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dh HEX AT (Hierarchical view)

counter4

——

TFF TFF TFF TFF
(fO) (tf1) (tf2) (tf3)

ZANEVANVANEVAN

DFF INV DFF INV DFF INV DFF INV

» Here, each building block is a Verilog module
(in VHDL : entity declaration + architecture body)
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o= Top-level 2 &

endmodule

0],
(1], clk,
2],

(3], clk,

clk,

clk,

module counter4 (q,clk,reset);
output [3:0] g
input clk, reset;
TFF tf0 (g
TFF tf1 (g
TFF tf2 (q
TFF tf3 (g

reset);
reset);
);
);

reset
reset

’

’

—— /n VHDL
entity counter4 is port
(g : out std_logic_vector(3 downto 0);
clk, reset @ in std_logic)
end counter4;

architecture RTL of counter_4 is

component TFF port
(g : out std_logic;
clk, reset @ in std_logic)
end component;

begin
tf0: TFF port map(q(0), clk, reset);
tf1: TFF port map(q(1), clk, reset);
tf2: TFF port map(q(2), clk, reset);
tf3: TFF port map(q(3), clk, reset);

end RTL;
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¢k Submodule 0

module TFF (q, clk, reset);
output q;

input clk, reset;

wire d; // internal connection
D_FF dff0o (g,d,clk, reset);
not nl (d, q); // primitive gate
endmodule

module D_FF (q, d, clk, reset);
output q;
input d, clk, reset;
reg q;
always @ (posedge reset or negedge clk)
if(reset)
g <= 1'bO0;
else q <=d;
endmodule
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Bl Verilog-HDL : Overview

«“Structural” example:
Decoder (a, b, X0, x1, X2, x3);

: input a, b;
EE Basic Idea output X0, X1, X2, X3;
 Basic idea: ¢ ire abar. bb
— 2 \25l 5 M I wire abar, bbar;
AHANHE AFE0H] .El.i —:o i;lg inv(bbar, b);
— Structural description2 HSH inv(abar, a);

netlist?t S Al

— Behavioral description2 BE= &
SN HE &% == M E

nand(x0, abar, bbar);
nand(x1, abar, b);
nand(x2, a, bbar);

AL E nand(x3, a, b);
« X E0l= abstractiont simulation b
ol S22 =J| ¥a& Dot *“Behavioral” example:
. L o Decoder (a, b, x0, x1, x2, x3);
— Xl22 behavioral description= input a bg )
=22 gate netlist2 HEoH 3= F _
= “logic synthesis’2t= £0| output x0, X1, X2, x3;
2 {
_ o2 250 A o MAIN 2 case (a, b)
SHli i(‘)jgi“ SANE 2SS 00: [x3 x2 x1 X0 ] = OhE;
T I= = . _ .
~ DI, 01 S SHESI0 EH S ot
Ct23| T2 JoHlo] U= el & 10: [x3 x2 x1 x0 ] = 0hB;
L 0lAIE A QIS 11: [x3 x2 x1 x0] = 0h7;
endcase;
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£+ Verilog HDL2| & At

* Originated at Automated Integrated Design Systems (renamed Gateway) in 1985. Acquired by
Cadence in 1989.

* Invented as simulation language. Synthesis was an afterthought. Many of the basic techniques for
synthesis were developed at Berkeley in the 80’s and applied commercially in the 90’s.

* Around the same time as the origin of Verilog, the US Department of Defense developed VHDL.
Because it was in the public domain it began to grow in popularity.

« Afraid of losing market share, Cadence opened Verilog to the public in 1990.
 An IEEE working group was established in 1993, and ratified IEEE Standard 1394 in 1995.

» Verilog is the language of choice of Silicon Valley companies, initially because of high-quality tool
support and its similarity to C-language syntax.

 VHDL is still popular within the government, in Europe and Japan, and some Universities.
* Most major CAD frameworks now support both.
 Latest HDL: C++ based. OSCI (Open System C Initiative).

1984-5 1986 1988 1989 1990-5
Verilog-XL Synopsis  ASIC Signoff Openingof 1992-present
Design Certification Verilog Multiple

Compiler Vendors
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= 23} (Verilog—-HDL)

e Basics

 Modules & Ports

* Verilog Simulation

« Gate Level Modeling

« Dataflow Modeling

« Behavioral Modeling

e Application to Synchronous Logic
« FSM Design

« Parameterized Design
 More on Blocks

e Tasks & Functions

e Logic Synthesis
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o= Lexical conventions -1 /* 1-bit adder example for showing
few verilog */ Multi line comment
° Wh”:e Space module addbit (
- CHO|S PEGAL BIAES S
SIOIE D] HE2 ol=ll ABE b,
— 0fl: black space, tab, carriage “,
return, new-line, form—feed ig;”
. Comment {éllorllﬁut Portsa; Single line comment
— Single line comment input b:
« &2 // 2 AMZGLL carriage input ci;
retun2 s ¢ // Output ports
— Multi line comment output sum;
« E2 /x 2 AIEOIL &3 */ 2 | output CO;
=g /| Data Types
wire a,
wire b;
wire Ci;
wire sum;




B Verilog-HDL : Basics

o= Lexical conventions - 2

« (Case sensitivity

— Verilog HOL2 A2 X =&

e |dentifiers

moduleO| Lt signal, variable S0l £ M &l

e Escaped ldentifiers

Back slash (W& A5, &9olo B =
SAE AIE2 JIsotH &

Escaped identifier= white spacez 24

CIXIE Al AE 2 X

<HA=2A =ot= 0I5=2 Ol>
input /l Verilog keyword

wire I/ Verilog keyword
WIRE  // unique name (2|¥ £0IY)
Wire /Il unique name (2| ¥ £0IY)

<l|dentifier 04>
data_in, my$clk, i486, A

In VHDL,

e Comments : --

o |dentifier cannot start with _
e Case insensitive
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Bl Verilog-HDL : Basics — Data Types
== Integer Numbers

« Sized or unsized number A& Jis
« Sized number2l &<
— Syntax: <size>'<base><value>
« Binary, octal, decimal, hexadecimal 2 Ef
o Of: 4'b1111 12’habc 16°d255 In VHDL
« Unsized number2| &< . N0 sized number
— Syntax: '<radix><base> &= <value>
« 23456 // default is decimal (32-bit : machine dependent)
« 'hc3 // 32-bit hexadecimal
« 021 // 32-bit octal
« Negative numbers: -3 (32 bit, signed number),
-6'd3 (6 bit unsigned nbr, 2’s complement representation of —3)

« Underscore character is ignored in a number except for the first character:
12’b1111_0000_1010

« Quotation marks “?” means “z” in the context of number: 4'b107?7?
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Bl Verilog-HDL : Basics — Data Types

©* Real Numbers
e VerilogllAH =8 AL = HEE A&

— Real numberZ integer2 H2tAl rounding
— Real numberfll= ‘Z’LI ‘'X'E Z&& £~ Q3
— DecimalO|lLt & He Az A&
Syntax: <value>.<value>
<mantissa>E<exponent>
Gf: 1.2 0.6 3.5E6

£
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= Data Values
 Value set

0 : logic zero
1 : logic one
X unknown

/ . high impedance

e Strength level

Supply

Strong

Pull

Large (trireg type only)
Weak

Medium (trireg type only)
Small (trireg type only)
Highz

In VHDL, std_logic type
9 value types

CIXIE Al AE 2 X

(GO” (11’ ‘Z!’ IXI,’Ul’_l,’Wl,’H1’1L1)

* user defined type

Strength Strength Name Specification Displa\_.f.
Level Keyword Mnemonic
7 Supply Drive supplyl | supplyl | Suld | Sul
(o] Strong Drive strongl || strongl || 3t0 scl
5 Full Drive pullD pulll Pul || Pul
4 Large Capacitive large Lal || Lal
3 Wyegk Drive weak weakl Tel Tel
Z Med. Capacitive medium MeO | Mel
1 Small Capacitive small Sm0 || Sml
] High Impedance highe0 || highel | HiZ0 | HiZ1
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«» Data Types -1

reg

CIXIE Al AE 2 X

Verilog Variables

N

register

—/\

net

v

integerl time ’

real

wire

In VHDL, all signals can be both register and net type
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© Data Types - 2
« SOHX D12 UI0IH

— Nets: Z2EHE 2t9] XM AHAS LIEHE

— Registers: HI0IHE HEot=U MEE= H+E X &

— Verilog codeOl M L2 J|&2 8 A2 wire FEH2| netl| =4 1t 1-bit
 Net

— ZE CH0lAS] 28422 &t 15, default gt 2 z &

— I & wire, trireg, tri, wand, wor, triand, trior 522 8 H &

— wireJt JtE ROl AFEE

(Gl) wire a;
Met Data Type Functionality

wire | tri Interconnecting wire - no special resalution
function

i tLUE Wiired outputs OR tagether (models ECL)

wand triand Wifired outputs AMD together (models open-
collectar)

FiD ek Met pulls-dowen or pulls-up when not driven

supplyd supplyl Met has a constant logic O or logic 1 {(supply

strength)
trireg
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th Data Types - 3

e Register? OHIOIH type

HOIEHE M&Edt=U MEde U2 XIE

Register tHE = At=EolH HEZ2E e = US

I/ & reg, integer, real, time 22 & A

Al 320 A2 HXAH(BEES) s A2SAS. reg type2 A Xl 320

N wireOll ol &
Register OIOIEf & & procedural blockUl Al AlE

« Procedural block2 II¥E initialdt always&Z Al &&t
regIt Jt& =0l AtE2E

, Data Types Functionality
ex) r.eg.g.reset, . req Unsigned variable
initial begin integer Signed variable - 32 hits
reset = 1'b1; time Unsigned integer - B4 bits

Dauble precision floating point variable

#100 reset = 1'po; 'l
end
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== Ol Al : net2t reg

module design (a,x,b,c); --In VHDL, all output signal is reqister data type
: _ entity design is
Input a,x; port (a, X : in std_logic;
output b,c; b, ¢ : out std_logic);
reg b: end design;
_ _ _ architecture archi of design is
assign c = x and a; begin
always @(a or x) c<=aandx;
b=aorx: process (a,x) begin
b <=a or x;
endmodule end process:

end archi;
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= reg & : integer, real

e Integer
— Regqister type
— Default bit width is machine-dependent (at least 32)
— EX) integer counter;

Initial
counter = -1,
e Real
— Register type

— Decimal or scientific notation
— EX) real delta;
initial begin
delta = 4e10;
delta = 2.13;
end
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= reg &: time

 Register data type
e Simulation time
« The width is implementation-dependent (at least 64)
« S$time system function returns current simulation time
« EX) time save_sim_time;
initial
save_sim_time = $time;
e Simulation time is measured in terms of simulation seconds
(denoted by s)

« Time scale (relation between real time and simulation time is
defined by user)
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<+ Vectors: multiple-bit data

Nets or reg data type can be declared as multiple bit width
using vector
 Syntax: data-type [MSB#.LSB#] signal-name
— Left number is MSB and right number is LSB
— EX) wire [7:0] bus;
wire [31:0] busA, busB; // 31 is MSB
reg [0:40] addr; // 0 is MSB
« Parts of vector bits can be addressed as :
— busA[7]
— busBJ2:0]
— addr[0:1]
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B Verilog-HDL : Basics — Data Types

o HHE (Arrays)

« Allowed for reg, integer, and time, and vector register data type
* Not allowed for real variable
e Syntax: data_type <array name> [<subscript>]
e Multi-dimensional array is not permitted
— EX) integer counter [3:0];
reg bool [31:0];
time chk_point[1:100];
reg [4:0] port_id[0:7]; // array of 8port_ids ; each port_id is 5 bits width
« Array elements are addressed as: count[2], chk_point[3], port_id[3]
* Notice!
— vector is a single element with n-bits wide
— arrays are multiple elements that are 1-bit (default) or n-bits wide
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el [=k]

CIXIE Al AE 2 X

« RAM, ROM, or register files are modeled as array of registers
« Each element of the array is a word (each word can be multiple-

bits)

— EX) reg[7:0] mem [0:1023] ; // 1K 8bit words

mem-<

-

. word #n (mem[1023])

word #1 (mem]0]
word #2 (mem][1]
word #3 (mem|[2]

~

bit(

) bit]

L bit2

bit3

bit7
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o X (strings)

o = AFE (strings)

Double quoteE AtEotH EAES BI=
— otLtel linelll £ & Ok &
— 220 2A= 18I0I1EZ HEE U HAIAHU MEE &= US
— 0Ol
reg [8*17:0] version; // declare a register variable that is 18 bytes
reg [8*18:1] string _val, // 18 bytes wide
Initial

version = “model version 1.0”;
string_val = “Hello Verilog World”; // store string value, 19bits

« width of reg > the size of string => fills bits to the left with Os
« width of reg < the size of string => truncates the leftmost bits of string



CIXIE Al AE 2 X
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©+ Il2t0|E (Parameters)

« Constant definition
 The value can be overridden at compile time by defparam statement

 Example)
parameter port_id = 5; // define a constant port_id
parameter cache width = 256 ; // define a constant cache_width
reg [cache_width - 1 : O] cache;
dest = port_id ;
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I Verilog-HDL : Basics

<+ Basic Compiler Directives

* Macro definition
— Syntax : define macro_name macro_value
— Similar to #define in C
— Ex) "define WORD_SIZE 32
"define WORD_ REG reg [32:0]
reg [ WORD_SIZE-1: 0] line ;
"WORD_REG line_var ;

* File inclusion
— Syntax : ‘include filename
— Similar to #include “filename” in C
— EX) ‘include header.v
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&= Exercises

1. What are the types of one bit signal value in Verilog ?
2. Which of the following types are net type ?
1. reg
2. wire
3. Iinteger
4. real
5. Time

3. Define Constants Phi (=3.14159) and Delay (=10) by means of
parameter and define respectively.

4. Find the variable definitions for “a” and “b”.
reg [7:0] M [0:15];
a = MIO];
b = a[0];
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I Verilog-HDL : Modules and Ports

©* Components of Verilog Module

module modulename ;
Port list, port declarations (optional)
Parameters (optional)

Declarations of wire, Dataflow statements
reg ,and other variables (assign statements)
Instantiation of Behavioral statements
lower level modules (Always and initial blocks)

Tasks and functions

endmodule
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¢ S Al& (Concurrency)

* Following Verilog HDL constructs are independent processes
that are evaluated concurrently in simulation time:

— Module Instances
— Primitive Instances
— Continuous Assignments
— Procedural Blocks
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259 ZE (Port)

S UOIHE =1 &= = AUAE= ol =

S & MIIHKI: input, output &&= inout

= JI2E O Z wirel 490 AE

S LE G| g2 | AIotH A regE2 H8AHGHOF &

e input, inout 89 LEE= regR AAE 4 QS (K0 &)

e syntax:
input [range_vall:range_val?] list_of_identifiers:
output [range_vall:range_val2] list_of_identifiers;
inout [range_vali:range_val2] list_of_identifiers;

e 22
o« 2f o]

input clk; // Clock input

input  [15:0] data_in; // 16 bit data input bus
output [7:0] count; // 8 bit counter output
inout data_bi; // Bi—directional data bus
reg a; // Output port g holds value
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©» SignalZt Instance Port2tel o1&

« ==A(order)0il o/ &t A

module top; fulladder4 (sum, cout, a,b,c);
reg A,B, C_IN;
wire C_O, SUM; endmodule

fulladder4 UO (SUM, C_O, A,B,C_IN);

endmodule

« OIS (name)lll 2|8t A&

module top ;
fulladder4 UO (.cout(C_0O), .sum(SUM), .a(A), .b(B), .c(C_IN));

endmodule

— Width matching
» Legal to connect signals with different width
» But typically issued Warning
— Unconnected ports
» fulladd4 UO (SUM, , A, B, C_IN); // carry_out is disconnected
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Il Verilog-HDL : Module®} Port
» LE HZ 7= (Port Connection Rules)

e input port= net 0|00k
e inout port= net E 0| Ok
e output port= netorreg Ef2 L &= /UAS

Qo pon

reg or net |inputs reg or net |net
netIinouts
net |

o Width matching: M2 Ct2 3D|9 L{/8 ZE
e Unconnected ports: H3Z2E X 2= EE= “"E
e (df:

dff ul (q, , clk, d, rst, pre); // here second port is not connected
e inout port®e net SA0|HOF &
e output port= netorreg Ef2 L &= /UAS
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== HIE 0|2 (Hierarchical Names)

top
uo nl (nand) g, gbar, set, reset
nl n2 Q, Qbar, S, R

(nand) || (nand)

e HESH BZ 0|2 top module identifier2 module instant
identifier2 AZIH &()C2 2d
Syntax: Module_name.instance_name.port_name
« Ex)top.g top.u0.Q top.n1
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Il Verilog-HDL : Module®} Port

= 32 oAl
Sbar D@ 0
Qbar
Rbar EG 5

_________________________________

module SR_latch (Q, Qbar, Sbar,Rbar) ; // SR latch module
output Q, Qbar,

iInput Sbar, Rbar ;

nand nl (Q, Sbar, Qbar);

nand n2 (Qbar, Rbar, Q);

endmodule
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B Verilog-HDL : Module@} Port

+* Exercise

1. What are the basic components of module ? And which are
mandatory ?

2. Write a Verilog code of instantiation of a module without ports.

3. Write down the port declaration for the module of the shift_reg
module.

reg_in[3:0] —
—  reg_out|3:0
shift_reg 9_out[3:0]

(4 bits)
clock —
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— System Tasks for Simulation
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Gate Level Modeling

Dataflow Modeling

Behavioral Modeling

Application to Synchronous Logic
FSM Design

Parameterized Design

More on Blocks

Tasks & Functions

Logic Synthesis
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== Testbench and Verilog Simulation
Testbench

Input stimulus

| Unit Under Test

output monitoring

 Testbench
— is written in Verilog
— Is a module for simulation only (not synthesized)
— Component instantiation +
input waveform +
output monitoring statements
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#* Verilog Testbench Frame

module testbench ; // module without 10 port

" wire outl, out2;
reg inl, in2; // Internal signal declaration

7

myckt uut ( outl, out2, inl, in2);] // module instantiation under test

\

(/ .st.lmulus yla input signals ) in1in2
initial begin l l
inl = 1'b0; in2 = 1'bO;
#8inl =1'b1; #8in2 = 1'b1;
end myckt
\_ /
" initial // output signal monitor ] l l
$monitor(“sigA = %d sigB=%d”, outl, out2);
5 ("SigA = %d sigB=% ) outl out2

endmodule
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B Verilog-HDL : Verilog Simulation

» Simulation Example

module testbench: // simulation module
wire g, gbar;
reg set, reset;

SR_latch UUT (q, gbar, ~set, ~ reset); // lower level module instantiation

initial begin // stimulus input and monitor outputs
set = 0; reset = 0; The result waveform
#5 reset = 1;
#5 reset = 0;
#5 set = 1;
end

endmodule
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i Basic System Tasks for Simulation

o S$display : print text message on the screen once

« S$strobe : similar to $display except that the printing of text is
delay until all events in the current time step have been
executed

« $monitor : print text message on the screen whenever its
argument values are changed

e $stop : suspend simulation
e $finish ; terminate simulation
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¢ $display

 Usage: S$display (pl,p2, ... pn)
o Similar to printf in C Language
« Automatically insert newline

e String format specifier
— %d or %D : in decimal
— %b or %B : in binary
— %h or %H : in Hexadecimal
— %0 or %0 : in Octal
— %s or %S : string
— %m or %M : hierarchical name of the module (no argument required)
— %f or %F : real number in decimal
 Example)
$display (“Hello Verilog”);
$display ($time);
$display(“At time %d virtual address is %h”, $time, v_addr);
$display(“This is from %m level of hierarchy”);



. _ _ _ CIXIE Al A B &
B Verilog-HDL : Verilog Simulation

o= $monitor

e Usage: $monitor (pl, p2, ... pn);
« Unlike $display, $monitor needs to be invoked only once
— Only one monitoring list can be active at a time.
— If there is more than one $monitor, the last $monitor is effective

 Example)
initial $monitor($time, “clock =%b reset = %b”,clock, reset);

« $monitoron : a system task enabling monitoring
o $monitoroff : a system task disabling monitoring
e Monitoring is turned on by default at the beginning of simulation
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o $stop / $finish

« S$stop
— Usage : $stop
— Puts the Simulator into Interactive Mode
— Allows Designer to Debug the Design in the interactive mode
e S$finish
— Usage : $finish
— Terminates the Simulation
 Examples)
Initial begin
clock = 0; reset = 1;
#100 $stop // this will suspend the simulation at time = 100
#900 $finish // this will terminate the simulation at time = 900
end
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©» Testbench Example with System Tasks

module stimulus ;
reg clock, reset;
wire [3:0] q;

bin_counter rl (q, clock, reset);

/l clock period :10
initial forever #5 clock = ~ clock ;
initial begin

clock = 1'b0;

reset = 1'b1;

#20 reset = 1'b0O;

#40 reset = 1'b1;

#20 reset = 1'b0;

#10 $finish;
end
initial

$monitor($time, “ output = %d”, q);
endmodule

—clock
(stimulus) -feset |
g[3:0]

counter

clock
reset

O output =0
25 output =1
35 output = 2
45 output = 3
25 output =4
60 output =0
85 output = 1

I [ I s Iy Iy
I [

N 1 J2 Jal J4]0

—
[ —
1

a0



. _ _ _ CIXIE Al A B &
B Verilog-HDL : Verilog Simulation

©» Time scales

 The Unit of Delay values in a simulation are defined by a compiler
directive ‘timescale

e Usage : timescale <reference time unit>/ <time_precision>

» <time_precision> specifies the precision to which the delays rounded
off in simulator

« <reference_time> and <time_precision> are one of 1, 10, 100 with
time unit (ps, ns, us, ms)
« Example)
— ‘timescale 100 ns/ 1 ns
— ‘timescale 1 us/ 10 ns
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™ 2 X
 Basics
e Modules & Ports
 Verilog Simulation
 Gate Level Modeling

— Primitive Gates

— (@Gate Delay
 Dataflow Modeling
 Behavioral Modeling
 Application to Synchronous Logic
e FSM Design
o Parameterized Design
« More on Blocks
« Tasks & Functions
e Logic Synthesis
« Appendix: FPGA Kit 22F
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3|2 J|&2 30K !

o Structural: net-list description
— Hierarchical design with submodule instantiation
— list of components and how they are connected
— Just like schematics, but using text
« Dataflow: Boolean expression description
— Assign statements
« Behavioral: algorithm description
— describe what a component does, not how it does it
— synthesized into a circuit that has this behavior
— Always block

Mixed description in a module is also possible
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%+ Introduction

* Very intuitive, especially, for small circuit
* Verilog Language Provides Primitive Logic Gates
e Structural description
e Gate instantiation without instance name : legal
* Instance type (submodule name)

— and, or, xor, xnor, nand, nor,

— buf, not, bufifl, bufifO, notifl, notifO

— One output and any number of inputs

Gate  |Descripton |
ot M-oUtpLt inverter

tuf M-output buffer.

bufifo Tri-state buffer, Active [ow en.
it 1 Tri-state buffer, Active high en.
notifo Tristate inverter, Low en.

notifl Tristate inverter, High en.
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0

" AND/OR type (N-input primitives)

 Types : and, or, nand, nor, xor, xnor
« Ports order : for N input gate
Output, Input-1, Input-2, ... Input-N
e Input/output ports number :
— only 1 output ports,
— any number of input ports (>= 2)
« Examples)
and al (OUT, IN1, IN2); -- 2 input AND gate
and a2 (OUT, IN1, IN2, IN3); -- 3 input AND gate
and (OUT, IN1, IN2, IN3, IN4) ; -- legal gate instantiation
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# Buffer (N-output primitives)

 Types : buf, not

e Ports order : [: not [: buf
Outputl, [Output2, ...,] Input

 Number of 10s
— any number of output ports (>= 1)
— Only 1 input port
 Examples)
buf bl (OUT, IN); -- simple buffer
not nl (OUT, IN) ; -- inverter
buf bf 2out (OUT1, OUT2, IN) ; -- more than 2 outputs
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o Tri-state buffer

e Types : bufifl, notif1, bufifO, notifO

bufifO notifo

{?o—
bufifl >no;fi

output

I“putﬁ
control

« Port order : output, input, control
— (Ex)bufif1 u0 (out, in, ctrl);

-/ =
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* NAND HIOIEZ 0|25} AND HO|E otsD|

D«

I/l Structural model of AND gate from two NANDS
module and_from_nand(X, Y, F);

input X, Y;

output F;

wire W;

/I Two instantiations of the module NAND
nand UL(W, X, Y);

nand U2(F, W, W);

endmodule

£
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% NAND H0|EE 0|25}0{ DFF StS D

B mpLi DX
P © input D,C
cLK | nand U

’ 1
:)oY :)0 Q_BAR nand U2§

endmodule
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©» Example: 4-to-1 Multiplexer

 Block diagram

?O T —+ out i1
i1 —

i — 4-10-1 Mux

o A A
m 2

sl sO

j:)_ out

PPPY
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©» Example: 4-to-1 Multiplexer — Verilog code

module mux4_1 (out, i0, i1, i2, i3, s1,s0);
output out;

iInput i0, i1, 12, 13 ;

iInput s1, sO;

y0

yl j:)_ out
y2

y3

wire sln, sOn;
wire y0, y1, y2, y3; i1

not (sln, sl);
not (sOn, s0); snl sno
and (y0, i0, s1n, sOn); A A
and (y1, i1, sln, s0);

and (y2, i2, s1, sOn); s1
and (y3, i3, s1, s0);

or (out, y3, y2, y1, y0);
endmodule

PPPY

sO
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©» Example: 4-to-1 Multiplexer — Testbench
module testbench;
reg INO, IN1, IN2, IN3;
reg S1, SO;
wire OUTPUT;

mux4_to_1 mymux (OUTPUT, INO, IN1, IN2, IN3, S1, SO);

initial
begin
INO = 1; IN1 = O;
IN2 = 1; IN3 = 0;
S1=0;S0=0;
#1 S1=0;S0=1;
#1S1=1; S0=0;

#1S1=1,; S0 =1,

end
endmodule
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o= Exercise

1. Design 1-bit full-adder described as followed. Use only and, or
and “not” primitive gates
« sum=ABCIN+A'BCINN+A'B'CIN+AB’CIN

« cout=AB+BCIN+ACIN

2. Write down a Verilog testbench for the 1-bit full adder above to
verify by simulation
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<= Gate Delays: rise, fall, turn-off

1 1, X orz

0x,0orz i | o
rise_t fall t

o delay for all transition
— Ex) and #(delay _time) al (out, i1, i2);
* rise and fall time delay specification
— EX) and #(rise _t, fall t) a2 (out, i1, i2);
* rise, fall, and turn off delay specification
— turn-off delay is a transaction time to z from another value
— EX) and #(rise_t, fall_t, turn_off t) a3 (out, i1, i2);
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= Gate Delays: min, typ, max

« Model a device whose delays vary within a range because IC
fabrication process variation

« for each of rise, fall, and turn-off time three values, min, typ,
and max, can be specified

 Verilog simulators choose one of these values at run time

« Examples)
and # (4:5:6) al (out, i1, i2);
and #(3:4:5, 5:6:7) a2 (out, i1, i2);
and # (2:3:4, 3:4:5, 4:5:6) a3 (out, i1, i2);
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©» Examples: Gate Delay

module D (out, a, b, ¢);

output out; D
input a,b,c ; g
wire e; b—'— #5 _ out
and #(5) al (e, a, b); C i

or #(4) ol (out, e, ¢);
endmodule

____________________________________
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o =X

e Basics

 Modules & Ports

» Verilog Simulation
 Gate Level Modeling

e Dataflow Modeling
— Continuous Assignment
— |nertia Delay

— Verilog Operators
 Behavioral Modeling
* Application to Synchronous Logic
« FSM Design
o Parameterized Design
 More on Blocks
 Tasks & Functions
* Logic Synthesis
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o= Introduction

« Provides Circuit Description in terms of Data Flow between
Registers and Processes on Data rather than Gate Instantiation

 Describes Circuits at a Higher (more abstract) Level of
Abstraction than Gate Level Description

* |Is Expressed by Continuous Assignments and Operators
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©# Continuous Assignments

« Netll =& =2l gt= A dol=Ul A=

o J|RE “assign”2 = Al&

e Syntax:
assign <drive_strength> <delay> <list of assignments> ;
. £X

— Left-hand-side of assignment signal cannot be a register type
— Continuous assignments are always active

— Right-hand-side operands of assignment can be register type or function
calls. And they can be either scalars or vectors

« Examples)
assign out =11 & 12;
assign { c_out, sum[3:0] } = a[3:0] + b[3:0] + c_in; // concatenation of
LHS
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o Implicit Continuous Assignments

o &AA| Assignment Operator (=)2 & H X &
e J|RIE “assign”2 2 A& GHAl 22
* |Examples
wire out = inl & in2 ;

« 22| Implicit Continuous Assignment= Ct= 1t

o| =2
MO

wire out;
assign out =inl &in2;

2t
=

CIXIE Al

Ol =

ol
=

ol

FA

A Al A j1|

1l
a

gl

— 0=

[
1
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= Delay Typedt Ofl Xl

- LIS M Ulde s28 =it

regular delays :
assign #10 out =inl1 & in2; // Delay in a continuous assign

Implicit Continuous Assignment delays :
wire #10 out =inl1 & in2;

// Declaration + Delay + Implicit Continuous Assignment

Net Declaration Delay

— Delay can be specified on a net when declared without a
continuous assignment on the net

— EXx) wire # 10 out;
assign out = inl & in2;
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<= Inertia Delay

 Delay model is basically Inertia Delay Model

— An input pulse shorter than the delay of assignment statement does
not propagate to the output

assign #10 out =1n1 & in2;

inl

12

out I L
10 20 30 60 70 80 85
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©» Expressions

* EXxpressions are constructs that combine operators and operands to
produce a result
 Operands

— constants, integers, real numbers, nets, registers, times, bit-select
(one bit of vector), part-select (more than 2 bit select), memories,

function calls

— Examples)
Integer count, final_cnt;
reg [51:0] regl, reg2 ;
reg [3:0] reg_out ;
reg reg_val,

final_cnt = count + 1;
reg_out = regl[3:0] * reg2[3:0];
reg_val = calculate parity (A,B) ;
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2 Operators

o Arithmetic operators

* Logical operators

* Relational operators

« Equality operators

« Bit-wise operators

* Reduction operators

« Shift operators

« Concatenation operator
« Conditional operator

« Operator precedence
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£+ Arithmetic Operators

Types
* [, +,— Arithmetic
% Modulus

If any operands has x value, the result of the expression is x
Negative numbers are represented as 2’'s complement. Do not
use negative number except integer and real type

(Ex) —d10/5 ; /I (2's complement of 10) / 5 = (232—10)/5

% (modulus) operator takes the sign of the first operand
(Ex) (-7) % (+2) = -1
(+7) % (-2) = +1
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£+ Logical Operators

 Types
&& logical AND
| logical OR
! logical Not

* Logical operators evaluate to 1-bit value 1(True) or O (False)

« If an operand is not equal to zero, it is equivalent to a True(1). If an
operand is equal to zero, it is False(0). If an operandis x or z, it is
equivalent to x (ambiguous) and treated as false condition by simulators

 Examples)
A=3;B=0;
A && B // equivalent to O (logical-1 AND logical-0)
(A==3) && (B ==0) // evaluates to 1-bit value 1 (1'b1)
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o= Relational Operators

The relational operators returns a logical value 1 or O

Operators
> greater than < lessthan
>= greater than or equalto <= less than or equal to
== equality 1= inequality)
=== case equality:identical I==case inequality: not identical

Case/logical equality

— I=and == return x if one of operands has x or z (returns 0O, 1, or x)
— == and === compare bit by bit including x and z (returns either 1 or 0)
— EX)

[l X=4'b1010, Y=4'b1101, Z=4'b1xxz, M=4’b1xxz
X == /10

X == Il X M=Z[//?=>X
M===Z7//1

Al
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¢ Bitwise Operators

® ==
TT

~ bit-wise negation & bit-wise AND
| bit-wise OR A bit-wise exclusive OR
N~ ~"N bit-wise equivalence (XNOR)

| Example)

I/ X =4'b1010, Y =4'b1101, Z = 4b10x1
~ X // Negation , Result is 4’b0101

X &Y /I Bitwise AND , Result is 4’1000
X|Y [/l Bitwise OR, Resultis 4'b1111
X/NY [l Bitwise XOR, resultis 4'b0111

X "~Y [l Bitwise XNOR, Result is 4’01000
X & Z [/ Bitwise XOR, Result is 4’b10x0

« XO-
T —l.

Do not confuse bitwise operator ~, &, | (returns a vector value) with logical
operator !, &&, || (returns 1 bit value)
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7 Reduction Operators

Unary Operators

e Types:
& reduction AND ~& reduction NAND
| reduction OR ~| reduction NOR
A reduction XOR ~N, N~ reduction XNOR

« Perform a bitwise operation bit-by-bit from right to left on a
single vector

e Yield 1-bit result

 (Examples)

Il X =4'b1010

& X /I equivalentto 1 & 0&1&0=0
| X /lequivalentto1|[0]|1]|]0=1
"X [lequivalentto 170717 0=1
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£+ Shift Operators

e Types:
<< left shift
>> right shift

 Examples)

I/ X =4h1101

Y=X>>1 //Yis0110 (Ois filled in MSB position)
Y=X<<2 //[Yis 0100 (0 is filled in LSB position)
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£ Conditional Operators

« Al JH2 OperandE Jt&
e Syntax
Conditional _exp ? True_exp : false_exp

« [f its conditional _exp returns ‘x ‘ (ambiguous) both true _exp and
false exp is evaluated

e |s similar to MUX / if-else statement

=

« S&ZE &+ US (can be nested)

 Example)

assign out = control ? In1 :inO ; // 2-to-1 MUX
assign out_sig = (A== 3) ? (control ? X : y) : (control ? m : n); //nested
assign muxout = (sel == 1'bl) ? A : B;
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©» Concatenation and Replication Operators

« Concatenation Operators: { }
I[A=1bl B=2'b00 C=2Db10
Y ={B, C} //Results Y is 40010
X ={A, B, 3b110} // Result X is 6'6100110
Z={A, B[0O], C[1] } /I Result Zis 3'b101
assign #102 {co,sum}=a+ b + ci

* Replication Operators: {{ }}
reg A=1bl,;
reg [1:0] B = 2’b01;
reg [1:0] C = 2'b00;
Y ={4{A}} // Result Y is 4b1111
X = { 4{A}, 2{B} } // Result X is 11110101
Z = {4{A}, 2{B}, C} // Result Zis 1111010100
assign byte = {4{2'b01}}; // Generate 8’b01010101
assign word = {{8'{byte[7]}}, byte}; // Sign extension
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©» Operators Summary - 1

o Arithmetic operators
+ = */ arithmetic
% modulus

* Logical operators
! logical negation
&& logical and
| | logical or

* Relational operators
>< >= <= relational

« Equality operators
== logical equality
l= logical inequality
=== case equality
== case inequality

CIXIE Al AE 2 X

» Bit-wise operators

! 2 > )
> !

bit—wise negation
bit—wise and
bit—wise inclusive or
bit—wise exclusive or
bit—wise equivalence
bit—wise equivalence

* Reduction operators

reduction and
reduction nand
reduction or
reduction nor
reduction xor
reduction xnor
reduction xnor
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©* Operators Summary - 2

« Shift operators
<< left shift
>> right shift

Concatenation operator

{} concatenation
* Replication
111} replication

Conditional operator
! conditional
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¢+ Operator Precedence

Operator Operator Symbols Precedence

1. Unary, + -1~ |

Multiply, Divide, Modulus * [ 04 Highest Precedence
2. Add, Subtract, + - N

Shift << >>
3. Relational, < <=>>=

Equality == l= === I==
4. Reduction. & ~& N N~

Logical |~ && ||

5. Conditional ?: Lowest Precedence
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<+ Example: Multiplexer

module mux4_1 (out, 10, 11, i2, i3, s1, sO);

output out;

iInput i0, i1, 12, i3;

input s1, sO;

assignout=(~s1 & ~s0&i0) | (~s1 &s0 &il) |
(s1&~s0&i2)|(s1&s0O&il);

endmodule

module mux4_1 (out, 10, i1, i2, i3, s1, sO);
output out;

iInput i0, 11, 12, i3;

iInput s1, sO;

assign out = s1 ? (s0O ?13:i2) : (sO ? i1:10);
endmodule
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o= Exercises - 1

1. Design Parity Generator /Checker for 7-bit data. If control signal PRT
IS O it is even parity system, Others it’s odd parity system

PRT , parity
data[6:0] parity_gen
2. Design a magnitude comparator for two 4 bit data.
A[7:0] GT(A>B)
B[7:0] comparator LT(A<B)
EQ(A=B)

3. Design a 4-to-1 Multiplexer using (1) only conditional operators or
(2) logical equation
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o= Exercises - 2

4. Combinational Design : Design 7 segment Display decoder. Output
form is as follows :

T T I N
0 O I I N O N
__1r L
_— =
b T 1t
| |
5. Hierarchical Design : @.@
Target output LED shape is shown
on the right. Use the module above % %

as a submodule instance. (733) (Pa4) (p10) BB
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 Basics
« Modules & Ports
* Verilog Simulation
 Gate Level Modeling
« Dataflow Modeling
 Behavioral Modeling
— Initial vs. always
— Blocking vs. non—blocking assignment
— Delay based timing control
— Event—based timing control
— Statements (if—else, case, while, repeat, forever)
« Application to Synchronous Logic
« FSM Design
« Parameterized Design
 More on Blocks
 Tasks & Functions
* Logic Synthesis
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©* Introduction

« Description of Design Functionality in an Higher Level

« All the behavioral statements appear only inside initial and always
blocks
« always block / initial block :
— Two main Structured procedure in behavioral modeling
— These are Similar to Process Statements in VHDL
— Each activity flow starts at time 0
— They Cannot be Nested
— They can Have Multiple Statements Between the keyword begin and end
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== Initial Statement

 Usage : initial statement
e |[tstartsattimeO
« Execute exactly once (do not re-executed during simulation)

« If multiple initial block exist, each of them starts concurrently and finish
independently of the other blocks

module stim; reg x,y,a,b,m ;
initial m = 1'b1; :
initial bedi \ Time statement executed
gin —
#5 a=1bl— | 0 m=1
initial begin 10 x=0
#10 X = 1'b0; ——|3 b=o
#25 y = 1'b1; — | 35 y=1
end 50  $finish
initial #50 $finish; //
endmodule
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=» Always Statement

 Usage : always statement

o Starts attime O

« Executes the statements in the block continuously in a looping fashion
e Similar to infinite loop in C

e Starts on power-on (simulation begin), stop by power off ($finish/$stop)

 Models a block of activity that is repeated continuously (e.g. clock
generator)

module clock gen
reg clock;

initial clock = 1'b0; :
always #10 clock = ~ clock; —
initial #2000 $finish

0 10 20 3040 50
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ofs Exercises

1. What happens if the following code is simulated
module test ;
rega, b, c;
always begin

a=>b;
C =b;
end
initial begin
b=0;
#5b =1; end
endmodule

Ans: Simulation time cannot advance because of the infinite
loop of always block
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©# Verilog Assignments Types

CIXIE Al AE 2 X

Verilog assignments types

T

Procedural

(in always or initial)

Blocking( =)

N

Continuous
(keyword assign)

Nonblocking
(<=)
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¢t Procedural Assignments

« Updates values of reg, integer, real, or time variables (register types)

 The value placed on a variable will remain unchanged until another
procedural assignment updates the variable

e Syntax:
<lvalue> = <expression> or
<|lvalue> <= <expression>
— The lvalue can be reg, integer, real, or time register
— The lvalue can be a concatenation of any of the above

— In the expression of right hand, all the operators in dataflow
modeling can be used

— 2-types of procedural assignments :Blocking and Non-Blocking
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o Blocking Statement

« Are Executed in the order they are specified
« Are Sequential Exactly (similar to variable assignments in VHDL

process)
« Use the ‘=" assignment operator

initial

begin
x=0;y=1;z=1;
count = 0;
reg_a=16'b0; reg_b =reg_a;
#15 reg_a[2] = 1'b1; 1. Executes All Statements x=0
#10 reg_b[15:13] ={x, y, z} through reg_b =reg_a (at time = 0)
count = count + 1; 2. reg_al?2]=1 at time =15

end 3. reg_b[15:13] = {x,y,z} at time = 25
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c» Nonblocking Statement

« Schedule assignments without blocking execution of the next
statements in a sequential block (similar to signal assignments in
VHDL process)

e Use Operartor <=

« Example) A <=B;

 When Verilog Simulator Sees NonBlocking Assignment Statements
it Schedules the Statements (Read or Evaluate the RHS expression
and then Store the RHS value in temporal storage) and Continue to

the Next Statement without Waiting for the Nonblocking Statement to
Complete Execution.
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¢ Nonblocking2} Blocking Assignment H| 1!

initial
begin
x=0;y=1;z=1,;
count = 0;
reg_a=16'b0; reg_b =reg_a; €< 0 unit0fl update
reg_a[2] <= #15 1'b1; < 15 unit ¥ 0f] update
reg_b[15:13] <= #10 {x, y, z} < 10 unit ¥ Hl update
count = count + 1; < 0 unitdil update
end

1. Execute All Statements x=0
through reg_b =reg_a (at time = 0)

2. reg_a[2] =1 is scheduled to execute
after 15 time units (i.e. time = 15)

3. reg_b[15:13] = {x,y,z} is scheduled to execute
after 10 time units(i.e. time = 10)

4.  count = count + 1 is scheduled to be executed
without any delay (i.e. time = 0)
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¢t Nonblocking Statement0l Al Read, Write & &¢l

always @(posedge clock)
begin
regl <=#1inl;
reg2 <= @(negedge clock) in2 ™ ing3;
reg3 <= #1 regl; // old value of regl
end

At each positive edge of clock,

1.

Read operation is performed on each RHS(right-hand-side) variable inl, in2,
in3, and regl. And right-hand-side expressions are evaluated, and the results are
stored internally in temporary storage of the simulator

The write operation to the left-hand-side variables are scheduled to be executed
at the time specified

The write operations are executed at the scheduled time steps. (Note that the
order of statements is not important because internally stored RHS expression
values are used to be assign to the LHS variables)
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«» Race Condition

(here 1s a race condition. Two\

blocking assignments in different
always are executed sequentially
depending on the simulator
implementation. The result will

// illustration 1 : blocking

always @(posegde clk)
a=>b;

always @ (posedge clk)

b=a; Z/Qb<-a<-b or a<-b<-a /

@e condition is eliminated.

At the rising edge of clock,
RHS value of nonblocking

assignments are “read” and

/[ illustration 2 : nonblocking
always @ (posegde clk)

a<=b; the expressions evaluated.
alt\)NSyS @(posedge clk) During write operation, the
= a’

stored values are used
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== Nonblocking Assignments

/ illustration 2 : nonblocking
always @(posegde clk)
a<=b;

always @(posedge clk)
b <= a;

Separating Read and Write Ensures a and b are swapped
Regardless of the Write Operation Order !

/l illustration 2 : nonblocking

always @(posegde clk) begin
temp_a = a; // read operation
temp_b =Db; // read operation
a = temp_b; // write operation

b =temp_a; // write operation
end
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=» Nonblocking Statement &

 NonBlocking Assignments are Used as a Method to Model Several
Concurrent Data Transfers that take place After a Common Event.

* In Nonblocking Assignments, Final Assignment Results Are Not
Dependent On the Order They Are Evaluated.

While In Blocking Assignments, Final results Depends on the Order in
which they are Evaluated

» Blocking Assignments can Potentially Cause a Race Condition
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&k Signal Statement AFZ 0|l CHEH D101 =

For combinational logic description
— Use Blocking Assignment

For data transfer in edge-triggered Memory Elements
description

— Use Nonblocking Assignment

Do not Mix Blocking and Nonblocking Assignments in the same
always / initial block

Do not use the same variable as LHS variable in different
always / initial blocks => to prevent race condition
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©# Verilog Event Queue Priority

Queue Execution
Order

High priority

Low priority

<«
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©# Exercises (1)

1. What is the difference of the two codes ?

module pipel (g3, d, clk); module pipe2 (g3, d, clk);
output [7:0] g3; output [7:0] g3;
input [7:0] d; input [7:0] d;
input clk; input clk;
reg [7:0] 93, 92, q1; reg [7:0] 93, 92, q1;
always @(posedge clk) begin always @(posedge clk) begin
gl =d; gl <=d;
g2 = qi; g2 <=g1;
q3 = q2; g3 <=Q2;
end end
endmodule endmodule




7+ Exercises (2)
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2. What is the difference of the simulation results of the 3 codes ?

// generates clock signal of period 10
module oscl (clk);

output clk;

reg clk;

initial #5 clk = 0;.

always @(clk) #5 clk = ~clk;
endmodule

module oscl (clk);

output clk

reg clk;

initial #5 clk = O;

always @(clk) #5 clk <= ~clk;
endmodule

// generates clock signal of period 10
module oscl (clk);

output clk;

reg clk;

initial #5 clk = 0.

always #5 clk = ~clk;
endmodule
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7+ Exercises (3)

3. Find the Difference of the 2 codes. Which corresponds to the picture ?

o jj
enl y

a2
en2

module drivers_cont

(y, al, a2, enl, en2);
output y;
input al, a2, enl, en2;

assigny =enl ?al: 1'bz;
assigny =en2 ? a2 : 1'bz;

endmodule

module drivers_seq (y,al,a2,enl,en2);
output y;
iInput al, a2, enl, enz;

regy,

always @(enl or al)

iflenl) y =al; elsey = 1'bz;
always @(en2 or a2)

if(en2) y = a2; else y = 1'bz;

endmodule
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CB' Answer for m_odul.e drives_cont; — _
_ wire y; Initial begin
reg al,a2,enl,en2; a2 =0;
enl = 0;
assigny =enl? al:l'bz; en2 = 0;
assigny =en2 ? a2:1'bz, #5enl =1,
always @(enl or al) #5en2 =1,
if(enl) x = al; else x = 1'bz; #5 enl = 0;
always @(en2 or a2) end
if(en2) x = a2; else x = 1'bz; endmodule

ﬂ:' Adrives_cont/y

B Adrives_cont/x

= Adnives_contdal
' Adnives_contdad
b Adnves_cont/end

' Adnves_cont/end
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&+ Timing Control

« Timing Control Provides a Way to Specify the Simulation Time
at which Procedural Statements will Execute

« If there is No Timing Control Statements, the Verilog Simulator
will Not Advance !

« 3 methods of timing control
— Delay-based control
— Event-based control
— Level sensitive control
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¢+ Delay-Based Timing Control

Delays are Specified Explicitly in the Procedural Statements

Syntax :

<delay> ::= #<number> | #<identifier> |
#(<min_typ_max_exp>,<< min_typ_max_exp>>*)
3 types of delay-based timing controls

initial

#10 z=x+Y;
z=#10 xX+vy
end

—_—

~

initial begin
#0 x=1
end; T
initial begin
X =1,

—/‘¥

)/regular delay control ’

L

intra-assignment
delay control

—

_~

—
\L Zero delay control

end

Agl

Al
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ct» Delay Control2l MIJHXl & EH

 Regular delay control

— Is Specified left of a procedural statement
— Defers the execution of entire assignment statements
— Example) #3 x =y ;
* Intra-assignment delay control
— Is Specified to the right of the assignment operator

— Computes (Evaluates) the RHS expression at current time and
defer the assignment of the computed value to the LHS variable

— Example) x =#3vy;

o Zero Delay control
— #0 procedural_statements
— Example) #0 x =y

— Obijective : To Eliminate the race condition between different
always-initial blocks at time 0
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7* Regular Delay Control

parameter latency = 20;
parameter delta = 2 ;

reg x,y, 4,p,q,

initial
begin
x=0;z=0;
#10y =1,
#latency z = 0;
#(latency + delta) p = 1; // delay with expression
#y x = x + 1; // delay with identifier takes the y value
#(4:5:6) g = 0; // minimum, typical, maximum values
end
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of» Intra-Assignment Delay Control

// intra-assignment delay example
Initial
begin
x=0;z=0;
y = #5 x + z; /] Take the value of x and z at time 0 and evaluate
I/l x + z and then wait 5 time units to assign it to y
end

initial // Regular delay control with temporary variable has
Il equivalent effect to the intra-assignment delay above
x=0;z=0;
temp xz =x + z; // takes the value of x + z and stores it in a temporary variable.
#5y =temp_xz; // Even though x and z might be change between 0 and 5,
/l the value assigned to y at time 5 is unaffected

end
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¢ Zero Delay Control

initial

begin
X =0;
y=0;

end

initial
begin
# x =1;
#oy =1,
end

Results : (deterministic)
x=1landy=1

e The Order of Procedural Statement Executions in Different Blocks at
the Same Simulation Time is Nondeterministic

o Zero Delay Control Ensure that the statement is executed last, after
all other statements in that simulation time.

« But, Between Multiple Zero Delay Statement, The Order Between
Them is also Nondeterministic.
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[0

regular delay : & M2 2= AAHAIZ (RHS
XA 2l readE X H)

intra assignment delay : RHS Jt LHSZ M &=
s NAAH

blocking : LHSJt update® = 0|0f LIS 222
MOItEHZ

non-blocking :RHSOfl CHSt eval(read)2t L H =
ol Cts 282z Mot Eo

o= Exercises

1. What is the simulation waveform ?

module delay_control_test ;

integer a,b,c,d,X ;

integer A,B,C,D : I _?.tirlnulus
. . initia
/l blocking assignment // nonblocking begin
initial begin initial X = 5
#0 a = O, begin #10 X :’6'
c=0; szp; o #10 x = 8;
d=0; C-_O,D-F), #10x =9;
a=#35x; A<= #1_0 X #10 x = 10;
#15 b = Xx; #10 B <: % _ #10 x = 11;
#10 C<=# 20 x; 410 x = 12-
#10 c = # 20 x; D <= #10 x- ’
d = #10 x: B ’ #30 $stop;
= X, end end
end

endmodule
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# Hints for the Answer : Blocking

Time for the execution of the assignment
statement (x=#5vy)

e,

Tlme for the value of Y to be
transferred to the variable X

The control will not pass to the next statement until the execution (not scheduling ) of
the blocking assignment is completed. (after 10 + 5 time, the control is passed to
the next statement)

Value of Y is read & saved gaved Y is copied to X

' -+ T
Time =0 Time =10 Time = 15
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<= Hints for the Answer : Nonblocking

Time for the execution of the assignment
statement (X <=#5y)

Time for the value of Y to be
transferred to the variable X

assignments , the Control will be passed to the Next Statements

Value of Y is read & saved Saved Y is copied to X

| 3 o
|Time =0 Time = 10 Time = 15|
To the Next Statemént
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¢+ Answer (1) -~ Ensures the x value is
initialized at time = 0
X ini iql,,.be‘(;‘j“ih ~ The value of “x” at time = O is saved in temporal storage
(:,E) “a =0: and will be assigned to “a” at time = 35
@D =0 A
S E: 8.’ 15 time units after the nonblocking assignment of a = x
'§' d= 0" Is completed (at time 50 = 35+15), b = x is executed
- SOJL @. — = = ( I:I

—
)
T
e

i

X x
I

SR

B | o | U . :
After 10 time units (At time = 60) value of “x” is saved and
the value is transferred to “c” executed after 20 time units




CIXIE Al AE 2 X

B Verilog-HDL : Behavioral Modeling

f= Answer (2) / The value of x at time = 5 is saved in temporal
' storage and transferred to A after 10 time units

% initial begin | The value of x at time = 15+10 is saved and is
W5 w5 A=0 transferred to C after 20 time units
(D )
< | D o A —————_
- The value of x
= (7) is read
D
0
157 [
25y |:|

N
ol

<
<«

N
=

<

non blocking2& 0| L2 ¢ =&,

oo

time =5 0l Al AJ}t update®lJ| M0l CISE&
(#10B <=x)Z HMO{Jt €0 2tCE. (A2l update=
time=150{ Al 0|2 &IC}.) \
time =15 0l M x 2| 2t0| 21310 AHEE LY.
time =25 OlAM x2 g0l ¢1dl) AHZEECH. O]
20l MEE= A2 time=45 O|Ct..
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o= Event-Based Timing Control

 An Eventis a change in the value on register or a net

 Event can be used to trigger execution of a statement or a block
of statements

« 4 types of event-based timing control
— regular event control (@)
— named event control (-> and @)
— event OR control (or)
— level-sensitive timing control (wait)
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= Regular Event Control

 Use “@” symbol to specify event control

 The keyword posedge and negedge are used to specify transition on
the signal value (edge-sensitive)

@(clock) g = d; // whenever clock changes value

@ (posedge clock) q = d; // whenever clock does a positive transition
/(Otol,x,orz, xtol, ztol)

@(negedge clock) g = d; // whenever clock does a negative transition
/[(1to0,x,orz, xto0, zto0)

g = @(posedge clock) d ; // d is evaluated immediately
/[ and assigned to g at the next positive edge of clock signal
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< Named Event Control

* In Verilog We can Declare an Event and then Trigger and
Recognize the Occurrence of the Event

 An Event is triggered by the symbol “->”
e The triggering of an event is recognized by the symbol “@”

event received_data; // declare event variable

always @(posedge clock)
If(last_data_packet) -> received_data; //trigger event

always @(received_data)
data_buf = {data_pkt[O], data_pkt[1], data_pkt[2]};
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«f= Event OR Control

A Transition on Any One of Multiple Signals or Events can
Trigger the Execution of Statements

 The keyword “OR” is used to specify multiple triggers

always @(reset or clock or d)
begin
If(reset)
g = 1'b0;
else if (clock)
q=d;
end
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f= Level-Sensitive Timing Control - 1

* Verilog has The ability to wait for a certain condition to be true
(Note that @ provide the edge-sensitive control)

 The keyword wait is used for level-sensitive constructs

always
wait (count_enable) #20 count = count + 1,

/[ count_enable is monitored continuously.

/[ 1f count_enable = 1, the statement count = count + 1 is
Il executed after 20 time units

I/ Note that if count_enable stays at 1,

I/ count will be incremented every 20 time units
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©* Level-Sensitive Timing Control - 2

module wait_tst ;
reg enable;
iInteger cnt = 0;

initial begin always

cnt=0; wait(enable) #10 cnt = cnt + 1;
enable = 0;

#5 enable = 1; endmodule

#35 enable = 0;
#10 enable = 1;
#15 enable = 0;
#20 $stop;

end

A7 wait_tst/enable |-Mo Dat I :

S
A0 Await_tstfont Mobatyn - | 11 I 13 IE 15 15
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«k Conditional Statements : If

e Types:
If(<expr>) true_statement; // type 1
If(<expr>) true_statement else false statement // Type 2

if(<exprl>) true_statementl; // Type 3
else if(<expr2>) true_statement2;

else if(<expr3>) true_statement3;

else default_statement;

« |f <Expression> result is zero, the true_statement is executed

« Each true_statement and default_statement can be a group of
statements enclosed by keywords begin and end
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o Multiway Branching : case

« Case Statement Syntax
case (<expr>)
altrenativel : statementl;
alternative? : statement2;

default : default_statement ; // optional
endcase

« The <expr>is compared to alternatives in the order they are listed
(Priority). If none of values are matched, default_statement is
executed

A block of multiple statements must be a grouped by keywords begin
and end

e (Case statements can be nested

o If <expr> and alternatives are not equal width, they are filled with Os to
match the width of the widest of the them
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< Multiway Branch : casex, casez

« If expr contains x and z value, default is matched

e Csaex and casez allows comparison of only non-x and/or non-z
position in the case <expr> and the alternatives

« Casez treats all z values in <expr> or alternatives as don’t cares
« Casex treats all x and z values in <expr> or alternatives as

don’t cares
reg [3:0] encoding; » encoding = 4’b10xz matches 4’b1xxx
Integer state; resulting in next_state = 3
casex (encoding) « encoding = 4’b00x0 matches 4’bxx1x

4’b1xxx : next_state = 3;

resulting in next state =1
4’bx1xx : next_state = 2; J .

bxxlx - next state = 1. €ncoding = 4b0110 matches 4’bx1xx
A'bxxx1l : next state = O resulting in next_state = 2;
default : next state = 5: » encoding = 4’bxxxx matches 4’b1xxx
endcase B resulting in next_state = 3;
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7 Example: casex vs case

module case_test ; a|WE_in @(encode) case (encode)
begin 4'p1xxx : ns2 = 3;

reg [3:0] encode; casex (encode) 4'PX1IXX : NS2 = 2;

integer ns, Ns2; 4blxxx 1 ns = 3; 4'bxx1x :ns2 = 1,

A'bx1xx : ns = 2; 4'bxxx1 : ns2 = 0;

initial A'bxx1x : ns = 1; default : ns2 = 5;

begin 4'bxxx1 : ns = 0; endcase

encode = 0: default : ns = 5; end

#10 encode = 4'bxxxx; endcase endmodule

#10 encode = 4'b10xz;
#10 encode = 4'bx11x;
#10 encode = 4'b1111;
#10 encode = 4'b0001;
#10 encode = 4'b0xxO0;
#10 $stop;

end

encode | Q000




CIXIE Al AE 2 X

B Verilog-HDL : Behavioral Modeling

e Loops

while (<expr>) statements

« for (initial condition ; check for terminal condition ; procedural assignment to

control variable) statements

* repeat (a fixed iteration number) statements

 forever statements
initial
cnt = 0;
while (cnt < 128) begin
$display(“Count=%d", cnt);
cnt=cnt + 1;
end
end

initial begin

clock = 1'b0;

forever #10 clock = ~clock;
end

initial

for (cnt=0; cnt < 128; cnt=cnt + 1)
$display(“Count=%ad", cnt);

parameter cycle = 8;

reg [15:0] buff [0:7];
always @(posedge clock)
begin

end

if(data_start) begin

repeat (cycle) begin
@(posedge clock) bufffi] = data;
=1+ 1;

end

end
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o+ Agenda

 Basics

 Modules & Ports

« Verilog Simulation

 Gate Level Modeling

« Dataflow Modeling

* Behavioral Modeling

 Application to Synchronous Logic
— Latches
— Flip-Flops & Registers
— Shift Registers

— Counters
— BCD Counters & Cascading Counters

« FSM Design

« Parameterized Design
 More on Blocks
 Tasks & Functions

* Logic Synthesis
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o= Level Sensitive Latch

module latch (Q, en, D);
output Q;

reg Q;
iInput en, D;

always @(en or D)
if (en) Q <= D; — €en

endmodule




= D Flip-Flops - 1

Il FlipFlop with asynchronous reset
module DFF (Q, QBAR, D, clk, rstn);
output Q, QBAR;
input D, clk, rstn;
reg Q;
always @(posedge clk or negedge rstn)
If (Irstn) Q <= 1'b0O;
else Q <=D;

assign QBAR=~Q ;

endmodule

CIXIE Al A2 X
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OBAR |—

rstn
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= D Flip-Flops - 2

// DFF with synchronous reset and enable

module DFF2 (Q,QBAR, D, en, clk, rstn);
output Q, QBAR,; — D Q—
iInput D, en, clk, rstn; — len
reg Q; QBAR|—
clk —
always @(posedge clk ) rstn
if (Irstn) Q <= 1'b0O; %9

else if (en) Q <= D;

assign QBAR=~Q ;

endmodule
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o+ Data Registers

/[ 8-bit register with synchronous load and
reset
module REG (Q, D, Id, rtn, clk);
output [7:0] Q: D
input [7:0] D; ﬂ%’
iInput Id, rstn,clk; and
reg [7:0] Q; Id
always @ (posedge clk) ﬂ.

if (Irstn) Q <= 8'd0; clk

else if (Id) Q <= D; —
endmodule
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«k Shift Registers (PISO typ

e)

output sout;
input [7:0] D ;
input shiftR, Sin, load, clk, rstn;
reg [7:0] Q; // temporal register
always @(posedge clk or negedge rstn)
if ('rstn) Q <= 8'b0;
else if (load) Q <= D; // parallel in
else if (shiftR) Q <= {Sin, Q[6:0]};
assign sout = QJO0]J; // serial out
endmodule

Il Shift register with asynchronous reset and synchronous load, shift
module shiftReg (sout, shiftR, D, Sin, load, clk, rstn);

00007 007

—

aoooooo 1 ao1 11000

01001700

0010311710k

000771111

[O00]1111

1000 ]

I I

—

B
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©# 4-bit Binary Counter
module cnt4 (Q, D, Id, inc, rstn, clk);
output [3:0] Q;
input [3:0] D; D[3:0] Q[3:0]
input Id, inc, rstn, clk; Id
reg [3:0] Q; Inc
clk
always @(posedge clk or negedge rstn)
if (Irstn) Q <=4'd0; rstn
else if (Id) Q <= D;
elseif (inc) Q <=Q + 1;
_I_I_I_I_J—I_I_I_—I_I_I_I_J_I_I_I_ll_—l_l_l_l_
endmodule T G N T T (I I =3 (VR I - )
Ll
—




CIXIEAIARE N

B Verilog-HDL : Application to Synchronous Logic

o= BCD Counter

module BCDcnt (Q, inc, rstn, clk);
output [3:0] Q ;

Input inc, rstn, clk;

reg [3:0] Q;

always @(posedge clk or negedge rstn)
if ('rstn) Q <=4'd0;
else if (inc)
If(Q == 4'd9) Q <=4'd0;
elseQ<=Q+1;

endmodule

Q[3:0]
INC
clk
rstn
LT LT LTt

B 9 0 1 PTE 4 05 JE

JEEpEpspEpEpEy
0 Tz J3 4 15 5 {7
|
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©# Cascadable BCD Counter

module BCDcnt_cas (Q, TC, inc, rstn, clk);
output [3:0] Q;
output TC; // indicate terminal count

input inc, rstn, clk; BCDcnt _
reg [3:0] Q; — Q[3:0]
wire finl; // Q reached terminal value _Cas
always @(posedge clk) inc — ', TC
iIf ('rstn) Q <= 4'd0; // synchronous reset
else if (ing) clk —>
if (fin) Q <= 4'd0;
else Q<=Q + 1; 5
assign fin = (Q == 4'd9)?1:0; rstn ———
assign TC =fin & inc;
endmodule
I I
(LT LT T L i i
2 13l 5 s IF 18] 19 ol 1 2
I I
[1 [1




@k Cascading 3-digit BCD Counters

module BCD_3digit (Q0,Q1,Q2, TC, inc, rstn, clk);
output [3:0] Q0,Q1,Q2 ;

output TC;

input inc, rstn, clk;

wire tcl, tc2;

BCDcnt_cas CNTO(QO, tcl, inc, rstn, clk);
BCDcnt_cas CNT1(Q1, tc2, tcl, rstn, clk);
BCDcnt_cas CNT2(Q2, TC, tc2, rstn, clk);

endmodule
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Inc
clk

rstn

QO[3:0]
Q1[3:0]
Q2[3:0]
TC

Q0 ?1
1
BCDcnt R BCDcnt
inc | =35 |tc1|-C&S |tc2

clk

I

| L]
O
S e o,
] 11 12 13 14 15 1B 17 =] 19 10 11
@ /7
| I I I I I I I i I I
(1) I

| Glitch(fin & inc)

,}/
|
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i+ Cascading 3-digit BCD Counters - S&

CMTOM

TC =fin & InC

AN

1 2 )3

B e

ol J1 j2 13 4 |

Nas
E 17
L

~ Has No Effect
~ onCNT1

R -
| CNT1 |
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# Cascading 3-digit BCD Counters — Gate DelayE {8t 3L

module BCDcnt (Q,TC, inc, rstn, clk);
parameter Delay = 1;
output [3:0] Q ;
output TC;

input inc, rstn, clk;

reg [3:0] Q;
wire fin;

always @(posedge clk)
if('rstn) Q <= #Delay 4'd0;
else if (inc)
begin
if(fin) Q <= #Delay 4'dO0;
else Q <=#Delay Q + 1; .
end
assign #Delay fin = (Q ==4'd9)? 1:0;
assign #Delay TC =fin & inc ;
endmodule

(] 11

NG

Explicit Delay Specification Clarifies
the Precedence between signals
(Delay helps to figure out which one
precedes the other)
— It Makes Clear if a glitch is
harmless or not (effective)

Note : Signal Dependency is clk -> Q -> fin-> TC
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» Exercises (1)

1. Design a Dice (mod-6 counter) that counts from 1 to 6.

2. Cascade the two Dice designed above Question . If one dice rolls 6
times the next dice increments by one.

roll roll2 |
(inc) (inc2)
clk

rst
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©» Exercises (2)

3. Design a clock circuit which has 2 digit for second and 2 digits
for minute. Design the logic in a synchronous fashion (NOT
Asynchronous manner). Assume that the input clock is 25MHz.

secO secl minQO minl

st
clk
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" FSM (Finite State Machine) & H|

O

 Moore output = f(current_state)
 Mealy output = f(current_state, input)

iInput Next
— | Compute [sm@e | State | Compute |output
" output

Next state register

Current state

A 4

Next Compute outout
State output | P

register

Input

v

" Compute [state
Next state

v

v

Current state
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# FSM Coding with Verilog

« State Register with
Asynchronous Reset

« Combinational Logic
Computing Next State

always @(posedge clk or posedge rst)
begin
If (rst==1)
current_state <= "INIT_STATE;
else
current_state <= next_state;
end

always @ (current_state or inputs)
case (current_state)
JINIT_SATE : if (inputs == 1)
ns = 'WAIT_STATE ;
else ns = "INIT_STATE;
"WAIT_STATE :
"RUN_STATE: ...
default : ns <="INIT_STATE
endcase




CIXIE Al AE 2 X
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¢f» Synchronous FSM State

Register®| SItXl SEH s @(pesedse ok )

current_state <= next_state;

always @(current_state or inputs or reset) begin
if(reset == 1) next_state <= "INIT_STATE;

« Synchronous Reset logic else case (current_state)

_ INIT_STATE
In next_state ~ if(inputs == 1)
computation circuit next_state = WAIT_SATE;
else next_state = 'INIT_STATE;
"WAIT_STATE : ...
"RUN_STATE : ...
endcase

end

always @(posedge clk)
_ if(reset == 1)
Synchronous Reset In current_state <= "INIT_STATE;

the State Register else

current_state <= next_state;
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= O Xl: Traffic Light Controller

clk
rst

X : sensor that indicates
if there is a traffic in the farmway

Output Table (Moore type)

highway farmway
SO | Green Red
S1l|Yellow Red
S2 |Red Green
S3|Red Yellow
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Bl Verilog-HDL : FSM Design
& Ol ®l: Traffic Light Controller — Verilog Code

/[ traffic light definition
“define YELLOW 2'd0O
“define RED 2'd1l
‘define GREEN 2'd2

/[ state assignment definition
“define SO 2’b00

“define S1 2’b01

“define S2 2’'b10

“define S3 2'b11

module sig_controller
(hwy,fwy, X, clk,rst) ;

output [1:0] hwy, fwy;

reg [1:0] hwy, fwy ;

input X, clk, rst;

reg [1:0] cs, ns ; // state variable

n
© (" always @(posedge clk or posedge rst)
‘D{ if (rst) cs <= "S0;
ép else cs <=ns;
r always @(cs or x)
Z. case cs
Q S0 : if(X) ns <= "S1,; else ns <= "SO;
< 'Sl:ns<='S2
S "S2 :if(X) ns <= "S2; else ns <= "S3;
T "S3: ns <= "S0;
. endcase
— always @(cs)
W case cs
< | °S0:hwy="GREEN; fwy="RED;
O< "S1: hwy = YELLOW, fwy = RED;
- 'S2 : hwy = 'RED; fwy = "GREEN,;
= | S3:hwy ="RED; fwy = "YELLOW;
= \ endcase

endmodule
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mdino Nsq

< Ol Al: TLC — Verilog Code (Synchronous Version)

module sig_controller
(hwy, fwy, X, clk, rst) ;

output [1:0] hwy, fwy;
reg [1:0] hwy, fwy ;
input X, clk, rst;

reg [1:0] cs, ns ; // state variable

always @(cs)

case cs

SO : hwy = "GREEN; fwy = 'RED;

"S1: hwy = "YELLOW, fwy = "RED;

"S2 : hwy = 'RED; fwy = "GREEN;

"S3: hwy = 'RED; fwy = "YELLOW,;
kendcase

bay orels

93e1S IXON

always @(posedge clk or posedge rst)
{ CS <= ns;
always @(cs or x or rst)
If(rst)
ns <= S0;
else
case cs
'S0 : if(X) ns <= "S1; else ns <= "SO;
'S1:ns<="S2;
'S2 :if(X) ns <= 'S2; else ns <= 'S3;
'S3:ns<="S0;
endcase

[

A

\ endmodule
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«» Ol Hl: Traffic Light Controller - Testbench

module testbench;
reg clk = 0;
reg rst X ;
wire [1:0] hwy, fwy;

module sig_controller (hwy, fwy, X, clk, rst) ;
initial forever #5 clk = ~ clk; // or always # clk = ~ clk;
initial begin

rst = 1;

#10rst=0; X=1;

#40 X = 0;

#20 X = 1;

#10rst =1,

#10 rst = 0;

#20 $stop;
end
endmodule
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©* Exercises (1)

CIXIE Al AE 2 X

1. Design a Dice Game Machine. The game is played with 2 dices. The
controller inputs are X, clock, and reset. The outputs are Win, Lose,
Dice0[2:0], and Dicel[1:0]. The Flowchart for the game is as follows.

Roll two dices

lose win

Point <= sum

\ 4

A 4

Roll two dices

Sum=7o0r6

win

A

Yes
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# Hints for the The Top-Level Submodules

Answer (1)
clk win
reset lose
roll

roll

datapath D,,

iINc

clock

reset roll
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¢ Hints for the Answer (2)

CIXIE Al AE 2 X

The Datapath and Control Signals D7 — load
____________________ — loadP
" ) gél—’ Game |— Incl
. I . . | - — > win
incl Dice0 inc2 Dicel | eq controller NG
| ' roll —»
| |
I I
I \ 4 . -I
|
: . eq
: 3-bit Adder comparator |
| |
I :k A I
| i |
! ! . 'loadP
D7 Point Reg
D11 417 Decoder l
D6 «—— —F clk




| | CIXIE Al A B &
B Verilog-HDL : FSM Design

#% Hints for the Answer (3) (%’”’

S0 is an initial state
This FSM has Synchronous Reset

The Game Controller
reset
/roll
C}ou’ (D,+D,,)

reset’

reset

roll/inc
. S3/lose D
roll’ Dy

reset’

roll’ D,” D,,” Dy’/Id

roll’ Eq’D;’ Dy’
roll’ rq’(D, +Dy)

roll/inc
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CIXIE Al AE 2 X

== Hints for the Answer (4) — Synchronizer Design

 Sometimes Asynchronous Inputs are unavoidable (e.g. User Inputs: roll)
* Asynchronous Inputs : Signals from different Clock Domain
e Synchronizer Objectives : Synchronization & DeBouncing

Clock domain B

>

: Clock domain A

Clock B

Asynchro:nous
A
Inputs :X X R Y - System
I core
| > ks logic
!
: Clock A
!

Clock A —

x|

A
Y

—
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th Exercises (2)

CIXIE Al AE 2 X

2. Implement the previous design targeting at XC2S100 Xilinx FPGA. And
Verify using the FPGA prototyping board. The Pin locations for the
board are as follows :

) ) 6) 65 () 0 )

e
e

) ) ) )

roll
Py
oE EEEEE FEEEE
6 Lose

'0SC (25MHz): P80
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«f» Exercises (3)

3. Design a 4 * 4 key pad input module in a dynamic fashion.

VCC

/'i j R
o— 2 A2(X| (SW21~SW36)
V\/ 4 // 5// e; 7 ;/‘
.—N o 7 2 & HEHS e |1
/ / / Row0 P191 e A
o—/\/\ 8// r 9// o A// B// !
Row1 P192 e o
c/4 Dyl E/N T/
o\ \\—2e¢ 24 2 ‘o Row2 P193  Metw &
0 1 2 3
O @) @) Rows3 P194 Bl
2:4 decoder Col_sel0 P195  CIZH bit0
Col_sell piog ~ HI=Hbitl
col_sel(1) col_sel(0)
%g%% » Data(3:0)
URES » new_key
> pressed
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B Verilog-HDL

o =

 Basics

 Modules & Ports

* Verilog Simulation

 (Gate Level Modeling

« Dataflow Modeling

« Behavioral Modeling

* Application to Synchronous Logic
e FSM Design

e« Parameterized Design

— Parameter Value Change by defparam
— Parameter value change at Module instance
— Conditional Compilation

« More on Blocks
« Tasks & Functions
* Logic Synthesis
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&+ Parameter Value Change

« Parameters are defined in a module with predefined value

« Parameter values can be overridden in any module instance
during compilation time by 2 way
— defparam statement
— module instance parameter value assignment
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©» defparam

* In defparam statements use hierarchical name of module
instance to override the parameter values

module hello_world ;

parameter id_num= 0;

initial $display (“Hello_world id num = %d”, id_num) ;
endmodule

module top ;
defparam wl.id num =1, w2.id_num = 2;
Hello_world w1l ();
Hello_world w2 ();

endmodule

Hello_world id num =1
Hello_world id num =2
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o¢» Module Instance Parameter Values

New parameter values are passed during module instantiation

module hello_world ;
parameter id_num= 0O;

initial $display (“Hello_world id num = %d”, id_num) ;

endmodule

module top ;
Hello_world
Hello_world
endmodule

Multiple parameters can be override by specifying new values in the
same order as the parameter declarations the in module

module bus_master ;
parameter delayl = 2;
Parameter delay2 = 3 ;
endmodule

Module top;
bus_master #(4, 5) b1 ();
bus_master #(9) b2 ; // delay2=3

Al



CIXIE Al AE 2 X

B Verilog-HDL : Parameterized Design
o= Compiler Directives: Conditional Compilation
o ‘ifdef "else endif

« A portion of Verilog might be suitable for one environments and not
for other.

‘ifdef TEST
module test ;

endmodule;

‘else
module stimulus ;

endmodule
‘endif
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o= Compiler Directives: Conditional Execution

« All statements are compiled but executed conditionally

 Use System task $test$pulsargs to check if a flag is set during the
run-time (in Verilog-XL simulator)

module test ;
initial begin
if($test$pulsargs(“DISPLAY_VAR”"))
$display (“Display = %b”, {a,b,c});
else
$display(“No Display”);
end
endmodule
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o= Agenda

e Basics

 Modules & Ports

« Verilog Simulation

 Gate Level Modeling

« Dataflow Modeling

* Behavioral Modeling

e Application to Synchronous Logic
« FSM Design

« Parameterized Design

« More on Blocks

— Parallel blocks
— Named blocks
— Nested blocks

e Tasks & Functions
* Logic Synthesis
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Bl Verilog-HDL : More on Blocks

7+ Block Types

* Block is used to group multiple statements
— Begin ... end
— Fork ... join

» Sequential blocks
— Keywords begin and end are used
— Statements in a block execute in the order listed one after another.

— delay or event control is relative to the time when the previous statement
completed its execution

« Parallel blocks
— Keywords fork and join are used
— Ordering of statements is controlled by delay or event control
— Delay or Event control is relative to the time the block was entered
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<= Parallel Block: Fork and Join

» Parallel Block is Surrounded by fork and join

 All Statements in a Parallel Block Starts at the Same Time when the Block was
Entered. => The order of Statements in the Block is Not Important.

reg x, y; fork e
reg [1:0] z, w; /l\A reg [1)6] .
initial E l:E ++ b g l . , W,
fork x=0: < © o initia .
#5y = 1; =03 fork chl):
10z =x vk \ £ § =L
join join oin
z =01 or xx
w =10 or xx

01

—L
=




CIXIE Al AE 2 X

Bl Verilog-HDL : More on Blocks

o= Nested Blocks

» Blocks can be nested. Sequential and Parallel Blocks can be mixed

initial
< begin
X = 0;
fork
< #4y =1Db1;
#10 z = {x,y};
join
#20 w = {y, x}

end
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©» Named Blocks

* Blocks can be Named
— Local Variables can be Declared for the Named Block
— Named Blocks are a Part of Design Hierarchy
— Named Blocks can be disabled (The Execution can be stopped)

module top ;
initial
begin : blockl // sequential block named as blockl
integer i ; // integer i is static & local to blockl (top.block1.i)

end
initial

fork : block2 // parallel block named as block2
reg | ; // reg | is static & local to block2 (top.block2.i)

join
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©» Disabling Named Blocks
« disable
— Terminates the Execution of a any Named Block
— Is Similar to break statement in C

— Disabling a Named Block cause the Control to be Passed to the Statement
Immediately Succeeding the Block

— Used to get out of Loops, handle Error Condition, etc.

reg [3:0] flag ; integer i;
initial begin
flag = 4'b1000;
| =0;
begin : blockl
while (i < 4) begin
if (flag[i]) disable block1;
=1+ 1;
end
end
end
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B Verilog-HDL
=2 Xt

« Basics

 Modules & Ports

* Verilog Simulation

» Gate Level Modeling

« Dataflow Modeling

« Behavioral Modeling

« Application to Synchronous Logic
« FSM Design

« Parameterized Design
 More on Blocks

« Tasks & Functions

— Tasks

— Functions

— Useful System Tasks
* Logic Synthesis
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©» Common Features

 Similar to SUBROUTINE and FUNCTIONS

 Both Tasks and Functions are defined in a module and
are local to the module

 Both cannot declare wires local to the function or tasks

« Both contain behavioral statements only

« Both do not contain always or initial procedure blocks

 Both do not contain other functions or tasks
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©® Function2} Task2l XI0|

Functions Tasks

Enables another functions, but not | Enable other tasks and functions
another tasks

Execute in O simulation time Execute in non-zero simulation time
Cannot contain any delay, event, Can contain delay, events, or timing
or timing control statements control statements

At least one input argument (only May have 0 argument of type input,
input) output, or inout

Always return a single value Do not return a value
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©* When Tasks?

« Tasks
— Can have delay, timing, or event control constructs
— Zero or more than one output arguments
— No input arguments

e Output and inout argument values are passed back to the
variables in the task invocation statement when the task is
completed.
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¢ Task 801 2%

task <name_of_task> ;
<task_declaration>
<statements>
endtask

 <task declaration> may contain
— Parameter Declaration
— 1/O arguments declarations (input, output, or inout declaration)
— variable declarations (reg, time, integer, or real declaration)
— Event declarations

« Example)
task init_sequence ;
begin
clock = 1'b0;
end
endtask

Al
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B Verilog-HDL : Tasks & Functions

¢ Task Invocation Syntax

<name_of task>;

CC —
1

<name_of_task> ( <parameter_list>) ;

« (Example)
1. Initiate_sequences ;
2. Compute values (output_val, input_vall, input_val2) ;
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B Verilog-HDL : Tasks & Functions

" Task O Al (1)

module operation ;

parameter delay = 10;

reg [15:0] A,B, AB_AND, AB_OR, AB_XOR;
always @(A or B)

. . . invocation
bit_operator(AB_AND, AB_OR, AB_XOR,A,B) ; // task invoking

task bit_operator ; // task definition ™\
output [15:0] ab_and, ab_or, ab_xor;
input [15:0] a, b ;
begin
#delay ab_and = a & b;
ab_or=al|b; > definition
ab xor=a”"b;
end
endtask

endmodule _/
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* Task Gl Al (2)

module sequence_gen ;

@ Note : the scope of

ikl variables in module
init_sequence ; // task invocation Reaches into tasks in
always the module

asymmetric_sequence ; // task invocation

task init_sequence ; // task definition 1
_ | endtask

(  task asymetric_sequence ; // task definition 2

begin
< #12: 1'b0; #5 clock = 1'b1 ; #3 clock = 1'b0 ; #10 clock = 1'b1 ;
end

endtask
endmodule
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o= When Function?

e Functions

— Have No delay, No Timing Control, No Event Control inside
function

— Returns a single value
— Have At least one argument

« Typically Functions are Used for Combinational Function
Computation
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s Function 8 2&

function [<return_range_or_type>] <function_name> ;
<function_declaration>

<statement>

endfunction

e <return_range_or_type> is either
— <INTEGR> or <REAL> or <vector_range>
» <function_declaration> may contain
— parameter_declaration
— Input_declaration
— variable_declarations (reg, time, integer, real type declaration)
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©» Function Invocation Syntax

o <function_name> (<arguments_list>) ;
« (Example)
— result = compute_a_value (a, b, ¢) ;
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B Verilog-HDL : Tasks & Functions

©# Function Gl Al (1)

module parity ;
reg [31:0] addr;
reg parity ;

always @ (addr)
invocation { parity = calc_parity (addr) ; // function invocation
function calc_parity ; // function declaration
input [31:0] address;
calc_parity = " address;
endfunction

definition <

endmodule
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B Verilog-HDL : Tasks & Functions
<+ Function Gl Al (2)

module shifter ;
reg [31:0] addr, |_addr, r_addr ;
reg control ;

( always @(addr) begin

| _addr = shift(addr, 0); // function invocation
r _addr = shift(addr,1 ); // function invocation
- end

- function [31:0] shift ;

o iInput [31:0] address ;

definition . it direction :

shift = (control == 0) ? (address << 1) : (address >> 1);
« endfunction

endmodule

Invocation <
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of= Exercises

1. Define a function that computes factorial for a 4-bit number. Output
IS 32-bit number.

2. Define a task that computes factorial for a 4-bit number. The
output is 32-bit value that is assigned to the output after delay of 10
time units.

3. Define a function to multiply two 4-bit numbers a and b. The output
IS 8-bit value.
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B Verilog-HDL : Tasks & Functions

—
[]f
J

Answers

/[ ans to the question 1.
function [31:0] factorial ;

input [3:0] a;

Integer i;

reg [31:0] val ;

begin
val = 1;
forl=1;i<=a;i=1+1)

val = val * i;

factorial = val;

end

endfunction

/[ ans to the question 2.

task factorial ;

output [31:0] res ;

input [3:0] a;

integer i;

begin
res = 1;
forl=1;1<=a;i=1+1)

res= res*i;
end
endtask
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B Verilog-HDL : Tasks & Functions

i Useful System Tasks

e Simulation Stop/Suspend
 Filel/O

* Displaying Hierarchy

e Strobing

« Random number generation
 Initializing Memory from File
 Value Change Dump File
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B Verilog-HDL : Tasks & Functions
©» Opening File for Output

« S$fopen
— Usage : $fopen(“<filename>");
— Usage : <file_handler> = $fopen(“<filename>");
— <file_handler> : 32-bit integer value called multichannel descriptor
e Multichannel descriptor
— each successive call to $fopen returns multichannel descriptor
with only one bit set (with bit 1 set, bit 2 set, ..., upto bit 31 set)
— S0, It is possible to write to Multiple Files at the Same Time selectively
— Multichannel descriptor for Standard Output : 0000...01 (bit O set)

integer handlel, handle2, handle3 ;

initial begin
handlel = $fopen(“filel.out”);
handle2 = $fopen(“file2.out”);
handle3 = $fopen(“file3.out”);

end
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©* Writing to Files

e Tasks for writing
— S$fdisplay, $fmonitor, $fstrobe, and $fwrite
— Usage : $fdisplay (<file_descriptor>, p1, p2, ..., pn)
— Usage : $fmonitor (<file_descriptor>, p1, p2, ..., pn)

iInteger descl, desc2, desc3 ;

initial begin
descl = handlel | 1; // filel.out + stdout
$fdisplay(descl, “Display 17);

desc2 = handlel | hdndle2 ; // filel.out + file2.out
$fdisplay(desc2, “Display 2");

desc3 = handle3 ;
$fdisplay (desc3, “Display 37);
end
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=+ Closing Files

* Files can be closed by fclose system task call with file_handler
« Usage : $fclose (handlel);
« A file cannot be written to once closed

 The corresponding bit in multichannel descriptor is set to 0. The next
call to $fopen will reuse the bit

// closing file
$fclose(handlel); // closing file1.out
$fclose(handle2); // closing file2.out
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=+ Displaying Hierarchy

CIXIE Al AE 2 X

« Using %m option in $display, $write, $monitor, or $strobe task

arguments

 When multiple instances are executing the same time, %m is
very useful to distinguish where the output comes from.

// just display hierarchy information
module M;
initial $display (“Displaying in %m);
endmodule;

module top;
M m1 ();
M m2 ();

M m3 ();
endmodule

-

Displaying in top.m1
Displaying in top.m2
Displaying in top.m3
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ok $strobe

e $strobe system task
— Very similar to $display task

— $display task has Nondeterministic order If many other statements are
executed in the Same Time unit

— $strobe is always executed after all other assignments in the same time
unit are executed. Thus, $strobe provides means to ensure that the data
is displayed with correct value after assignments are done

always @(posedge clk)
begin

a=Db;

c=d,
end ~value will be display after
always @(posedge clk) . a=b: c=dis executed
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©d Random Number Generation

« RNG is a Very Important task in Design verification &
performance analysis

e Usage : $random ; or $random (<seed>);
— <seed> is an optional number
— Returns 32-bit number

module RNGtest;

integer seed;

reg [31:0] addr; // input to ROM
wire [31:0] data ; // output from ROM

ROM rom1l (data,addr);
Initial seed = 2;
always @(posedge clk)
addr = $random(seed);
I/ check if ROM output is correct against expected value
endmodule
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ok Initializing Memory from File

 |Initializing the contents of Memory in Verilog
o 2 System Tasks : $readmemb (binary) , $readmemh (hexadecimal)

e $readmemb / Sreadmemh Usage :
— $readmemb (“<file_name>", <memory name>);
— $readmemb (“<file_name>", <memory_name>, <start_addr>);
— S$readmemb (“<file_name>", <memory _name>, <start_addr>,<finish_addr>);

module ram_test; M0] =X000XXXX
reg [7:0] mem [0:14] ; integer i; ﬁg% f)loﬁ(ﬁ(i(i(i(
initial begin M[3] = 01010101

$readmemb (“init.dat”, mem); M[4] = 00000000

M]5] = xxxxxxxx

for(i=0; i<15;1=1+ 1)

. : : \ M[6] =1111zzzz
$display(“%d = %b”,i,memli]); @-» M][7] = 00001111

end

M[8] = xxxxxxxx
endmodule @002

MJ9] = »xxxxxxxx
11111111 01010101

MJ10] = xxxxxxxx
MJ11] = xxxxxxxx

. . . 00000000 MJ12] = xxxxxxxx
Hlnlt.dat” Flle — " @006 M[13] = XXXXXXXX

1111zzzz 00001111 M[14] = xxxxxxxx
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©* Value Change Dump (VCD) File

 VCD (Value Change Dump) is an ASCII file that contains information about
simulation time, scope, signal definition, signal value changes while simulator

runs

e VCD + Post Process Tools is Very Useful for Simulation Result Analyzing
e Graphical Tools are Provided for VCD Post Process
* Very Large file size (100s of Mbytes) : selectively dump

Design
in Verilog

\ 4

Simulate | Make change
design in Design
VCD file
| Debug/
Postprocess 1 Analyze




CIXIE Al AE 2 X

B Verilog-HDL : Tasks & Functions

¢k VCD2} 2#&d & System Tasks

e Realted System Tasks : $dumpfile, $dumpvars, $dumpall,
$dumpon, $dumpoff

« S$dumpfile : Assign the Name of VCD file

« $dumpvars : selects module instances or signals to dump
e $dumpon / $dumpoff : start and stop dump process
 $dumpall : generate check points
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= vCD 0l Xl

I/ specify the name of dump file. Otherwise default name is assigned
initial $dumpfile (“*dump.out”); // dump simulation info into dump.out

/[ Dump signals in a module
initial $dumpvars ; // dump all arguments
initial $dumpvars(1,top) ; // dump variables in module instance top

/[ number 1 indicates the level of hierarchy (1 level below top)

// signals in top module, but signals in the modules instantiated by top)
initial $dumpvars (2, top.m1) ;// dump upto 2 levels below top.m1
initial $dumpvars (0, top.m1); // 0 means entire hierarchy below top.m1

Initial begin
$dumpon ; // begin dump process

#10000 $dumpoff; // stop dump process after 10000 time units
end

/] create checkpoints. Dump all current value of all VCD variable
initial $dumpall;
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£+ What and Why Logic Synthesis?

e Logic Synthesis :
— Short Definition : A Process of Converting High-Level Description of Design
into Optimized Gate-Level Representation
— Input : Design Constraints + Design Source Code (in Verilog)
— Output : Gate-Level Circuit (Netlist)
— Means : Design Automation Software Tools like Synopsys
e Logic Synthesis = Translation + Optimization
 Impacts of Logic Synthesis
— Technology independent description
— Design Reuse
— Time-to-Market
— Higher Reliability
— Fast Technology Migration
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ik Typical Logic Synthesis Flow

Analysis
Translation
Logic synthesis +
Logic
Mapbi Optimization
ppmg .
Place & Route

Layout Info Generation
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“* Think in Hardware!!!

« Keep in mind that the code should imply hardware structure
— Avoid purely algorithmic descriptions of hardware

e Avoid programming as in C or Java where we try exploit the
seqguentiality of the code. This will lead to long signal paths.

— Attempt to minimize dependencies between statements and try to
promote concurrency
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7# General Guide for Synthesis

Do not Mix positive and negative edge-triggered Logic in One
System

Do Design in Synchronous Manner
— Use Only One Clock Source

e Match the Simulation Results and Synthesis Results
— Complete Sensitivity List in always block
— Avoid Unwanted Latch Inference (if and case statement)

— Note that initial blocks and Delay information are ignored during
Synthesis
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o+ Mismatch between Synthesis and Simulation

always @(a) always @(a or b)
oza&b;‘ o=a&hb;

always @(a or b or c or d) always @(a or b or ¢ or d)
begin begin
o=a&b|temp; ‘ temp=c &d,;
temp =c & d; o=a&b|temp;

end end
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©* Unwanted Latch Inference (1)

e |f-else statements

always @(a or b) always @(a or b)

: If (a)
it (a) ) .,

c =Db;
else
c =1'b0:;

always @(a or b) always @(a or b)

if (a) begin
C=a; c=0; d=0;
else ‘ if(a) c<=a;
d=h: else d<=Db;

end
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©# Unwanted Latch Inference (2)
 Case statements

always @ (addr) //infers latches for rce_n, mcel, mceO
casez (addr) // synopsys full_case
2'010: {mcel, mce0} = 2'b10;
2'n11: {mcel, mceO} = 2'b01;
2'b07?: rce= 1'b0;
endcase

always @ (addr) begin
{mcel n, mceO n,rce n}=3b1l11; // initialize
casez (addr)
2'010: {mcel, mceO} = 2'b10;
2'bl11: {mcel, mceO} = 2'b01;
2'b07?: rce= 1'b0O;
endcase

end



