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» Behavioral Verilog is synthesized into
Structural Verilog
» Structural Verilog represents net-lists
» From Behavioral
» From Schematics
» High-level (Synthesizer will flatten these)

» Verilog is used for testing all designs
» Behavioral & Structural & Schematic & High-level

Structural
Verilog

Cadence Cadence » NC_Verilog, vcs (Synopsys Verilog simulator),
AutoRouter Virtuoso Composer modelsim (Mentor Verilog simulator)
Layout Layout-XL | Schematic

Verilog has a S

» Hardware Description Language (HDL)

» Reliably & Readably
» Create hardware
» Document hardware

» Want high level modeling

» unification at all levels
» from fast functional simulation, accurate device simulation

» support simulation based validation (verification?)
» How could we do this?
» behavioral model mapped to transistors
» pragmas: throughput, latency, cycle time, power...
» Reality
» we rely on designers to do most of these xforms
» therefore:
» different algorithms => try before you buy...
» use only a subset of the language.

» RTL and schematic design used to support Verilog
» System-C and other HLD models for co-simulation, etc.

» Testbench creation language

» Create external test environment
» Time & Voltage
»Files & messages

» Are these two tasks
» Related?
» Compatible?

Quick Review

Module name (args...);
begin
parameter ...; // define parameters
input ...; /I define inputs
output ...; // define outputs
wire ... ; [/l internal wires
reg ...; /linternal regs, possibly output

I/ the parts of the module body are
/I executed concurrently

<continuous assignments>
<always blocks>
endmodule

This lecture is only about
synthesis...




Description Styles

» Verilog supports a variety of description
styles

» Structural
» explicit structure of the circuit
»e.g., each logic gate instantiated and connected
to others
» Behavioral
» program describes input/output behavior of circuit

» many structural implementations could have
same behavior

»e.g., different implementation of one Boolean
function

Quick Review
» Continuous assignments to wire vars

» assign variable = exp;
» Results in combinational logic
» Procedural assignment to reg vars

» Always inside procedural blocks (always
blocks in particular for synthesis)
» blocking
»variable = exp;
» non-blocking
»variable <= exp;
» Can result in combinational or sequential
logic

Synthesis: Data Types Synthesis: Data Types

» Possible Values (wire and reg):
»0: logic 0, false
»1: logic 1, true
» Z: High impedance
» Digital Hardware
» The domain of Verilog
» Either logic (gates)
» Or storage (registers & latches)
» Verilog has two relevant data types
> wire
’reg

» Register declarations

»reg a;\\ascalar register

»reg [3:0] b; \\ a 4-bit vector register

»output g; \\ an output can be a reg

reg g,

» output reg g; \\ Verilog 2001 syntax
» Wire declarations

»wire d;\\ a scalar wire

»wire [3:0] e; \\ a 4-bit vector wire

» output f; \\ an output can be a wire

Synthesis: Assign Statement

Parameters

» The assign statement creates
combinational logic

» assign LHS = expression;
» LHS can only be wire type
» expression can contain either wire or reg type

mixed with operators

» wire a,c; regb; outputout;

assigna=b &c;

assign out = ~(a & b); \\ output as wire

» wire [15:0] sum, a, b;
wire cin, cout;
assign {cout,sum} =a + b + cin;

» Used to define constants
» parameter size = 16, foo = 8;
P wire [size-1:0] bus; \\ defines a 15:0 bus




Synthesis: Basic Operators Svynthesis: Operand Length

» Bit-Wise Logical

» ~ (not), & (and), | (or), ” (xor), *~ or ~ (xnor)
» Simple Arithmetic Operators

» Binary: +, -

» Unary: -

» Negative numbers stored as 2's complement
» Relational Operators

P< > <= >= == I=
» Logical Operators

» | (not), && (and), || (or)
assign a = (b > 4'b0110) && (c <= 4'd5);
assign a = (b > 4'b0110) && !(c > 4'd5);

» When operands are of unequal bit length,
the shorter operator is zero-filled in the
most significant bit position

wire [3:0] sum, a, b; wire cin, cout, d, e, f, g;

assignsum =f & a;

assign sum =f| a;

assignsum ={d, e, f, g} & a;
assign sum = {4{f}} | b;

assign sum = {4{f == g}} & (a + b);
assign sum[0] = g & a[2];

assign sum[2:0] = {3{g}} & a[3:1];

Synthesis: More Operators Svynthesis: Operand Length

» Concatenation

» Operator length is set to the longest member
»{a,b} {4{a==b}} {a,b,4'b1001{4{a==b}}}

(both RHS & LHS are considered). Be careful.

» Shift (logical shift)
P << left shift

» >> right shift
assign a = b >> 2; // shift right 2, division by 4
assign a = b << 1; // shift left 1, multiply by 2

wire [3:0] sum, a, b; wire cin, cout, d, e, f, g;
wire[4:0]suml;

assign {cout,sum} =a + b + cin;
assign {cout,sum} = a + b + {4’b0,cin};
» Arithmetic
assign a =b * c¢; // multiply b times ¢

assign a = b * ‘'d2; // multiply b times constant (2)
assign a = b/ ‘b10; // divide by 2 (constant only)
assign a = b % ‘'h3; // b modulo 3 (constant only)

assign suml=a+b;
assign sum = (a + b) >> 1; // what is wrong?

Svynthesis:; Extra Operators Synthesis: Assign Statement

» The assign statement is sufficient to
create all combinational logic
» What about this:
assign a = ~(b & ¢);
assign ¢ = ~(d & a);

» Funky Conditional
» cond_exp ? true_expr : false_expr
wire [3:0] a,b,c; wire d;
assigna=(b==c) ? (c +‘dl): ‘05;

» Reduction Logical
» Named for impact on your recreational time

» Unary operators that perform bit-wise operations on .
a single operand, reduce it to one bit

} &1 ~&i |! ~|1 A! ~/\1 N~
assignd = &a || ~"b " *~c;




Simple Behavioral Module

Synthesis: Assign Statement

» The assign statement is sufficient to
create all combinational logic

// Behavioral model of NAND gate
module NAND (out, in1, in2);

» What about this: output out;
assign a = ~(b & ¢); input inl, in2;
assign ¢ = ~(d & a); assign out = ~(inl & in2);
endmodule

Simple Behavioral Module Simple Structural Module

// Behavioral model of NAND gate
module NAND (out, in1, in2);

// Structural Module for NAND gate
module NAND (out, in1, in2);

output out; _outpu_t out_;
input inl, in2; input inl, in2;
wire wi;

/l Uses Verilog builtin nand function
/I syntax is func id (args);
nand iO(out, inl, in2);

endmodule

/I call existing modules by name
Il module-name ID (signal-list);
AND2X1 ul(wl, inl, in2);
INVX1 u2(out,wl);

endmodule

Simple Structural Module Primitive Gates

// Structural Module for NAND gate
module NAND (out, in1, in2);

Multiple input gates
» <gatename> [delay] [id] (out, in1, in2, in3...);

output out;

. . . » and, or, nand, nor, xor, xnor
input inl, in2; )

wire wl; Multiple output gates

» <gatename> [delay] [id] (outl, out2, ... outn, in);
» buf, not
Tristate gates
» <gatename> [delay] [id] (out, in, ctrl);
» bufifl, bufif0, notifl, notifO

/I call existing modules by name

Il module-name ID (signal-list);

/l can connect ports by name...

AND2X1 ul(.Q(wl), .A(inl), .B(in2));

INVX1 u2(.A(wl), .Q(out));
endmodule




Primitive Gates

» Delay: three types for gates
» #(delaytime) same delay for all transitions
» #(rise,fall)  different delay for rise and fall
P #(rise, fall, turnoff) for tristate gates

» Each delay number can be:
»single number i.e. #(2) or #(2,3)

» min/typ/max triple i.e. #(2:3:4) or
#(2:3:4, 3:2:5)

Primitive Gates

» OR - you can skip the delays on each
gate, and use a specify block for the
whole module

» Specifies from module input to module
outputs

» Outputs must be driven by a primitive gate

» The syntax defines the delay for each path
from input to output

Primitive Gates

» and (out, a, b);

»nand i0 (outa b cdefQg);

» xor #(2,3) (out a b ¢);

» buf (Y A);

» buf #(2:3:4, 3:4;5) il (y, a);
» bufifl (out, in, ctl);

> notifo #(1, 2, 3) (Y, A, S);

Simple Behavioral Module

// Behavioral model of NAND gate

module NAND (out, inl, in2);
output out;
input inl, in2;

nand _iO(out, inl, in2);

/Il include specify block for timing
specify
(in1 => out) = (1.0, 1.0);
(in2 => out) = (1.0, 1.0);
endspecify
endmodule

module A(qg,a, b,c,d)
input a, b, ¢, d;
output q;
wire e, f;

// specify block containing delay statements

specify
(a=>q)=6;//delay fromatoq
(b=>q)=7;//delay frombtoq
(c=>q)=7;//delay formctoq
(d=>q) =6;//delay fromdtoq

endspecify

// module definition
orol(e,a,b);
oro2(f, c,d);
exorexl(q,e, f);

endmodule




module A(qg,a, b, c,d) // a[63:0] is a 64 bit input register and

Lnu%lét’?h?' ¢ d; // q[7:0] is an 8 bit output register
wire e, f; // this would require 64 x 8 = 512 parallel

. - , // connections, but only 1 full
/] specify block containing full connections

specify
(a,d=>q) =6;// delay from a and d to q
(b,c=>q)=7;//delay from b and cto q
endspecify

specify
(a*>q)=8; //eqivalentto 512 parallel
connections
o endspecify
// module definition
orol(e, a,b);
oro2(f,c,d);
exor exl1l(q, e, f);
endmodule

needs a Simple Behavioral Module

module DCX1 (CLR, D, CLK, Q);

input CLR, D, CLK; // Behavioral model of NAND gate

:’;spst?; module NAND (out, inl, in2);
- output out;
always @(posedge CLK or negedge CLR) input inl, in2;

if (CLR == 0) Q_i = 1'b0;
else Q_i=D; nand _iO(out, inl, in2);

buf _i0 (Q. Q_: Il include specify block for timing

specify
(in1 => out) = (1.0, 1.0);
(in2 => out) = (1.0, 1.0);
endspecify
endmodule

specify
(CLK =>Q) = (1.0, 1.0);
(CLR =>Q) = (1.0, 1.0);
$setuphold(posedge CLK, D, 0.1, 0.0);
$recovery(negedge CLR, posedge CLK, 0.0);
endspecify
endmodule

Procedural Assignment

Always Blocks

» Assigns values to register types

» They involve data storage

» The register holds the value until the next
procedural assignment to that variable

» The occur only within procedural blocks
»initial and always
»initial is NOT supported for synthesis!

» They are triggered when the flow of
execution reaches them

» When is an always block executed?
» always
» Starts at time 0
»always @(a or b or c)
» Whenever there is a change on a, b, or ¢
» Used to describe combinational logic
»always @(posedge foo)
» Whenever foo goes from low to high
» Used to describe sequential logic
» always @(negedge bar)
» Whenever bar goes from high to low




Svynthesis: Always Statement Procedural Control Statements

» The always statement creates...
» always @sensitivity
LHS = expression;
» @sensitivity controls when
» LHS can only be reg type

» expression can contain either wire or reg type mixed with
operators

» Logic
reg c, b; wire a;
always @(a, b) c = ~(a & b);
always @* ¢ = ~(a & b);

» Storage

reg Q; wire clk;
always @ (posedge clk) Q <= D;

» Conditional Statement
»if ( <expression>) <statement>
»if ( <expression>) <statement>
else <statement>

»“else” is always associated with the closest
previous if that lacks an else.

» You can use begin-end blocks to make it more
clear

»if (index >0)

if (rega > regb)
result = rega;

else result = regb;

Decisions

I/l Procedural model of NAND gate
module NAND (out, in1, in2);

» Standard if-else-if syntax

_ output out;
If ( <expression>) reg out;
<statement> input inl, in2;
else if ( <expression>) /Il always executes when inl or in2
<statement> I/l change value
else if ( <expression>) always @(in1 or in2)
<statement> begin

else <statement> out = ~(inl1 & in2);
end

endmodule

Synthesis: NAND gate

input inl, in2;

Procedural NAND gate

I/l Procedural model of NAND gate
module NAND (out, inl, in2);

reg nl, n2; //is this a flip-flop?

output out; wire n3, n4;
reg out;
input inl, in2; always @(in1 or in2) n1 = ~(inl & in2);

always @* n2 = ~(inl1 & in2);
assign n3 = ~(inl & in2);
nand ul(n4, inl, in2);

/[ always executes when inl or in2
/I change value
always @(inl or in2)

begin » Notice always block for combinational logic
out <= ~(inl & in2); » Full sensitivity list, but @* works (2001 syntax)
end » Can then use the always goodies

» Is thi i le?
endmodule Is out combinational? s this a good coding style




Procedural Assignments Procedural Synthesis

» Assigns values to reg types N . o
Synthesis ignores all that timing stuff
» Only useable inside a procedural block Usually y 9 g

synthesizes to a register » So, what does it mean to have blocking
» But, under the right conditions, can also result in VS. non-blocking assignment for

b. t | - t - .
combinationat eetl's synthesis? How does this relate to reg?
» Blocking procedural assignment

» LHS =timing-control exp  a =#10 1; ) ) ]

» Must be executed before any assignments that begin begin
follow (timing control is optional) A=B; ? A<=B;

» Assignments proceed in order even if no timing is B=A; B<=A;
given end end

» Non-Blocking procedural assignment
» LHS <= timing-control exp b <=2; » begin begin
» Evaluated simultaneously when block starts A=Y ? A<=Y:

» Assignment occurs at the end of the B=A; B<=A;
(optional) time-control end end
nthesized Circuits Synthesized Circuits
always @(posedge clk)
begin Y D Q A
A=Y;
B:A;’ A
end — clk
always @(posedge clk)
begin D Q B
Aoy, B
end ' clk clk
always @(posedge clk)
begin
A<=Y;
B<=A; | A
end Y D Q D Q B
al\];va}{s @(posedge clk) A B
N clk clk
O !
end
Assignments and Synthesis Comparator Example
» Note that different circuit structures result » Using continuous assignment
from different types of procedural » Concurrent execution of assignments
assignments
» Therefore you can’t mix assignment types in Module comp (a, b, Cgt, Clt, Cne);
the same always block parameter n = 4;
» Non-blocking is often a better model for input [n-1:0] &, b;
hardware output Cgt, Clt, Cne;
» Real hardware is often concurrent... . ass!gn Cgt = (a > b);
» Blocking is often better for setting subsets of assign Clt = (a < b);
signals assign Cne = (a !=b);

» Set them to defaults at beginning, then reset only endmodule

the ones that change




Comparator Example Modeling a Flip

» Using procedural assignment
» Non-blocking assignment implies concurrent

» Use an always block to wait for clock
edge

Module comp (a, b, Cgt, Clt, Cne);
parameter n = 4,

input [n-1:0] a, b; Module dff (clk, d, q);

output Cgt, CIt, Cne; input clk, d;
reg Cgt, Clt, Cne; P
always @(a or b) output g;
begin reg g,
Cgt <= (a>b); always @ (posedge clk)
Clt <=(a<hb); d=q;
Cne <= (a!=h); d '
end endmodule
endmodule

Synthesis: Always Statement Synthesis: Always Statement

» This is an asynchronous clear D Flip-Flop

reg Q;
always @ (posedge clk, posedge rst)
if (rst) Q <='b0; else Q <=D;
» Notice , instead of or
»Verilog 2001...

» Positive reset

» This is a simple D Flip-Flop
reg Q;
always @(posedge clk) Q <= D;
» @(posedge clk) is the sensitivity list
» The Q <= D; is the block part

» The block part is always “entered” whenever
the sensitivity list becomes true (positive
edge of clk)

» The LHS of the <= must be of data type reg
» The RHS of the <= may use reg or wire

Svynthesis: Always Statement Svnthesis: Always Statement

reg Q;
always @ (posedge clk, posedge rst, posedge set)
if (rst) Q <= 'b0;
else if (set) Q <= ‘b1,
else Q <=D;
» What is this?

» What is synthesized?

“Shomesatanners LU_CAL/ synopsyssnt.w e,

reg Q;
always @(posedge clk, posedge rst, posedge set)
if (rst) Q <= ‘b0;
else if (set) Q <= ‘b1,
else Q <=D;
» What is this?

» What is synthesized?

> beh2str foo.v foo_str.v UofU_Digital.db
- -Dig | Register Mame I Type | Width | Bus | MB | AR 1 RS | SR | 55 | 5T |

I rout_teg | Flip=flop | L I W I M 1Y IY IW IN IN I

Presto compilation completed successfully,
Eur‘r‘en_t._de_sign iz now “Ahomedatanners [C_CAD/ synopsys/nt ,dbint”



Svynthesis: Always Statement Svnthesis: Always Statement

reg Q;

always @(posedge clk, posedge rst, posedge set)
if (rst) Q <= ‘bO0;
else if (set) Q <= ‘b1,
else Q <=D;

» What is this?
» What is svnthesized?

module nt ¢ clk, rst, set, a, b, c, d, rout
input clk, rst, set. a, b:

output ¢, d, rout:
wire nZ, nd, nb:

reg Q;

always @(posedge clk)
if (rst) Q <= 'b0;
else if (set) Q <= ‘b1,
else Q <=D;

» What is this?

NAMDZ UE ¢ LAlcy, JBiBY, (¥id) 3
“#¥FFCEM®%  rout_reg { .next_statedal, ,clocked_oniclk), ,force_00{nZ),
JSgorce_0Lirst), L force_104ndd, force_1lin2y, .O{rout) J:

TIELD U3 € ,Y¥in2) 32

NORZ U10 ¢ L Adrst), BinBd, ,Yind» 3:

INY U1 ¢ LAdset?, YinBd 2:

MAMDZ2 U12 ¢ Addy, JBlad, .Yicy b:

endmodule

Synthesis: Always Statement

module foo ( clk, rst, set, D, Q);
input clk, rst, set, D;
output Q;
wire N3, n2, n4;

reg Q;
always @ (posedge clk)
if (rst) Q <= ‘bO;

else if (set) Q <= ‘b1,
else Q <=D;

> What is this? dff Q_reg ( .D(N3), .G(clk), .CLR(n2), .Q(Q) ):

tiehi U6 (.Y(n2));

nor2 U7 ( .A(rst), .B(n4), .Y(N3) );

nor2 U8 ( .A(D), .B(set), .Y(n4));
endmodule

Inferred memory devices in process
in routine set line 5 in file
'/home/elb/IC_CAD/syn-f06/set.v'.

| Flip-flop | 1 | N | N | N | N | N | N | N |

Register Name Type | width | Bus | MB | AR | AS | SR | SS | ST |

Q_reg

Svnthesis: Always Statement

module foo ( clk, rst,.set, D,Q); 3 %r reg P,Q;

input clk, rst, set, D; b :):)BSD— D QF reg [3:0] R;
output Q; set n4 always @(posedge clk)
wire N3, n2, n4; clk = begin

Q<=D;

P<=Q;
dff Q_reg ( .D(N3), .G(clk), .CLR(n2), .Q(Q) ); R<=R + ‘hl:

end

tiehi U6 (.Y(n2));

nor2 U7 ( .A(rst), .B(n4), .Y(N3));

nor2 U8 ( .A(D), .B(set), .Y(n4));
endmodule

» What is this?
» Will it synthesize? Simulate?




Svynthesis: Always Statement

module testme ( D, P, Q, R, clk );
output [3:0] R;

input D, clk;

output P, Q;

wire NO, N1, N2, N3, n1, n7, n8, n9;

dff Q_reg ( .D(D), .G(clk), .CLR(n1), .Q(Q) );
dff P_reg ( .D(Q), .6(clk), .CLR(n1), .Q(P) );
dff R_reg_0_ ( .D(N®), .G(clk), .CLR(n1), .Q(R[©]) );
dff R_reg_1_ ( .D(N1), .G6(clk), .CLR(n1), .Q(R[1]) );
) );
) )

dff R_reg_2_ ( .D(N2), .G(clk), .CLR(n1), .Q(R[2]
dff R_reg_3_ ( .D(N3), .G(clk), .CLR(n1), .Q(R[3]
tiehi U9 ( .Y(n1) );
xor2 U10 ( .A(R[3]), .B(n7), .Y(N3) );
nor2 Uil ( .A(n8), .B(n9), .Y(n7) );
xor2 U12 ( .A(n8), .B(n9), .Y(N2) );
invX1 u13 ( .A(R[2]), .Y(n9) );
nand2 U14 ( .A(R[1]), .B(R[0]), .Y(n8) );
xor2 U15 ( .A(R[1]), .B(R[@0]), .Y(N1) );
invxi vié ( .A(R[0]), .Y(NO) );
endmodule

Constants

» parameter used to define constants
» parameter size = 16, foo = 8;
P wire [size-1:0] bus; \\ defines a 15:0 bus
» externally modifiable
» scope is local to module

» localparam not externally modifiable
» localparam width = size * foo;

» “define macro definition

» “define value 7'd53

» assign a = (sel == “value) & b;

» scope is from here on out

Synthesis: Modules

module the_top (clk, rst, a, b, sel, result);
input clk, rst;

input [3:0] a,b; input [2:0] sel;

output reg [3:0] result;
wire[3:0] sum, dif, alu;

adder u0O(a,b,sum);
subber ul(.subtrahend(a), .subtractor(b), .difference(dif));

assign alu = {4{(sel == ‘b000)}} & sum
| {4{(sel == ‘b001)}} & dif;

always @(posedge clk or posedge rst)
if(rst) result <= ‘h0;

else result <= alu;

endmodule

Svnthesis: Always Statement

» This is a simple D Flip-Flop

reg Q;
always @(posedge clk) Q <= D;

» Sois this

reg Q;
always @(posedge clk) Q = D;

» = is for blocking assignments
» <= is for nonblocking assignments

Example: Counter

module counter (clk, clr, load, in, count);
parameter width=8;
input clk, clr, load;
input [width-1 : O] in;
output [width-1 : 0] count;
reg [width-1 : 0] tmp;

always @ (posedge clk or negedge clr)
begin
if (Iclr)
tmp = 0;
else if (load)
tmp = in;
else
tmp =tmp + 1;
end
assign count = tmp;
endmodule

Synthesis:

Il Verilog 1995 syntax

module adder (e,f,g);
parameter SIZE=2;
input [SIZE-1:0] e, f;
output [SIZE-1:0] g;
assigng=e+f;

endmodule

Il Verilog 2001 syntax

module subber #(parameter SIZE = 3)
(input [SIZE-1:0] c,d, output [SIZE-1:0]difference);
assign difference = c - d;

endmodule




Synthesis: Modules Multi-Way Decisions

module the_top (clk, rst, a, b, sel, result);
parameter SIZE = 4;
input clk, rst;
input [SIZE-1:0] a,b;
input [2:0] sel;
output reg [SIZE-1:0] result;

» Standard if-else-if syntax

If ( <expression>)

wire[SIZE-1:0] sum, dif, alu; <statement>
adder #(.SIZE(SIZE)) u0(a,b,sum); else if ( <expression>)
subber #(4) ul(.c(a), .d(b), .difference(dif)); <statement>
assign alu = {SIZE{sel == ‘b000}} & sum else if ( <expressjon> )
| {SIZE{sel == ‘b001}} & dif;
<statement>

always @(posedge clk or posedge rst)
if (rst) result <= ‘h0;
else result <= alu;
endmodule

else <statement>

Priority vs. Parallel Choice (i Priority vs. Parallel Choice

module priority (a, b, c, d, sel, 2); module parallel (a, b, c, d, sel, 2);
input a,b,c,d; input a,b,c,d;
input [3:0] sel; input [3:0] sel;
output z; output z;
reg z, reg z;
always @(a or b or c or d or sel) always @(a or b or c or d or sel)
begin begin i
z=0; z=0;

if (sel[0]) z = a; if (sel[3]) z = d;

if (sel[1]) z = b; else if (sel[2]) z=c¢; «m

if (sel[3]) z =d; s . else if (sel[0]) z=a; =m

end SELECT_OP b, end sl 3]
endmodule endmodule

Priority Encoders Priority Encoders

i
// Priority encoders
I

/4 allen Tanner

I

s
/ Priority encoders

i

FA Allen Tannec

.

module pricr_encix, ¥y, =, a.b,oc.d. e £] ¢

output reg >x.y.=r
input a.lkb,oc.d. e, £;

module prior_enci{x,y.=, a.kb.c.d,e. £];
ocutput ceg 2.y, =7
input a.k.c.d.e. f;

alway=2{a. .k, . 4, =, £, 9]

b i alway=@{a, b, c,d, e £,.9)

{=.».=} = 3'k0;: begin

if {{a==1] && (bL==1]1]l= = 1; (= v, =} 3I'k0;

el=se if {({c==1] && {(d==111x = 1l; if {{a==1l) && (k==l1)=z
else if ((e==1] && (£==111=x = 1;:

=1
if ({e==1) && (d==1)]y
if ({e==1) && (f==111=x

a
endmodule // prior_enc b

o
PR

end
endmodule S

Pricrc_enc




Case Statements Case Example

reg [1:0] sel;
reg [15:0]in0, inl, in2, in3, out;
case (sel)

» Multi-way decision on a single expression

case ( <expresion>)

<expression>: <statement> 2'b00: out = in0;

<expression>, <expression>: <statement> 2'b01: out = inl;

<expression>: <statement> 2'b10: out = in2;

default: <statement> 2’b11:out =in3;
endcase

endcase

Another Case Example Weird Case Example
/I simple counter next-state logic
I/l one-hot state encoding...

parameter [2:0] s0=3'h1, s1=3'h2, s2=3'h4;
reg[2:0] state, next_state;
always @(input or state)
begin
case (state)
s0: if (input) next_state =S
else next_state = s0;
sl: next_state = s2;

s2: next_state = s0;
endcase

end

» Verilog allows you to put a value in the case
slot, and test which variable currently has that
value...

reg [ 2:0] curr_state, next_state;

parameter s1=3'b001, s2=3'b010, s3=3'b100

case (1)
curr_state[0] : next_state = s2;
curr_state[1] : next_state = s3;
curr_state[2] : next_state = s1;

endcase

Latch Inference Full vs. Parallel

» Incompletely specified if and case
statements cause the synthesizer to infer
latches

always @(cond)
begin

if (cond) data_out <= data_in;
end

» This infers a latch because it doesn’t
specify what to do when cond =0

» Fix by adding an else if you want
combinational logic

»In a case, fix by including default:

» Case statements check each case in
sequence

» A case statement is full if all possible
outcomes are accounted for

» A case statement is parallel if the stated
alternatives are mutually exclusive

» These distinctions make a difference in
how cases are translated to circuits...

» Similar to the if statements previously
described




Case full-par example
I/l full and parallel = combinational logic
module full-par (slct, a, b, c, d, out);
input [1:0] slct;
input a, b, c, d;
output out;
reg out; // optimized away in this example
always @(slct or a or b or c or d)

case (slct)
2'b11 : out <= a;
2'b10 : out <= b;
2'b01 : out <=c;
default : out <=d; // really 2’b10
endcase
endmodule

Case notfull-par example

/Il a latch is synthesized because case is not full

module notfull-par (slct, a, b, c, d, out);
input [1:0] slct;
input a, b, c, d;
output out;
reg out; // NOT optimized away in this example
always @(slct or a or b or c)
case (slct)
2'b11 : out <= a;
2'b10 : out <= Db;
2'b01 : out <=c¢;
endcase

endmodule

Case full-notpar example

/I because case is not parallel - priority encoding
// but it is still full, so no latch...

/l this uses a casez which treats ? as don’t-care
module full-notpar (slct, a, b, c, out);

always @(slct or a or b or ¢)
casez (slct)
2'b1? : out <= a;
2'b?1:out<=Db;
default : out <=c;
endcase

endmodule

nthesis Result

» Note that full-par results in combinational
logic

out

slctO slctl

Synthesized Circuit

» Because it’s not full, a latch is inferred...

A —>
B —/
C D Q out
SE DFF
clk
|
slctO slctl

Synthesized Circuit

» It's full, so it's combinational, but it's
not parallel so it's a priority circuit instead
of a “check all in parallel” circuit

B A

out

]

C

slctl



Case notfull-notpar example Synthesized Circuit

/I because case is not parallel - priority encoding
/I because case is not full - latch is inferred
/I uses a casez which treats ? as don’t-care
module full-notpar (slct, a, b, c, out);

» Not full and not parallel, infer a latch

A ——

B Pt Q
DFF
clk

always @(slct or a or b or c)
casez (slct)
2'b1? : out <= a;
2'b?1:out<=Db;
endcase
endmodule

slctl
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Modeling State Machines FSM Desciption

Il General view
module FSM (clk, in, out);
input clk, in; Next_state

output out; .
reg out; in \7
/I state variables State
reg [1:0] state;

o s clk

/I next state variable
reg [1:0] next_state;
always @posedge(clk) // state register

state = next_state;
always @(state or in); // next-state logic

/I compute next state and output logic

/l make sure every local variable has an 1l
assignment in this block

endmodule

Verilog Version

module moore (clk, cIr, insig, outsig); // define combinational logic for

module moore (clk, clr, insig, outsig);

input clk, clr, insig; I next_state input clk, clr, insig;
output outsig; alwr?lys @(insig or state) output outsig;

Il define state encodings as begin . .
parameters case (state) /I define state encodings as parameters
parameter [1:0] sO = 2000, s0: if (insig) next_state = s1; parameter [1:0] sO = 2'b00, s1 = 2'b01,
s1=2'b01,s2 = 2b10, s3 = 2'b11; else next_state = s0;

s2 =2'p10, s3 = 2'b11;
/I define reg vars for state register and next_state logic

s1: if (insig) next_state = s2;
else next_state = s1;
1 if (insig) next_state = s3;

/I define reg vars for state register
/I and next_state logic s2

reg [1:0] state, next_state; clse next state = 2- reg [1:0] state, next_state;
/ldefine state register (with s3:f (insig) next_state = s1; /Idefine state register (with synchronous active-high clear)
I/Isynchronous active-high clear) else next_state = s0;
always @(posedge clk) endcase always @(posedge clk)
begin end begin
if (clr) state = s0; I/ assign outsig as continuous assign if (clr) state = s0;
else state = next_state;  assign outsig = else state = next_state;
end ((state == s1) || (state == s3)); -

end
endmodule

Version Continued... Verilog Version Continued...

/I define combinational logic for next_state
always @(insig or state)
begin
case (state)
s0: if (insig) next_state = s1;
else next_state = s0;
sl: if (insig) next_state = s2;
else next_state = s1;
s2: if (insig) next_state = s3;
else next_state = s2;
s3: if (insig) next_state = s1;
else next_state = s0;
endcase

/I now set the outsig. This could also be done in an always
// block... but in that case, outsig would have to be

/l defined as a reg.

assign outsig = ((state == s1) || (state == s3));

endmodule

end




Unsupported for Synthesis More Unsupported Stuff

» Delay (Synopsys will ignore #'s)

o > » You cannot assign the same reg variable
» initial blocks (use explicit resets)

in more than one procedural block

» repeat

> wait /I don't do this...

> fork always @(posedge a)
» event out =inl;

» deassign always @(posedge b)
» force out = in2;

» release

Combinational Always Blocks Combinational Always Blocks

» Be careful... » Be careful...
always @(sel) always @(sel or inl or in2) always @(sel) always @(sel or inl or in2)
if (sel ==1) if (sel ==1) if (sel ==1) if (sel ==1)
out =inl; out =inl; out =inl; out =inl;

else out =in2; else out =in2; else out =in2; else out =in2;

» Which one is a good mux? » Which one is a good mux?
» Always @*

if (sel == 1) out = in1; else out = in2;

Sync vs. ' Finite State Machine

Il synchronous reset (active-high reset)
always @(posedge clk)
if (reset) state = s0;
else state = s1;

/[ async reset (active-low reset)
always @(posedge clk or negedge reset)

if (reset == 0) state = s0;

else state = s1;

Four in a Row P!




Textbook FSM Textbook FSM

/4 Werileog HOL for "Ax", "zesd4" "behavioral" /¢ Verilog HDL for "Ax", "=ss=i4' "behavicrcal"
/4 Four im a cow detecteor - allen Tanner // Four in a row detector - Allen Tanner

module se=d (clk, clc. insig, sawdl: module seet (clk, clt, insig, sawi); Comments
ipput clk, clc, insig; input clk, clr, imsigs
cutput sawd; cutput sawd;

// define state encodings as parameters // define state sncodings as paramsters
pazemster [2:0] =0 = 3°BO0O, =1 = 3'BODL. =2 = 3'BOLO, =3 = 3‘'bOLl, =4 = 3°LLOD: parameter [2:0] =0 = 3'b0D00, sl = 3-bO0L, =2 = 3-h0l0, =3 = 3'bOLl, =4 = 3:Bl0O0;

¢/ define reg vars for state register and next_stats lagic // define reg vars for state register and next_state lagic
reg [2:0] state, next_state: reg [2:0] state, mext_state;

//defins state register (with asynchronous active—low cleac) //define state register (with asynchronous actiwe-low cleacr)
always @({posedge clk or megedge clc) always @(posedge clk or negedge clc)
begin begin
if (clr==0) state = =0; if {clr==0] state = s0;
else state = pext_state; elze =tats = next_state;
end end

// Asfine combinaticnal logic for mext_state // define combinaticnal logic
alwaye @(insig or state) always @(insig or state)
begin bagin
cass (state) case (state]
s0: if (insig) mext_state s0: if {ipsig) next_state
else next_state = =0; elsa next_state = =0;
sl: if (insig) mext_state sl: if {insig) mext_state
else next_state = =0; elre next_state = =0
=2: if (insig) next_state =2: if {insig) mext_state = =3; Always use <= for FE?
else next_state = =0; else next_state = =0
=3: if (insig) next_state =3: if (insig] next_state = =4;
else next_state = =0; else pext_state = s0;
s4: if (insig) mext_state =t4: if (insig] next_state = s4;
else next_state = =0; else next_state = s0;
default: mext_stats = s0; default: mext_stats = s0;
endcase endcaze
end end

next_state POL':lrlty'P

s2;

/4 mow =et the mawi. Thiz could alsc ke done in an always // now set the sawd. This could also be done in an always
£ Block. but in that case, sawi would have to be // bBlock. .. but in that case, sawi would have to be
e def,\.ned as a reg. /¢ defined as a reg.

assign sawi = state == si: assign sawi = state == =4;

endmodule endmodule

Documented FSM Waveform Test Bench

£ Ve):.\_lcng HOL for " . "seed" "lehawioral® s
/4 Four inm a cow detecto: — allen Tanner // Four ones in a row detector .
44 Test bench
module seed {(clk, clc., insig. sawd]; i Allen Tanner
imput clk, clz, insig:
cutput sawd;

initial
parameter H 3¢B0O00; initial =tate, maw at least 1 =merc kegin
parameter 34001 saw 1 one

pacamster 3 R0L0: =aw 2 ones clk = h=te]
parameter 3¢B0OLL; =aw 3 omes clc = 1°k0O
pacameter RSN Rele saw at least. 4 ones insig 1.

rea [2:0] state, next state: send_message {32 ‘kL0O0L1_1000_1010_1111_0000_0L111l_1110_0000) ;
always @(posedge clk or mozedge clr] // =tate cegister send_message {32 L00OL1_1000_1010_1111_0000_0DL111_1110_0000] ;
bomin g$finish;
if (clz) state = =0;
elze state == nmext_state; end
end
always #50 clk = ~clk;
always @(in=ig or =tate) // next =tate logic
begin initial
case (statel ;
=0: if (in=ig)l mext_state =1 begin
else mext_state = =0; #525
=l: if (in=ig)l next_state =2 clc 1:kbl;:
el=e mext_=tate =0; #5500
s2: if (insig) next_state = =3 clr = 1:k0;
el=s mext_stats = =0: end
=3: if (insig)] next_state =1
else next_state = =0:
=4: if (insig) next_ =tate =4
else next_ctate =0; ! "
default: mext_stats = =0: integer i:
endcase begin
and for(i=0;is32; i=i+l]
@({negedge clklinsig = pattern[i]:

task send_message;
imput [31:0]pattern;

as=ign =mawd = =tate end

endtask // send message

Waveform FSM

/4 Werileog HDL for "Ax". "seei" "hehawvioral®
A4 Four in a row detector - Allen Tannec

endmodule

module seed (clk, clr., insig., sawdl:
imput clk, clz, insig:
cutput sawd:

*RODD; 4/ initial =tate, =aw at lea=t 1 =mero
ip=lelel ) Af maw 1 one

*RO10; A4 maw 2 ones

‘BOL1Ll; 4/ saw 3 ones

*RLlO0; /4 =maw at least, 4 ones

parameter
parameter

parameter
reg [2:0] state. next_state:

always @i{posedge clk or posedge clr) /4 state register
. . begin
Baseline = 3,800,400ps if folr) state <= =0;:
Cursor-Baseline = -1,096,100ps else
case (=tate]
Cursor v |200,000ps  [400,000ps  [600,000ps 0D,000ps  [1,000,000ps  [1,200,000p s0: if (insig) state «= =l;
else state <= =0;
=sl: if (insig) state == =2;
else state <= =0;
=2: if (in=ig) =tate <= =3;

else state == =0;
=3: if (insig) =tate <= =i;
else state == =0;:

=4: if (inszig) =tate <= =4;
el=e =tate &= =0;
default: state «= =0;:

endcase // caseistate]

end

aszign mawd = state == =4;

Pay attention to first few cycles... erdmodul e



f4 Werilog HDL for "aAx"., "seed" "hehavioral®
/4 Four in a row detector - &llen Tanner

A4 Werilog HDL for "Ax", "=seed" "hehawvioral®
/4 Four in a row detector - Allen Tanner

module seed (clk, clc, insig, =sawil;
inmput eclk, clr, insig;

cutput sawd;

module seed (clk, clr. insig., =awd];
input clk, clc, insig;
cutput sawd;

ERg =telelep) initial state.
3'BO0OL; /S maw 1 one
3'B010; /S saw 2 ones
3'w01l;  // saw 3 ones
3'bl0O0; // =aw at least, 4 ones

parameter [2:0] =0 =aw at lea=st 1 =z=ro
parameter [2:0] =1
parameter [2:
parameter [2:0] =3

parameter [2:0] =4

3'R0O00;  // initial state, saw at least 1 zero
3'k0O0L; /) =maw 1 one

3'R0OLO; A4 maw 2 ones

3'k01l:  // saw 3 ones

3'BLl0O0;  J/ =maw at least, 4 ones

parameter [2:0] =0
parameter [2:0] sl
parameter [2:0] =2
parameter [2:0] =3
parameter [2:0] =4

=}
4l
%)
LI 1 (R T |

reg [2:0] state;
wirce [2:0] next_=tate;

reg [2:0] =tate;

1 t, tat = 3 tat 0 G 11 1 & o]
aSEran meExk_stats EHZ;; ZO} b ﬂzgﬂ Y alwaye @(pocedge clk or pesedge clr] // state regicter
{3{({=tate =l] && linsigl}} & =0 beg.?_n
{3{(=tate s1) && insig}} & =2 if {clc] state == =0;
{3{({state =2) & linsig}} & =0 clze =tate <= {3{(state =0 && linsigl} & =0
{3i{{=state =2) &k insigl} & =3 {3{({=tate =0) && insig}} & =1
{3{i=tate =3) &k linsigll & =0 {3{({=tate sl && !insig}} & =0
izt = o B e £ Clmt o el i
{3{(=tate == =4) && 'insig}} & =4 {3{(=tate =2) && !insigl} & =0
. ' {3{({=tate s2) && insigl} & =3
always @({posedge clk or posedge clc) state register {i{i=tate =3l &k !insig}} & =0
begin {3{({=tate =3) RE insigl} & =4
if (clr) state <= =0;: {3{({=tate =4) && lin=igl} & =0
el=se state <= mext_state; {3{(=tate =4] &E& insig}} & =4;
=nd end
assign sawd = state == =i; assign sawd = state == =4;

endmodule endmodul e

A4 Werilog HDL for "Ax", "sesdi" "behawioral"
A4 Four im a row detector — Allen Tanmer

module =e=d4 {(clk, clr, insig, =awidl:
imput clk, clc, insig:

cutput =awd;

reg =0; A4 imitial =tate, =aw at least 1 ==ro
reg =1 44 =maw 1 one

reg =2 44 maw 2 cnes

reg =3 44 maw 3 cnes

reg =4 /7 =aw at least, 4 cnes

Baseline = 6,400,000ps
Cursor-Baseline = ~789,600ps

1,000,000ps 2,000,000ps 000,000ps 4,000,000,

always E({posedge clk or pos=edge clz)
bagin

#4 =tate registec

as=ign =awd

endmodule

No Asynchronous Sets

A4 wWerilog HOL for "ax", "seeid" "bhehawvioral®
/4 Four inm a row detector — Allen Tanner

module s=ed { clk, clr, iLnsig, sawd ];

input clk, clr, insig;

output =zawd;

wire =0, =51, =2, M2, N3, M4, NS5, n9, nld, nll, nld, nl5, nlé, nl7, nld,

module seed (clk, clr., insig. sawd];
input clk, clc, insig:
cutput sawd;:

nl%, n20, n2l, n22; ceg ns0: ¢ initial state, saw at least 1 zero
reg =l: 4/ saw 1 cne
WAAFFGENYY  =0_reg { .next_state(nl4), .clocked_on(clk], .force_DO(nll], ;:g zg ﬁﬁ z:z % gg:z
force_0L{nll), .force_lO0{clc), .force_ll{mlll, .Q{sD] }; reg si; // maw at least., 4 cnes
OFF =2_reg ( .D{N3), .CLE(clk). .nCLR{mlS)., .Q(s2] I: . . . .
DFF =l rag { .D(N1]. .CLE(clk). .neLR{nlS), .Q(=l] ): wire =0: // alia= for !msc (n=0 ussd to avoid FFGEN in behistr)
- - [ .- oo P i 0 = ins0;
DFF =4_reg { .D(NS), .CLE(clk), .nCLR{nl5), .Q(sawil, .QB(n9) ); st = i
DFF =3_reg { .D(N4], .CLE(clk], .nfLR{nl5), .QE{nlld) ]; always @(posedge clk or posedge clr) // =tate register
TIELG U20 ( .¥(nlll 1; PRE oo
v uzl | .aiclc). .¥(nl3) 1: begin

n=0 2= 1:'k0;

A0T U22 { _a{nld), .B(nl7), .Clinsig), .¥i{nl4] ): 1 e= 10O,

NORZ U2Z3 { .A(s2), .E{sl), .¥(ol7) 1:
NoORZ U24 ( .a(=0), .B(nl8), .¥(nl&) I:
INV U2Z5 { .A{nl%), .¥(N5] );

NANDZ U26 { .A(nlR), .B{insigl. .¥(nl%) 1: i

Nawp2 UZ7 { .ain%), .E{(nlDl. .¥({nl%) ); begin

INV U28 ( .A(n20), .Y(N&) ); nsg ~é(:0_| =1l | =2 | =3 | =4) & lin=ig);:
NANDZ U20 { .Afimsig), .B(s2), .¥(n20] J: =2 i- =1 & ineigy

INV U0 { .A(n2l), .¥(N3) );: =3 =2 & in=ig;

NANDZ U3l { .Alinsig), .B{sll, .¥(n2l) I; =t <o =3 & inmig

TNV U3Z ¢ .A(n22], .YIN2) ); endt =R omes

NaND2 U33 { .A{insig). .B{=0], .¥(n22) );
endmodule




That's better

module =eed { clk, clr, insig, sawd |;
imput clk, clr, insig;
output sawd;

nchronous Clear

A4 Werilog HDL for "Ax", "seed" "khehawvioral®
// Synchronous clear - Allen Tanner

module =meed (clk, clr., insig., =awd):
imput clk, clr, insig;
cutput sawd;

wire ns0, NO, N1, M2, N4, N5, nl, nd, nl0, nll, nl2, nli, nl4, nlS; i =pi 44 fmitpel state, saw ab least 1 zero
Teg =2 S saw 2 ones
OFF s4_req { .D(NS), .CLE(clkl, .nCLR(nl), .Q(saw4), .QB(n9) 1; fe IS ATTEL 4 omes
OFF =3_reg { .D(N2]), .CLK(clk), .oCLR(nl], .QB{nll] ]; always @({pomedge clk] // state register with synchronous clear
DFF =2_reg { .D(NL], .CLE(clk), .nCLR(ml), .QB(nlQ) J; PRI e
OFF =l_reg { .D(N0), .CLK(clk), .oCLR{nl), .QB{nll] |; beg:a e 1mn
DFF ns0_reg ( .D(N4), .CLE(clk], .nCLR{nl), .Q(n=0) ); =L == 1L°kD
W UL2 ( Alcle), ¥(nl] ) = S ivke
0T ULY { .A(n%), .B{nl2), .C{nl3), .Y(NG) ); e R TR
QAL UL4 { .A(nl4), .B(nl5), .C(nl3), .¥{M4) ); SlEe o
NANDZ ULS { .Ain=0), .B(oll), .Yi{nlS] J; =0 &= (=0 | =1 | =2 | =3 | =4) & !insig;
NANDI UL6 { .A(nl0), .B(m%), .C{nll), .¥{nl4] ); R il
NOR2 UL7 ( .A(nl3), .B(nlD), .Y(M2) ); o e
NOR2 UL2 { .A{nl3), .B{(nll), .¥(N1) ); o | =t & insig:
NOR2 UL% ( .A(ns0), .B(nlil, .¥(m0l ); end
IV U0 .A(insig]r ¥inl3) )i assign sawd = =4i;
endmodule emcmodula

nchronous Clear

module =meed ( clk, clrc, iosig, =awd |;

imput clk, clr, insig;

output sawd;

wire M9, NLO, mll, w12, MN13, nZ, nl2, nl9, n20, nZl, n22, n23, ni4, ni5,
n26, n27, n28®, netl?, netll, net9., net®;

Baseline = 3,808,400ps
Cursor-Baseline = 223 600ps

CFF =4_reg { .0{NL3], .CLE(clk]., .nCLR(n2], .Q{sawi), .QE(net®] ];
DFF =3i_reg ( .D(N12], .CLE{clk], .oCLR(m2]), .QB{net®] ];

CFF =2_reg { .O{NLLl]., .CLE(clk)., .nCLR(m2], .Q{netll]. .QEB{nl3] ];
DFF =sl_reg ( .D(N10), .CLE{clk), .oCLR(ni2), .QE{nlB) |;

CFF =0_reg { .D(N3), .CLK(clk), .nCLR(n2), .Q{netl2), .QE(n20) );:

TIEHI U2l { .¥(n2] );
NaNDZ U22 ( .A(n2l), .B(n22), .¥(N3) );

NaMDZ2 U23 { .A(n23). .B{n2d]. .¥(nil) ):

INV U24 { .Af{in=sig), .¥in24) );

NANDY U25 { .A(nZ5). .E{(nlB), .C({n2&). .¥i{n23) 1;
NOR2 U26 { .A{netl2), .B(metll), .¥(n26) );

NQR2 U27 ( .A(n25), .EB(niT7). .¥(Nl3) );:

INV U28 { .A{n28%), .¥(n2S5) );

NaMD2 U293 ( _A(net®), .B{metd], .¥(n2&) ;

NORZ U0 { .A{p27), .B(nl®), .¥(NLZ) ];

NOR2 U3l { .A{n27), .B(nl®), .¥(Nll) );

NQR2 U32 { .A{n27), .E(ni0), .¥(NLOD) );

NANDZ U33 ( .A(insig), .E(m2l), .¥(n27) };

nv Ui { LA{clc), .¥(n2l) 1;

ROM vs. Verilog

nane rom module mywscds(addr,
32 characters of six bits each imput [4:0] addr;
16 32 &

» Is asynchronous clear really
asynchronous?

» What about set-up & hold with respect to
clock edge? n

ROM vs. Veriloo

char] ;
cutput reg [5:0] char;

always @(addr)
begin

H case(addr)
LB hOO : chaz = *hOD ; //f
; ‘hOl : char = *hO0 ; //
oL ‘h02 : char = 'h28 ; // H
oL ‘h03 : char = 'h25  // E
;0 ‘h04 : char = *h2c ; // L
. ‘hDS : char = *h2Cc ; // L
Ly *h06 : char = *h2F ; // @
; ‘hD7 : char = *hO0 ; //
] ‘h08 : char = *h37 : // W
;R ‘h0% : char = *h2F ; // 0
;L ‘hOA : char = *h32 ; // R
D ‘hOB : char = *h2C ; // L
. ‘h0C : char = *h24 ; // D
‘hOD : char = *hO0 ; //
‘hOE : chaz = 'hO0 : //
‘hOF : char = *hO0 ; //
‘hlO : chaz = *hO0 : //
. ‘hll : char = *hO0 ; //
; ‘hl2 : char = *h3} : // 5
;S ‘hl3 : char = *h25 ; // E
; E ‘hl4 : char = *h34 ; // T
T ‘hl5 : chaz = *hO0 : //
. ‘hl6 : chaz = *h2D : // M
- ‘hl? : char = *h25 ; // E
: ‘hl® : chaz = 'hO0 ;: //
;B ‘hl® : char = *h26 i // F
: *hla : char = *h32 ; // R
TR ‘hlE : char = *h25 ; // E
"R ‘hl€ : char = *h25 ; // E
. E ‘hlD : char = *h00 ; //
; ‘hlE : chaz = 'hO0 : //
. E ‘hlF : char = *hO0 ; //

endcase

and
endmodule // mywords



ROM vs. Verilog ROM vs. Verilog

64 characters (upper case, numbers and a few special characters, no lower case)

Thiz file is taken from the Free Software Foundation

Modified for ugly 8 Q. G A

groups of 8 bits with tristate output

Allen Tamner University of Utah CS6710

(232188
0000000000000L000000L0L00000101000000100000110000000L100000011000060001000001000000000000000000000000000000000000000000000000000
00000000000001000000L0L0000010100000LLL1000L100100010010000001000000010000000100000001000000010000000000000000000000 000000000001
00000000000001000000L010000111110001010000000010000101000000100000001000000000100001010100000100000000000000000000000000000000L0
0000000000000L0000000000000010100000L1L000000L000000L000000000000000100000000010000011100001111100000000000111110000000000000100
000000000000000000D000D00DOL 11110000010100001000000L0101000000000000100000000010000L01010000010000001100000000000000000000001000
000000000000000000000000000010100001L110000L0011000L001000000000000010000000100000001000000010000000100000000000000110000010000
0000000000000100000000000000101000000100000000110 000L101000000000000001000001000000000000000000000001000000000000000 110000000000
0000000000D00OODOODOO0DO0DODDBODOODOCDDODDOBOODDODDODDDODDOROODODO0DDODDODODDBDDODDODDBODIODOODDODDOBOODDODDODDDODDONOODNODRD
000011L0000001000000LLLO000LLLL100000010000LLLLL00000110000L11LL00001L100000111000000000000000000000001000000000000010000000LLLO
0001000100001100000100010000001000000110000100000000L0D000000001000L0001 000L0001000011000000110000000100000000000000010000010001
0001000L00000L000000000L00000L000000L0L0000L1L10000L000000000010006L000100010001000011000000110000001000000111110000001000000001
0001000100000100000000L00000001000010010000000010001L11000000100006011100600111100000000060000D000DLODORIO0DOOBO0DDODIOLOODOODL
0001000L0000010000000100000000010001L11L00000001000L00010000010000L000100000001000011000000110000001000000111110000001000000100
00010001000001000000L0000001000100000010000L00010001000100000100000100010000001000001100000001000000010000000000000001 0000000000
00001110000011100001111100001110000000100000111000001110000001000000111000001100000000000000100000000010000000000000 100000000100
0000002000000000000000000000000000000000000C000D00000000DOCO0000000D0DDODIDDO00D0DDODDBEDIODO0DD0ODOROO0DO0ODDD0DDOBO0DD00ED
000011100000111000011110000011100001111000011111000111110000111000010001 0000111000000111 0001000100010000000100010001 000100001110
000100010001 00010000L00L000100010000100L000L0000000L0000000L0002000L0001 0000010000000010000100100001000000011 0110001 100100010001
000000010001000L0000L00L000100000000L001000L00000 0010000000L00000001000100000100000000100001010000010000000101010001 100100010001
000011010001 11110000L110000100000000L00L000L1111000LL1100001001 100011111 000001000000001000011000000L000000010 1010001 010100010001
000101010001000L0000L00L000100000000L001000L00000 0010000000L000L0001000100000100000000100001010000010000000100010001 001100010001
000101010001 0001000010010001000100001001000L000D00DLODD0ODOLO00L00L0DDL DOODOL00000L00100001001000010000000100010001 001100010001
000011100001000100011110000011100001111000011111000100000000111000010001000011100000110000010001000111 1000100010001 000100001110
0000000000000OODOODOO0DO0DODDBODOODOCDDODDOBOODDODDO0DDODDOLOODODO0DDODOODOBDBDDODDODDOODIODOODDODDOBOODDODDODDDODDOLOODNODND
000111100000111000011110000011100001L11100010001000L000100010001000L0001 0001000100011111000011100000000000001110000001.0000000000
000100010001000L000100010001000100000100000L000100010001000L000L000L000100010001000000010000100000010000000000L00000 101000000000
000100010001 0001000100010001000000000100000L000100010001000100010000101000010001000000100000100000001000000000100001 00010000000
000111L00001000L0001LLLO00001L1000000L00000L000100010001000L01010000010000001010000001000000100000000100000000L00000 000000000000
000100000001 01010001010000000001000001000001000100010001000101010000101000000100000010000000100000000010000000100000000000000000
000100000001 0010000100L00001000100000100000L00010000L0100001101 100610001 00000100000L0000000010000000000L000000100000000000000000
000100000000110L00010001000011100000010000001L100 0000100000L00010001000100000100000L111100001110000000000000LLLO000000000001LLLL
00000000000000000000000000000000000000000D00000D00B000000DOB0D0OEO0DD0DB00IODO0D0DDO0DB0DIEDOBDD0ODOBOODDIDDODD0DOB0D0DDD

ROM vs. Verilog ROM vs. Verilog

l// Vezilog 30L for "Ax", "chorl(" ‘behav-oral’
|//2charactec ganerator rar
|//64 ctazacters (upper caze. munbers and a few epecial characters. no lowec casel

assign twist = {8 nOED}} & RAW[ 7: O]

{8{ mnoE2}} Row[ 15 2]

//Aller Tammer University of Uteh cS67L0 {8 nOEL6}} & Row[ 23: 1§]
{8 nOE24}} & ROW[ 3L1: 24]

odule chorl0(30M_row, nOED. ndBS, OTL6, nOE24, nOE3Z, nOE4D, rOZ48. ndESS, nOE64, nCEI2, nOESD, ndESS, noE9S, HOELO4, mOELLZ, nOELZD, T); {8{ noE32}} & RaW[ 39: 32]

&
&
&
&
&
input [4:0]30M_tow {8 nOE4D}} &
input 20ED, nOER. nQELS, a0E24, nOE32, rOT40, nOEAB, nOESS, nCESM, nOE'2, rOES0. ndEB3, nOE96, nCELCA. mOBLLI, nOE20; {8 nOE48}} &
oupus [7:0] T {8 nOESS}} &
{8{ nOE64}} & RAW[ TLl: 64]
wize [7:0]  twist {&{ noE72}} &
&
&
&
&
&
&

rag [L27:0] Romi {&{ nOERD}} & ROw[ 27: 80]
Loy (50200 {e{ noE2R}} aw[ 95: 28]
shunye 01801 o {2{ nOESG}} & RAOW[LD3: 98]
case (ROM_cow) {8(noEL04}} & ROW[111:104]

{8{noE112}}
{8{noEL20} }

ROW[119:112]
ROW[127:120] ¢

5'E0D 000000LCL. 1100000001L0000OCLLEOIC0200L00D00L
5101 *HODCODG0IE0000L000DDOLC100000101000007 LLLCODLLIGLIO0L0010000CO1C0IC0IOL0000000- CODCODELIB00000-DD00DDCODTOICOIDO0000000DCODCOILOL
502 BODEOIE0IEO00010000001 CLOGOILLLILOOOLOL
5103 1000007 LLDC0DCOL 1 assign T = (twist[0], twist[1], twist[2], twist[3], twist[4], twist[S], twist[6], twist[7]}:
504 *H0DCODGOIE00000000000DEODE0D1111100000101 CODCLIGOIOOLOLD
503 HODEOD030000000000001 0000 LLOL000LLLIGDL091L00L0L0000C0DEOD0INLLO0000-LONCONCLILO0N0-LONO0IELILOTD0ON0LLLICONELINS endmodule // chacll
505 b 11000110 1900960000:
507 ¥
503 HOOCOLLLC000OLLO0000L 1L 0TI LI000000L)COTLLLLLO000011000C1LI 100111000001 111,
5103 *hOOCLIGOLGO0OLLO00ODLOCOL 100CLICOMLLIGO00OL00000DE1DE0IC000000000LICONCLIGO]
BODELOBOLE0DODLO0D000ICOLLOIEOLODOODD mcmmoym oLoooro001 L0CODLLICO00OL LLLLLO0000OLEODCOIN0)
*H0DCLIGOLE0000LO0DPODDELOC0DC0D10000100LDCODCOIELI00L1110000C01C0DC0D11100000L 1L 1
BODELDE0LE000D10000000100G03GO0DLOOOL. 11LEODEDIC1001000-000COLLOIEOLOOO100000OE1DEDD1 100001 00000DLODEOIELLILLOOODOOLLDOCODLO:
*H0DCLOCOLE00O0LO0DDODLEODC0D10001000000LDC0D10IELI001000-000COLEODCOL 110000002000000CL: 0C00C0D00!
“BODCOL1LOU00DLL0000LL1L1COELL10000000L0COLLLLOINODLLLO0BOLOLEOIGODLLLO00OOL 0000000C0L 1

‘hwwumwwn 0000LLILIC0DC1L100001. 110cw111113001111 000CLL10000L00GL000GL. 10000001 LLODDLO0GLOO0LE0DCODL0GLO00: 00010060L1L
BODCLOOOL 15001000100000~.C0DEDOGOLEOOOLOOLO000LEODEOIELLOLLO00L10D10DELDEO)
B00CODEOL 1 1 000100000-600C0DEOLE0DVLO-00000LE0DE0DELI10L000-10010061D00)
*BODCOLLOLEODLLLE wcooumooswocoocoo 001w01u1130011110000100113001111100000 CODCODGOLEO0OLLO0000DLCODE0DELILOLOOD-OLDLONCLICO)
hOD 1oL 10001 _OOL 1 L L02C1000LO00100000-C00C0PE0LE000L0Z00000LE0DCOICLI00LO0DZ00LLODELICO]
L20010001000002.C0DCOLEOLE0DOLO0100001C0DE0DCLIODLO00-00L100C1DE0)
hoacoL1130001oomooumoommooom 110co0111113eom000000511103001000100001 100C0011500001000L000111L10301D00Lb00-009100COL1L!

‘hosmmooocu 000011119603E11100001-1LLEO10DELDOOLO00! ooc10cc13ooLcoowocwcmwumoocm 10coocc00ooaomwcoocomwswsoo
B0OCLICOLE0DL0001000LICOLEOIL000LO0000100C0D100CLI00LOOD-000100CLICOL, LCODE0DC0;
*B0DELOCOLE0010001000L0COLEODLO0000000010DC0L0DELI00LOO mzv10vc13mz3101vmz0100clvcvvo0Lomm010000000100003003010000 mmmw
BOOCLLLLD00010001000LL110G056111000000100C09105GLI00L000%00010LCLIEOIOLOOODOOLOLODEDIELIEODOOLOODOOOIELDEDIGOIOLOO00000DCONEDIND:
H00CLI002C0010L01000L2100C0IE000100000100G09100C1I00L000-00010LCLIE0IL0L000000-. 1 LODDO00ICOL,
*BODELDGODE0DL00-0000LICLDEOILO0010000010DCONLODELIO00101000011)11IGOLODDLOOODD-CONEOLEOIGO0BDLOO0DDDCONLOILOIDLOBODOOODEDDCODED:
B0OCLIC0DC0D0LLOLOOOLICOLE0IELLLION000DLOCOPELLLOIO0DDLO000DLOCLIBOLO00LODO0D-CODEDLLLLIODOOLLODODICODEDDCOLLLO0000000CONCLLLL
K
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