time

| -

3.2 Testbench



initial
begin
$monitor("time=%2d preset=%1b clear=%1b

q=%1b gbar=%1b",$time,preset,clear,q,qbar); |,

end

E 3.2.5 Response Monitor

C++ Analogy

{ Uob:2 &l 2, %0:8% %,

%d:10& ==, %h: 1648 ==

$time: simulation time=
LIEIHW = &

|

C++ Analogy

printf(“time=%2d preset=%1d clear=%1d
g=%1d gbar=%21d", time(),preset,clear,q,gbar);

3.2 Testbench



preset

clear

gbar

3.2.6 Monitor Output

| |
50 60time

0 0 20 30 40
| | | | | .

0O 10 20 30 40 50 60time
] ] T 1

0O 10 20 30. 40 50 60time
11 32 51
] K L1

0O 10:.: 20 30" 40 50 : 60time
12 31 52

When there is an event.

time=0 preset=x clear=x q=x gbar=x
time=10 preset=0 clear=1 g=x gbar=x
time=11 preset=0 clear=1 g=1 gbar=x
time=12 preset=0 clear=1 gq=1 gbar=0
time=20 preset=1 clear=1 gq=1 gbar=0
time=30 preset=1 clear=0 gq=1 gbar=0
time=31 preset=1 clear=0 gq=1 gbar=1
time=32 preset=1 clear=0 gq=0 gbar=1
time=40 preset=1 clear=1 q=0 gbar=1
time=50 preset=0 clear=1 q=0 gbar=1
time=51 preset=0 clear=1 gq=1 gbar=1
time=52 preset=0 clear=1 gq=1 gbar=0

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 (g,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;

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

endmodule




4. Advanced Syntax




ir 4.3.1 Net and Register

* Net
- data types: wire, supplyO, supplyl ...
- structural description0ll =& M
- physical connection= 2| 0|

* Register
- data types: reg, integer, real ...
- behavioral description0i| =& M
- program variable (FF out, 7| < 2| 2|0])= 2/ 0|

4.3 Data Types



- 4.3.2 How to Find Out
ir Net and Register

* Register
- (2 = (A=B)0I A A0ll ol Eot= &2 = signal= register= & &

- assign S H I S I} A= continuous assignmentil Al =
H2=0] UG CHE registerz & H T K| &=L,

* Net
- module 1} primitiveE ™ Z ol = signal = 0l A
input, output, registerE Ml 2/ 8t 2 = signal= netZ & A

4.3 Data Types



« 4.3.3 Example of

module A(OO, O1, 10, 11, 12, 13, CIk);

i'Net and Register

input 10, 11, 12, 13, CIk ;
output 00, 01;

reg 00, O1; «
supply0 g;
> Wire a, b,s, c:

assign a=10"11;
assign b=12&I3;

Add_full MO (s,c,a,b,9) ;

always@(posedge clk)

begin

end

always@(posedge clk)

end
endmodule

4.3 Data Types
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4.3.7 Hierarchical | modietest add rcas;
- reg [3:0] a, b;
Referencing b > b
wire [3:0] sum;
test Add rca 4 wire c_out:
a[30] b[30] C_in initial
! begin
Add rca 4 $monitor ($time,”c_out=%b c_in4=%b
M1 f\[ c_in3=%b c_in2=%b c_in=%b”, c_out,
M1l.c_in4, M1l.c_in3, M1l.c_in2, c_in);
J J end
3.0 t M1.A
sum[3:0] - c_ou Add _rca 4 M1(sum,c_out,a,b,c_in);
endmodule
a[3] Db[3] al2] Db[2] a[l] Db[1] a[0] Db[0] c_in
| | | | | | | |
G4 G3 G2 Gl
Add_full Add_full Add_full Add_full
c_ind c_in3 c_in2
_—
* | | | |
c_out sum[3] sum|2] sum|[1] sum|0]



"” 4.6.1 Operator

arithmetic operator

reduction operator

+ addition & reduction AND

- subtraction ~& reduction NAND
* multiplication | reduction OR

/ division ~| reduction NOR
% modulus A reduction XOR

~N &£ = A~ reduction XNOR
bitwise operator logical operator
~ bitwise negation ! logical negation
& bitwise AND && logical and
~& bitwise NAND | logical or
| bitwise OR == logical equality
~| bitwise NOR 1= logical inequality
A bitwise XOR
~N L= 2~ bitwise XNOR

4.6 Operator




4.6.1 Operator

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
{AB} concatenate A and B A?B:C if Athen B else C

a[4:.0] = {c_out,c_in[3:0]};

c_out

c_in[3:0]

N LSS

a[4:0]

a = (select==0) ? b : c;

b [ C
select==0 g? select!=0

a

4.6 Operator




| Description

10ra

7. Behav




% 7.2.1 Behavioral Statement

* Behavioral Statement
- initial £ = always& Al &
- initial2 Al % & = behavioral statement= 121
- alwaysZ Al & & = behavioral statement= Bt
- 2@ E behavioral statement= 2f2f 22 £ 4 3H
- behavioral statement L £ 2| begin ... end
AMOIIM=E =Xt& o2 =&

o i 12

7.2 Behavioral Statement



% 7.2.1 Behavioral Statement

 Clock Generator Example #1

module clock_genl (clock);
parameter Clock period = 100;
parameter Clock_disable = 1000;
ouiput clock;
reg clock;

clock=0

l

initial |
clock = 0; |

N

always
begin
#Clock_period/2 clock = ~clock;
end

#50 clock = ~clock

RN,

initial I

#Clock_disable $finish; |

endmodule

#1000 $finish

l

.
50 100 150 200 250 300 --- 9501000

LnnneLn.

7.2 Behavioral Statement



% 7.2.1 Behavioral Statement

 Clock Generator Example #2

module clock _gen2 (clock);

parameter Clock periodl = 10;
parameter Clock period2 = 40;

ouiput clock;
reg clock;

initial I

clock=0

l

-

clock = 0; |

always
begin

#Clock_periodl clock = 1;
#Clock_period2 clock = 0;
end

endmodule

-

#10 clock =1; #40 clock =0

N T A

0 50 100 150 200 250

7.2 Behavioral Statement



« WAIT

- event: Holl &l signal®| gt0| &3/t Lt

- WAIT: Zolf &l £20] /=2 [ IHA

module df1(q,q_bar,clk,set,reset,data); (D flip-flop)

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

reg q;
assign q_bar = ~q;

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

7.5.5 WAIT

®

vent)t £47s [l ==

= "= J|IUE

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

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

reg q;
assign q_bar = ~q;

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

endmodule

SH &l
SO

(D Latch)

7.5. Timing Control and Synchronization
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7121 ... ?

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)
1:y=a;
0:y=bh;
defaulty = 1’bx;
endcase
end
endmodule

7.12 Activity Flow Control
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7123 IF .

.. ELSE

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
if (sel==1)
y=a;
else
y =b;
end
endmodule

7.12 Activity Flow Control
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7.12.4 REPEAT

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

integer i;
initial

begin
b=0;
i=0;
repeat (16)
begin
if (a[i]==1)
b=b+1;
i=i+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;
i=0;
while (i<16)
begin
if (a[i]==1)
b=b+1;
i=i+1;
end
end
endmodule

a;

b;
b;
i.

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

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

initial
begin
b=0;
i=0;

repea4(1 6)

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

a;

b;
b;
i.

1;

% 7.12.7 REPEAT and WHILE

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

initial

endmodule

7.12 Activity Flow Control



System Tasks tor Simulation

$display displays values of variables, string, or expressions

— S$display(epl, ep2, -, epn);
epl, ep?2, -+, eprn- 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, vy, 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] C1,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)

fa_l.ha_2.S

fa_l.ha_1.C
full_adder full_adder i -
- X s S &l LT Sim3:0
S L a y Cout éin Cout C_out

y .
Cin Cout Cin

LE= _m_) fa_1.Cout fa_2 fa_3 =

fa_1.ha 1.S fa_l.na_2.C

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

‘timescale 1 ns /100 ps // time unitis 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] y, tools, produce Standard Delay Format (SDF) files. These files can include timing
. information for the following: Delays for module io paths, 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 ] sum, 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=i+1) begin
x[3:0] =i[7:4]; y[3:0] =i[3:0]; c_in =1'b0O;

#20; end
initial #6000 $finish;
initial

$monitor($realtime, “ns %h %h %h %h", x, y, c_in, {c_out, sum});
endmodule

1-63




Modeling and Simulation Example

(Simulation Results)

H= = H FH FHE S H FH S H FHE

Ons
20ns
40ns
60ns
80ns

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

O O O O O OO o oo oooo

Q. Q0 O 0 W oW Joy U b WNEF O

O O O O O OO oo ooooo

00
01
02
03
04
05
06
07
08
09
Oa
0b
Oc
0d

H= = H FH FH G FHF S FE

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

NFRPRPRPRPRPRPRPRPRPRPRERRRPRRPRRPR OO

O W oo -JoyUld WNE OH O

O O O O O OO oo ooooo

Oe
Of
01
02
03
04
05
06
07
08
09
Oa
0b
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Modeling and Simulation Example

(Edit | j[iew Insert Format  Took  Whindow

[CRSE] & @A R & e[| &5 6| 180 [ by kg L
| TR @%@.%EH- [FER T ELERE %

§
4
;
S
;
o
i

Mow |00 p: ||
Cursar1 [ Ops

T 0 e =

| 2505100 ps o 2910600 ps

| Mows: 6us Delia: O
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Verilog Example
(£ 8Hel Yol & =

Desktop Calculator =&
Project =&!)




1. Adder/Subtractor

Al




1.1 MUX

« 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

v

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

1.1 MUX



e 2 to 1 Multiplexer (2:1 MUX)
Z=S'l,+S1,

e 4 to 1 Multiplexer (4:1 MUX)

Z = S1'eS0'|;, + S1'eS0el,
+ S1eS0'¢l, + S1eS0el,

e 8 to 1 Multiplexer (8:1 MUX)

Z = S2'eS1'eS0'l, + S2'eS1'eS0el,
+ S2'¢S1eS0'el, + S2'eS1eS0el,
+ S20S51'eS0'el, + S2¢S51'eS0el,
+ S20S1eS0'el; + S2¢S1eS0el,

1.1 MUX

2:1

Mux [ 4

4:1 L,

MUX

Is, Ts.

81
MUX

—>

Is, Ts, Ts,

0 —»
1 —>
2 =P
3 —>

1111

N
N
=)

\\lCDU'I-bOOI\)I—‘

— O
(0]

1%
[
=)

WMNPEFO
\_r/J-

—

N

N



1.1 MUX

AND
_ _ S1 S0 input
» Gate implementation of MUX 0 0 | 5150
o 1 S1S0
1 0 S$180
AND 1 1 | s1s0
S |input| Z ¢+
o| S [0 l,
1 S 11 ¢
1, ¢
D I
| Y4
=D !
l;
I's s, Is,

1.1 MUX

10
11
12
13




1.1 MUX

e 8:1 MUX from 4:1 MUX and 2:1 MUX

nH—<
o L ol
- - —_—
(/2] © (/2] ©
(=] (=]
oo o[—A0o
o -~ N ™ o L ol N ™
o - AN ™ < n o ©~
N
-
SIB
S <
o - N ™
NnF—o0 npr—o0 nF—oO nF— O
o - o - o - o -
o - N ™ < n o ©~

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)

-+

0011=+3
1101=-3

\-

Number range for n bits: - 21 ~(2n1-1)

- Only one representation of 0
- 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)

XAl

OFR 3= Jd S st

oH Al

®2’s complement= At = ot
Moz HEtE =,

QR zod= Rd s sl

1.2 Addition and Subtraction

4 0100 -4 1100
+(+3) 0011 + (-3) 1101
7 0111 -7 11001
—
4 0100 -4 1100
- (+3) 1101 -(-3) 0011
1 10001 -1 1111
L

2’s complement= & &, AIQ| 2HE S| [TH
HE =2 CIXIE 3 20 At= =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

——————————————————————————

|C21H[C1]H[COf} -y A3 B3 A2 B2 A1 B1 A0 BO

D EETINRTTANRN I RY

...........................

S3 C2 S2 C1 S1 Co SO

___________________________

1.3 Adder / Subtractor



1.3 Half Adder

» Half Adder _
i i
Ai Bi[Sum Carry Bi 0 1 Bi 0 1
0 ol 0 O oo | 1 ol o | o
o 1 1 0
1 0 1 0
] 1 0
K 1 1 0 1 1 1 0 1
C T \: L .
[A] Sum = Ai Bi + Ai Bi Carry = Ai Bi
(B! = Ai ®Bi
B. /

' Half-adder Schematic

} Carry

1.3 Adder / Subtractor



1.3 Full Adder

A B Ci|]s co AB
0 0 0|0 O Ci\00 01 11 10
0 0 1|1 o0
1
JgaTS 0 1 0|1 0 S 0jo |0
o 1 1 o 1 1111l o (M1 o
C°§Cf§ 1 0 0101 o0
AL 1. 0 1|0 1
[ Bi| 1 1 0 |0 1 AB
o 1 1 1 [1 1 Ci\00 01 11 10
S] olo|o |[1]{o
"""" Co
1o |[T (][ 1

S =Ci xor A xorB
Co=BCi + ACi + AB=Ci(A+B)+AB

1.3 Adder / Subtractor



1.3 Full Adder

S Ci r:—>_ Co
) o~ S }%

Alternative Implementation: 5 Gates

A®B A®B®Ci

A —> Halif S > Half S >S5
Ci(A®B
B o AdderCo AB >AdderCo ( )
Ci
+ = CO

AB+Ci(A®B)=AB +B Ci +ACi

1.3 Adder / Subtractor



1.3 Adder / Subtractor

Bitwise comglement of B

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

H_J

2's complement of B

.

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

A ’ .
4-bit
u » 0 Adder C
(Addition) C=A+ B + Mode if Mode=0 J*B B[] .
(Subtraction) C = A+ B + Mode if Mode=1 # I

Mode

1.3 Adder / Subtractor



1.3 Adder / Subtractor

A2 B2

A1 BT

A0 BO

A A

\0 1;—0

A B A B A B A B
Co FA Ci Co FA Ci Co FA Ci Co FA Ci j«—e
S S S S
S3 S2 S S0 Mode

1.3 Adder / Subtractor



(1) p.152] 2/ 2 = Verilog HDL

1.4 Adder/Subtractor & &

D=2 ESGIMIR.

e N
Schematic
A[3]1 B[3] A[2]B[2] A[1] I|3[1] A[0] I|3[0]
A B X B X B X B
Co Cil«{Co Cil«4{Co Cil«—Co Cil—®
1 1 ]
S[3] S[2] S[1] S[0] M
N J

s
Symbol\
A[3:0] =—
B[3:0] =— ADDSUB |—= S[3:0]
M m—

NS /
/ Verilog HDL \
module ADDSUB(S, A, B, M)

\ endmodule J

1.4 Adder / Subtractor & &



1.4 Adder/Subtractor & &

FOf

Qll

(2) p.160ll A== full adder2t muxE p.131 p.4E &L
Verilog HDL 2 =& ESSWIE.

ci |—_>_®_, Co I ._%D‘Z
: By

1.4 Adder / Subtractor & &



2S84 T = A[3:0], B[3:0], MS
M A Gt= stimulus generatorE Verilog HDL 2 &2 XS 0HAI 2.
(“h

4 1100 AlEE'”OH\_:I
A ( XXXX X 1100 X 0100 >
+(-3) 1101
7 11001 | . .
(Lf) 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) A2t $time, 22 AIS A B,M, £ 415 SE ST 6l=

response monitorE Verilog HDL 2 &= H S 0olN 2.

C++ Analogy

%d:10& ==, %h: 1648 ==

[ %b:27 %, %0:871 4,

initial
begin L

$monitor("Time=%3d A=%4b B=%4b | $time: simulation ime=
M=%1b S=%4b" $time,ABM,S); | OB 3t

end

C++ Analogy

—

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

1.4 Adder / Subtractor & &



(5) &2 (1)-(4)H M &A St Verilog HDL Z&E X&0ot:, (1)<
328 HIAEGSH= DUTB2| Verilog HDL 2 &£ & 46HA 2.

(6) SILOS T2 1S Al
AMNEHO0|&GHLD, =2 Al

ST EOHMI 2.

125101 (5)0| Al =45 DUTBZ
S SOF AI2HOIl (2t Of 2| BBt X

1.4 Adder / Subtractor & &



Alsl 2. Decoder




2.1 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

Z,=“1"ifS=0
Z, Z,=“1"ifS=1

2.1 Decoder



e Decoder
, 2-to-4
(control) decoder
input | I-th outputis “1”

2.1 Decoder

v

v

v

output 6

lo [ Oo O1 Oy Oy

w NP O

PR OO

R OmFr O
O oo
oo o

O OO
R O OO

S

2.1 Decoder



e Decoder as a

minterm generator

C
D

F,=A'B'CD + A'BC'D + ABCD
F,=ABC'D'+ ABCD' + ABCD

F;=A'+B'+C'+D'=

(ABCD)'

2.1 Decoder

4-t0-16
decoder

© 0O NO Ol &~ WDN P O

e ol T
g WN RO

2.1 Decoder



2.2 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)
1:y=a;
0:y=bh;
defaulty = 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, |0, O, O, O, reg [3:0] o;
always @(i
oo o1 0 0 o0 AR
1 0 1 0 1 0 0 case(i)
211 0]0 0 1 O 2’b00 : 0 = 4’b0001;
3 1 1 O 0 0 1 2’b01 : 0 =4’b0010;

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

2.2 CASE =



(1) p.232] 2|2 Ot A 20| =8¢et =, Verilog HDL
D=2 TE0HMR. p ~

Symbol
0] IM] Schematic

I[1:0] =—| DECODER —= O[3:0]
NG J
! 4 HOb[o 1 >0-—u0[3] -
J 1 / Verilog HDL \

Ob[1
W o[2]
module DECODER(...... )
Ob[2
,__Dr——b&—- O[1]
Ib[0] :0b[3E ......
\ 2 y \ endmodule /

Ib[1]

2.3 Decoder &/& (1)



2.3 Decoder 2 5 (1)

(2) 2-to-4 Decoders 2352 = U= Uish &2
e o e Ml IE MA0ok= stimulus generatorE

Verilog HDL 252 Z 3 6HM 2.

I[1] 1[0] [ OI0] O[1] O[2] O[3] NS 0l& 2

N
CEEEE

80 100 time

R R, OO
R ORrR O
oo or
oo r o
Or OO
N eNoNe!

2.3 Decoder & & (1)



(3) Al 2t $time, =t |, &= /gls;a O
=

monitor< Verilog HDL 2 &=

(4) &2l (1)-(3)0l Al 2 & Verilog HDL ZEE X80t (1)2
328 HIAEGSH= DUTBS| Verilog HDL 2 &£ & 406HA 2.

(5) SILOS T2 122 Af
NEE TS I =R

ST EOHM 2.

125101 (4) 0l Al & &5t DUTBE
S OJF AI2HO M2t 0{EH B5H=X

2.3 Decoder & & (1)



2.4 Decoder 2 = (2)

(1) p.26=2 & X5t 2-to-4 DecoderE CASEEZ = AFE06H(
Verilog HDL 2= =2 H&0otAl K. Ol, &=0] SHIIM &= 0|
Lt 2 I DX 2] Delay= 500( 2t JtAEGHAIR.

(2) p.282 & X0I( 2-t0-4 Decoders 2Z & = AUe &
AMS IS MA5HE stimulus generatorE Verilog HDL 2 E 2

2.4 Decoder £ (2)



(3) Al 2t $time, =t |, &= /gls;a O
=

monitor< Verilog HDL 2 &=

(4) &2l (1)-(3)0l Al 2 & Verilog HDL ZEE X80t (1)2
328 HIAEGSH= DUTBS| Verilog HDL 2 &£ & 406HA 2.

(5) SILOS T2 122 Af
NEE TS I =R

ST EOHM 2.

125101 (4) 0l Al & &5t DUTBE
S OJF AI2HO M2t 0{EH B5H=X

2.4 Decoder & & (2)



BCD Adder

3

Al




BCD

0 0000

0 0001

00010

00011

00100

00101

00110

00111

0 1000

ONOOOIAWINIFL|IO

01001

1 0000

1 0001

1 0010

1 0011

1 0100

10101

1 0110

10111

o Ul Ll Ll L L L e L
OO\](D(ﬂ_thHo@OO\ICDU'Ith\)HOHQE

1 1000

3.1 BCD



3.2 BCD Adder & &

(1) CtE 1 U &2 4bit BCD (binary-coded decimal)
adderE Verilog HDL 2 =& HE & 0HAN 2.

X[3:0] T

T Y[3:0]

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

:

L
C_OUt ._I_C ' '
M

CO Add 4

C[3:0]

Cl

—& C_in

N3

N2/ N1| NO
)

e —

logic O ﬁH-‘

— logic O

0 A[3:0] B[3:0]
~—CO Add 4 Cl
C[3:0]

lZ[B:O]

3.2 BCD Adder & &



3.2 BCD Adder & &

(2) p.340ll AtEE Add_4Z VerilogHDL 2 =& E 80N K.
(structural descriptionO| = behavioral description0| = 2t H|

AW, delay= 00[ct ) JLESHAIR.)

3.2 BCD Adder & &



3.2 BCD Adder & &

(3) AlZ2HOI (HE X, Y 8t 0] iS22 & == ol= stimulus
generatorE Verilog HDL 2 &2 Z S 6HAI 2.

Al2+0] 10 £2 Xt 30 Al2F X Y
X[3:0]0] i‘_ﬂ 6(=0110)2 10 1 2
22 J}XIH 5t= HDL 2E=

#10 X = 4°b0110 20 7 3

O =0} 20 2 c

> Q 40 9 9

50 NERTIPSE:
QO

1.4 BCD Adder & &



3.2 BCD Adder & &

(4) AlZ2F $time, &2 dlS XY, &9 &S
response monitorE Verilog HDL 2 == H
c_out, Z[3:0]0] otLIZ2 SFH Al bbit i L2 =&

=2|otMl 2.

time=10 X=0001 Y=0010 X+Y=00011

3.2 BCD Adder & &



3.2 BCD Adder & &

(5) &2 (1)-(4)H M &A St Verilog HDL Z&E X&0ot:, (1)<
328 HIAEGSH= DUTB2| Verilog HDL 2 &£ & 46HA 2.

(6) SILOS T2 1S AFR5H0{ (5)0l Al XA 5t DUTBE
Z2 AlS X+YI AI2H0I THeF O & oy

ANSH0|&E6HLD
0

Hol=A| 2H&

2
(7) 0l ABOIA BIE 2E IHUS WFHA 225HMR. T+
A0 CHAL A ELIC

3.2 BCD Adder & &



&l'd 4. Desktop Calculator




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

r 1T r 1T r 1T I 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] AO[3:0] BO[3:0]

N D U N I B

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+2t9| 4H| E BCD = AtE 7-segment LED 0|
BCD LED 7 === LIEtH AL EP o]l ===
DLE2=2 E&06tMR. O, case= =Xeldn
WHe|erL| Ch
Y[O] Y[0]
A Y[ ,
T: o i 0 1 2 3
< '|BCD_LED_7 i{f’d .
5 Y[5] 2] | a
— Yi6] .

4.1 Desktop Calculator & &




4.1 Desktop Calculator &

(3) AIZ2H0ll (HE AO0~AS3, BO~B32| ==X} gt0| IS8t &= 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]= &4 & ot = stimulus generatorE Verilog HDL
DEZ HEGHN K.

Al2E0l 10 =2 XL S0 A2t |A3|A2|A1|A0|B3|B2|B1|B0
X[3:0]0] =Xt 6(=0110)2)
S JI X 6t= HDL IS = 10 (11231443 |2|1
#10 X =4’b0110 20 |7|12]1|8|0[3|6]|9
JF €LY
30 |[0|5|0|4]|9|8|2]|6
\
Q 40 |53 4|72 |1]4]|8
O 50 NEEE

4.1 Desktop Calculator & &



4.1 Desktop Calculator &

(4) Al2F $time, &2 415 A3~Al, B3~Bl, £& Al L4~L0S
=dol Lisdt 20
HDL 2E2 H & 5tAl

= = 6= response monitorE Verilog
O
A1 .

> of

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

4.1 Desktop Calculator & &



4.1 Desktop Calculator &

(5) &2 (1)-(4)UHl M &A st Verilog HDL 2 &2, 0| &
AE0AM &H3E BCD Add 4 2= 280H:,
(12l 2|2 E HIAESt= DUTBS| Verilog HDL 2 E &
XMEHH .

= = 0O

(6) SILOS T2 1242 AFR5H0] (5)0l Al =4 &t DUTBE
A|ga1|0|a6 24 A5 L4~LOJF Al 240l 2 Of & )

), =5 A
0

of=Al &&

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)
1:y=a;
0:y=bh;
defaulty = 1’bx;
endcase
end
endmodule

5.1CASE =



5.2FOR =

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= & & &S 1[7:0]12F M &S C[1:0], S[2:0]=
5HOFA], C=112 MH0ll= &2 A5 O[7:0] = | (load), C=10Y

[l ll= O = O>>S (shift right), C=012 [ 0l = O=0<<S (shift left),
C=002 HOll= O0gt= dHzZ RAAIIIe =5 LICH Ol M,

=9 dSs= 25 &S CIkE positive edge0fl A #20 2H2 2

A 2Ol KIS =0l IO, 2l ZEAIZ2! Bl 2| 0l= "0°01 JH & LICH

5.3 Barrel Shifter & &



5.3 Barrel Shifter & &

Ck | C 0
00 0
j 01 << S
10 1>>S
11 |
I[7:0] l l S[2:0]

Clk——

Barrel _shifter

«— C[1:0]

O[7:0]

I[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® 1t for&= AtE 350 Verilog

HDL 2 =% HS0otAlR. O, shift operator “<<”, “>>"E

AESHX OHAI K.

Sl E) Ccgtill ek M load, shift left, shift right S 2 S& =

ol 5 otl= =2 case =22, I[7:0]=, S[2:0]HIELtZ
NE. 0]=

E MAAMN O[7:0]=2 ddots F=2for 22 = J|l=0otM K.

0

| m

)

A
T

I

7
A

5.3 Barrel Shifter & &



Q)= &= o
Verilog HDL 2 E2Z E&GIAR
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 NEENEE:

5.3 Barrel Shifter & &



5.3 Barrel Shifter & &

BH 8= I,C, S, =8 &2 02 &0l
g

= response monitor Verilog HDL 2 &2

(5) ()0 M D1 =8t Barrel_shifter 22 HAEES = UAEE
DUTBE Sk X

=< O AIZ2H0ll (et 2 ZE oA K.

O_L
ﬁ-
ol
v
—
O
p

|
i
|
(&
o
=
00
ol
2
=

0
=
©
En
ol
£

5.3 Barrel Shifter & &






6.1 ALU £

(1) ALU= &t= A A (arithmetic operation) 1t =2l &4 (logic
operation)= &%ol= 2522, 0I0|AZTEZZ MM HA
-, Ol SN EHE 8HIE ALU= Oteli 2t &2

=S5 LICHL 0l &
A2 Jls= JtE 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=AB Subtraction ALU PR
011 F=-A Negation
100 F=A|B OR
101 F=A&B | AND l F[7:0]
110 F=A~B | XOR '
111 F=~A NOT

6.1 ALU & &



6.1 ALU £

A[7:0] l lB[?:O]

A[7:0] B[7:0] S[1:0]
add_unit [
| ) ) X[7:0
M» add_unit logic_unit M l o)
X[7:0] Y[7:0]
< ¥ v A[7:0 B[7:0
SIS ¢ I [ ]l l [7:0]
lF[TO] logic_unit M
lY[?:O]

6.1 ALU & &



6.1 ALU £

(2) 88l & H &) add_8(0,A,B), 88| & & A | sub_8(0O,A,B),
8HI & MUX2! mux_8(0,A,B,S)= behavioral description & 4]

© =2 Verilog HDLZ Z&GtNI 2. O, 2 Ml 0l = carry2t borrowJt
HAIEH UA ZL2=2, 012 E&ot] J|=0otAMl K.

(3) p.562| add_unit 2== Verilog HDL 2 & & Z&6tAI K. Of [,
behavioral description= AtE 0ot Al £ 1, (2)0 Al Bt= add_8,
sub_8, mux_82t=2 AFE3dt0] structural description2 2 J|=0tAl 2.
(81 E) F=A, F=A+B2| H A2 add_ 81 mux_82, F=A-B, F=-A%
H&E sub 82 &S &= JASLICH mux 82 25 4001 2 ELICH

6.1 ALU & &



6.1 ALU £

(4) p.562] logic_unitE Verilog HDLZ E & otAI 2. Ol [, behavioral
description= At& ot Xl &1, Verilog HDL primitives®! or, and, xor,
not@t (2)0ll A Bt= mux_88t= A& 6t structural description2 =2
J|=otNl 2.

(elE)mux 82 25 3t &2 efLICh.

(5) p.552] ALUE add_unit2} logic_unitE A& 0t Verilog HDL

BE=2 HEOHN K.

Ol

6.1 ALU & &



6) Lisdt €2 28 &= & 4 40t= stimulus generatorS
Verilog HDL ZE2 E&oINIR.

time A[7:0] B[7:0] S[2:0]

0 10101010 | 01010101 | 000

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

>
I



6.1 ALU £

(7) A2+ $time, &2 AlS A, B, S, S8 MS FE

=& ot Ch= 1t
& 0] == 6t= response monitorE Verilog HDL 2 =2 H oA R
time=0 A=10101010 B=01010101 S=000 F=XXXXXXXX
(8) B)UIM JI=ctALU =2 HIAEE = /== DUTBE &AM 2.

(9) SILOS T2 1S AF25I0 AI2Y0IM5ID, 22 F= Al2H0ll @2t

S EOHM 2.

6.1 ALU & &



7. BCD to Excess-3
Code Converter
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7.1 State Machine

« Datapath/Control Approach: Simpler to Design

Computer Hardware = Datapath + Control

Qua/ifiers=\

i

Combinational Functional Units
Registers, Buses

Control

A

FSM generating sequences
of control signals

« Complex to design
* Small in size
o Little repetition

Control

"Master of Puppets”

« Sequential logic 1
Qualifiers State Control
and Signal
Inputs Outputs
« 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

geset
@ 0

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—/

>

CLK PS/Output
AP ROPT
\Reset |

D FF Implementation

7.1 State Machine

Input Output

CLK

o D g @
\Reset

T FF Implementation

7.1 State Machine



7.2 Timing

* Timing Behavior

Input

Clk

Output

UUUTUULULT

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

Inouts On rising edge, inputs sampled
SarrF:pIed —— State Time = —— outputs, next state computed
— After propagation delay, outputs and
Clock next state are stable
s 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, A LA 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

Sgg;nor D Vending Open Gum
——>| Machine |——>] Release
Reset FSM Mechanism
Clk ¢

7.3 Vending Machine Example



7.3 Vending Machine Example

e Step 2: Map into more suitable
abstract representation SRNAN

Tabulate typical input sequences:

- three nickels

- nickel, dime

- dime, nickel

- two dimes

- two nickels, dime

Draw state diagram:

S6
[open]

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

7.3 Vending Machine Example



% 7.3 Vending Machine Example

e Step 3. State Minimization

Present Inputs Next Output
Reso\ N State D State Open

0c¢ 0c¢

5¢
10¢
X
P 5¢ 5¢

10¢
| (O
10¢
reuse states
whenever possible

15¢
X
10¢
15¢
15¢
X
15¢

XIkPrFRPOOIFFROOIFRFROO
XPOPFRPROIFPFOFRPO|IFkPORLrO]|Z
RIXooolXooolXooo

15¢

Symbolic State Table

7.3 Vending Machine Example



. Stép 4: State Assignment

Present State Inputs

% 7.3 Vending Machine Example

Next State  Output

Q, Qg D N D, D, Open
O O O O O O 0
0O 1 0O 1 0
1 0 1 O 0
1 1 X X X
0O 1 O O 0O 1 0
0O 1 1 O 0
1 0 1 1 0
1 1 X X X
1 O O O 1 O 0
0O 1 1 1 0
1 0 1 1 0
1 1 X X X
1 1 O O 1 1 1
0O 1 1 1 1
1 0 1 1 1
1 1 X X X

7.3 Vending Machine Example



K-map for D1

1

Q0 Q1 Q

DN 00 01 11 10

00 |lOo|O (1|1

OL |o|Jz (J21] 2

11 x| x [IX] X
D

10 |1 |1 |1 1

-

Qo0

D1=Q1+D+QON

DO=NQO + QON + Q1N + Q1D

OPEN = Q1 QO

Q0 Q1

DN
00

01

K-map for DO

Q1
\

00 P1 11

off1]1

0
X
1

= || P

1
X
0

Q

K-map for OPEN

Q0 Q1

DN
00

01

B
K

5 R Q

L \Q

\reset

00 01 11 10

Q1
—

ojofg1y o0

X

0|0 0
X | X X
0|0 0

[ —

- J

Q0

} OPEN

7.3 Vending Machine Example



7.4 Moore Macine and
Mealy Machine

» Moore Machine

Next-State | state Output Outputs are function

Combinational Combinational— solely of the current state
Logic Logic

Register

o

Outputs change

synchronously with
state changes

7.4 Moore Machine and Mealy Machine



7.4 Moore Macine and
Mealy Machine

* Mealy Machine

Next-State
Combinational
Logic

A 4

State
Register

o

Output
Combinational
Logic

Outputs depend on
state AND inputs

Input change causes an
immediate output change

Asynchronous outputs

7.4 Moore Machine and Mealy Machine



7.4 Moore Macine and
Mealy Machine

Moore

: Mealy
Machine

Machine

Reset

Outputs are associated Outputs are associated
with State with Transitions

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
Machine

Mealy

0/0 :
O’ Machine

0/0 1/0

0
11

Mealy Machine=
state2| ==Jt X J| =0

(] = —_— O O
Same 1/O behavior 8= designers= o
1 but &80T Y AFEEHCL. Q
‘ Different # of states O 5 :
il

7.4 Moore Machine and Mealy Machine



7.5 Complex Counter Example

* 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/0O 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

sxsaan

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 |[lustration

Farmroad

L]

<«—  Highway

.M W T Em T ETEmETTETTETTEETETEEAEm [ A T L U Y L T N R A N T T UK A R R N S

L R R R TR TR R TR TR TR TR TR TR R TR TR R R TR R R R R R R TR TR R R TR R R TR TR R R TR R R TR R R R R

Highway —>

E|Z|§|FL
%‘¢Ec

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



S0: HG
S1: HY
S2: FG
S3: FY

7.6 Traffic Controller Example



7.7 State Machine Reduction

0

» Parity Checker

Example $ |
() @

@ ()
5

0

- Identical output behavior on all input strings

- FSMs are equivalent, but require different implementations

7.7 State Machine Reduction



7.7 State Machine Reduction

* 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: SO, 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 . ..

e 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



1/0

7.7 State Machine Reduction



L

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 S; S, 0) 0)

1 S, St Sq 0) 0)
00 S, S; Sy 0) 0)
01 S, Sy Sy 0 0
10 Sg St Sp 0 0)
11 S Si2 S, 0) 0)
000 S, Sy Sy 0) 0)
001 Sg Sy Sy 0 0)
010 Sq Sy S 0 0)
011 Sio Sy Sy 1 0)
100 Sy Sy Sy 0 0)
101 S Sy S 1 0)
110 S Sy S 0 0)
111 Si4 Sy Sy 0 0)

7.7 State Machine Reduction



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 S; S, 0) 0)

1 S, St Sq 0) 0)
00 S, S; Sy 0) 0)
01 S, Sy Sy 0) 0)
10 Sg St Sp 0) 0)
11 Se Si2 S, 0) 0)
000 S, Sy Sy 0) 0)
001 Sg Sy Sy 0) 0)
010 Sg So S 0) 0)
D11 Sig Sg _Sp | 1 O
100 S11 So S 0) 0)
101 Si2 So S 1 0)
110 Si3 Sy S 0) 0)
111 Si4 Sy Sy 0) 0)

[ .1 OLALT Iviaullllic nocuuuvtLvlil



7.7 State Machine Reduction

Next State  Output

Input Sequence |Present State | X=0 X=1| X=0 X=1
Reset So S, S, 0 O
0 S, S; S, | 0 O
1 S, Sc Se 0 0
00 S, S, Sg| 0 O
01 S, Sy Sio 0 0
10 Sg S;1 Sh 0 0
11 S‘6 Si3 S14 0 0
000 S, Sy Sp| 0 O
001 Sg 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 Si3 Sy Sy 0 0
111 Si4 Sy Sy 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

ololole oo N
ololole oo N

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) S S, S 0) 0)

1 S, Sc S 0) 0)

00 S, S; S, 10 0)

01 S, S7 Sl O 0)

10 Sg S; Sip |1 O 0)

11 S S S5 1 0 o)

not (011 or 101) S5 Sy S 0) 0)
011 or 101 Sio Sy S |11 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) o)
0 S S, S 0 0
1 S 0 o)

not (011 or 101)
011 or 101

7.7 State Machine Reduction

= O
eNe



7.7 State Machine Reduction

Next State Output

Input Sequence | Present State =0 X=1 X=0 X=1
Reset S2 0 0
Final Reduced 0 $4' 0 0
State Transition Table 1 S3' 0 0
00 or 11 ST’ 0 0
01 or 10 S$10° 0 0
not (011 or 101) SO 0 0
011 or 101 S0 1 0

Corresponding State
Diagram

0/0

0,1/0

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
Sp So S 0
Sy 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 2t Excess-3 Code= 0000 0011
— — o 0001 0100
5 40IE 2E0|H, US 0010 o101
HOl= 1t &= LILH 0011 0110
0100 0111
0101 1000
0110 1001
0111 1010
1000 1011
1001 1100
1010 XXXX ) o g =
1011 XXXX BCD Code}
1100 XXXX > goeoz
1101 XXXX =22
1110 XXX Don'’t Care
1111 XXXX )

7.8 BCD to Excess-3 Code Converter & &



7.8 BCD to Excess-3
Code Converter & &

A A & HE BCD to Excess-3 Code=
I 20| 48| E 2| BCD CodeE 1H|EA! 2= BFOLA]

45| E 2| Excess-3 CodeE 1HIEA =< o6t= Jls1t
-2 JHELICE.
BCD Input Excess-3 Output

(Serial, LSB First) * In Out > (Serial, LSB First)
- Reset —{ Rst .

Clock — CIlk

—> —

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 Machine@ 2 “I2| Al K. 2tef3totk|] 21 p.88 X &
1542 State )t 25 H A&/ O10F & LILCE.

(4) 1A &l State DiagramOi| Al p.89%2F & 2 State Transition
TableS 12N R.

(5) 124 &I State Transition Table=S Jt Xl 2 p.90~p.952+ & 0|
State Reduction= & A|GHAI 2.

7.8 BCD to Excess-3 Code Converter & &



7.8 BCD to Excess-3
Code Converter & &

OtNIR.
Mealy Machinell /&= Ct2 1t &

(6) =/ & State Diagram= Verilog HDLEZ &
o9
always@(...) == 0| BDHJP El 1 0F & L

o
=,
L.

—L Next-State \—» Output

Combinational > St"?‘te Combinational—
Register

Logic A T Logic

A 4

7.8 BCD to Excess-3 Code Converter & &



7.8 BCD to Excess-3
Code Converter & &

(7) BCD Code 100HE 2250 20| HIZE LR=XIE
g olgr &= /I = ol= stimulus generator, response monitor,
DUTBZ Verilog HDLEZ E&6HN 2.

(8) SILOS T2 1S AFR5I0 AIS3I01H5ID, 531 F=
A2HOIl (T2t 2HEBHAIR.

['\'J

7.8 BCD to Excess-3 Code Converter & &



