ASICs...THE COURSE (1 WEEK)

VERILOG HDL 11

Key terms and concepts: syntax and semantics ¢ operators ¢ hierarchy « procedures and assign-
ments ¢ timing controls and delay « tasks and functions ¢ control statements ¢ logic-gate modeling
* modeling delay ¢ altering parameters ¢ other Verilog features: PLI

History: Gateway Design Automation developed Verilog as a simulation language ¢ Cadence
purchased Gateway in 1989 « Open Verilog International (OVI) was created to develop the
Verilog language as an IEEE standard ¢ Verilog LRM, IEEE Std 1364-1995 « problems with a
normative LRM

11.1 A Counter

Key terms and concepts: Verilog keywords e simulation language ¢ compilation ¢ interpreted,

compiled, and native code simulators

“tinmescale 1ns/1ns // Set the units of tine to be nanoseconds. /11
nodul e count er; /12
reg clock; // Declare a reg data type for the cl ock. /13
i nteger count; // Declare an integer data type for the count. /14
initial // Initialize things; this executes once at t=0. /15
begi n /16
clock = 0; count = 0; // Initialize signals. 117
#340 $finish; // Finish after 340 time ticks. /18
end /19
/* An always statenment to generate the clock; only one statenent
follows the always so we don't need a begin and an end. */ /110
al ways /111
#10 clock = ~ clock; // Delay (10ns) is set to half the clock
cycl e. /112
/* An al ways statenment to do the counting; this executes at the sane
time (concurrently) as the preceding al ways statenment. */ /113
al ways /114
begi n /115
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/1 Wait here until the clock goes from1l to O.
@ (negedge cl ock);
/1 Now handl e the counti ng.

if (count == 7)
count = O;
el se
count = count + 1;
$di splay("tinme = ", $tinme," count =", count);
end
endnodul e

11.2 Basics of the Verilog Language

/116
1117
/118
/119
/120
/121
1122
1123
/124
1125

Key terms and concepts: identifier « Verilog is case-sensitive ¢ system tasks and functions

begin with a dollar sign ' $'

identifier ::= sinple_identifier | escaped_identifier
sinple_identifier ::=[a-zA-Z][a-zA-Z_ 9]

escaped_identifier ::=
\ {Any_ASCI | character_except_white_space} white_ space
white_space ::= space | tab | newine

nodul e identifiers;
/* Multiline conments in Verilog
| ook like C coments and // is OKin here. */
/1l Single-line conment in Verilog.
reg legal _identifier,two__underscores;
reg OK, OK ,OK $, K 123, CASE _SENSI Tl VE, case_sensitive;

reg \/clock ,\a*b ; // Add white space after escaped identifier.

//reg $ BAD, 123 BAD; // Bad nanes even if we declare them
initial begin

| egal _identifier 0; // Enbedded underscores are K

two__underscores = 0; // even two underscores in a row.
K =0; // ldentifiers can start with underscore

OK_ = 0; // and end wi th underscore.
OK$ = 0; // $ signis OK but beware foreign keyboards.
K 123 =0; // Enbedded digits are OK

CASE SENSITIVE = 0; // Verilog is case-sensitive (unlike VHDL).

/11
112
/13
114
115
116
117
118
119
/110
/111
1112
/113
/114
/115
/116
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case_sensitive = 1, /117
\/clock = 0; // An escaped identifier with \ breaks rules, /118
\a*b = 0; // but be careful to watch the spaces! /119
$di spl ay(" Vari abl e CASE_SENSI Tl VE= %", CASE_SENSI TI VE) ; /120
$di spl ay("Vari abl e case_sensitive= %", case_sensitive); /121
$di spl ay("Variable \/clock = %l",\/clock ); /122
$di spl ay("Variable \\a*b = %l",\a*b ); /123
end /124
endnodul e /125

11.2.1 Verilog Logic Values
Key terms and concepts: predefined logic-value system or value set ¢ four logic values: ' 0",

"1',"x",and’' z' (lowercase) ¢ uninitialized or an unknown logic value (either' 1'," 0',"' z',
or in a state of change) * high-impedance value (usually treated as an ' x* value) ¢ internal logic-

value system resolves conflicts between drivers on the same node

11.2.2 Verilog Data Types
Key terms and concepts: data types ¢ nets ¢ wire and tri (identical) « supplyl and supplyO

(positive and negative power) « default initial value forawi reis' z' sinteger, time, event, and
real data types ¢ register data type (keyword r eqg) * default initial value foraregis' x' *areg
is not always equivalent to a register, flip-flop, or latch « scalar ¢ vector * range * access (or
expand) bits in a vector using a bit-select, or as a contiguous subgroup of bits using a part-
select » no multidimensional arrays « memory data type is an array of registers « integer arrays

« time arrays ¢ no real arrays

nodul e decl arati ons_1; /11
wire pw _good, pw _on, pw _stable; // Explicitly declare wres. /12
integer i; // 32-bit, signed (2's conplenent). /13
time t; // 64-bit, unsigned, behaves like a 64-bit reg. /14
event e; // Declare an event data type. /15
real r; // Real data type of inplenentation defined size. /16
/'l An assign statenment continuously drives a wire: 117
assign pw _stable = 1'bl; assign pw_on = 1; // 1 or 1'bl /18
assign pw_good = pw _on & pw _stabl e; /19
initial begin /110
I = 123. 456; /'l There nmust be a digit on either side /111
r = 123456e-3; // of the decimal point if it is present. /112

t

123456e-3; // Tinme is rounded to 1 second by default. /113
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$di splay("i=9%0g",i," t=96.2f",t," r=96",r);

#2 $di splay("TI ME=%®Od", $tine," ON=", pw _on,
" STABLE=", pw _stable," GOOD=", pw _good);

$finish; end

endnodul e

nodul e decl arati ons_2;
reg Q dk; wre D

/'l Drive the wire (D):
assign D = 1;

/'l At a +ve clock edge assign the value of wire Dto the reg Q

al ways @posedge C k) Q= D

initial Ak = 0; always #10 Gk = ~ dk

initial begin #50; $finish; end

al ways begin

$di spl ay(" T=%2g", S$tinme," D=",D" Ak=",dKk," &",Q; #10end
endnodul e

nodul e decl arati ons_3;
reg a,b,c,d,e;
initial begin

#10; a = 0;b =0;c =0;d =0; #10; a =0;b =1;¢c =1;d = 0;
#10; a = 0;b = 0;c = 1;d = 1; #10; $stop;
end

al ways begin
@a or b or cor d e = (alb)&c|d;
$di spl ay("T=%®0g", $tine," e=",e);
end
endnodul e

nodul e decl arati ons_4;

wire Data; // A scalar net of type wre.

wire [31:0] ABus, DBus; // Two 32-bit-wi de vector wres:

/1 DBus[31] = leftnost = nost-significant bit = nsb

/1 DBus[0O] = rightnost = least-significant bit = 1sb

/'l Notice the size declaration precedes the nanes.

/'l wire [31:0] TheBus, [15:0] BigBus; // This is illegal.
reg [3:0] vector; // A 4-bit vector register.

reg [4:7] nibble; // nmsb index < Isb index is OK

i nteger i;

initial begin

= 1;
vect or
ni bbl e

'b1010; // Vector w thout an i ndex.
vector; // This is OK too.

/114
/115
/116
1117
/118

/11
112
/13
/14
/15
/16
117
/18
/19
/110
/111

/11
112
/13
114
115
116
117
118
/19
/110
/111

/11
112
/13
114
115
/16
117
/18
119
/110
/111
/112
/113
/114
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#1; S$display("T=%g", $tine," vector=", vector," nibble=", nibble);/ /15

#2; $display("T=%0g", $tine," Bus=%", DBus[ 15:0]); /116
end /117
assign DBus [1] = 1; // This is a bit-select. /118
assign DBus [3:0] = "bl1l11l; // This is a part-select. /119
/'l assign DBus [0:3] = '"bl1l111; // Illegal : wong direction. /120
endnodul e /121
nodul e decl arati ons_5; /11
reg [31:0] VideoRam [7:0]; // An 8-word by 32-bit w de nenory. /12
initial begin /13
Vi deoRanf{ 1] = "bxz; // W nust specify an index for a nenory. /14
Vi deoRanf 2] = 1; /15
Vi deoRan{ 7] = Vi deoRani Vi deoRan{2]]; // Need 2 clock cycles for this/6
VideoRan{8] = 1; // Careful! the conpiler won't conplain about thig!/7
/'l Verify what we entered: /18
$di spl ay(" Vi deoRan{0] is %", VideoRani0]); /19
$di spl ay("Vi deoRan{1] is %", VideoRani 1]); /110
$di spl ay(" Vi deoRan{ 2] is %", VideoRani2]); /111
$di spl ay("VideoRan{7] is %", VideoRani7]); /112
end /113
endnodul e /114
nodul e decl arati ons_6; /11
I nteger Number [1:100]; // Notice that size foll ows nane /12
time Tine_Log [1:1000]; // - as in an array of reg. /13
/'l real Illegal [1:10];// Illegal. There are no real arrays. /14
endnodul e /15

11.2.3Other Wire Types
Key terms and concepts: wand, wor, t ri and, and t ri or model wired logic « ECL or EPROM,

* one area in which the logic values ' z' and' x' are treated differentlyetri Oandtri 1 model
resistive connectionsto VSS or VDD <t ri r eg is like aw r e but associates some capacitance
with the net and models charge storage ¢ scalared and vectored are properties of vectors ¢

smal I, medi um and | ar ge model the charge strength of t ri r eg

11.2.4 Numbers
Key terms and concepts: constant numbers are integer or real constants ¢ integer constants

are written as W dt h' r adi x val uee radix (or base): decimal (d or D), hex (h or H), octal (o

or O, orbinary (b or B) * sized or unsized (implementation dependent) s 1' bx and 1' bz for' x'
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and ' z' e parameter (local scope) * real constants 100.0 or 1e2 (IEEE Std 754-1985) e reals

round to the nearest integer, ties away from zero

nodul e const ant s; /111
paraneter HL2 UNSIZED = 'h 12; // Unsized hex 12 = deci nmal 18. /12
paranmeter H12 SIZED = 6'h 12; // Sized hex 12 = decinmal 18. /13
/'l Note: a space between base and value is K /14
/'l Note: ‘' (single apostrophes) are not the sane as the ' character/5
paraneter D42 = 8 B0010 _1010; // bin 101010 = dec 42 /16
/'l OK to use underscores to increase readability. 117
paraneter D123 = 123; // Unsized decinmal (the default). /18
paranmeter D63 = 8 o 77; // Sized octal, decinmal 63. /119
/'l paranmeter |ILLEGAL = 1'09; // No 9's in octal nunbers! /110
/[l A ="hx and B = 'ox assune a 32 bit w dth. /111

paraneter A="'h x, B="'ox, C=8bx, D="h 1z, E=16"h ????; [/12
// Note the use of ? instead of z, 16'h ???? is the sane as 16'h

zz7z. /113
/1 Also note the automatic extension to a width of 16 bits. /114
reg [3:0] BOO11, Bxxxl, Bzzzl; real Rl, R2,R3; integer 11,13,1_3; /115
paranmeter BXZ = 8' b1x0x1z0z; /116
initial begin /117
BO011 = 4' bll; Bxxxl = 4'bx1l; Bzzzl1l = 4'bzl;// Left padded. /118
Rl = 0.1el; R2 = 2.0; R3 = 30E-01; // Real nunbers. /119
11 =1.1; 13 =2.5; 1 _3=-2.5; // IEEE rounds away from O. /120
end /121
initial begin #1; /122
$di spl ay /123
("HL12_UNSI ZED, H12_SI ZED (hex) = %, %", Hl2 UNSI ZED, H12_SI ZED); // 24
$di splay("D42 (bin) = %",D42," (dec) = %", D42); /125
$di spl ay(" D123 (hex) = %", D123," (dec) = %", D123); /126
$di spl ay("D63 (oct) = %", D63); /127

$di splay("A (hex) = %",A " B (hex) %", B); /128
$di splay("C (hex) = %",C," D (hex) = %",D," E (hex) = %", E); /129

$di splay("BXZ (bin) = %",BXZ," (hex) = %", BXZ); /130
$di spl ay("B0011, Bxxx1l, Bzzzl (bin) =%, %, %", B0O011, Bxxx1, Bzzz1){ 31
$display("Rl, R2, R3 (e, f, g) = %, %, %", Rl, R, R3); /132
$display("I1, 13, 1_3 (d) =%, %, %", 11, 13, |1_3); /133
end /134

endnodul e /135
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11.2.5 Negative Numbers

Key terms and concepts: Integers are signed (two’s complement) or unsigned « Verilog only

“keeps track” of the sign of a negative constant if it is (1) assigned to ani nt eger or (2) assigned

to a par anet er without using a base (essentially the same thing) ¢ in other cases a negative

constant is treated as an unsigned number ¢ once Verilog “loses” a sign, keeping track of signed

numbers is your responsibility

nodul e negati ve_nunbers;

paranmeter PA = -12, PB = -'d12, PC = -32'd12, PD = -4'd1z;
integer 1A, IB, IC, ID;reg[31:0] RA, RB, RC, RD,;

initial begin #1;

A =-12; IB=-"d12; I1C = -32'd12; ID = -4'd12;

RA = -12; RB = -'d12; RC = -32'd12; RD = -4'd12; #1,;

$di spl ay(" par amet er I nt eger reg[31:0]");

$di splay ("-12 =", PA IA ,,RA;

$di spl ayh(" " ... PA L LA L, RA

$di splay ("-'d12 =",,PB,IB,,,RB);

$di spl ayh(" “.,,,PB,,,,IB,,,,,RB;

$di splay ("-32'd12 =",,PC IC,,,RO;

$di spl ayh(" “.,,,PC,,,IC,,,,RO;

$di splay ("-4'd12 =,,,,,,,,,,PDID,,,RD;

$di spl ayh(" " i raaa.a..PD L, ID,,,,,RD;

end

endnodul e
par anet er i nt eger reg[ 31: 0]

-12 = -12 -12 4294967284
fffffff4a fffffff4 fffffff4

-'d12 = 4294967284 -12 4294967284
fffffff4 fffffff4 fffffff4

-32'd12 = 4294967284 -12 4294967284
fffffffa fffffff4 fffffffa

-4'd12 = 4 -12 4294967284

4 fffffff4 fffffff4

/11
112
/13
/14
115
116
117
118
119
/110
/111
1112
/113
/114
/115
/116
1117
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11.2.6 Strings
Key terms and concepts: ISO/ANSI defines characters, but not their appearance ¢ problem

characters are quotes and accents ¢ string constants ¢ define directive is a compiler directive

(global scope)

nodul e characters; /* /11

is ASCII 34 (hex 22), double quote. /12

is ASCII 39 (hex 27), tick or apostrophe. /13
/ is ASCIlI 47 (hex 2F), forward sl ash. /14
\ is ASCII 92 (hex 5C), back sl ash. /15
" is ASCII 96 (hex 60), accent grave. /16
| is ASCII 124 (hex 7C), vertical bar. /17
There are no standards for the graphic synbols for codes above 128.//8

is 171 (hex AB), accent acute in alnost all fonts. /19

Is 210 (hex D2), open double quote, like 66 (in some fonts). /110
" is 211 (hex D3), close double quote, like 99 (in sone fonts). /111

is 212 (hex D4), open single quote, like 6 (in sone fonts). /112
" is 213 (hex D5), close single quote, like 9 (in sone fonts). /113
*/ endnodul e /114
nodul e text; /11
paranmeter A String = "abc"; // string constant, nust be on one line//2
paraneter Say = "Say \"Hey!\""; /13
/'l use escape quote \" for an enbedded quote /14
paraneter Tab = "\t"; /'l tab character /15
paranmeter NewLine = "\n"; // new ine character /16
par anet er BackSl ash = "\\"; // back sl ash 117
paranmeter Tick = "\047"; // ASCI| code for tick in octal /18
/'l parameter Illegal = "\500";// illegal - no such ASCI| code /19
initial begin /110
$di splay("A String(str) =% ",A String," (hex) = % ",A String); //11
$di splay("Say = % ", Say," Say \"Hey!\""); /112
$di spl ay(" NewLi ne(str) = % ", NewLine,"” (hex) = % ", NewLi ne); /113
$di splay("\\(str) = % ", BackSlash," (hex) = % ", BackSl ash); /114
$di spl ay(" Tab(str) = % ", Tab," (hex) = % ",Tab,"1 newline..."); //15
$di splay("\'n"); /116
$di splay("Tick(str) = % ", Tick," (hex) = % ", Tick); /117

#1.23; $display("Time is %", S$tinme); /118
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end /119
endnodul e /120
nodul e defi ne; /111
“define G BUSWDTH 32 // Bus width paraneter (G_ for global). /12
/* Note: there is no semcolon at end of a conpiler directive. The
character = is ASCII 96 (hex 60), accent grave, it slopes down from
left to right. It is not the tick or apostrophe character ' (ASCIl 39
or hex 27)*/ /13
wire [ G BUSWDTH:. 0] MyBus; // A 32-bit bus. /14
endnodul e /15

11.3 Operators

Key terms and concepts: three types of operators: unary, binary, or a single ternary operator ¢

similar to C programming language (but no ++ or --)

Verilog unary operators

Opera- Name Examples
tor
! logical negation 1123 is 'b0 [0, 1, or x for ambiguous; legal for real]
~ bitwise unary negation ~1'b10xz is 1'b01xx
& unary reduction and & 4'b1111is1'bl, & 2'bx1is 1'bx, & 2'bzl is 1'bx
~& unary reduction nand ~& 4'b1111is 1'b0, ~& 2'bx1 is 1'bx
| unary reduction or Note:
~| unary reduction nor Reduction is performed left (first bit) to right
A unary reduction xor Beware of the non-associative reduction operators
~N A~ unary reduction xnor z is treated as x for all unary operators
+ unary plus +2'bxz is +2'bxz [+m is the same as m; legal for real]
- unary minus -2'bxz is x [-m is unary minus m; legal for real]
nodul e oper at ors; /11
paranmeter AlOxz = {1'b1,1' b0, 1" bx, 1'bz}; // Concatenation and /12
paranmeter A01010101 = {4{2'bO1}}; // replication, illegal for real.//3
/1l Arithnetic operators: +, -, *, [, and nodulus % /14
paraneter Al = (3+2) 9%; // The sign of a % b is the sane as sign of
a. /15
/'l Logical shift operators: << (left), >> (right) /16

paranmeter A2 = 4 >> 1; paraneter A = 1 << 2; // Note: zero fill. 117
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Verilog operators (in increasing order of precedence)

?: (conditional) [legal for real; associates right to left (others associate left to right)]

| | (logical or) [A smaller operand is zero-filled from its msb (O-fill); legal for real]

&& (logical and)[O-fill, legal for real]

| (bitwise or) ~| (bitwise nor) [O-fill]

A (bitwise xor) A~ ~" (bitwise xnor, equivalence) [O-fill]

& (bitwise and) ~& (bitwise nand) [O-fill]

== (logical) ! =(logical) === (case) ! == (case) [O-fill, logical versions are legal for real]
< (It) <= (It or equal) > (gt) >= (gt or equal) [O-fill, all arelegal for real]

<< (shift left) >> (shift right) [zero fill; no -ve shifts; shift by x or z results in unknown]

+ (addition) - (subtraction) [if any bit is x or z for + - * / % then entire result is unknown]
* (multiply) / (divide) %(modulus) [integer divide truncates fraction; + - * / legal for real]

Unary operators:! ~ & ~&| ~| ~ ~" "~ + -

/'l Relational operators: <, <= > >= /18
initial if (1 > 2) $stop; /19
/'l Logical operators: ! (negation), &% (and), || (or) /110
paraneter BO = !12; paraneter Bl = 1 && 2; /111
reg [2:0] AO0Ox; initial begin AOOx = 'b111l; A00x = !2' bx1; end /112
paraneter C1L = 1 || (1/0); /* This may or may not cause an /113
error: the short-circuit behavior of &% and || is undefined. An //14
evaluation including & or || may stop when an expression is knowl/15
to be true or false. */ /116
/'l == (logical equality), != (logical inequality) /117
paranmeter Ax = (1==1'bx); paranmeter Bx = (1' bx!=1"bz); /118
paraneter DO = (1==0); paraneter D1 = (1==1); /119
/| === case equality, !== (case inequality) /120
/'l The case operators only return true (1) or false (0). /121
paranmeter EO = (1===1'bx); paraneter E1 = 4'b01lxz === 4' b0lxz; /122
paranmeter F1 = (4' bxxxx === 4' bxxxX); /123
/1l Bitwi se |ogical operators: /124
/'l ~ (negation), & (and), | (inclusive or), /125
/'l ™ (exclusive or), ~" or “~ (equival ence) /126
paraneter AOO = 2'b01 & 2' bl0; /127
/'l Unary | ogical reduction operators: /128
/I & (and), ~& (nand), | (or), ~| (nor), /129
/[l ~ (xor), ~™ or ~~ (xnor) /130
paraneter Gl= & 4' b1111; /131

/1l Conditional expressionf =a ? b : c [if (a) then f=b else f=c]//32
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/[l if a=(x or z), then (bitwse) f=0if b=c=0, f=1if b=c=1, else f#%x33

reg HO, a, b, c; initial begin a=1; b=0; c=1; HO=a?b:c; end /134
reg[2: 0] JO1x, Jxxx, JOl1lz, JO11; /135
initial begin Jxxx = 3" bxxx; JO01lz = 3'b01z; JO11 = 3' b011; /136
JO1x = Jxxx ? JO01z : JO11; end // A bitwi se result. /137
initial begin #1; /138
$di spl ay(" AlOxz=%", A10xz," A01010101=%", A01010101); /139
$di spl ay("Al=%®d", Al," A2=%d", A2," A4=9%9d", A4); /140
$di spl ay("B1=%", B1," BO0=%", BO," A00x=%", AOOX) ; /141
$di spl ay("Cl=%", C1," Ax=%", Ax," Bx=%", BX); /142
$di spl ay(" DO=%", DO, " D1=%", D1); /143
$di spl ay(" EO=%", EO," E1=%",El," Fl1=%", Fl); /144
$di spl ay(" A00=%", AOO, " G1l=%", Gl," HO=%", HO); /145
$di spl ay("J01x=%", JO1x); end /146
endnodul e /147

11.3.1 Arithmetic
Key terms and concepts: arithmetic on n-bit objects is performed modulo 2" « arithmetic on

vectors (r eg or wi r e) are predefined ¢ once Verilog “loses” a sign, it cannot get it back

nodul e nodul o; reg [2:0] Seven; /11
initial begin /12
#1 Seven = 7; #1 $di splay("Before=", Seven); /13
#1 Seven = Seven + 1; #1 $display("After =", Seven); /14
end /15
endnodul e /16
nodul e LRM arithnetic; /11
integer 1A 1B, IC ID |IE reg [15:0] RA, RB, RC /12
initial begin /13
A =-4d12; RA = IA/ 3; I/ reg is treated as unsigned. /14
RB =-4'd12; IB= RB/ 3; [/ /15
IC=-4'd12 / 3; RC=-12/ 3; /Il real is treated as signed /16
ID = -12/ 3; IE= 1A/ 3; I/ (tw’s conplenent). /17
end /18
initial begin #1, /19
$di spl ay(" hex default"); /110
$di splay("I A = -4'd12 = %hod", I A |A); /111
$display("RA = 1A/ 3 = %% %", RA RA) ; /112
$di splay("RB = -4'd12 = %% %", RB, RB) ; /113
$display("IB =RB/ 3 = %% ",1B,1B); /114
$display("IC = -4"'d12 / 3 = %%l",1C 1C); /115
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$di splay("RC = -12 / 3 = %h %", RC, RO) ; /116

$di splay("ID = -12 / 3 = %%l",I1D 1D); /117

$display("IE = A/ 3 = %%l",|E IE); /118

end /119

endnodul e /120
hex def aul t

|A = -4"d12 = fffffff4 -12

RA=IA/ 3 = fffc 65532

RB = -4'd12 = fffa 65524

IB=RB/ 3 = 00005551 21841

IC = -4"d12 / 3 =55555551 1431655761

RC=-12/ 3 = fffc 65532

ID=-12 / 3 = fffffffc -4

IE= 1A/ 3 = fffffffc -4

11.4 Hierarchy

Key terms and concepts: module ¢ the module interface interconnects two Verilog modules
using ports ¢ ports must be explicitly declared as input, output, or inout * a r eg cannot be
I nput ori nout port (to connection of a r eg to another r eg) * instantiation  ports are linked
using named association or positional association ¢ hierarchical name ( mL. weekend) ¢

The compiler will first search downward (or inward) then upward (outward)

Verilog ports.

Verilog port input output inout
Characteris- wi re (or other reg orw r e (or other net) Wi re (or other
tics ney) We can read an output port inside a net)
module
nodul e hol i day_1(sat, sun, weekend); /11
I nput sat, sun; output weekend; /12
assi gn weekend = sat | sun; /13
endnodul e /14
“tinmescale 100s/1s // Units are 100 seconds with precision of 1s. //1
nodule life; wire [3:0] n; integer days; /12
wire wake_7am wake_8am // Wake at 7 on weekdays el se at 8. /13
assighn =1 + (days %7); // nis day of the week (1-7) /14

al ways@ wake_8am or wake_7am /15
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$di spl ay(" Day=",n," hours=%0d ", ($ti ne/36)%R4," 8am = ", /16
wake 8am " 7am = ",wake 7am" nR.weekday = ", nR.weekday); 117
initial days = O; /18
initial begin #(24*36*10); $finish; end // Run for 10 days. /19
al ways #(24*36) days = days + 1; // Bunp day every 24hrs. /110
rest mi(n, wake 8an); // Mdule instantiation. /111
/'l Creates a copy of nodule rest with i nstance nanme ni, /112
/'l ports are linked using positional notation. /113
wor k n2(.weekday(wake_7am, .day(n)); /114
/'l Creates a copy of nodule work with instance nane ng, /115
/'l Ports are |inked using naned associ ati on. /116
endnodul e /117
nodul e rest (day, weekend); // Modul e definition. /11
/'l Notice the port nanes are different fromthe parent. /12
i nput [3:0] day; output weekend; reg weekend; /13
al ways begi n #36 weekend = day > 5; end // Need a del ay here. /14
endnodul e /15
nodul e wor k(day, weekday); /11
i nput [3:0] day; output weekday; reg weekday; /12
al ways begin #36 weekday = day < 6; end // Need a del ay here. /13
endnodul e /14

11.5 Procedures and Assignments

Key terms and concepts: a procedure is an al ways or i ni ti al statement, a t ask, or a
functi on) « statements within a sequential block (between a begi n and an end) that is part
of a procedure execute sequentially, but the procedure executes concurrently with other proce-
dures ¢ continuous assignments appear outside procedures ¢ procedural assignments

appear inside procedures

nodul e hol i day_1(sat, sun, weekend); /11
I nput sat, sun; out put weekend; /12
assi gn weekend = sat | sun; // Assignnment outside a procedure. /13

endnodul e /14

nodul e hol i day_2(sat, sun, weekend); /11

I nput sat, sun; output weekend; reg weekend, /12
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al ways #1 weekend = sat | sun; // Assignnent inside a procedure. //3

endnodul e /14
nodul e assi gnnent s /11
/1... Continuous assignnments go here. /12
al ways // begi nning of a procedure /13
begin // begi nning of sequential block /14
/l... Procedural assignnments go here. /15
end /16
endnodul e 117

11.5.1 Continuous Assignment Statement
Key terms and concepts: a continuous assignment statement assignstoa wi r e like a real

logic gate drives a real wire,

nodul e assi gnnent _1(); /11
W re pw _good, pw _on, pw stable;reg Ck, Fire; /12
assign pw _stable = &k & (!'Fire); /13
assign pw_on = 1; /14
assign pw _good = pw_on & pw _stabl e; /15
initial begin &k = 0; Fire =0; #1 G = 1; #5 Fire = 1;end /16
initial begin $nmonitor("TIME=%Od", $time," ON=", pw _on, " STABLE=", //7
pw stable,"” OK=",," FIRE=",Fire," GOOD=", pw _good); /18
#10 $finish; end /19
endnodul e /110
nodul e assi gnnent _2; reg Enable; wire [31:0] Data; /11
/* The followi ng single statenent is equivalent to a declaration and
conti nuous assignnment. */ /12
wire [31:0] DataBus = Enable ? Data : 32' bz; /13
assign Data = 32'b10101101101011101111000010100001; /14
initial begin /15
$noni t or ("Enabl e=% Dat aBus=% ", Enabl e, DataBus); /16
Enable = 0; #1; Enable = 1; #1; end /17
endnodul e /18

11.5.2 Sequential Block
Key terms and concepts: a sequential block is a group of statements between a begin and an

end e to declare new variables within a sequential block we must name the block ¢ a sequential

block is a statement, so that we may nest sequential blocks ¢ a sequential block in an always
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statement executes repeatedly  an initial statement executes only once, so a sequential block

inanini ti al statement only executes once at the beginning of a simulation

nodul e al ways_1; reg Y, dKk; /11
always // Statenents in an al ways statenent execute repeatedly: /12
begin: ny_block // Start of sequential bl ock. /13

@posedge A k) #5 Y = 1; // At +ve edge set Y=1, /14

@posedge k) #5 Y = 0; // at the NEXT +ve edge set Y=0. /15
end // End of sequential bl ock. /16
always #10 Gk = ~ dk; // W need a cl ock. 117
initial Y =0; // These initial statenents execute /18
initial Ak = 0; // only once, but first. /19
initial $nmonitor("T=%2g", $tinme," dAdk=",dk," Y=",Y); /110
initial #70 $finish; /111
endnodul e /112

11.5.3 Procedural Assignments
Key terms and concepts: the value of an expression on the RHS of an assignment within a

procedure (aprocedural assignment) updates ar eg (or memory element) immediatelysar eg
holds its value until changed by another procedural assignment « a blocking assignmentis one

type of procedural assignment

bl ocki ng_assignnment ::= reg-Ilvalue = [delay_or_event _control]
expressi on
nodul e procedural _assign; reg Y, A /11
al ways @A) /12
Y = A, // Procedural assignnent. /13
initial begin A=0; #5; A=1; #5; A=0; #5; %$finish;end /14
initial $nmonitor("T=92g9", $tine,,"A=", A ,,"Y=",Y); /15
endnodul e /16

=0 A=0 Y=0
=5 A=1 Y=1
T=10 A=0 Y=0
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11.6 Timing Controls and Delay

Key terms and concepts: statements in a sequential block are executed, in the absence of any
delay, at the same simulation time—the current time step ¢ delays are modeled using a timing

control

11.6.1 Timing Control
Key terms and concepts: atiming controlis a delay control or an event control  a delay control

delays an assignment by a specified amount of time « timescale compiler directive is used to
specify the units of time and precision « " ti nescal e 1ns/ 10ps- (s, ns, ps, or fs and the
multiplier must be 1, 10, or 100) ¢ intra-assignment delay ¢ delayed assignment « an event
control delays an assignment until a specified event occurs * posedge is a transition from' 0
to'1" or'x',oratransition from' x' to' 1" (transitions to or from ' z' don’t count) ¢ events

can be declared (as named events), triggered, and detected

x = #1 y; [/ intra-assignnent del ay

#1 x =vy; I/ delayed assi gnnment

begin // Equivalent to intra-assignnent del ay.

hold =vy; // Sanple and hold y imedi ately.

#1; /1 Del ay.

x = hold; // Assignnent to x. Overall same as x = #1 vy.
end

begin // Equivalent to del ayed assi gnnment.

#1; /1 Del ay.

Xx =y, I/ Assigny to x. Overall sane as #1 x =y.
end

event _control ::=@event identifier | @(event_expression
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event _expression ::= expression |event_identifier
| posedge expression | negedge expression
| event _expressionor event_expression

nodul e del ay_controls; reg X, Y, dk, Dummy; /11
al ways #1 Dumry=! Durmy; // Dunmy cl ock, just for graphics. /12
/'l Exanpl es of delay controls: /13
al ways begi n #25 X=1;#10 X=0; #5; end /14
/'l An event control: /15
al ways @posedge k) Y=X; // Wait for +ve clock edge. /16
al ways #10 Ak =!'dk; // The real clock. /17
initial begin Ak = 0; /18

$display("T dk X Y"); /19

$noni tor ("9R2g", $tinme,,,dk,,,, X ,Y); /110

$dunpvars; #100 $fini sh; end /111
endnodul e /112
nodul e show_event; /11
reg cl ock; /12
event event 1, event 2; // Declare two naned events. /13
al ways @ posedge clock) -> event_1; // Trigger event 1. /14
al wvays @event 1 /15
begi n $di splay("Strike 1'!"); -> event_2;end // Trigger event_ 2. /16
al ways @event_2 begin $display("Strike 2!1"); 117
$finish; end // Stop on detection of event_ 2. /18
al ways #10 clock = ~ clock; // W need a cl ock. /19
initial clock = 0; /110
endnodul e /111

11.6.2 Data Slip

modul e data_slip_1 (); reg Ak, D Q, Q; /11
/************* bad Sequentlal |OgIC bel ow ***************/ //2
al ways @posedge k) QL = D /13
al wvays @posedge k) @ = QL; // Data slips here! /14
/************* bad Sequentlal |Og|C above ***************/ //5
initial begin Ak = 0; D=1; end al ways #50 d k = ~d k; /16
initial begin $display("t dk DQL @"); 117
$noni tor ("98g", $tinme,, dk,,,,D,,Q,,, @) ;end /18

initial #400 $finish; // Run for 8 cycles. /19
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initial $dunpvars; /110
endnodul e /111

al ways @posedge k) QL
al wvays @ posedge k) @

#1 D, // The delays in the assignnents //1
#1 QL; // fix the data slip. /12

11.6.3 Wait Statement
Key terms and concepts: wait statement suspends a procedure until a condition is true « beware

“infinite hold” « level-sensitive

wait (Done) $stop; // Wait until Done = 1 then stop.

nodul e test _dff _wait; /11
reg D, Cock, Reset; dff wait ul(D, Q C ock, Reset); /12
initial begin D=1; O ock=0; Reset=1"bl; #15 Reset=1"b0; #20 D=0;end //3
al ways #10 C ock = !d ock; /14
initial begin $display("T Ok D Q Reset"); /15

$noni tor ("9%Rg", $tine,, d ock,,,,D,,Q , Reset); #50 $finishend /16
endnodul e 17
nodul e dff _wait (D, Q d ock, Reset); /11
output @ input D, Cock, Reset; reg Q wre D /12
al ways @ posedge Cock) if (Reset '==1) Q= D /13
al ways begin wait (Reset == 1) Q= 0; wait (Reset !'==1); end /14
endnodul e /15
nodul e df f _wai t (D, Q O ock, Reset); /111
output Q input D Cock,Reset; reg Q wire D /12
al ways @posedge Cock) if (Reset '==1) Q= D /13
/'l W need another wait statenment here or we shall spin forever. /14
al ways begin wait (Reset == 1) Q= 0; end /15
endnodul e /16

11.6.4 Blocking and Nonblocking Assignments
Key terms and concepts: a procedural assignment (blocking procedural assignment

statement) with a timing control delays or blocks execution ¢ nonblocking procedural
assignment statement allows execution to continue ¢ registers are updated at end of current
time step ¢ synthesis tools don’t allow blocking and nonblocking procedural assignments to the
same r eg within a sequential block

nodul e del ay; /11

reg a,b,c,d, e, f,qg,bds, bsd; /12
initial begin /13
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a=1, b =20;// No delay control. /14
#1 b = 1; /1 Del ayed assi gnnent. /15
c = #1 1; /'l 1 ntra-assignnent del ay. /16
#1; /1 Delay control. /17
d = 1; /1 /18
e <= #1 1, /'l Intra-assignnent del ay, nonbl ocki ng assi gnnent /19
#1 f <= 1; /1 Del ayed nonbl ocki ng assi gnnent. /110
g <= 1; /'l Nonbl ocki ng assi gnnent. /111
end /112
initial begin #1 bds = b; end // Delay then sanple (ds). /113
initial begin bsd = #1 b; end // Sanple then delay (sd). /114
initial begin $display("t a bc d e f g bds bsd"); /115
$nonitor("%", $tine,,a,,b,,c,,d,,e, ,f,,qg,,bds,,,,bsd); end /116
endnodul e /117
t abcdef g bds bsd

010xXxXx XXX X

111xxxxx1 O

2111xxxx1 0

31111xxx1 O

411111111 O
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11.6.5 Procedural Continuous Assignment
Key terms and concepts: procedural continuous assignment statement (or quasicontinuous

assignment statement) is a special form assi gn within a sequential block

Verilog assignment statements.

Type of Continuous Procedural Nporg?:lgdcukr'glg Egg&ﬁ%‘éhasl
Verilog assignment assignment : :
. assignment assignment
assignment statement statement statement statement
Where itcan outside an inside an al ways inside anal ways al ways or
occur al ways or orinitial state- orinitial state- initial state-
i nitial state- ment, task, or ment, task, or ment, task, or
ment, task, or function function function
function
Example wire [31:0] reg v, reg v, al ways @ Enabl e)
Dat aBus; al ways al ways i f (Enabl e)
assi gn Dat aBus @ posedge Y <= 1; assign Q = D
Enable ? Data : clock) Y = 1; el se deassign Q
32' bz
Valid LHS of  net register or mem-  register or mem- net
assignment ory element ory element
Valid RHS of <expression> <expression> <expression> <expression>
assignment net, reg or mem- net, reg or mem- net, reg or mem- net, reg or mem-
ory element ory element ory element ory element
Book 1151 11.5.3 11.6.4 11.6.5
VerilogLRM 6.1 9.2 9.2.2 9.3
nodul e df f _procedural _assign; /11
reg d,clr_,pre_,clk; wire q; dff _clr_pre dff _1(q,d,clr_,pre_,clk); //2
al ways #10 cl k = ~cl k; /13
initial beginclk =0; clr_=1; pre_ =1; d = 1; /14
#20; d = 0; #20; pre_ = 0; #20; pre_ = 1; #20; clr_ = 0; /15
#20; clr_ = 1; #20; d = 1; #20; $finish;end /16
initial begin 117
$di splay("T CLK PRE. CLR_ D Q'); /18
$moni tor("9%3g", $tine,,,clk,,,,pre,,,,clr_,,,,d,,q);end /19
endnodul e /110
nmodul e dff _clr_pre(q,d, clear_, preset_, cl ock); /11
out put q; input d,clear_,preset ,clock; reg q; /12
al ways @cl ear _or preset ) /13



ASICs... THE COURSE 11.7 Tasks and Functions 21

if (!clear_) assignq = 0; // active-low clear /14
else if(!preset ) assign q = 1; // active-low preset /15
el se deassi gn (; /16
al ways @ posedge cl ock) g = d; /17
endnodul e /18
nodul e al | _assi gnnents /11
/1... continuous assignnents. /12
al ways // begi nning of procedure /13
begin // beginning of sequential block /14
/'l... blocking procedural assignnents. /15
/1... nonbl ocking procedural assignnents. /16
/l... procedural continuous assignnents. 117
end /18
endnodul e /19

11.7 Tasks and Functions

Key terms and concepts: a task is a procedure called from another procedure ¢ a task may call
other tasks and functions « a function is a procedure used in an expression « a function may not

call a task  tasks may contain timing controls but functions may not

Call _A Task_And Wait (Inputl, Input2, Qutput);
Result I mediate = Call _A Function (Al _Inputs);

nodul e F_subset decode; reg [2: 0]A, B, C, D, E, F; /11
initial begin A=1; B=0;, D=2; E = 3 /12
C = subset _decode(A, B); F = subset decode(D, E); /13
$display("A B CDEF"); $display(A ,B,,C ,D ,E ,F);end /14
function [2: 0] subset decode; i nput [2:0] a, b; /15
begin if (a <= b) subset decode = a; el se subset _decode = b; end //6
endf uncti on 117
endnodul e /18

11.8 Control Statements

Key terms and concepts: i f, case, | oop, di sabl e, fork, and j oi n statements control

execution
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11.8.1 Case and If Statement
Key terms and concepts: an if statement represents a two-way branch ¢ a case statement

represents a multiway branch < a controlling expression is matched with case expressions
in each of the case items (or arms) to determine a match ¢ the case statement must be inside
a sequential block (inside an al ways statement) and needs some delay « a casex statement
handles both ' z' and ' x' as don't care * the casez statement handles only ' z' bits as don’t

care ¢ bits in case expressions may be setto' ?' representing don't care values

if(switch) Y =1; else Y = 0;

nodul e test _nux; reg a, b, select; wire out; /11
mux mux_1(a, b, out, select); /12
initial begin #2; select = 0; a =0; b = 1; /13
#2; select = 1'bx; #2; select = 1'bz; #2; select = 1;end /14
initial $nmonitor("T=%2g", $tinme," Select=",select,” Qut=",out); /15
initial #10 $finish; /16
endnodul e /17
nodul e nmux(a, b, nmux_output, nmux_select);input a, b, nux_select; /11
out put nux_out put; reg nmux_out put; /12
al ways begi n /13
case(nmux_sel ect) /14
0: nmux_out put = a; /15
1. nmux_out put = b; /16
default nmux_output = 1'bx; // If select = x or z set output to
X. 117
endcase /18
#1; /1 Need sone delay, otherwise we'll spin forever. /19
end /110
endnodul e /111

casex (instruction_register[31:29])
3b' ??1 : add;
3b" ?1? : subtract;
3b' 1?? : branch;

endcase
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11.8.2 Loop Statement
Key terms and concepts: Aloop statement is a for, while, repeat, or forever statement «

nodul e | oop_1; /11
integer i; reg [31:0] DataBus; initial DataBus = O; /12
initial begin /13

/************** Insert |00p Code after here. ******************/

/* for(Execute this assignnent once before starting | oop; exit |oop
if this expression is false; execute this assignnent at end of | oop
before the check for end of |oop.) */

for(i =0; i <=15; i =i+1) DataBus[i] = 1; /14
/*************** Insert |oop Code before here ****************/

end /15
initial begin /16
$di spl ay(" Dat aBus = %", Dat aBus); 117
#2; $di splay("DataBus = %", Dat aBus); $finish; /18
end /19
endnodul e /110
I = 0;

/* whil e(Execute next statement while this expression is true.) */
whil e(i <= 15) begin DataBus[i] = 1; i =i+1; end

i = 0;

/| * repeat (Execute next statenent the nunber of tinmes corresponding to
the evaluation of this expression at the beginning of the |oop.) */
repeat(16) begin DataBus[i] = 1; i =i +1; end

i = 0;
/* A forever statenent | oops continuously. */
forever begin : ny_loop
Dat aBus[i] = 1;
if (i == 15) #1 disable ny_loop; // Need to let tinme advance to
exit.
i =0 +1;
end
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11.8.3 Disable
Key terms and concepts: The disable statement stops the execution of a labeled sequential

block and skips to the end of the block « difficult to implement in hardware

forever

begi n: m croprocessor_block // Label ed sequential bl ock.
@ posedge cl ock)
if (reset) disable mcroprocessor_block; // Skip to end of bl ock.
el se Execut e _code;

end

11.8.4 Fork and Join
Key terms and concepts: The fork statementand join statement allows the execution of two or

more parallel threads in a parallel block e difficult to implement in hardware

nodul e fork 1 /11
event eat _breakfast, read_paper; /12
initial begin /13
fork /14
@at _breakfast; @ ead_paper; /15
join /16
end 117
endnodul e /18

11.9 Logic-Gate Modeling

Key terms and concepts: Verilog has a set of built-in logic models and you may also define
your own models.



ASICs... THE COURSE

11.9 Logic-Gate Modeling

25

11.9.1 Built-in Logic Models
Key terms and concepts: primitives: and,

nand,

xnore strong drive

strength is the default « the first port of a primitive gate is always the output port « remaining

ports are the input ports

Definition of the Verilog primitive 'and’ gate

‘and' 0 1 X z
0 0 0 0 0
1 0 1 X X
X 0 X X X
z 0 X X X

nodul e primtive;

nand (strongO,

Nand_1(n001, n004,

Nand_2(n003, n001,
nand (n006, nO005,
endnodul e

11.9.2 User-Defined Primitives

strongl) #2.2

n002) ;

/11
112
/13
114
/15
/16

Key terms and concepts: a user-defined primitive (UDP) uses a truth-table specification ¢ the

first port of a UDP must be an out put port (no vector or i nout ports) « inputs in a UDP truth

tableare' 0','1',and"' x'

eany ' z' inputis treated as an' x' e« default outputis' x' e« any

next state goes between an input and an output in UDP table ¢ shorthand notation for levels o

(ab) represents a change fromato b« (01) represents a rising edge ¢ shorthand notations for

edges

primtive Adder (Sum
I na,

out put Sum i nput
tabl e

/'l inputs : output
00 : O

01 : 1,

10 : 1;

11 . O;

/11
/12
/13
/14
115
/16
117
/18
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endt abl e /19
endprimtive /110
primtive DLatch(Q C ock, Data); /11
output Q@ reg Q input Cock, Data; /12
tabl e /13
/linputs : present state : output (next state) /14
10: ?: 0; // ? represents 0,1, or x (input or present state). /15
11: b: 1; // brepresents 0 or 1 (input or present state). /16
11: x: 1; // Could have conbined this wth previous I|ine. 117
0?: ?: -; 1l - represents no change in an out put. /18
endt abl e /19
endprimtive /110
primtive DFlipFlop(Q < ock, Data); /11
output Q@ reg Q input Cock, Data; /12
tabl e /13
/linputs : present state : output (next state) /14
r O: ?: 0; // rising edge, next state = output =0 /15
r 1: ?: 1; /]l rising edge, next state = output =1 /16
(Ox) O0: O0: O ; [/l rising edge, next state = output =0 /17
(Ox) 1 : 1 : 1 ; // rising edge, next state = output =1 /18
(?0) ?2 : ? . - ; [l falling edge, no change in output /19
? (??) : ?: - ; Il no clock edge, no change in output /110
endt abl e /111
endprimtive /112

11.10 Modeling Delay

Key terms and concepts: built-in delays ¢ ASIC cell library models include logic delays as a
function of fanout and estimated wiring loads ¢ after layout, we can back-annotate « delay calcu-
lator calculates the net delays in Standard Delay Format, SDF e« sign-off quality ASIC cell
libraries

11.10.1 Net and Gate Delay
Key terms and concepts: minimum, typical, and maximum delays ¢ first triplet specifies the

min/typ/max rising delay (' 0" or' x' or' z' to' 1') and the second triplet specifies the falling
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delay (to' Q") « for a high-impedance output, we specify a triplet for rising, falling, and the delay

to transitionto' z' (from' 0" or' 1'), the delay for a three-state driver to turn off or float

#(1.1:1.3:1.7) assign delay_a = a; // mn:typ: nax
wire #(1.1:1.3:1.7) a_delay; // mn:typ: max
wire #(1.1:1.3:1.7) a_delay = a; // mn:typ: nax

nand #3.0 ndOl1l(c, a, b);

nand #(2.6:3.0:3.4) nd02(d, a, b); // mn:typ: max
nand #(2.8:3.2:3.4, 2.6:2.8:2.9) nd03(e, a, b);

/'l #(rising, falling) delay

wire #(0.5,0.6,0.7) a_z = a; // risel/fall/float delays

11.10.2 Pin-to-Pin Delay

Key terms and concepts: A specify block allows pin-to-pin delays across a module ex => vy

specifies a parallel connection (or parallel path) « x and y must have the same number of bits

*x *> yspecifies a full connection (or full path) « every bitin x is connectedtoy « x and y may

be different sizes « state-dependent path delay

nodul e DFF_Spec; reg D, clk;

DFF _Part DFF1 (Q clk, D, pre, clr);

initial begin D=0; clk =0; #1; clk = 1;end

initial $nmonitor("T=92g", $time," clk=", clk," &", Q;
endnodul e

nodul e DFF_Part(Q clk, D, pre, clr);
i nput clk, D, pre, clr; output Q

DFl i pFl op(Q clk, D); // No preset or clear in this UDP.

speci fy
specpar am
tPLH clk_ Q= 3, tPHL_clk_Q = 2.9,
tPLH set_ Q= 1.2, tPHL_set_Q = 1.1,
(clk => Q = (tPLHclk Q tPHL clk Q;
(pre, clr *> Q = (tPLH set_Q tPHL_set_Q;
endspeci fy
endnodul e

“tinescale 1 ns / 100 fs
nodul e M Spec; reg Al, A2, B, MM (Z, Al, A2, B);

/11
112
/13
/14
115

/11
/12
/13
114
115
/16
117
/18
119
/110
/111

/11
/12
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initial begin Al=0; A2=1; B=1; #5; B=0; #5; Al=1; A2=0; B=1; #5; B=0;end
initial

$noni tor (" T=%g", $realtine," Al=",6 Al," A2=",A2," B=",B," Z=", 2);

endnodul e

“timescale 100 ps / 10 fs
nodul e M Z, Al, A2, B); input Al, A2, B; output Z
or (Z1, A1, A2); nand (Z, Z1, B); // QA 21

/*Al A2 B Z Del ay=10*100 ps unless indicated in the table bel ow
0 0 01
0 0 11
0 1 01 B:0->1 Z:1->0 del ay=t2
0O 1 10 B:1->0 Z:0->1 delay=t1
1 0 01 B:0->1 Z1->0 del ay=t4
1 0 10 B:1->0 Z:0->1 delay=t3
1 1 01
1 1 10 *
speci fy specparamtl = 11, t2 = 12; specparamt3 = 13, t4 = 14;
(A1 => 2) = 10; (A2 => 2Z) = 10;
if (~Al) (B =>2) = (t1, t2);if (Al) (B => 2 = (t3, t4);
endspeci fy
endnodul e

11.11 Altering Parameters

/13
114
115
/16

/11
112
/13
/14
115
116
117
118
119
/110
/111
/112
/113
/114
/115
/116
/117

Key terms and concepts: parameter override in instantiated module ¢ parameters have local

scope « defparam statement and hierarchical name

nodul e Vector _And(Z, A, B);
paranet er CARDI NALITY = 1
i nput [ CARDI NALI TY-1:0] A, B;
out put [ CARDI NALI TY-1:0] Z
wire [ CARDI NALITY-1:0] Z = A & B;
endnodul e

nodul e Four _And_Gat es( Qut Bus, | nBusA, |nBusB);

i nput [3:0] InBusA 1nBusB; output [3:0] QutBus;

Vect or _And #(4) My_AND(Qut Bus, | nBusA, InBusB); // 4 AND gates
endnodul e

nodul e And_Gat es(Qut Bus, | nBusA, |nBusB);
paranmeter WDTH = 1;
i nput [WDTH-1: 0] I nBusA, |nBusB; output [WDTH 1: 0] QutBus;

/11
112
/13
/14
115
116

/11
112
/13
114

/11
112
/13
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Vector _And #(W DTH) My_And( Qut Bus, |nBusA, |nBusB); /14
endnodul e /15
nodul e Super _Si ze; def paramAnd_Gat es. WDTH = 4; endnodul e /11

11.12 A Viterbi Decoder

11.12.1 Viterbi Encoder

/******************************************************/

/* nmodul e viterbi _encode */
/******************************************************/

/* This is the encoder. X2N (nmsb) and XIN formthe 2-bit input
message, XN. Exanple: if X2N=1, XIN=0, then XN=2. Y2N (nsb), Y1N, and
YON formthe 3-bit encoded signal, YN (for a total constellation of 8
PSK signals that will be transmtted). The encoder uses a state
machine with four states to generate the 3-bit output, YN, fromthe
2-bit input, XN. Exanple: the repeated input sequence XN = (X2N, XIN)
=0, 1, 2, 3 produces the repeated output sequence YN = (Y2N, YIN,
YON) =1, 0, 5, 4. */

nodul e vi terbi _encode( X2N, X1N, Y2N, Y1N, YON, cl k, res);

I nput X2N, X1N, cl k, res; out put Y2N, Y1N, YON,

wire XIN 1, XIN 2, Y2N, Y1IN, YON;

df f dff _1(XIN, XIN_ 1,clk,res); dff dff _2(XIN_ 1, XIN 2,clk,res);

assi gn Y2N=X2N; assign YIN=XIN * X1IN 2; assign YON=X1IN_1,;

endnodul e

11.12.2 The Received Signal

/******************************************************/

/* nodul e viterbi distances */
/******************************************************/

/* This nodule sinulates the front end of a receiver. Normally the
recei ved anal og signal (with noise) is converted into a series of

di stance neasures fromthe known ei ght possible transmtted PSK
signals: s0,...,s7. W are not sinulating the anal og part or noise in
this version, so we just take the digitally encoded 3-bit signal, Y,
fromthe encoder and convert it directly to the distance neasures.
d[N] is the distance fromsignal = Nto signal =0

diN] = (2*sin(NPI/8))**2 in 3-bit binary (on the scale 2=100)
Exanple: d[3] = 1.85**2 = 3.41 = 110

inNis the distance fromsignal = N to encoder signal
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Exanple: in3 is the distance fromsignal = 3 to encoder signal.
d[N] is the distance fromsignal = N to encoder signal = 0.
I f encoder signal = J, shift the distances by 8-J positions.

Exanple: if signal = 2, in0Ois d[6], inlis D 7], in2is DO0], etc.
*/
nodul e vi terbi _di stances

(Y2N, YIN, YON, cl k,res,in0,inl,in2,in3,in4,in5,in6,in7);
i nput cl k, res, Y2N, YIN, YON; out put in0O,inl,in2,in3,in4,in5,in6,in7,
reg [2:0] J,in0,inl,in2,in3,in4,in5,in6,in7;reg [2:0] d [7:0];
initial begin d[0]= b000;d[1]= b001;d[2]= bl00;d[3]= bll0;
d[ 4] =" b111; d[ 5] = b110; d[ 6] = b100; d[ 7] =" b001;end
al ways @ Y2N or Y1N or YON) begin
J[ 0] =YON; J[ 1] =Y1N; J[ 2] =Y2N;
J=8-7J;in0=d[J];J=J+1;inl=d[J];J=J+1;in2=d[J];J=J+1;in3=d[J];
J=J+1;in4=d[ J];J=J+1;in5=d[J];J=J+1;in6=d[J];J=J+1;in7=d[J];
end endnodul e

11.12.3 Testing the System

/*****************************************************/

/* nmodul e viterbi test CDD */
/*****************************************************/

/* This is the top-level nodule, viterbi _test CDD, that nodels the
comruni cations link. It contains three nodul es: viterbi encode,
viterbi distances, and viterbi. There is no anal og and no noise in
this version. The 2-bit nessage, X, is encoded to a 3-bit signal, Y.
In this nodul e the nessage X is generated using a sinple counter.
The digital 3-bit signal Y is transmtted, received with noise as an
anal og signal (not nodel ed here), and converted to a set of eight
3-bit distance neasures, inO, ..., in7. The distance neasures form
the input to the Viterbi decoder that reconstructs the transmtted
signal Y, with an error signal if the neasures are inconsistent.
CDD = counter input, digital transm ssion, digital reception */
nodul e viterbi _test CDD

wire Error; // decoder out

wire [2:0] Y, Qut; // encoder out, decoder out

reg [1:0] X; // encoder inputs

reg Ak, Res; // clock and reset

wire [2:0] inO,inl,in2,in3,in4,in5,in6,in7;

al ways #500 $di splay("t Gk XY Qut Error");

initial $nmonitor("%lg", $tine,, Adk,,,, X ,Y,,Qut,,,,Error);

initial $dunpvars; initial #3000 $finish;

al ways #50 Gk = ~Ck; initial begin dk = 0;
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X =3; // No special reason to start at 3.
#60 Res = 1;#10 Res = Oend // Hit reset after inputs are stable.
al wvays @posedge k) #1 X = X + 1; // Drive the input with a
count er.
viterbi _encode v_1
(X[1],X[0],Y[2],Y[1],VY][0],dK, Res);
viterbi distances v _2
(Y[2],Y[1],Y[0],dKk,Res,in0,inl,in2,in3,in4,in5,in6,in7);
viterbi v_3
(in0,inl,in2,in3,in4,in5,in6,in7,Qut,dk, Res, Error);
endnodul e

11.12.4 Verilog Decoder Model

/******************************************************/

/* modul e df f */

/******************************************************/

/* ADTflip-flop nodule. */

nodul e dff (D, Q Cl ock, Reset); // N. B. reset is active-|ow
out put Q input D, d ock, Reset;

paranmet er CARDI NALITY = 1; reg [ CARDI NALI TY-1:0] Q

wi re [ CARDI NALI TY-1:0] D

al ways @ posedge Clock) if (Reset !'==0) #1 Q = D
al ways begin wait (Reset == 0); Q= 0; wait (Reset == 1); end
endnodul e

/* Verilog code for a Viterbi decoder. The decoder assunes a rate
2/ 3 encoder, 8 PSK nodul ation, and trellis coding. The viterbi nodul e
contai ns ei ght subnodul es: subset decode, netric, conpute netric,
conpare_sel ect, reduce, pathin, path_nenory, and out put_deci sion.

The decoder accepts eight 3-bit neasures of ||r-si||**2 and, after
an initial delay of thirteen clock cycles, the output is the best
estimate of the signal transmtted. The di stance neasures are the
Eucl i dean di stances between the received signal r (with noise) and
each of the (in this case eight) possible transmtted signals sO to
s7.

Oiginal by Christeen Gray, University of Hawaii. Heavily nodified
by MISS; any errors are mne. Use freely. */

/******************************************************/

/* nmodul e vi t er bi */
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/******************************************************/

/* This is the top level of the Viterbi decoder. The eight input
signals {in0,...,in7} represent the distance neasures, |[]|r-si||**2.
The other input signals are clk and reset. The output signals are
out and error. */

nodul e viterb
(in0,inl,in2,in3,in4,in5,in6,in7,
out,clk, reset,error);
input [2:0] in0,inl,in2,in3,in4,in5,in6,in7,;
output [2:0] out; input clk,reset; output error;
i re sout 0, sout 1, sout 2, sout 3;
re [2:0] sO,sl1,s2,s3;
re [4:0] minO, minl, min2, min3;
re [4:0] moutO, moutl, mout2, mout3;
re [4:0] p0_0,p2 0,p0 1,p2 1,pl 2,p3_2,pl 3,p3_3;
re ACSO, ACS1, ACS2, ACS3;
re [4:0] outO, outl, out2, out3;
re [1:0] control;
re [2:0] pO, pl, p2,p3;
re [11: 0] pat hO;

£ 222222 :2:¢

subset _decode ul(in0,inl,in2,in3,in4,in5,in6,in7,
s0, s1,s2,s3, sout0, sout 1, sout 2, sout 3, cl k, reset);
metric u2(m.in0O, minl, min2, min3, moutO,
m out 1, m out 2, m out 3, cl k, reset);
conmpute_netric u3(mout0, moutl, mout2, mout3,s0,sl,s2,s3,
pO_0,p2 0,p0 1,p2 1,pl 2,p3 2,pl _3,p3 _3,error);
conpare_sel ect u4(p0_0,p2_0,p0_1,p2 1,p1 _2,p3_2,pl 3, p3_3,
out 0, out 1, out 2, out 3, ACSO, ACS1, ACS2, ACS3) ;
reduce u5(out O, out 1, out 2, out 3,
min0O, minl, min2, min3, control);
pat hi n u6(sout 0, sout 1, sout 2, sout 3,
ACS0, ACS1, ACS2, ACS3, pat hO, cl k, reset);
pat h_menory u7(p0, pl, p2, p3, pat hO, cl k, reset,
ACS0, ACS1, ACS2, ACS3) ;
out put _deci si on u8(p0, p1, p2, p3,control, out);
endnodul e

/******************************************************/

/* modul e subset decode */

/******************************************************/
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/* This nodul e chooses the signal corresponding to the snall est of
each set {||r-sO||**2,||r-s4||**2}, {]||r-s1|]|**2, ||r-s5|]|**2},
{1r-s2||**2,||r-s6||**2}, {||r-s3||**2,|]|r-s7||**2}. Therefore
there are eight input signals and four output signals for the
di stance neasures. The signals soutO, ..., sout3 are used to contro
the path nenory. The statenent dff #(3) instantiates a vector array
of 3 Dflip-flops. */
nodul e subset decode

(in0,inl,in2,in3,in4,in5,in6,in7,

s0, s1, s2, s3,

sout 0, sout 1, sout 2, sout 3,

clk, reset);
input [2:0] in0,inl,in2,in3,in4,in5,in6,in7,
out put [2:0] sO0,s1,s2,s3;
out put sout 0, sout 1, sout 2, sout 3;
I nput cl k, reset;
wire [2:0] subO, subl, sub2, sub3, sub4, sub5, sub6, sub7;

df f #(3) suboutO(inO, subO, clk, reset);
df f #(3) suboutl1(inl, subl, clk, reset);
df f #(3) subout2(in2, sub2, clk, reset);
df f #(3) subout3(in3, sub3, clk, reset);
df f #(3) subout4(ind, sub4, clk, reset);
df f #(3) subout5(in5, sub5, clk, reset);
df f #(3) subout6(in6, sub6, clk, reset);
df f #(3) subout7(in7, sub7, clk, reset);

function [2: 0] subset _decode; i nput [2:0] a,b;
begi n
subset decode = 0;
i f (a<=b) subset decode = a; el se subset decode = b;
end
endf uncti on

function set_control; input [2:0] a,b;
begin
if (a<=b) set_control = 0; el se set_control =1
end

endf uncti on

assi gn sO = subset decode (subO, sub4);
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assign sl = subset_decode (subl, sub5);
assign s2 = subset decode (sub2, subb);
assi gn s3 = subset _decode (sub3, sub7);

assi gn soutO
assi gn sout 1l
assi gn sout 2
assi gn sout 3
endnodul e

set _control (subO, sub4);
set _control (subl, sub5);
set _control (sub2, sub6);
set _control (sub3, sub7);

/******************************************************/

/* nodul e conpute_netric */
/******************************************************/
/* This nodul e conputes the sum of path nmenory and the distance for
each path entering a state of the trellis. For the four states,
there are two paths entering it; therefore eight suns are conputed
in this nodule. The path netrics and output suns are 5 bits w de.
The output sumis bounded and shoul d never be greater than 5 bits
for a valid input signal. The overflow fromthe sumis the error
out put and indicates an invalid input signal.*/
nodul e conpute_netric
(m_out 0, mout 1, mout 2, mout 3,
s0, sl1,s2,s3,p0_0, p2_0,
pO_1,p2_1,pl 2,p3 2,pl 3,p3_3,
error);
i nput [4:0] moutO, moutl, mout2, mout3;
i nput [2:0] sO0,sl1,s2,s3;
output [4:0] p0_0,p2 0,p0_1,p2_1,pl 2,p3_2,pl_3,p3_3;
out put error;

assign
pO_ 0 = moutO + sO,
p2_0 = mout2 + s2,
pO_1 = moutO + s2,
p2_1 = mout2 + sO,
pl 2 = moutl + s1,
p3_2 = mout3 + s3,
pl 3 = moutl + s3,
p3_3 = mout3 + sl;

function is_error; input x1,x2,x3, x4, x5, x6, x7, x8;
begi n
I f (x1]| x2| | x3| | x4| | x5] | x6| | x7] | x8) is_error = 1;
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elseis error = 0;
end
endf unction

assign error = is_error(p0_0[4],p2_0[4],p0_1[4],p2_1[4],
pl_2[4],p3_2[4],pl_3[4],p3_3[4]);
endnodul e

/******************************************************/

/* nodul e conpar e_sel ect */
/******************************************************/

/* This nodul e conpares the sunmations fromthe conpute netric
nodul e and selects the netric and path with the | owest value. The
output of this nodule is saved as the new path netric for each

state. The ACS output signals are used to control the path nmenory of

t he decoder. */
nodul e conpar e_sel ect
(p0_0,p2 0,p0_1,p2_1,p1l 2,p3 2,pl _3,p3_3,
out 0, out 1, out 2, out 3,
ACS0, ACS1, ACS2, ACS3) ;
input [4:0] p0_0,p2 0,p0_1,p2_1,p1l 2,p3 2,pl 3,p3_3;
out put [4:0] outO, outl, out?2, out3;
out put ACS0, ACS1, ACS2, ACS3;

function [4:0] find_mn_nmetric; input [4:0] a,b;
begi n
if (a<=Db) find_mn_netric = a;else find_mn_netric = b;
end
endf uncti on

function set_control; input [4:0] a,b;
begin
if (a <=Db) set_control = 0; el se set_control = 1;
end

endf uncti on

assign outO
assign outl
assi gn out 2
assign out 3

find_ mn_netric(p0_0,p2 0);
find_mn_netric(p0_1,p2_1);
find_mn_netric(pl_2,p3 2);
find mn_netric(pl_3,p3_3);
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assign ACSO = set_control (p0_0,p2_0);
assign ACS1 = set_control (p0_1,p2_1);
assign ACS2 = set_control (pl_2,p3_2);
assign ACS3 = set_control (pl_3,p3_3);
endnodul e

/******************************************************/

/* nodul e path */
/******************************************************/

/* This is the basic unit for the path nenory of the Viterb
decoder. It consists of four 3-bit Dflip-flops in parallel. There
is a 2:1 nux at each Dflip-flop input. The statenent dff #(12)
instantiates a vector array of 12 flip-flops. */

nodul e pat h(i n, out, cl k, reset, ACSO, ACS1, ACS2, ACS3) ;

i nput [11:0] in; output [11:0] out;

i nput cl k, reset, ACSO, ACS1, ACS2, ACS3; wire [11:0] p_in;

df f #(12) pathO(p_in,out,clk,reset);

function [2:0] shift_path; input [2:0] a,b; input control;
begin
if (control == 0) shift_path = a;else shift_path = b;
end
endf uncti on

assign p_in[11: 9]
assign p_in[ 8:6]
assign p_in[ 5:3]
assign p_in[ 2:0]
endnodul e

shift_path(in[11:9],in[5:3], ACS0);
shift_path(in[11:9],in[5:3], ACS1);
shift _path(in[8: 6],in[2:0], ACS2);
shift_path(in[8: 6],in[2:0], ACS3);

/******************************************************/

/* nodul e pat h_nenory */
/******************************************************/
/* This nodul e consists of an array of nenory elenents (D
flip-flops) that store and shift the path nenory as new signals are
added to the four paths (or four nost |ikely sequences of signals).
This nodul e instantiates 11 instances of the path nodule. */
nodul e pat h_nenory

(PO, p1, p2, p3,

pat hO, cl k, reset,

ACS0, ACS1, ACS2, ACS3) ;
out put [2:0] pO, pl, p2, p3; input [11: 0] pathO;
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i nput cl k, reset, ACSO, ACS1, ACS2, ACS3;
wire [11: 0] out 1, out 2, out 3, out 4, out 5, out 6, out 7, out 8, out 9, out 10, out 11;
path x1 (pathO,outl ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x2 (outl, out2 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x3 (out2, out3 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x4 (out3, out4d ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x5 (out4, outb5 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x6 (out5, outb6 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x7 (out6, out7 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x8 (out7, out8 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x9 (out8, out9 ,clk,reset, ACSO, ACS1, ACS2, ACS3) ,
x10(out9, outl0,clk, reset, ACSO, ACS1, ACS2, ACS3) ,
x11(out 10, out 11, cl k, reset, ACSO, ACS1, ACS2, ACS3) ;

assign p0 = out11[11:9];
assign pl = outll][ 8:6];
assign p2 = outl1l[ 5:3];
assign p3 = outl1ll] 2:0];
endnodul e

/******************************************************/

/* nodul e pathin */
/******************************************************/
/* This nodul e determ nes the input signal to the path for each of
the four paths. Control signals fromthe subset decoder and conpare
sel ect nodul es are used to store the correct signal. The statenent
df f #(12) instantiates a vector array of 12 flip-flops. */
nodul e pat hin
(sout 0, sout 1, sout 2, sout 3,
ACS0, ACS1, ACS2, ACS3,
pat hO, cl k, reset);
i nput sout 0, sout 1, sout 2, sout 3, ACS0, ACS1, ACS2, ACS3;
i nput cl k, reset; output [11:0] pathO;
wire [2:0] sig0,sigl,sig2,sig3;, wire [11:0] path_in;

df f #(12) firstpath(path_in, pathO,clk,reset);

function [ 2: 0] subsetO; i nput soutO;
begi n
i f(sout0 == 0) subsetO0 = 0; el se subset0 = 4;
end
endf uncti on
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function [2:0] subsetl; input soutl;

begi n
if(soutl == 0) subsetl = 1; el se subsetl = 5;
end
endf uncti on
function [ 2: 0] subset?2; i nput sout 2;
begin
i f(sout2 == 0) subset2 = 2; el se subset2 = 6;
end
endf uncti on
function [ 2: 0] subset3; i nput sout 3;
begi n
i f(sout3 == 0) subset3 = 3; el se subset3 = 7;
end

endf uncti on

function [2:0] find_path; input [2:0] a,b; input control;
begi n
if(control==0) find path = a; else find path = b;
end
endf uncti on

assi gn si go
assign sigl
assign sig2
assi gn sig3
assign path_in[11: 9]
assign path_in[ 8:6]
assign path_in[ 5:3]
assign path_in[ 2:0]
endnodul e

subset O(sout 0) ;
subset 1(sout1);
subset 2(sout 2) ;
subset 3(sout 3) ;
fi nd_pat h(si g0, si g2, ACS0) ;
find_path(sig2,sig0, ACS1);
find_path(sigl, sig3, ACS2);
find_path(sig3,sigl, ACS3);

/******************************************************/

/* nodul e nmetric */
/******************************************************/

/* The registers created in this nodule (using D flip-flops) store
the four path nmetrics. Each register is 5 bits wide. The statenent
df f #(5) instantiates a vector array of 5 flip-flops. */
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nodul e netric
(min0O, minl, min2, min3,
m out O, m out 1, m out 2, m out 3,
clk, reset);
input [4:0] minO, minl, min2, min3;
output [4:0] moutO, moutl, mout2, mout3;
I nput cl k, reset;
df f #(5) nmetric3(m.in3, mout3, clk, reset);
dff #(5) nmetric2(m.in2, mout2, clk, reset);
dff #(5) nmetricl(m.inl, moutl, clk, reset);
df f #(5) nmetricO(m.inO, moutO, clk, reset);
endnodul e

/******************************************************/

/* nodul e out put _deci si on */
/******************************************************/

/* This nodul e deci des the output signal based on the path that
corresponds to the smallest nmetric. The control signal cones from
t he reduce nodule. */

nodul e out put _deci si on(p0, p1, p2, p3, control, out);
i nput [2:0] pO,pl, p2,p3; input [1:0] control; output [2:0] out;
function [ 2: 0] deci de;
i nput [2:0] pO, pl, p2,p3; input [1:0] control;

begi n
if(control == 0) decide = pO;
else if(control == 1) decide = pl
else if(control == 2) decide = p2;
el se decide = p3;
end

endf uncti on

assi gn out = decide(p0, pl, p2, p3,control);
endnodul e

/******************************************************/

| * nodul e reduce */
/******************************************************/

/* This nodul e reduces the netrics after the addition and conpare
operations. This algorithmselects the snallest nmetric and subtracts
it fromall the other netrics. */
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nodul e reduce

(in0,inl,in2,in3,
m.in0, minl, min2, min3,

control);
i nput [4:0]

inO,inl,in2,in3;

output [4:0] minO, minl, min2, min3;
output [1:0] control; wire [4:0] snallest;

function [4:0] find_smallest;

input [4:0] in0,inl,in2,in3;reg [4:0] a,b;
begi n
if(in0 <=inl) a =1in0; else a =inl,;
if(in2 <=in3) b =1in2; else b =1in3;
if(a <=Db) find smallest = a;
el se find smallest = b;
end
endf uncti on
function [1: 0] snall est _no;
input [4:0] in0,inl,in2,in3,smallest;
begi n
if(smallest == 1n0) smallest_no = 0O;
elseif (smallest == inl) smallest_no = 1;
elseif (smallest == in2) smallest _no = 2;

el se small est_no = 3;

end
endf uncti on

assi gn smal | est

assign m.in0
assign minl
assign min2
assign m.in3
assign contro
endnodul e

= find_smallest(in0,inl,in2,in3);
in0 - smallest;
inl - smallest;
in2 - smallest;
in3 - smallest;
= smal l est_no(in0,inl,in2,in3,snmallest);

11.13 Other Verilog Features

Key terms and concepts: system tasks and functions are part of the IEEE standard
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11.13.1 Display Tasks

Key terms and concepts: display system tasks ¢ $di spl ay (format works like C) s $wite
» $st robe

nodul e test _display; // display systemtasks:
initial begin $display ("string, variables, or expression");
/* format specifications work like printf in C
%l=deci mal %b=bi nary %s=string %=hex %o=oct al
%=character %r=hi erarchical name %=strength % =tinme formt
%e=scientific % =deci mal %g=shortest
exanpl es: % uses default width %9d uses m nimumw dth
%’.3g uses 7 spaces wwth 3 digits after deci mal point */
/1 $di spl ayb, $di splayh, $displayo print in b, h, o formats
Il $wite, $strobe, $nonitor also have b, h, o versions

$wite("wite"); // as $display, but without newine at end of line

$strobe("strobe"); // as $display, values at end of sinulation cycle

$rmonitor(v); // disp. @hange of v (except v= $tine, $stine, $real tine)
$noni toron; $nonitoroff; // toggle nonitor node on/off

end endnodul e

11.13.2 File I/O Tasks
Key terms and concepts: file I/O system tasks < $fdi splay ¢ $f open « $fcl ose

multichannel descriptor « 32 flags ¢ channel 0O is the standard output (screen) and is always
open « $r eadmenb and $sr eadnmenhread a text file into a memory « file may contain only spaces,
new lines, tabs, form feeds, comments, addresses, and binary ($readnenb) or hex
($r eadnmemh)

nmodul e file_1; integer f1, ch; initial begin fl = $fopen("f1l.out");
i f(f1==0) $stop(2); if(fl==2)%display("fl open");
ch = f1]1; $fdisplay(ch,"Hello"); $fclose(fl);end endnodul e
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>vlog file_1.v
>vsim-c file_ 1

# Loading work.file_1
VSIM 1> run 10

# f1 open

# Hello

VSIM 2> q

> nmore f1.out

Hel | o
>

mem dat

@ 1010 1111 @ 0101_1111 1010_1111 // @ddress in hex
Zis K */

x1x1 zzzz 1111 0000 /* x or

nodul e load; reg [7:0] nmen{0:7]; integer i;
$readnenb("nemdat”, nem 1, 6);
for (i=0; i<8; i=i+1l) $display("nmen{%d]

end endnodul e

> vsim-c | oad
# Loadi ng work. | oad
VSIM 1> run 10

men] 0] XXXXXXXX
menf 1] XXXXXXXX
menf{ 2] 10101111
men 3] XXXXXXXX
meni{ 4] 01011111
men{ 5] 10101111
meni 6] x1x1zzzz
menf 7] XXXXXXXX

VSI M 2> g
>

HHFEHFFHFHHFHTH

11.13.3Timescale, Simulation,and Timing-Check Tasks

0

** \Warni ng: $readnmem (nenory nem) file nmem dat
More patterns than index range (hex 1:6)
Time: O ns Iteration:

| nst ance: /

begin

/'l start _address=1, end_address=6

menti]);

line 2:

Key terms and concepts: timescale tasks: $printtinmescale and $timeformat -

simulation control tasks: $st op and $fi ni sh « timing-check tasks ¢ edge specifiers
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"edge [01, Ox, x1] clock'is equivalent to' posedge cl ock' e edge transitions with
'z' are treated the same as transitions with ' x' ¢ notifier register (changed when a timing-

check task detects a violation)

Timing-check system task parameters

Timing task argu-
ment

ref erence_event to establish reference time module i nput ori nout

Description of argument Type of argument

(scalar or vector net)

dat a_event signal to check against module i nput ori nout

ref erence event
- (scalar or vector net)

[imt time limit to detect timing violation on constant expression
dat a_event
or specpar am
t hreshol d largest pulse width ignored by timing check constant expression
$wi dt h

or specpar am
notifier flags a timing violation (before -> after): register

x->0, 0->1, 1->0, z->z

edge_control _specifier ::=edge [edge_descriptor {, edge_descriptor}]
edge_descriptor ::=01 | Ox | 10 | 1x | xO0 | x1

/'l timescal e tasks:

nodul e a; initial $printtinescal e(b.cl); endnodul e
modul e b; ¢ cl (); endnodul e

“timescale 10 ns / 1 fs

nodul e ¢_dat; endnodul e

“tinescale 1 nms / 1 ns

nodule Ttinme; initial $tinmeformat (-9, 5, " ns", 10); endnodul e
[* $timeformat [ ( n, p, suffix , mn field wwdth ) ] ;

units = 1 second ** (-n), n = 0->15, e.g. for n =9, units = ns
p =digits after decimal point for % e.g. p = 5 gives 0.00000
suffix for % (despite tinescale directive)

mn_field wdth is nunber of character positions for % */
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nodul e test_sinulation_control; // simulation control systemtasks:
initial begin $stop; // enter interactive node (default paraneter 1)

$finish(2); // graceful exit with optional paraneter as foll ows:
/1 0 =nothing 1 =tinme and location 2 = tine, |ocation, and
statistics

end endnodul e

nodul e ti m ng_checks (data, clock, clock 1,clock 2);
i nput data, cl ock,clock_1,clock 2;reg tSU tH tH GH tP, tSK tR;
specify // timng check systemtasks:
/* $setup (data_event, reference_event, limt [, notifier]);
violation = (T_reference_event)-(T data event) < limt */
$set up(dat a, posedge cl ock, tSU)
/* $hold (reference_event, data_event, limt [, notifier]);
violation =

(tinme_of data event)-(tine_of reference event) < limt */
$hol d(posedge cl ock, data, tH);
/| * $setuphold (reference_event, data_event, setup_ limt,

hold Iimt [, notifier]);

paranmeter_restriction = setup_limt + hold_limt > 0 */
$set uphol d(posedge cl ock, data, tSU, tH);
/* $width (reference_event, limt, threshold [, notifier]);
violation =

threshold < (T_data_event) - (T_reference_event) < limt
ref erence_event = edge
data_event = opposite_edge of reference_event */
$wi dt h(posedge cl ock, tH GH);
/* $period (reference_event, limt [, notifier]);
violation = (T_data_event) - (T_reference_event) < limt
reference_event = edge
dat a_event = sanme_edge_of reference event */
$peri od(posedge cl ock, tP);
/| * $skew (reference_event, data _event, limt [, notifier]);
violation = (T_data_event) - (T_reference_event) > limt */
$skewposedge cl ock_1, posedge clock 2, tSK);

/| * $recovery (reference_event, data_event, limt, [, notifier]);

violation = (T_data_event) - (T_reference_event) < limt */

$recovery(posedge cl ock, posedge clock_2, tR);

/ * $nochange (reference_event, data event, start_edge_ offset,
end_edge offset [, notifier]);

ref erence_event = posedge | negedge

/11

112

/13

/14

115

116

117

118

119
/110
/111
1112
/113
/114
/115
/116
1117
/118
/119
/120
/121
1122
1123
/124
1125
1126
1127
/128
1129
/130
/131
/132
/133
/134
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vi ol ati on = change while reference high (posedge)/low (negedge) //35

+ve start_edge_of fset noves start of w ndow | ater /136
+ve end_edge_ of fset noves end of w ndow | ater */ /137
$nochange (posedge cl ock, data, 0, 0); /138
endspeci fy endnodul e /139

primtive dff _udp(q, clock, data, notifier);
output g; reg q; input clock, data, notifier;
table // clock data notifier:state: ¢
? D7 0 ;

: 1

=

D * 0RO
* 0D ) VD -

?

? :
? .

?

NNV S T

p X ; endtable // notifier
endprimtive

“timescale 100 fs / 1 fs
nodul e dff (g, clock, data); output q; input clock, data; reg
notifier;
df f _udp(qgl, clock, data, notifier); buf(q, ql);
specify
specparamtSU = 5, tH=1, tPW= 20, tPLH = 4:5:6, tPHL = 4:5:6;
(clock *> qgq) = (tPLH, tPHL);
$setup(data, posedge clock, tSU, notifier); // setup: data to clock
$hol d(posedge cl ock, data, tH, notifier); // hold: clock to data
$peri od(posedge clock, tPW notifier); // clock: period
endspeci fy
endnodul e

11.13.4PLA Tasks
Key terms and concepts: The PLA modeling tasks model two-level logic » egnt ott logic

equations ¢ array format (" 1' or' 0" in personality array) ¢ espr esso input plane format ¢
plane format allows ' 1',' 0", "' ?' or' z' (either may be used for don’t care) in personality

array

bl = al &a2; b2 = a3 & a4 & a5 ; b3 = a5 & a6 & a7;

array. dat
1100000
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0011100
0000111

nodul e pla_1 (al, a2, a3, a4, a5, a6, a7, bl, b2, b3);
i nput al, a2, a3, a4, a5, a6, a7 ; output bl, b2, b3;
reg [1:7] nmen{1:3]; reg bl, b2, bS;
initial begin
$readnmenb("array. dat”, nmem;
#1; bl=1; b2=1; b3=1;
$async$andsarray(nem {al, a2, a3, a4, a5, a6, a7}, {bl, b2, b3});
end
initial $nmonitor("%lg", $tine,, bl,, b2,,b3);
endnodul e

bl = al &'!'a2; b2 = a3; b3 =lal & '!'a3; b4 = 1;

nodul e pla_2; reg [1:3] a, nen{1:4]; reg [1:4] b;

initial begin
$async$and$pl ane(nem {a[ 1],a[2],a[ 3]}, {b[1],b[2],b[3],b[4]});
men{ 1] = 3'b10?; nen{2] = 3'b??1; men{3] = 3'b0?0; nenf4] = 3' b??7?;

#10 a = 3'bl1ll; #10 $displayb(a, " ->", b);
#10 a = 3' b000; #10 $displayb(a, " ->", b);
#10 a = 3' bxxx; #10 $displayb(a, " ->", b);
#10 a = 3'bl1l01; #10 $displayb(a, " ->", b);

end endnodul e

111 -> 0101
000 -> 0011
XXX -> XxXx1
101 -> 1101

11.13.5 Stochastic Analysis Tasks
Key terms and concepts: The stochastic analysis tasks model queues

nodul e stochastic; initial begin// stochastic anal ysis systemtasks:

/* $qg_initialize (g_id, g_type, max_Ilength, status)
g_idis an integer that uniquely identifies the queue
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Status values for the stochastic analysis tasks.

Status value Meaning

0 OK

gueue full, cannot add

undefined q_i d

gueue empty, cannot remove

unsupported q_t ype, cannot create queue
max_| engt h<= 0, cannot create queue
duplicate g_i d, cannot create queue

N o o0k WODN P

not enough memory, cannot create queue

q_type 1=FI FO 2=LI FO
max_|length is an integer defining the maxi num nunber of entries */

$g_initialize (qg_id, g_type, max_l ength, status) ;

/* $g_add (g_id, job_id, inform.id, status) ;

job_id = integer input

informid = user-defined integer input for queue entry */
$g_add (g_id, job_id, informid, status) ;

/* $g_renove (q_id, job_id, inform.id, status) ; */
$q_renove (qg_id, job_id, informid, status) ;

/* $qg full (q_id, status) ;
status = 0 = queue is not full, status = 1 = queue full */
$q full (g_id, status) ;

/* $g_exam (q_id, g_stat_code, q_stat_value, status) ;
g_stat _code is input request as follows:

l=current queue |ength 2=nean inter-arrival tinme 3=max. queue | ength

4=shortest wait tine ever

5=l ongest wait tinme for jobs still in queue 6=ave. wait tine in queue
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g_stat _value is output containing requested val ue */
$g_exam (qg_id, g_stat_code, qg_stat_value, status) ;

end endnodul e

11.13.6 Simulation Time Functions
Key terms and concepts: The simulation time functions return the time

nodul e test _tine; initial begin// simulation tinme system functions:
$time ;
/'l returns 64-bit integer scaled to tinescale unit of invoking nodule

$stine ;
/'l returns 32-bit integer scaled to tinescale unit of invoking nodul e

$realtinme ;
/'l returns real scaled to tinescale unit of invoking nodul e

end endnodul e

11.13.7 Conversion Functions
Key terms and concepts: The conversion functions for reals handle real numbers:

nodul e test _convert; // conversion functions for reals:

integer i; real r; reg [63:0] bits;

initial begin #1 r=256;#1 i = $rtoi(r);

#1; r = $itor(2 * i) ; #1 bits = $realtobits(2.0 * r) ;

#1; r = $bitstoreal (bits) ; end

initial $monitor("93f", $time,,i,,r,,bits); /*

$rtoi converts reals to integers wtruncation e.g. 123.45 -> 123
$itor converts integers to reals e.g. 123 -> 123.0

$realtobits converts reals to 64-bit vector

$bitstoreal converts bit pattern to rea

Real nunbers in these functions conformto IEEE Std 754. Conversion
rounds to the nearest valid nunber. */

endnodul e
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nodul e test _real;wire [63:0]a; driver d (a); receiver r (a);
initial $rmonitor("93g",$tine,,a,,d. rl,,r.r2);endnodul e

nodul e driver (real net);
output real _net; real rl; wire [64:1] real _net = $realtobits(ril);
initial #1 r1 = 123.456; endnodul e

nodul e recei ver (real _net);

input real _net; wire [64:1] real _net; real r2;
initial assign r2 = $bitstoreal (real net);
endnodul e

11.13.8 Probability Distribution Functions

Key terms and concepts: probability distribution functions « $r andome uni f or me nor nal

exponenti al «poi ssonechi _squareet cerl ang

nodul e probability; // probability distribution functions:
/* $random[(seed)]returns random 32-bit signed integer
seed = register, integer, or tinme */

reg [23:0] r1,r2; integer r3,r4,r51r6,r7,r8,r9;

i nteger seed, start, \end , nean, standard_devi ation;

i nt eger degree_of freedom k_stage;

initial beginseed=1l; start=0; \end =6; nean=5;
standard_devi ati on=2; degree_of freedon=2; k_stage=1; #1;
rl = $random % 60; // random-59 to 59

r2 = {$randont % 60; // positive value 0-59

r3=%di st _uni form (seed, start, \end ) ;

r4=%di st _nornmal (seed, nean, standard_deviation) ;
r5=%di st _exponential (seed, nean) ;

r 6=%di st _poi sson (seed, mean) ;

r 7=%di st _chi _square (seed, degree_of freedom

r8=%di st _t (seed, degree_of_freedom

r9=%di st _erlang (seed, k_stage, nean) ;end

initial #2 $display ("9%3f",$time,,rl,,r2,,r3,,r4,,r5)
initial begin#3; $display ("9%3f",$tinme,,r6,,r7,,r8,,r9);end
/* Al paraneters are integer val ues.

Each function returns a pseudo-random nunber

e.g. $dist_uniformreturns uniformy distributed random nunbers
mean, degree_of freedom k_stage

/11
112
/13
/14
115
116
117
/18
119
/110
/111
/112
/113
/114
/115
/116
1117
/118
/119
/120
/121
/122
1123
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(exponential, poisson, chi-square, t, erlang) > 0. /124
seed = inout integer initialized by user, updated by function /125
start, end ($dist_uniform = integer bounding return values */ /126
endnodul e /127
2. 000000 8 57 0 4 9

3. 000000 7 3 0 2

11.13.9 Programming Language Interface
Key terms and concepts: The C language Programming Language Interface (PLI) allows you

to access the internal Verilog data structure « three generations of PLI routines ¢ task/function
(TF) routines (or utility routines) « access (ACC) routines access delay and logic values « Verilog

Procedural Interface (VPI) routines are a superset of the TF and ACC routines

11.14 Summary

Key terms and concepts: concurrent processes and sequential execution « difference between a
reg and a wi r e » scalars and vectors  arithmetic operations on reg and wi re « data slip «

delays and events
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Verilog on one page

Verilog feature Example

Comments a=20; // coment ends with newine
/* This is a multiline or block
conment */

Constants: string and numeric parameter BW= 32 // local, BW
“define GBUS 32 // global, “GBUS
4'b2 1'bx

Names (case-sensitive, start with letteror* ')  _12name A_name $BAD Not Same not sane

Two basic types of logic signals: wire and reg wire nyWre; reg nyReg;

Use continuous assignment statement with wire  assign nyWre = 1;

Use procedural assignment statement with reg al ways nmyReg = nyWre;

Buses and vectors use square brackets reg [31:0] DBus; DBus[12] = 1'bx;

We can perform arithmetic on bit vectors reg [31:0] DBus; DBus = DBus + 2;

Arithmetic is performed modulo 2" reg [220] R R=7+1; // nowR =0

Operators: as in C (but not ++ or --)

Fixed logic-value system 1, 0, x (unknown), z (high-impedance)

Basic unit of code is the module modul e bake (chips, dough, cookies);

i nput chi ps, dough; output cookies;
assi gn cookies = chips & dough;
endnodul e

Ports

i nput or input/output ports are wire
out put ports are wire or reg

Procedures happen at the same time

and may be sensitive to an edge, posedge,
negedge, or to a level.

al ways @ain sing;
dance,;

al ways @ posedge clock) D=@Q //
flop

al ways @ain

always @a or b) ¢ =a &b; // and
gat e
Sequential blocks model repeating things: initial born;

al ways: executes forever
i ni tial:executes once only at start of simula-
tion

al ways @l arm cl ock begin :

nmet r o=commut e; bul ot =wor k;
dodo=sl eep;

a_day

end
Functions and tasks function ... endfunction
task ... endtask

Output

$di splay("a=% ", a); $dunpvars; $noni t or
(a)

Control simulation

$stop; $finish // sudden/gentle halt

Compiler directives

“tinescale 1ns/1ps //
uni ts/resol ution

Delay

#1 a = b;
a = #1 b;

/] delay then sanple b
/1 sanple b then del ay



