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Verilog HDL

e Verilog # ¥ 45 it 3% % (Verilog Hardware Description
Language)
(R A S AR R e B A AR
+ & pditipe ¢ > Verilog HDLK—- f o Aty it
KPR e (R AR RO S EFS -
— Verilog HDLE_ % # % + 1 42§ ¢ (IEEE) 1364545 % -

— h ik o FPGAy: ;‘zﬁ»;,

*X‘IC'—"B P{—‘J-J;{"?—'ﬁ ”—:—

NTHU EECS Logic Design Lab. 4



Verilog HDL Utilization Scenario I

e Simulation and verification of logic circuits on PC.

Specification

2-to-1 Multiplexer

Verilog HDL Coding

Logic Design .
0

out

module SMUX(out, a, b, sel);

output out;
input a,b,sel;
wire sel_n,t1,t2;

not UO(sel_n,sel);
and U1(tl1,a,sel);
and U2(t2,b,sel_n);
or U3(out,tl1,t2);

endmodule

Test Pattern
a, b, sel
000 —
001 Yes, [t is
010 correct !
111

Verilog HDL Simulator

* Imaging what happens when the circuit is as complex as
a CPU or MP3 player processor.
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Verilog HDL Utilization Scenario 11

* Design and Implementation of logic circuits in FPGA (IC)

Specification

2-to-1 Multiplexer Synthesized Logic Circuits

Verilog HDL Coding G-

module SMUX(out, a, b, sel);

output out;
input a,b,sel; FPGA Implement Design
wire sel_n,t1,t2; and Programming

assign out = sel ? a:b;

endmodule

Verilog HDL Logic Synthesizer
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Verilog Module Architecture

Device under Test (DUT)
Uo
Stimulus A |a Respon.se
& S 5 -b out | OUT N Generation
Control ~ sel ) & )
| Verification

A |a
= out| OUT’
B b —
sel
E \ I
b out L SEL’

sel

|
SMUX Module + Testbench

N\ s
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Verilog Module

module module_name(port_names);
\

Port declaration

Data type declar&
Task & function declaration
Module functionality or structure —__|

Timing Specification

endmodule

/

| |

Y

-1

__________________________________

output out;
input a,b,sel;

not UO(sel_n,sel);
and U1(tl,a,sel);
and U2(t2,b,sel_n);
or
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Testbench (1/4)

e module testfixture;
» Declare signals
» Instantiate modules
» Applying stimulus
» Monitor signals

¢ endmodule

NTHU EECS Logic Design Lab.



Testbench (2/4)

* Declare signals

— Test pattern must be stored in storage elements first
and then apply to DUT (Device under Test)

e Use “reg” to declare the storage element

¢ Instantiate modules

— Both behavioral level or gate level model can be
used.
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Testbench (3/4)

® Describing Stimulus
— The testbench always be described behaviorally.
— Procedural blocks are bases of behavioral modeling.

— The simulator starts executing all procedure blocks at
time 0 and executes them concurrently.

— Two types of procedural blocks

e initial
* always
Initial ~|lalways
C| C|l
C| C| e
C| C|
Cl Cl
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Testbench 4/4)

- module test_SMUX; _— Declare signals

* reg A,B,SEL ;

|- wire out, / Make an instance

i | = SMUXUO(.out(OUT),.a(A),.b(B),.sel(SEL)); ! Assign values to

Y it i storage elements

: e begin

e A=0;B=0;SEL=0; __—|#10 to specify 10

. #10 A=0;B=1;SEL=1;<—" | | 4 l?t d ly

. #10 A=1;B=0; | 1MeE unit de’ay

| e #10 SEL=0; |

. Gio sElet - Example: always

|- end | initial clk = O: initial clk=0;

: e endmodule i always #10 clk = ~clk; aIW_ayS

: ! begin

R SRR e e e e e B ! clk = 0;
#10;
clk =1;
#10;
end
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Verilog HDL Coding Tokens

e Verilog HDL coding tokens
— White space (7 v )
— Comments (3Lf#)
— Keyword (M 4% )
— Identifier (%] +)
— Operator (:& & )
— Number (#F)
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White Space and Comment

* White space makes code more readable
— Include blank space (\b), tabs (\t), and carriage

return (\n).

e Comments

— [* ... */ : mark more than one line

— // : mark only one line.

out

NTHU EECS Logic Design Lab.

module SMUX(out,a,b,sel);

output  out;

input a,b,sel;

/1 The following are logic gates

not UO(sel_,sel);

and Ul(al,a,sel ),
U2(b1,b,sel);

or U3(out,al,bl); /* This
comment marks more than one
line*/

endmodule




Keywords

* Pre-defined non-escaped identifiers that used to define
the language construct.

e All keywords are defined in lower cases.

e Examples
— module, endmodule
— 1nput, output, inout, wire
— reg, integer, real, time
— not, and, or, nand, nor, xor
— Pparameter
— begin, end
— fork, join, assign
— always, for, if, else
— negedge, posedge

* Verilog is a case sensitive language.

— Use “-u” option in command line option for case-insensitive.
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Identifiers

 Names of modules, ports, and instances are identifiers.

e Identifiers are user-defined names for Verilog objects
within a description.

e Legal characters in identifiers:
— a-z, A-Z,0-9, ,$

e The first character of an identifier must be an
alphabetical character (a-z, A-Z) or an underscore (_).

* Identifiers can be up to 1023 characters long.

modulejSMUX(out,a,b,sel);
-

ey

-

-~

-—— - ———— ~
L.

utput | outiie TP
/____ a,0,sel; T[Tz dentifiers
Reywords \J-—E&i uogserssely; ekl SMUX
and: Ul(al,a,sel ),
=TT U2(bl,b,sel); o N
| .
or ; __ U3(out,al,bl); sel
iendmodule i a
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Operators (1/3)

Bitwise Operators
or Usage Description
~ S Invert each bit of m
& m & n AND each bit of m with each bit of n
| m | n OR each bit of m with each bit of n
A m”*n Exclusive OR each bit of m with n
= e A m~"norm”~n | Exclusive NOR each bit of m with n

Unary Reduction Operators
or Usage Description
& &m AND all bits in m together (1-bit result)
~& ~&m NAND all bits in m together (1-bit result)
I Im OR all bits in m together (1-bit result)
~| ~Im NOR all bits in m together (1-bit result)
A m Exclusive OR all bits in m (1-bit result)
=0 G M ~"m or *~m | Exclusive NOR all bits in m (1-bit result)
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Operators (2/3)

Arithmetic Operators Logical Operators
OP | Usage Description OP | Usage Description
+ m+n | Addntom ! m Is m not true? (1-bit True/False result)
- m-n | Subtractn from m && | mé&&n | Are both m and n true? (1-bit True/False result)
, -m Negate m (2's complement) | | m || n | Are either m or n true? (1-bit True/False result)
) wta | el Equality Operators (compares logic values of 0 and 1)
/ m/n | *Divide m by n oP Usage Description
% [ m%mn | *Modulus of m/n == m==n Is m equal to n? (1-bit True/False result)
* Synthesis not supported : The divisor for I= m!=n Is m not equal to n? (1-bit True/False result)

divide operator may be restricted to constants
and a power of 2

Identity Operators (compares logic values of 0, 1, x, and z)
orP Usage Description
=== m===n * Is m identical to n? (1-bit True/False result) Synthesis not SU—PPOI'ted
= m |== * Is m not identical to n? (1-bit True/False result) Synthesis not supported
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Operators (3/3)

Relational Operators
OP Usage Description Logical Shift Operators
< m<n | Ism less than n? (1-bit True/False result) ot Usage Description
> m>n | Ism greater than n? (1-bit True/False result) = m S ) Sl el m-inmes
>> m >>n | Shift m right n-times
<= m <=n | Ism less than or equal to n? (True/False result)
>= m>=n | Ism greater than or equal to n? (True/False result)
Misc Operators
or Usage Description
7. sel?m:n | If sel is true, select m: else select n
{} {m,n} Concatenate m to n, creating larger vector
{H {n{m}} Replicate m n-times
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Integer and Real Numbers

 Numbers can be integer or real numbers.

* Integer can be sized or unsized. Sized integer
can be represented as
— <size>'<base><value>
® size : size in bits

® base : can be b(binary), o(octal), d(decimal), or
h(hexadecimal)

* value : any legal number in the selected base and x, z, ?.
* Real numbers can be represented in decimal or
scientific format.
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Integer and Real Numbers

* 16 : 32 bits decimal

e 8’d16

e 8’h10

e 8’b0001_0000

e 8020

e 32’bx : 32 bits x

e 2’b1? : ? represents a high impedance bit
* 6.3

* 5.5e-4

* 6.2e3
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Concatenation and Replication Operators

* Bit replication for 01010101
— assign byte = {4{2'b01}};
e Sign extension
— wire [7:0] byte;
— assign word = {{8{byte[7]}} byte};
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Input/Output Ports Declaration

e Input/output port declaration
— input: ﬁ;f] ~ 3B
— output: ﬁ;f] Al
— inout: Fw B E ﬁi;f] ﬂzﬁ;r] ~

Input/Output Ports Inout Ports

\module MUXS(out,a,b,sel); module bid.ir(rw, din, da, iop); »
:'JU'tEaf‘u out; input rw, din, da; " .
:lnput r absel; ¢\ i H
77'I’h?e'fol|ovving are logic gates linout iOQ;'i =
not uo(sel ,sel); |  [TT° B
and Ul(al,a,sel ), assign iop = rw ? ((din) ? da : iop): 1'bz;

U2(b1 b sel) gn iop ((din) ? da : iop): 1'bz;
1,b1);

Z;dmoduleU?)(OUt’a bL); endmodule
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Data Types and 1I/O Ports

* Verilog basic data types
— wire: - EER(FAAFETHENEYL S 0 £ R T TE)
— wand : wired AND 4 & (FPGA not support)
— wor : wired OR &% (FPGA not support)
— reg: G EA(LE A KGR TP TLE)
— integer (32-bit signed), real, float, time: 4=+ 4rreg » i ¥ 5 * 3T test
bench modulesig & -
o & Akt enBiEf e ) gl ¥ £ 3 wire (net property) &
reg (reg property)
* input/output/inout ﬁ%l JUN JRIEK 5 wiresndF it o
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Characteristics of reg and wire

%iiilﬂu = wire m%ﬁw@#{eﬁ% 7t 2 i AR o

|
S
Y

R LN

E I A I U
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Value Sets

lgo ic Low
* 4-value logic system in Verilog - g
— 0: Logic 0, Zero, False, Ground, Vss,
Negative
— 1: Logic 1, One, True, Power, Vdd, Positive T_'l
— X: Unknown value Logic High

— Z: High Impedance, Floating State, Tri-
State, Disable driver.

X

Unknown

z

High Impedance

0]
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Behavior Modeling

 Behavior model concerns only the function of the
module without considering the operation of the
circuits.

* Verilog is an event-driven timing control language.

— Events:
¢ Value change of reg or wire
¢ Value change of input port
— Synthesizable description of event control

* Positive edge, negative edge, and value of changes of signals
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always Description

« always monitors the change of input signals and update
the output signals once the input changes.

— begin/end are used when multiple statements respond to a
specific event.

always@(event description) | | always@(event description)
logic statement; begin

— logic statement 1;
e Event description logic statement 2.

— Single signal (level trigger) end

always@(inl)
— Multiple signals (level trigger)

always@(inl or in2 or in3)
— Edge trigger event (edge trigger)

always@(posedge clk) | | always@(posedge clk or negedge reset)
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If or If-else Description

e If is a conditional operation that checks the
logic value (1 or O)(true or false) to perform the
following statement.
 If must be placed inside the always statement.
— If always@(event) is level-triggered, if(expression) is if(expression)

level-triggered. begin
— If always@(event) is edge-triggered, if(expression) is| statementl_true;
edge-triggered. statement?2_true;
end

* begin/end are used when multiple statements

: > : else
are determined by a specific expression. begin
If(expression) || if(expression) If(expression) statement]_false;
statement; begin statementl_true; statement2_false;
statementl; else end
statement2; statement]_false;
end
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case Description

e case is a conditional operation that checks multiple cases
for perform the multiple statements in a tabular form.

— If all conditions are stated, it is called “full case”; otherwise, it is not
“tull case”

— The default case and statement are optional, but should be always
included for circuit stability even if it is “full case”.

: module decoder(X, out); module decoder(X, out);

case (signal) input [0:1] X; input [0:1] X;

caseQ: statement0; output [0:3] out; output [0:3] out;

casel: statementl, reg [0:3] out: reg [0:3] out;

always@(X) begin always@(X) begin

default: def statement; case (X) case (X)

endcase 2'b00: out = 4'b0001; 2'b00: out = 4'b0001;
2'b01: out = 4'b0010; 2’b01: out = 4'b0010;
2'b10: out = 4'b0100; 2’b10: out = 4'b0100;
default: out = 4'b0000; 2'b11: out = 4'b1000
endcase —defati-eut-=—4-80008>instable
end endcase
endmodule end

endmodule

NTHU EECS Logic Design Lab.



Example (1/3)

e Continuous Assignment
— ?:; Conditional operators (multiplexer)

module SMUX(out,a,b,sel); 0
output out; |> ‘ SMUX
Input a,b,sel;

| U sgl @_ﬁji%out
assign out=(sel)? a:b; - —°—®J
endmodule

NTHU EECS Logic Design Lab.



Example (2/3)

* if-else statements
— Not for large multiplexers

module SMUX(out,a,b,sel)
output out;
input a,b,sel;

reg out; -D—TO SMUX

always @(sel or a or b) b @_ﬁmfout

if (sel) sel
out = a; d @J

else
out=>b:

endmodule
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Example (3/3)

® case statements
— Usually for large multiplexers

module SMUX(out,a,b,sel);
output out;
input a,b,sel;

4>>T? SMUX
reg output;
always @(sel or aor b)

case (sel) b U%mfout

- . sel _4
1'b0: out = b; a U
1'bl: out = a;
endcase
endmodule
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Declaration of Vectors

* Vector declarations
— reg <range> <name>,...,<name>;
— Wire <range> <name>,...,<name>;

— Example
e reg [3:0] ab;
ereg [0:3] ¢

e wire [7:0] inl;
e wire [0:7] in2;
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Bit/Partial Bits Selection

e Bit Selection

wire [7:0] a, b, c;
assign c[0] = a[0] & b[0];

e Partial Bits Selection

wire [7:0] a, b, c;
assign c[3:0] = a[5:2] & b[7:4];

* Replication

wire [7:0] a, b, c;
assign c = {{2{a[7:6]}},{4H{b[2]}}};

e (Concatenation

wire [7:0] a, b, c;
assign ¢ = {a[3:0],b[5:2]};
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Port Connection Between Modules

e An input or inout port must be a net (wire).
* An output port can be a register.

* A signal assigned a value in a procedural block
(always, initial) must be a register data type.

DUT
net, input outputl et
reg " (net) inout (net,

(net) "9

het
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Common Mistakes in Choosing Data Types

* Make a procedural assignment to a net
— wire [7:0] databus;
— always @(read or addr) databus=read ? mem[addr] : 'bz;
— Illegal left-hand-side assignment

e Connect a register to an instance output
— reg myreg;
— and (myreg, netl, net2);
— lllegal output port specification

* Declare a module input port as a register
— Input myinput;
— reg myinput;
— Incompatible declaration
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Procedural Assignments

module assignment_test; module FA(s,co,a,b,ci);
reg [3:0] a,b; input a,b,ci;
wire [4:0] sum1; output s,co;  Error!  Illegal leff-hand-side
reg [4:0] sum2; reg s; continuous assignment.
initial Continuous assignment always @(a or b or ci)
begin begin
a=4'b1010;b=4'b0110; assign co=(a&b)|(b&ci)|(a&ci); [|
sum2 = a + b; 1 end ~ .
$display(“a b sum1 sum2); Error! Illegal leff-hand-side
$monitor(a,b,sum1,sum2); endmodule In assign statement}
#10 a=4'b0001;
end
Procedural assignment
endmodule
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Parameter

o parameterir’{%*‘-’1 EE ’i;%; - BEF HcER e kT

;&ﬁ;;] NBTOE R s B F

— parameter name = number;

module add8(a, b, c);
parameter width=8;
input [width-1:0] a, b;
output [width-1:0] c;

assignc=a+ Db;

endmodule
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Compiler Directives

e Verilog :# 7 BC #37 - K& &% F & 4 (compiler
directives) =& * **ﬁ 1 * > #;] 7T AR N R (T e B

TE o fa2.v
— ‘define fal.v ;J ‘include “fal.v”
— include module fal(a, b, ci, s, co); module ff';12(a, b_’ Cl, S, €0);
iout A b. ci input [1:0] a, b;
“define LEN 4 |n|c3[u i ! ’O ’ input Ci;
module buf4(in, out, clock); | | OUtput S, CO; . .
input [[LEN-1:0] in; assign {co, s} =a+ b + ci; output [10] >
input clock; endmodule Ogtput CO;
output [ LEN-1:0] out; wire cl;
reg [LEN-1:0]out, fal fa0(a[0],b[0],ci,s[0],c1);
fal fal(a[l],b[1],c1,s[1],c0);
— ‘define * k T & H e ¢ * I B o | ENdmodule

— ‘include * k3l » H © verilogth k- A2 MmFE & = o
— dr% ¢ g bproj liste Fgt4e »falv fa2v o 3Ly 2 & @
‘include fal.v
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Module Connections

e Module connection can be called
by port order or port names.

e call-by-name can ignore the port
order defined in the module.

call by port order

module ha(a,b,sum,co)
input a,b;

output sum,co;

wire sum,co;

assign sum = a”\b;
assign co=aé&b;
endmodule

call by port names

module adder(a_in,b_in,sum_out,carry_cout)
input a_in,b_in;

output sum_out,co_out;

wire sum_out,co_out;

ha adderO(a_in,b_in,sum_out,carry_out);
endmodule

NTHU EECS Logic Design Lab.

module adder(a_in,b_in,sum_out,carry_cout)
input a_in,b_in;
output sum_out,co_out;
wire sum_out,co_out;
ha adderO(.b(b_in),
a(a_in),
.sum(sum_out),
.co(carry_out));
endmodule
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MUX 1

module mux(
out, // output

a, /linputa

b, //inputb

c, /linputc

d, //inputd a a
sel // selection control signal -1
output out; // output c 10 — out
input a; //input a

input b; //inputb d 11
input c; //inputc -
inputd; //inputd {2
input [1:0] sel; // selection control signal

reg out; // output (in always block) sel

always @(sel oraor b orc ord)
if (sel==2'b00) out = a;

else if (sel==2'b01) out = b;
else if (sel==2‘b10) out=c;

else out=d,

Final “else ---;” is required

endmodule I
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MUX 2

module mux(
out, // output
a, //input a
b, //inputb
c, /l'inputc
d, //inputd

);

output out; // output
input a; //input a
input b; //inputhb
input c; //inputc
input d; //inputd

case (sel)
2'b00: out = a;
2'b01: out = b;
2'b10: out =c;
2'b11: out = d;
default: out = 0;
endcase
endmodule

NTHU EECS Logic Design Lab.

sel // selection control signal

input [1:0] sel; // selection control signal
reg out; // output (in always block)

always @(sel oraor b orcord)

o
b_{01
c |10 [ out
g _|n

72

sel

Final “default : ---;” is required




1 ] L=
e & o

G

Design Procedure

From the specifications, determine the inputs,
outputs, and their symbols.

Derive the truth table (functions) from the
relationship between the inputs and outputs

Derive the simplified Boolean functions for each
output function.

Draw the logic diagram.

Construct the Verilog code according to the logic
diagram.

Write the testbench and verify the design.
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Seven-Segment Display Decoder (1/2)

input: bed[3:0] 1 A B AR i
output: display[7:0] 11 c;,l;.a:ﬂ F | G |B
0000 0001 0010 0011 0100 .:i GLE:?N i E | C
[ cp JE::EZF'h D— P

BCD ->7-segment_star_dot
0000 ->0000001_1
0001 ->1001111_1
0010 ->0010010_1
0011 ->0000110_1
0100 ->1001100_1

0101 0110 0111 1000 1001 0101 ->0100100_1
0110 ->0100000_1
E 4 7+ 1 0111 ->0001111_1
1000 ->0000000_1
— —— -
bcd SSD display 1001  ->0000100_1
others ->(0111000_1 (F)
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Seven-Segment Display Decoder (2/2)
md?S;llz:y?S/?(SSD display output

bcd //BCD input
)i

output [7:0] display; // SSD display output
input [3:0] bed; // BCD input

reg [7:0] display; // SSD display output (in always)

/l Combinational logics:
always @(bcd)
case (bcd)
4'd0: display = 8'b 0000001_1; //0
4'd1: display = 8'b 1001111_1; //1
4'd2: display = 8'b 0010010_1; //2
4'd3: display = 8'b 0000110_1; //3
4'd4: display = 8'b 1001100_1; //4
4'd5: display = 8'b 0100100_1; //5
4'd6: display = 8'b 0100000_1; //6
4'd7: display = 8'b 0001111_1; //7
4'd8: display = 8'b 0000000_1; //8
4'd9: display = 8'b 0000100_1; //9
default: display = 8'b 0111000_1 ; //F
endcase

endmodule
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2-bit Absolute Value Calculator (1/3)

input: z[1:0]
output: z_abs[2:0] :2 i Azz?:; te 3
Z Calculator z_abs

If z is negative (MSB is 1), complement every bit and add 1.
If z is positive (MSB is 0), output remains the same as input.
Use XOR for MSB and every bit.

Z[1] o Z[11 ©
N

' - - 2[1]
ztmp[ﬂﬁ ztmp[ﬂ% ztmp?
2 C
; FA

l l l

z_abs[2] Zz_abs[1] z_abs|[0]

z[0] O
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2-bit Absolute Value Calculator (2/3)

module : abs.v testbench module : t abs.v
module abs( _
z_abs, // absolute value of z module t_abs;
z /I original value _
): wire [2:0] z_abs; // absolute value of z
' reg [1:0] z; // original value
output [2:0] z_abs; // absolute value of z _
input [1:0] z; // original value abs U0(.z_abs(z_abs),.z(z));
reg [1:0] z_tmp; // XOR output initifal
reg [2:0] z_abs; //register for Z begin
z=2'b00;
/I Combinational logics: #5 zi2:b015
always @(z) #5 z-2‘b10,
begin #5 z=2 bll,
z_tmp[1]=z[1] z[1]; #52=2'b00;
z_tmp[0]=2[0]"2[1]; end
z_abs={z_tmp[l],z_tmp}+{2'b0,z[1]};
end endmodule
endmodule
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2-bit Absolute Value Calculator (3/3)

=l Xilinx - ISE - Ci\ex\abs\abs.ise - [Simulation]
File Edit View Project Source Process Test Bench Simulation Window Help
£ 31| ] .IE;III.-' L

P urrent Simulatio
Time: 1000 ns

Ol KRG B B r ats[20]
= et IEE R
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Outline

* Introduction

* Verilog Modules

e Verilog HDL Coding

e Examples of Combinational Circuits
e Verilog Coding for Sequential Logics
e Behavior Modeling

e Examples of Sequential Circuits
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Sequential Logic Circuits

* Memory Devices
— Latch
— Flip-flop
— Register
e Sequential Circuits
— Synchronous Counters
— General Synchronous Sequential Circuits

¢ Finite State Machine
— Moore Machine
— Mealy Machine
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Latch

e Latch is an level-triggered
storage with a trigger signal
enable.

e [t is suggested not to use
the level-triggering latch in
the experiment.

— Transparent Q

input Enable, D;

module latch_d(Enable, D, Q);

output Q;

reg Q;

always@(Enable or D)

if (Enable)

Q=D;

endmodule

Marme: H‘\falueI 500.0ns 1.0
= Enable o T T 1L T1T1LT LT
=D L | :
pade siEs 8 el O o
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Flip-Flop

e Flip-flop with synchronous clock and asynchronous
reset
* Opaque flip-flop

clk

&
=

module D_FF_SR(clock, reset, D, Q);
input clock, reset, D; D—>
output Q;
reg Q;

Latch
Flop

—» D—» — Q

always @(posedge clock or negedge reset)

begin D / / (ff
if (reset == 1'b0) ' L/
Q = 1'b0; // reset Q“a“?“?% ~|\
else _Ip |

Q=D: Q Q (flop) M\ %

end — Reset

— ¥ Clock

endmodule
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register

e 16-bit synchronous register with clear

module reg_16(clear, clock, in, out);
input  clear, clock;

input  [0:15] in;

output [0:15] out;

reg [0:15] out;

always@ (posedge clock or posedge clear)

begin . g
if (clear == 1'b1) :

out = 16'b0: L) in ou [£)
else out = in; —1 clear

end _> clock
endmodule
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Synchronous Counter

e It is recommended that the logic circuits and the flip-
flops are coded separately.

Logic circuits and flip-flops are separately coded.
Logic circuits and flip-flops are jointly coded. ’ b1 P 4

) module counterl(direct, clk, reset, out);
module counterl(direct, clk, reset, out); input  direct, clk, reset;
input  direct, clk, reset; output  [0:3] out:
output  [0:3] out; reg [0:3] out;
reg [0:3] out; wire [0:3] out_temp;
always@(posedge clk or negedge reset) begin /I Logic circuits
if (~reset) assign out_temp = (direct) ? out+1 : out-1;
out <= 4'b0000;
else I/ Flip-flops
_beg!n always@ (posedge clk or nededge reset) begin
if (direct) If(~reset)
out <= out + 1; out <= 4’b0000;
else else
out <= out -1, out <= out_temp;
end end
end
endmodule endmodule
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Generalized Sequential Circuits

¢ Recommended coding styles

— Separate coding of
combinational logics and flip-
tlops

Logic circuits oyt temp [0:LEN-1]

out [0:LEN-1]

oy

N

in (E Flip-flops
-

-

NTHU EECS Logic Design Lab.

reg [0:LEN-1] out;
reg [O:LEN-1] out temp;

// Logic circuits
always @(inl orin2or ...)
out_temp <= combinational circuits_codes;

/I Flip-flops

always@ (posedge clk or nededge reset) begin
If(~reset)

out <= 0;

else

out <= out_temp;

end

reg [0:LEN-1] out;
wire [0:LEN-1] out_temp;

/I Logic circuits

assign out_temp = combinational_circuits_codes;
Il Flip-flops

always@(posedge clk or nededge reset) begin
If(~reset)

out <= 0;

else

out <= out_temp;

end




Finite State Machine

* Moore Machine
— Output y depends on the current state, not input x.
— Output y is synchronized with the state s.

%{ial

/SB\ Current Next State output
y=0 State Input Input y
x:f / '\\Yl 0 x=0 x=1
x=0 S0 52 s1 0
/5_1\ =1, m sl sO S2 0
y=0 / =0\ y=1 52 s1 S0 1
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Moore Machine

* Moore Machine Coding Style

module moore(reset, clk, X, y);

input reset, clk, x;

output v;

reg vy,

parameter s0=2'b00, s1=2'b01, s2=2'b10;
reg [0:1] ps, ns;

always@(reset or ps)
begin
if (reset)
begin
ns =s0;y=0;
end
else
begin
case(ps)

NTHU EECS Logic Design Lab.

sO: begin
if (x ==0)
ns = s2;
else ns = s1;
y =0;
end
sl: begin
if (x ==0)
ns = sO;
else ns = s2;
y =0;
end
endcase

end end // else & always

always@ (posedge clk or negedge reset)
If (~reset)
ps<= sO;
else
pPS<= ns;
endmodule




Finite State Machine

* Mealy Machine
— Output y depends on both the current state and input x.

— Output y is synchronized with the input x.

%{ial

O

1/0 .

o1
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Xy = 1/(/ Y/o
K/o 1&

()

Current | Next State | Output y
State Input Input Input Input
x=0 x=1 x=0 x=1
sO s2 sl 0 0
sl sO s2 0 0
s2 sl sO 1 1




Mealy Machine

® - : case(ps)
Mealy Machine Coding Style| “ghe
if (x ==0)
ns = s2;
module mealy(reset, clk, X, y); ilse_n_s =sl;
input reset, clk, x; If (x — 9)
output v; y =0;
reg v; elsey = 0;
parameter s0=2'b00, s1=2'b01, s2=2"b10; 1_%”‘]' |
reg [0:1] ps, ns; S1:begin
I t ......
g g/\g/]?%/s@(rese or ps) ndease
if (reset) end end // else & always
begin
ns = s0; y = O: always@ (posedge clk or negedge reset)
end ’ ’ If (~reset)
else ps<= s0;
begin else
pS<= ns;
endmodule
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Behavior Modeling

* In behavior modeling, you must specity your circuit’s
— Action
* How to model the circuit’s behavior
— Timing control
* Timing
e Condition
e Verilog supports the following structures for behavior
modeling
— Procedural block
— Procedural assignment
— Timing control
— Control statement
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Procedural Blocks

* In Verilog, procedural blocks are basis of behavior
modeling

* Procedural blocks are of two types
— initial procedural block, which executes only once
— always procedural block, which executes in a loop

initial . | |always .
c | ------ c | --—----

C | ------------ cC | ------------

cC | -------- cC | --------

C | --------- cC | ---------
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Procedural Blocks

e All procedural blocks are activated at simulation
time 0.

— The block will not be executed until the enabling
condition evaluates TRUE.

— Without the enabling condition, the block will be
executed immediately.

Activated at simulation time O

—|always ' Statement will not be executed
N until the condition c is TRUE.
S /
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Procedural Blocks

phil
phi2 ||
e module clock_gen(phil,phi2); Tl ot
e output phil,phi2; 100
. reg phil,phi2;
— This procedural block is activated and
. initial . . .
«  begin executed at simulation time O
. phil=0;phi2=0
. end
This procedural block is activated at
e always < . . . .
. #100 phil=—phi: simulation time O and is always
executed
e always @(posedge phil)
=  begin
. phi2=1;
. #50 phi2=0; This procedural block is activated at
: e o, , simulation time O but executed at
« end ' positive edge of phil
. endmodule
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Procedural Blocks

e Three components
— Procedural assignment statements
— High-level programming language constructs
— Timing controls

e Using the first two components to model the
actions of the circuit.

e Using timing controls to model when should
these actions happen.
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Procedural Timing Control

e Three types
— Simple delay control
e #50 clk=~clk;
— Event control

e @(a or b or ci) sum=a+b+ci;
* @(posedge clk) q=d;
— Level-sensitive timing control
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Block Statements

e Group two or more statements together

— Sequential blocks
* Enclosed by keyword begin and end

— Parallel blocks
* Enclosed by keyword fork and join

begin fork
#10 out='d10; #10 out='d10;
#10 out="d43; Equivalent #20 out="d43;
#10 out='d25; #30 out='d25;
#10 out='d86; #40 out='d86;

end join
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Blocking and Non-blocking Assignments

 Procedural assignments update the value of register
under the control of the procedure flow constructs.

e Blocking procedure assignment
Basic form : <lvalue> = <timing_control> <expression>

e Non-Blocking procedure assignment

Basic form : <lvalue> <= <timing_control> <expression>

initial begin always @ (posedge c) always @(posedge c)
a=0; begin begin
b=1, a=b; // 1 a<=b; //'1
c=0; b=a; //1 b<=a; //0
end end - end :
always ¢ = #5 ~c; Blocking Non-Blocking
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Blocking and Non-blocking Assignments

* Blocking assignments

— Evaluate the RHS expression and stores the value in
the LHS register immediately

initial begin

simulation
. : rlOL; , _ result > | current time = 10,a=1
$display(“current time = %t a = %b”, $time, a);
end

evaluate RHS (RHS =1) =

_ Current Simulation
<=l — Time

A

Event queues at each time stamp

$display(...)| assign logic 1 to g [«1=10—
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Blocking and Non-blocking Assignments

* Non-blocking assignments

— It evaluate the RHS expression and schedules to update
the value in the LHS register

— It updates the LHS only after evaluating all the RHS

initial begin
a<=#101;

simulation
result

» | current time =0, a=Xx

$display(“current time = %t a = %b”, $time, a);

end

$display(...)

evaluate RHS (RHS =1)

assign logic 1 toa

Current Simulation
Time




Blocking and Non-blocking Assignments

Bad: Circuit from blocking assignment. =~ Good: Circuit from nonblocking assignment.

always @(posedge clk) always @ (posedge clk)
begin begin
b=a; b<=a;
a=b; a<=Db;
end end
A B
11 s 1711 A
/\ /\ /\ /\
clk . | clk . |
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D-type Flip Flop

module dff(

g, // output

d, //input

clk, // global clock

rst_n // active low reset rst n

); |

output q; // output
input d; //input

input clk; // global clock d q
input rst_n; // active low reset

reg q; // output (in always block)

always @(posedge clk or negedge clk —>
rst_n)
if (~rst_n)
q<=0;
else
q<=d,

endmodule
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Binary Up Counter

“define BCD_BIT_WIDTH 4
‘define BCD_ZERO 4'd0
‘define BCD_ONE 4'd1
‘define BCD_NINE 4'd9
module bcdcounter(

g, // output 4
clk, // global clock
rst_n // active low reset /

);

output [[BCD_BIT_WIDTH-1:0] q:; // output
input clk; // global clock

g_tmp
input rst_n; // active low reset 1 _@ ,.rf [ 9
!
4

reg [[BCD_BIT_WIDTH-1:0] q; // output (in always block)
reg [ BCD_BIT_WIDTH-1:0] g_tmp; // input to dff (in always block) i ';

/I Combinational logics

always @(q) clk
g_tmp =q + BCD_ONE;

/I Sequential logics: Flip flops

always @(posedge clk or negedge rst_n)
if (~rst_n) q<="BCD_BIT_WIDTH'dO;
else g<=q_tmp;

endmodule
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Frequency Divider

‘define FREQ_DIV_BIT 24

module freq_div( 24
clk_out, // divided clock output 1 va
clk, // global clock input
rst_n // active low reset cnt_tmp {clk_out,cnt}
); ) / /
L/ 7 T
. 24 24
output clk_out; // divided output
input clk; // global clock input
input rst_n; // active low reset clk

reg clk_out; // clk output (in always block)
reg [ FREQ_DIV_BIT-2:0] cnt; // remainder of the counter
reg [ FREQ_DIV_BIT-1:0] cnt_tmp; // input to dff (in always block)

/[ Combinational logics: increment, neglecting overflow
always @(clk_out or cnt) cnt_tmp[23:0]
cnt_tmp ={clk_out,cnt} + 1'b1,;
cnt[22:0]

I/l Sequential logics: Flip flops

always @(posedge clk or negedge rst_n)
if (~rst_n) {clk_out, cnt}<="FREQ_DIV_BIT'dO0;
else {clk_out,cnt}<=cnt_tmp;

endmodule
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Modularized Shift Register Design
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Shift Register

freq_div
clk _d

clk

shiftreg.v

4
| freq_div.v shifter —
sty | 1
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shifter.v

“define BIT_WIDTH 4
module shifter(

g, // shifter output

clk, // global clock
rst_n // active low reset

);

output ['BIT_WIDTH-1:0] q; // output
input clk; // global clock | e g

input rst_n; // active low reset +

reg [[BIT_WIDTH-1:0] q; // output

Il Sequential logics: Flip flops ql1l]

always @(posedge clk or negedge rst_n)

if (~rst_n) ~—
edgin
g<="BIT_WIDTH'b0101;
end

else >

begin
q[0]<=q[3]; t
q[1]<=q[0];
q[2]<=q[1];
c1([]|3]<=C1[2]; Initial value q = 0101
en
endmodule

ql2]

ql3]
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shiftreg.v

‘define BIT_WIDTH 4
module shift_reg(

g, // LED output

clk, // global clock
rst_n // active low reset

);

output ['BIT_WIDTH-1:0] g; // LED output
input clk; // global clock
input rst_n; // active low reset

wire clk_d; // divided clock
wire [ BIT_WIDTH-1:0] q; // LED output

NTHU EECS Logic Design Lab.

I/l Insert frequency divider (freq_div.v)
freq_div U_FD(

.clk_out(clk_d), // divided clock output
.clk(clk), /I clock from the crystal
rst_n(rst_n) // active low reset

);

/I Insert shifter (shifter.v)

shifter U_D(

.q(q), /I shifter output

.clk(clk_d), /I clock from the frequency divider
rst_n(rst_n) // active low reset

);

endmodule
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