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input A

input B
—|
input

Qutput "1" if at
least 2 out of 3 of
my inputs are a "1,

Otherwise, output "0".

T will generate a valid
output in no more than
2 minutes after
seeing valid inputs

74LS.... vs FPGAs

--------
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Y=A-C+B-C+A-B

We're done!
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Gate Level Description

Verilog has built-in basic logic gates:
And, nand, or, nor, xor, xnor, not, buf

WIRE: represents connections between elements.

How to use:
wire outl; //declares there will be a connection named OUT1
and al (outl, inputl, input2); //meaning:
//implement an AND gate
//named Al

//the output is OUT1
//the inputs are INPUT1, INPUT2

Building a multiplexer using gates

module mux(input a,b,sel,

output out, outbar);
wire selb, outl, out2;

a — not nl(selbar, sel);
= ___J |out and al(outl, a, sel);
and a2(out2, b, selb);
out or ol(out, outl, out2);
<ol % outbar not n2(outbar, out)

D__ out? endmodule
b — =




The HDL

HDL = Hardware Description Language

HDL Description

“What we want” “Compiler”

Logic Synthesis

Fitter
HDL -> Logic
Place cells

Functional Description Interconnect

Physical Design

FPGA
Configuration
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Verilog data values

0 Logic zero, “Low”
1 Logic one, “High”
Zor? High Impedance (tri-state)

X Unknow (simulation)

Numeric constants

Full format: <Width>'<Radix>value
Width: number
Radix: d=decimal, h=hex, o=ocatl, b=binary

123 Default: decimal radix
‘d123 ‘d=decimal radix

‘h78B ‘h=hexadecimal radix
‘0173 ‘o=0catl radix

‘111 101  ‘b=binary radix
16’b11111 A binary with 16 bits
16’d5 A 16 bit decimal = ‘c0000_0000_0000_0101



+ ~(4'b0101) = {~0,~1,~0,~1} = 4b1010
. 4b0101 & 4'b0011 = {0&0, 1&0, 0&1, 1&1} = 4'b0001

Boolean operators

Bitwise operators perform bit-oriented operations on vectors

Reduction operators act on each bit of a single input vector
« &4(4b0101)=0&14&404&1=1b0

Logical operators return one-bit (true/false) results

I(4'b0101) = 1'b0

Logical

Ia

NOT

a&&b

AND

allb

OR

Bitwise Reduction
~a NOT &a AND
a&b | AND ~&a | NAND
alb OR la OR
a*b | XOR ~la NOR
a~"b | XNOR "a XOR
a’~b ~rg | XNOR

|

a==>b
al=b

[in]equality
retums ¥ when x
or Z in bits. Else

returns 0 or 1

Note distinction between ~a and la
when operating on multi-bit values

a==—=>b
al==

case

[in]lequality
retums 0 or 1
hased on bit by
hit comparison




Other operators

iti Arithmetic
Conditional
I a?b:c Ifathenbelsen:l negate
] add
subtract
multiply
Relational divide
modulus
a>b greater than

exponentiate
a >= b | greater than or equal P

2<b Less than logical left shift

a<=Db | Lessthan orequal logical right shit

arithmetic left shift

arithmetic right shift




Wire ab;

Wire ab,cd;
wire [31:0] ef;
{ab,cd}

ef[15]

ef[7:0]

Note:
wire [7:0]a;
wire [0:7]b;

How many bits?

A 1 bit wire called ab

Two 1 bit wires called ab and cd
A 32 bits wire bus called ef;
Concatenation of ab and cd;

Bit #15 (the sixteenth) of ef

First 8 bits of ef (the ones to the
right

What does this means?

wire [31:0] kk;
Wire [7:0] a,b,c,d;
Assign kk={d,c,b,a}

The two forms can be used. Prone to error if mixed.
Standard convention: [MSB:LSB] w/ MSB>LSB & LSB=0

[WIDTH-1:0]



The REG keyword

reg = register
Is intended as a variable type

LeftHandSide inside always blocks must be reg!

For historical reasons...
reg is not always a clocked register (althought it would make more sense)

reg can be used directly in the port declaration:
output reg [15:0] result

or in the declaration of a net:
reg a;
reg[31:0] b;

Do not use reg with assigns:
reg out;

asstgh—out=0+



Continuous Assignments
(aka dataflow)

The assign construction
assign LHS = RHS ;
can use operators...

wire a,b,c,d,e,f,g;
assign a=b;

assign c=!d;

assign e=T+qg;

Sequential behaviours
(aka procedural)

The “always @” construction wire b,d,f,qg;
always @ (sensitivity list) reg a,c,e;
begin always @ (b,d,f,gy~

LHS=RHS; begin
end a=b;
can use operators, if, case, ... c=1d;

e=f+g;
end

can be:
always @ ()

10




ASSIGN

S/ 2-to-1 multiplexer with dual-polarity outputs

module mux2(input a,b,sel, output z,zbar);
// again order doesn’t matter (concurrent execution!)
// syntax 1s “assign LHS = RHS” where LHS 1s a wire/bus
// and RHS 1s an expression
assign z = sel ? b : a;
assign zbar = ~z;

endmodule

wELSE

ALWAYS @
IF...,THEN

Jf 4-to-1 multiplexer
module mux4(Cinput a,b,c,d, 1nput [1:0] sel, output reg z,zbar);
always @acC*) hegin
1T (sel == 2'b00) z = a;
else 1T (sel == 2'b01) z = b;
else 1T (sel = 2'b10) z = C;
else 1T (sel = 2'bll) z = d;
else z = 1"bx; S/ when sel 1s X or Z
// statement order matters inside always blocks
// so the following assignment happens *after® the
// 1T statement has been evaluated
Zbar = ~z;
end
endmodule

The multiplexer using...

ALWAYS @
CASE

S/ 4-to-1 multiplexer
module mux4(input a,b,c,d, input [1:0] sel, output reg z,zbar);
always @(*) begin

case (sel)
2'b00: z = a;
2'b01: z = b;
2'b10: 7z = C;
2'b11: 7z = d;
default: z = 1'bx; // 1n case sel 15 X or Z
endcase
Zbhar = ~z;
end

endmodule




Mix Assignments

m Procedural and continuous assignments can (and often do) co-exist
within a module

m Procedural assignments update the value of reg. The value will remain

unchanged till another procedural assignment updates the variable.
This is the main difference with continuous assignments in which the

right hand expression is constantly placed on the left-side

module mux 2 to l(a, b, out, 3 =1
outbar, =el);
input a, b, sel; out
output out, outbar; b =0 outbar
reg out;
always @ (a or b or =zel) sel
begin
if (sel) out = a; procedural
elze out = b:; e
g description
agsign outbar = -~out; if;ggﬁzzgi

endmodule

12



n-bit signals
= Multi-bit signals and buses are easy in Verilog.

= 2-to-1 multiplexer with 8-bit operands:

module mux 2 to 1l(a, b, out,
outbar, =sel);
input[7:0] a, b;

i B
input sel;
output [7:0] out, outbar; a=y hrhhl

reg[7:0] out;

8

#— out
alwayes @ (a or b or sel) b+ﬂ' I—Du.)h outbar
begin 8 8

if (g2el) out = a;
elze out = b; sel
and
asgign outbar = ~out;
aendmodul e

= {Mm,n} Concatenate m to n, creating larger vector

// 1f the MSB of a iz high, this module
// concatenates 1111 to the vector. With signed
// binary numbers, thies is called sign extension.

module sign extend(a, out);
input [3:0] a;
output [7:0] out;

assign out = a[3] ? {4'bllll,a} : {4'b0000,a}; 13
endmodul e



Integer Arithmetic

m Verilog’s built-in arithmetic makes a 32-bit adder easy:

module add32(a, b, sum);
input[31:0] a,b;
output[31:0] sum;
assign sum = a + b;
endmodule

m A 32-bit adder with carry-in and carry-out:

module add32 carry(a, b, cin, sum, cout);
input[31:0] a,b;
input cin;
output[31:0] sum;
output cout;
assign {cout, sum} = a + b + cin;
endmodule

14



Goal:
a —00
b —p1 out
C =10
2
sel
3-to-1 MUX

("11" input is a don’t-care)

Danger

Proposed Verilog Code:

module maybe mux 3tol(a, b, c
sel, ou
input [1:0] sel;
input a,b,c;
output out;
reqg out;

always @(a or b or ¢ or sel

begin

If out is not
assigned during any
pass through the
always block, then
the previous value
must be retained

al)

-

2'b00: out = a;
2'b01: out = b;
2'b10: out = c;

LATCH

end
endmodule

Synthesized Result:

a —0o0
b —01 D Q= out
C —110 G
2
sel
sel[1] —
sel[0] —

= Latch memory “latches”
old data when G=0 (we

will discuss latches later)

= In practice, we almost
naver intend this

Solution:

always @(a or b or
begin

m Precede all conditionals
with a default assignment

out = 1’bx;
cage (zel)

c or sel)

. . 2'b00: out = a;
for all signals assigned 2'b01: out = b;
within them... 2'b10: out = c;
endcasge
end
endmodule
always @(a or b or ¢ or sel) .
begin m ...or, fully specify all
casez (;:g) branches of conditionals an
' : out = a; R . —
2'b01: out = by assign all signals from all
2'b10: out = c; branches
eng::::l“ out = 1°bx O For each if, include else
end O For each case, include default

endmodule

15



D an g e r Code: if i[0] is 1, the result is 00

Goal: Proposed Verilog Code: regardless of the other inputs.
if0] takes the highest priority.

if (1[0]) e = 2'b00;

4-to-2 Binary Encoder module binary encoder (i, e); else if (i[1]) e = 2'b01;
input [3:0] 4i; else if (i[2]) e = 2'b10;
0 — |3 output [1:0] e; elge if (i[3]) e = 2'bl1l;
190 E =1 reg [1:0] e; Zl}lge e = 2'bxx;
0 41 Egp—0 always @(i)
0 I begin
if (1[0]) e = 2'b00; Inferred 5,4
else if (i[1]) e = 2'bO1; Result:
31 141y [ B4 Ep else if (i[2]) e = 2’b10;
0001 | oo else if (i[3]) e = 2'bl1;
else e = 2'bxx; ) i
0010 [ 01 end i3] i2] i[] i[0]
0100 10 endmodule
1000 11
allothers | X X I F-else and case statements
What is the resulting circuit? are interpreted very literally!

Beware of unintended priority logic

Solution:

m Make sure that i f-else and case statements are parallel

O If mutually exclusive conditions are chosen for each branch...

O ...then synthesis tool can generate a simpler circuit that evaluates
the branches in parallel

Parallel Code: Minimized Result:

module binary encoder(i, e);
input [3:0] i;
output [1:0] e;

reg [1:0] e; |3 I EIJ
always @(i)
begin |1

if (i == 4°b0001) e = 2°b00; 1y , E,

elase if (i == 4'b0010) e = 2'k01;
else if (i == 4'b0100) e = 27'b10;
else if (i == 4'b1000) e = 2"bll;
elae @ = 2"'bxx; 16
end
endmodule



Modules,
again, and
again and

again...



Structuring... Modules

Modules are the building blocks in Verilog!
There is at least one module: The top one that has the name of the project!

Kernel

e.g. AND gate

Module

Ports in the top level module link directly to the pins

18



Modules with different juice...

module mux(input a,b,sel, output g, gbar);

wire selbar, gl, g2; assign q = sel? a : b; géw?xs @ (a,b,sel)
not nl(selbar, sel); assign gbar = ~ q; 9 .

_ 1T (sel) g=a;
and al(ql, a, selbar); else a=b-
and a2(z2, b, sel); 4=b-

) end

or ol(g, gl, g2); assign gbar = ~ q;
not n2(gbar, Q) 9n 9 -9

endmodul e

We just need to know the shell, the interface, and its function!

19




Call the port by its name!

module mux(i10,11,12,sel,out);

Option 1: Know the order and write all ports...
mux my_mux (add_out, sub_out, mul_out, f[1:0], res);

Option 2: Know their names...

syntax: module _type module name (.port_name(net_name), .port2_name(net2_name));

mux my mux (.10(add out), mux my mux (.sel(f[1:0]),
.11(sub_out), .out(res),
i2(ul_outy,  OR _i0(add_out),
.sel(f[1:0]), .11(sub_out),
.out(res)); .12(mul_out),
)
port net
name
mux my mux (.sel(2’b00),
()E@ .out(res),
even .10(add_out),

); 20



Parametrized modules

could be useful if we could build “generic” modules
for instance a mux for data buses that can be 1 bit to 32bit
if we have a parameter that seems easy

THE #(PARAMETER ....)

module mux #(parameter W=1)%

(input [W-1:0 10,11]
output [W-1] out
input sel);
assign out= sel ? 11 : 10;
endmodule

parameter named “W”
default=1

Using a parametrized module

wire a,b,c,z;

mux #(.W(1)) mli(.sel(a),-10(b),.11(c), .-out(2));

wire aa;
wire [15:0] bb,cc,zz;

mux #(.W(16)) ml(.sel(aa), -10(bb),.11(cc), .out(zz));

21




and of course... be creative...

You can instantiante lots of modules that feeds one another...
Each instance is like a “new chip” of that type
Each instance must have different names

How many instances can drive a net??

Sometimes drawing in a paper is useful...
just draw boxes, don’'t need to be an artist...

// 4-to-1 multiplexer
module mux4(input d0,d1,d2,d3, input [1:0] sel, output z);
wire z1,z2;
// 1nstances must have unique names within current module.
// connections are made using .portname(expression) syntax.
// once again order doesn’t matter..
mux2 ml(.sel(sel[0]),.a(d0),.b(dl),.z(z1)); // not using zbar
mux2 m2({.sel(sel[0]), .a(d2),.b(d3),.z{(z2));
muxZ2 m3(.sel(sel[1]),.a(zl),.b{(z2),.z(Z));
S/ could also write “mux2 m3(zl,z2,sel[1],z,)" NOT A GOOD IDEA!
endmodule

22



Build an ALU



Connecting modules to build complex machines

Example: A 32-bit ALU Function Table
A[31:0] B[31:0]
| ‘ F2 F1 FO | Function
32°d1 32'd1 0 ﬂ u A * B
[\ 15017 Fo] 001 | A+1
P 11 010 A-B
[, ] « | [P0 011 A-1
1 0 X A*B
00 01 104
F[2:1]
R[31:0]

24



Modules

2-to-1 MUX 3-to-1 MUX

module mux3i2two (10,11,8el,0ut) ; T:;Etilal:zitggﬂzii:ifl*12:Eﬂlrﬂut};
input [31:0] 10,11; input [1:0] Eil; o
input sel;
H output [31:0] out;
output [31:0] out; Iﬂgplzltﬂ] out;

assign out = sel ? 11 : 10; always @ (10 or 11 or 12 or sel)
begin
endmodule case (sel)

2'pb00: out = 10;
2'b01: out = 11;
2'b10: out = 12;
default: out = 32'bx;
endcase
end
endmodule

32-bit Adder 32-bit Subtracter 16-bit Multiplier
module mulls (10,11, ,prod) ;
input [15:0] 10,11;
cutput [31:0] preod;

module add3z2 (10,11,sum) ; module sub32(10,11,d1iff);
input [31:0] 10,11; input [31:0] 10,11;
output [31:0] sum; output [31:0] diff;

// this is a magnitude multiplier
assign sum = 10 + 1i1; agsign 4d1iff = 10 - 11; // signed arithmetic later

assign pred = 10 * 11;
endmodule endmodul &

endmodul e

25



Top-Level: connect the modules

m Given submodules: A[31:0] B[31:0]

module
modul e
module
module
module

m Declaration of the ALU Module:

module aluf{a, b, £, r);
input [31:0] a, b;
input [2:0] £;

mux32two (10,11, 8l ,0ut) ;
mux3Zthree(10,11,12,8el,0ut) ;
add32 (10,11, sum);
sub32(10,11,d1f£f) ;

mullé (10,11, pred) ;

output [31:0] r; R[31:0]

wire [31:0] addmux out, submux out;
wire [31:0] add out, sub out, mul out;

——— | intermediate output nodes g

mux3i2two adder mux(b, 32'dl, f£[0], addmux out);
mux3i2two sub mux(b, 32'dl, f[0], submux out);

addaz our adder(a, addmux out, add out);
sub3i2 our subtracter (a, submux out, sub out);
mullé our multiplier(a[15:0], b[15:0], mul out);

muxi2three ocutput mux(add out, sub out, mul out, f[2:1], r);

endmodule  madule | [ (unique) corresponding

N AN \

names instance wires/regs in
names module alu

26



Until here:
Combinational
[o]o][e:



Sequential Logic



Something We Can't Build (Yet)

What if you were given the following design specification:

When the button is pushed:
1) Turn on the light if
it is of f
2) Turn of f the light if

it is an

The light should change
state within a second

of the button press

light

What makes this circuit so different
from those we've discussed before?

1. "State” - i.e. the circuit has memory

2. The output was changed by a input
"event” (pushing a button) rather
than an input “value”

29



Digital State

One model of what we'd like to build

New
State
—= Memory
Device Current _ _
State Combinational
] 1LOAD Lﬂgi -
Input Qutput

Plan: Build a Sequential Circuit with stored digital STATE -
* Memory stores CURRENT state, produced at output

* Combinational Logic computes

* NEXT state (from input, current state)  When Oufput depends on input
and current state, circuit is

» OUTPUT bit (from input, current state) « called a Mealy machine. If
Output depends galy on the

* State changes on LOAD control input current state, circuit is called
a Moore machine.

30



Our next building block: the D register

The edge-triggered D register: on
the rising edge of CLK, the value of D D Q Q
D is saved in the register and then
shortly afterwards appears on Q. CLK >
> I a
CLK 4 N
Yl I
N 9



The Sequential always Block

Edge-triggered circuits are described using a sequential always

block

Combinational Sequential
module comb(input a, b, sel, module seq(input a, b, sel, clk,
output reg out); output reg out);
always @(*) begin — always @(posedge clk) begin
1T (sel) out = a; 1T (sel) out == a;
else out = b; else out <= b;
end end
endmodule endmodule
., H-‘\-\-H\-\"\-\.
0

a 0 a—]
}ﬂut out
b 1 —l
i T rt
sel

clk




Importance of the Sensitivity List

* The use of posedge and negedge makes an always block

sequential (edge-triggered)

* Unlike a combinational always block, the sensitivity list does

determine behavior for synthesis!

D-Register with synchronous clear

module dff_sync_clear(
input d, clearb, clock,
output reg q
)5
always @(posedge clock)
begin
if (clearb) g <= 1'b0;
else g <= d;
end
endmodule

always block entered only at
each positive clock edge

D-Register with asynchronous clear

module dff_sync_clear(
input d, clearb, clock,
output reg q
)5
always @(negedge clearb or posedge clock)
begin
if (Iclearb) g <= 1'b0;
else q == d;
end
endmodule

always block entered immediately when
(active-low) clearb is asserted

Note: The following is incorrect syntax: always @(clear or negedge clock)
If one signal in the sensitivity list uses posedge/negedge, then all signals must.

= Assign any signal or variable from only one always block. Be wary
of race conditions: always blocks with same trigger execute

concurrently...

33



Blocking vs. Nonblocking Assignments

* Verilog supports two types of assignments within always blocks,
with subtly different behaviors.

* Blocking assignment (=): evaluation and assignment are immediate

always @(*) begin

x =a | b; J/ 1. evaluate alb, assign result to x

y=aAbaAcg; /2. evaluate arbric, assign result to vy

Z=Db & ~C; S/ 3. evaluate b&(~c), assign result to z
end

Nonblocking assignment (<=): all assignments deferred to end of
simulation time step after all right-hand sides have been
evaluated (even those in other active always blocks)

always @(*) begin

X <= a | b; /7 1. evaluate alb, but defer assignment to X
y<=aAbac; //f 2. evaluate arbAic, but defer assignment to y
Z <= b & ~C; // 3. evaluate b&(~c), but defer assignment to z

J/ 4. end of time step: assign new values to x, y and z
end

Sometimes, as above, both produce the same result. Sometimes, not!

34



Assignment styles for sequential logic

Flip-Flop Based q1 q2
Digital Delay " |° 9 [° 1P 9—°“

Line o |‘I>_ e I‘P_

= Will nonblocking and blocking assignments both produce
the desired result?

module nonblecking(in, clk, out); module blocking(in, <lk, out);
input in, <lk; input in, <lk;
ocutput out; output out;
reqg ql, g2, out; reqg ql, g2, out;
alwaye @ (posedge clk) always @ (posedge clk)
begin begin
ql <= in; ql = in;
q2 <= ql; g2 = ql;
out <= g2; out = g2;
end end

endmodul e aendmodule

35



Use nonblocking for sequential logic

always @ (posedge clk) always @ (posedge clk)
begin begin

gl <= in; gl = in;

g2 <= gl; g2 = ql;

out <= g2; out = g2;
end end

“At each rising clock edge, gl
= in.

After that, g2 = gl = n.

After that, out = g2 =gl = in.
Therefore out = in."”

) q1 q2 _ ql q2
in—D D Q D Qp—out in out
£ P
clk clk

Blocking assignments do not reflect the intrinsic behavior of multi-stage
sequential logic

m Guideline: use nonblocking assignments for sequential
always blocks

“At each rising clock edge, gl, g2,
and ouf simultaneously receive the
old values of in, gl, and g2”

36



Use blocking for combinational logic

module blocking(a,b.c,x.¥);

Elﬂﬂ'kfﬂg Behavior abc x Y R ——— input a,b,c;
- : cutput x,¥;
(Given) Initial Condition | 110 11 E"_‘I: ) =X Ted XY
a changes; ) 010 11 : IJ . always @ (a or b or c)
always block triggered c D—'— Y  begin
x =a & b; 010 01 S ; - T 2
Yy =x | c; 01000 end
endmodul &
Hﬂﬂbfﬂﬂkﬁﬂg Behavior abc x Y Deferred module nonblocking(a,b,c,.x.¥):
input a,b,e:
(Given) Initial Condition 110 11 output x,y;
a changes; 010 11 reg X, ¥i
always block triggered always @ (a or b or c)
- begi
x <= a & b; 010 11 | x<=0 “gg=ﬂ.ih:
y <= x | e; 010 11 | x<=0, y<=1 o hemx e
Assignment completion | 010 01 endmodule

Nonblocking and blocking assignments will synthesize correctly. Will both

styles simulate correctly?

= Nonblocking assignments do not reflect the intrinsic behavior of multi-stage
combinational logic

m While nonblocking assignments can be hacked to simulate correctly (expand
the sensitivity list), it’s not elegant

m Guideline: use blocking assignments for combinational always blocks
37



= VS <= Inside always

. always @({posedge clk) begin
a=>b; S/ blocking assignment
b = a; // execute sequentially
end

, always @(posedge clk) begin
a <=b; // non-blocking assignment
b <= a; // eval all RHSs first
end

Rule: always change state using <= (e.g., inside always @(posedge clk)_)




Example: A simple counter

0—1 N4 4
@—-1 f"'r » count

en clk

// 4-bit counter with enable and synchronous clear
module counter(input clk,enb,clr,
output reg [3:0] count);
always @(posedge clk) begin
count <= clr ? 4°’b0 : (enb ? count+l : count);
end
endmodule

39



Counter 32 bits in the leds...

reg [31:0] count ;

assign LEDR = count[17:0];
always @ (posedge CLOCK_50)
begin

count <= count +1,;
end

PWM — Pulse Width Modulation

wire [7:0] H_PWM,;
wire [3:0] bright;
assign bright=SWI[3:0];
reg [3:0] PWM_count;
always @ (posedge CLOCK_50)
PWM_ count<=PWM _count+1;
assign H_PWM=(bright>PWM _count)? 7'hFF

: 7'h00;

40



The Asynchronous counter

Count [3:0]
A simple counter architecture Count[0] Count[1] Count[2] Count3]
O uses only registers |_ ( (

(e.g., 7TAHC393 uses T-register and D Q L D Q
negative edge-clocking) o) ) 8 o
O Toggle rate fastest for the LSB £ 25 o s

...but ripple architecture leads to
large skew between outputs

| |
Clock T
D reqister set up to
always toggle: 1e., T
Register with T=1

Count [3]
Count [2]
Count [1]
Count [0]

Clock
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The ripple counter In verilog

Single D Register with Asynchronous Clear:

T;::;:i“d?::fi?ﬂﬁs;:?“t (elk, clear, d, g, gbar): Cnunt{&ﬂ}
output g, gbar; [Guunﬂﬂ] Jﬂuumﬂ] _r:uunt[:] jﬂuum{:‘.]
reg dq:
L5 aHH Lo a
alwayes ¢ (posedge clk or negedge clear) |
bagin Q-+ Q a
if (lelear) " " Countbar[3]
g <= 1'b0;
else g <= 4; Ik Countbar[0] Countbarf1] Countbar{2]
end c
assign gbar = -q;
endmodul e

Structural Description of Four-bit Ripple Counter:

module ripple counter (clk, count, clear);
input ¢lk, clear;

output [3:0] count;
wire [2:0] count, counthar;

drag async reset bilt0(.clk(elk), .clear(clear), .d(countbar[0]),
+FJloount [0] ), .gbar{countbar[0])};

dreg_async reset biltl(.clk(countbar([0]), .clear(clear), .d{(countbar([1]).,
gicount [1]), .gbar{countbar[l])});

dreg_async reset blt2(.clk(countbar([l])., .clear(clear), .d(countbar[Z]).

glecount [2]), .gbari{countbar[2]));

drag async reset bit3(.clk(countbar(i]), .clear(clear), .d{(countbar([3]).

gleount[2]), .gbari{countbar[3]));

endmoduls
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C1

Logic for a synchronous counter

c2

D Qs DQH
[La [La

D
nQ

s Count (C) will retained by a D Register .

m Next value of counter (N) computed by combinational logic %

= Any time multiple bits change, the counter output needs time to
settle.

m Even though all flip-flops share the same clock, individual bits
will change at different times.

O Clock skew, propagation time variations

m Can cause glitches in combinational logic driven by the counter
m The RCO can also have a glitch.

Care is required of the @ @

Ripple Carry Output:

Any of thees transttion. (=010} /=(10)->={1o)
paths are possible!
(o1)—>-{ow







Tools - Simulation

Verilog Quartus Il
e Iy A Ecnmmm @Em‘m‘n:mﬂm: Flows Suminaiy @Wwelumiwni‘
ﬂ - e 'S:L. Master Time Bar 1217 ns 1) ¢ Peinle 7.35ms Indesvat A8 Shat Ops End o
=+ System Tasks & Functions o oy e o e 2pre
\- - Hame w REA F T
# 4 \
kY I
_‘Er 1 £
Quartus II support for system tasks and functions is described below,. 54 &) %
Description Language Based on the lYerilog Hardware Description Language E %
EENS
Section Verilog HDL Quartus II Support  ANofe E}E E
Construct i1) 5}.91
14.1 Display System Tasks Mot supported,
14.2 File Input-Cutput Mot supported,
System Tasks
14.3 Timescale System Mot supported,
Tasks
14.4 Simulation Caontrol Mot supported. Define the signals .
System Tasks .
Inputs — stimulus
14.5 Tirming Check System Mot supported,
e ! A Outputs - results
14.6 PLA Modeling System Mot supported, \ 4
Tasks
Define the stimulus to the system
14.7 Stochastic Analysis Mot supported,
System Tasks
14.8 Simulation Time Mot supported,
System Functions
14.9 Conversion Functions Mot supported,
for Reals
14,10 Probahilistic Mot supported, . .
Tl i N o Run the simulation and you get the result

45
http://www.asic-world.com/verilog/timing_ctrll.htmi#Example - clk_gen http://fpgadu.epfl.ch/wiki/lmage: Simulation.jpg



http://www.asic-world.com/verilog/timing_ctrl1.html
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Tools — Measurement instruments

Waveforms

/

wsos0148 %) T T e ———

Agi Tachnolagion

R® 0D
Caga e

BEEE ®&S®

N
2.9 9.9
1) Gy (2) G (3 4

o @‘ ¥ ok o% o%
Q00000 7| . e,
s o 86606

]

D

B TLA - [Waveform 1]
[ Fi= Edt Wew Data System Tools Window Help

= e =
= TLA - [Waveform 1]
= [ Fle Edt View Data System Tooks tindow Help
=5 = ] =) R | A|| B setup T Trioger M waveform + b Listing | |[ Stae | Idie & —
T £ B, 2 oA bTaE=Y @ iew wobagnivu E activiy OF value || () @) Tme/Div (1000 v| @ @ [Seach v

& - [| cusor 1 v] ] Cursor 2w = 40ns

E Magniu A3
G Magnivu; A2

"!'. (& 5

LY |
5 g Add Measurement (rag and Drop) Measurements 2]
X
—— & [ % perioa " Frequency #| | Enable | Hame Source Gate Value ™ Accumulate
= Positive - Hagative Claar Values
% T Dty Cyele U Dty Cyele
5 _rt Positive < Hegative
& L pulse Width = Puise Width L. N—
2 Channel to U powtorn Mateh Y Enable All Disable All Delete All Recale

For Help, press F1 Tekironp




Tools — Internal Logic Analyser

Signal-TAP embedded Logic Analyser

Quartus Il Handbook Version 9.0 Volume 3: Verification
14. Design Debugging Using the
SignalTap Il Embedded Logic Analyzer

[J1d Vo : and Se g P iDe ppsfalteral lemo atio [} [}
File Edit View Project Assignments Processing Window Help
0 & L5 |§| ¥ E|ﬂ Cu || Run EDA Simulation Tool Vo &

Project Mawvigator - x

E ritity

Fun ED Timing Analysis Tool

E Launch Design Space Explorer

Cyelone Il: EP2C35FET2C6

|

304 DE2_SD_Card.. £

'E_T} Timetuest Timing Analyvzer

B

B

Advisors k

@ Chip Planner Floorplan and Chip Editor)
@:@ Design Partition Planner

Metlist Yiewers »

2l SignalTap II Logic Analwzer

&= In-3ystem Memory Conkent Editor

(=] Logic Analyzer Interface Editar

1 In-Syskem Sources and Probes Editor
SignalProbe Pins...

Programmer
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Tools — Internal Logic Analyser

Lr] Quartus Il - C:/Documents and Settings/LIP/Desktop/Altera/DE2_demonstrations/DE2_SD_Card_Audio/DE2_SD_Card_Audio - DE2_SD_Card_Audio - [stp1.stp]

File Edit ‘iew Project Processing Tools  Sindow

|hztance M anager: 'Q L2 | IInvaIidJTAG configuration El ® | ITAG Chain Canfiguration: _ @ =
Ifstanice [ Status | LEs: 0] Mermory: 0 | ME12MLAB: 0/0 | MAKMIK: 39/105]  MAe :
auto_signaltap_0 Mot rnning 0 cells 0 bits P& M Hardware: I Dizabled j Setup..
Lo | NV | I YN
I ]
P | 5 ﬂ SOF Manager: & I D
autw_ :é‘ . - _: ~ SigAal Configuration; \|
Hode Data Enable | Trigger Enable |Trigger Conditions Mack: I—I -
vype IAIiasI Hame 0 0 1[7 | Basic - ’
Diouble-click to add nodes - Data
Sample depth: |‘|28 vI Rk tppe: IAutg vI
[~ Segmented: I 2 B4 zample segmentz j
— Starage qualifier
Tope: I ZE Continuous j
Input port; I J
\\ [" Fecord data discontinuities
I~ Dizable storage qualifier
- Trigger
Trigger How contral; ISequentiaI ll
Trigger pozition: I:ﬁ:" Pre trigger position j
Trigger conditions: I 1 ;I J
B Data |E Setup k 7
Hierarchy Display: X | [” Datalog B.I, x

----- {E‘ auto_zignaltap_0

>

: auto_zignaltap_0

For Help, press F1

[ el [ 7

+—> CONTROL

Clock
definition

Trigger
definition

The signal
you want to
llsee”
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Tools — Internal Logic Analyser

The logic analyser will collect data from the registers and output it through
the JTAG programming interface

368 AUDIO_DAC_ADC.v | 3% DEZ_Default v | 4% 120_av_Corfigv | 1 stp1.stp
Instance b anager: |Invalid JTAG canfiguration @ ¥ | TAG Chain Configuration: _ @
Inztance Status | Increrental Compilation | LEs: 587 | Memary: 4352 | ME12: 0 MK 1 MAAl
|£| auto_signaltap_0 Mat running r 587 cells 4352 bits 0 blocks 1 blocks Oble | Hardware: | j Setup..
Device: | | Sean Chain
:< = ) »x| SOF Manager: E
log: 200900246 02:03:558 #36 click to insert time bar
Type |Alias | Hame e, 2 2 4 4 4 £ 5 . .t % .8 .0 e 0
o E O _ADCudALID_outR FEIDh : A FEBDH
o [ LEDR OFE30h by OFEEDh
:{ 1l
& Data JZ Setup
Higrarchy Dizplay: X | W Datalog: @l

i log: 2009/02/16 020358 #21
@ log: 2009/02/16 020358 #22

e a R C P Fal e T Mt BT e

=1-[#] ® DEZ_Default
[¢]l ® AUDIO_DAC_ADC:ud

: auto_gignaltap_0

Tools — Signal probe

Internal signals can be extracted to output pins and connected to na
external logic analyser. Signals can be exchanged easily...
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SignalTap step by step
*Open DE2 default and compile it!
*Program DE2
*Tools—> Signal Tapll Logic Analyser

l‘lﬂ Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DEZ_Default - DE2_Default - [stp1.stp] = 53

File Edit “Wiew Project Processing  Tools  window
JJ LV | |Irwa|id JTAG configuration ~|@) ‘ﬁa il | e ‘
|ngtance Manager: "Q LA | IInvaIidJT.-’-‘-.G configuration @ | JTAG Chain Configuration: _ @ \ 4

Instance | Status | LE= 0 Memany: 0 | M512 MLAE: 040 | MAK MIE: 75405 | M-RAMMIT44K: 040 |

[®] auto_signaltap_0 Mot minning 0 cells 0 bits MA, Ha, HA, Hardware: I Flease Select j_

Device: INone Detected j ScanEhainl
ﬂ SOF Manager .= | I B

o]

\, v,
- > 4
auto_signattap_D Ié‘hllow all changes j Signal Configuration: 4
Hode Data Enable |Trigger Enable |Trigger Conditions Clack: I I_I 1=
Type Iﬂ.lias I Hame 0 0 11 | Basic B3|
Double-click to add nodes ~ Data
Sample depth: |12E vl Rk type: I,&utg vl
[ Segmented: |2 E4 zample segments

— Storage qualifier

[
Type: I § Continuous j

|nput port: I

™ | Becord data discontinuities

[™ | Disable storage qualifier

— Trigger
Trngger flow contral; Sequential LI ;I

E [ ata | i; Setup

Hierarchy Displaw: X | Datalog Y e
----- @ auto_signaltap_0

| : auto_signaltap_0
For Help, press F1 [T
' s ' ﬂ £ PCLD-T2 B G TR =B ER 1 S oo




«Setup the hardware (choose the USB blaster)

i Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2_Default - [stp1.s5tp*]

File Edit “iew Project Processing Tools  wwindow

” LR IAdd nodes to the currentinstancj@ |¢za Al | e | ‘

Instance kanager: "q "4) | IAdd nodes ko the current instance @ JTAG Chain Configuration: IJT.&G ready @ X
Instance | Status [ LEs. 0] Memary: 0| MS1ZMLAB: 040 M4KM3K: 75/105|  M-RAMM144Kc 020
|£| auto_zignaltap 0 Mot running 0 cellz 0 bits MNA [0 MNA Hardware: I USE Blaster [USE-0]
Device: I@‘I: EPZC35 [0x02084000) j Scan Chain |
ﬂ SOF Manager .= [l I J
auto_signalttap_0 Ié\ﬂ"DW all changes j Mﬂ Canfiguration; \X
Hode IDatﬂ Enable | Trigger Enable |Trigger Conditions ( Clock: I u !‘_
Type Iﬂliﬂs I Name I 0 0 1 | Basic |
Couble-click to add nodes - Data
Sample depth: I‘I28 ;I Fiubd tppe: I.&uto ;I
[~ Seamented: |2 Ed zample segments j
— Starage qualifier
Type: I § Continuous j
Input port; I J
I~ | Recaord data discantinuities
\\ ™| Digable storage qualfier
— Trigger
Trigger flaw contral: Sequential LI LI
B Data | E Setup
Hierarchy Display: X I Datalog: Bl £
----- @ auto_signaltap_0
: auto_signaltap_0
For Help, press F1 &
m E9E ™ Gaoatsu-cp... ][ 1] Quartus 11 - C:fD... ]m [ 08-09 ][ £ PCLD-T2 ) K] ?T T ; , HAE®HSF oot

*Define the clock
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Mode Finder

X

I armed: I“u:u:unt“

_j Filter: IDesign Entry [all names) ;I

Customize. . I Lizt

Look in; IID E2_Default

Modes Found:

I arme | .ﬁ.ssignr@
a3 Cont IInassic
& Cont[0] [ rassic
& Caont[1] [ rassic
4 Cont[2] IJrassic
4 Cont[3] Irassic
4 Cont[4] Irassic
4 Cont[5] Urassic
< Cont[F] [ rassic
<& Cant[7] [ rmassic
& Cont[8] [ rassic
& Cont[9) [ rassic
< Cont[10] IJrassic
4 Cont[11] Irassic
4 Cont[12] Irassic
4 Cont[13] Urassic
<& Cont[14] [ rassic

a1 ]
P i |

v | W Include subentities Stop

q

Selected Modes:
M firrsimmrrreriey
“ |DE2_DefauliCont[16] IIhazzignec

>

<4

£ Y 4

[{_] 1111 ]

Cancel |
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Choose the signals to observe. Choose Cont 25,24,23,22

U cells U btz M 1S M NIEIMEAIE. ] DU TLIaeE

Mode Finder B L

M amed: |E|:.nt* j Filter: |Design Entry [all names] j Cusztarnize. .. | Lizt | C%
Loak. in: |IDE2_DefauIt| jJ v Include subentities Cancel

-

E— Modes Found: Selected Modes:
. -
T I ame Azsignr| & M ame | Azsignmen!
—1| |4 Cort[14] Unassii & |DE2_DefaulCont[22] Unassigne:
<& Cont[15] I nassic 4 |DEZ_DefauliCont{23] IInassigner I
< Cort[16] Unassi <& |DE2_DiefaultiCont24] Unassigner Mk
& Cont[17] Unassii & |DE2_DefauCont[25] Unassigne:
< Cont[18] I nassic
<& Cont[13] | nazsic b
4 Cont[20] Unazsii 5
<& Cont[21] I nassic
& Cont[22] | nassil 2
45 Cont[23] Unazsii
<G Cont[24] I nazsic A
4 Cont[25] Unazsi o
< Cont[26] I nazsic J
4 Cont[27] I nazsic
A& Cont[28] Unassii
< Cont[29] I nazsic
< Cont[30] | nassil Il
4 Cont[31] Unassii—
w
<] 2] <] 2]

IE auto_gignaltap_0

«Compile the project! You may need to save some files and answer some questions
*Program the board



Run Analysis—> Green (acquisition in progress, acquiring data

1 Quartus Il - C:/Documents and Settings/pedjor/Desktop/DEZ_Default/DE2_Default - DE2_Default - [stp1.stp*] ulgl
File Edit Y L o L yeia,

N\
JJ|@| ¥ 0 WK Acquisttion in progress ~|@ |,z, fur | ¥ * = | |
Instance Mdnager: 'Q LN | _@ X | JTAG Chain Configuration: IJTAG ready @ *
Instance Stalus LE= 431 | Memony: 4096 512 MLAE: 040 | MAK MK 7705 | M-RAMMI44K: 070
auto_sig _ 491 cels 4096 bits 0 blocks 1 blacks 0 blocks Hardware: | L155 £lasier (1560 2 || =T
k ) Device: |@1: EPZ2C35 [0x020B400D) j Sean Chain
ﬂ S0F Manager: .g, 0] I J

log: 20090318 00:23:01 #0 click to inzert time kbar
T2 Al Pz B, P B A B D e cano B e Ben B B o T I LA
= Cort[22] Acouistion in progress
=) Cort[23]
=) Cort[24]
ey Cont[25]
<] m 1 5
z Data @ Setup |
Hierarchy Dizplay: X | T DataLog: @l s
~[£] # DEZ_Default {E auto_signaltap_0

: auto_signaltap_0

For Help, press F1

I )
O OED 1ML T o

[

A quartus - CD.., ﬂ I3 08-09 ﬂ Eef] PCLD-T2

»o| m
| ! ' I

Run Analysis (1 time) Run Analysis (continuous)  Stop

e
-

Q Guartus 11- C /0. B Quartus IT - Ci/D. .




Finally: data!!

1] Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2Z_Default - [stp1.stp*] g@
File Edit “iew FProject Processing  Tools  indow

& " = © @ B &

Instance Manager: ’Q LA |F!ead_l,l to acquire E] X | JTAG Chain Configuration: |JTAI3 ready E‘] X
Instance | Status | LEsd431|  Memary: 4036 | ME12 MLAR: 0/0 BAK M3 7705 | M-RAM M1 44K 040
[®] auta_signaltap 0 Mk runhing 491 cellz 409E itz 0 blocks 1 blocks 0 blocks Hardware: |USB-BIaster (U5E-0] j Setup... |

Device: | @1: EP2C35 [0<0208 4000 j Sian Chain
ﬂ S0F Manager: | J

( log: 2009038 00:235:.01 &0 click ta insert time bar
Type |Alias Name 128 A s T ST R U VT s e . LA TR AT B
o ECI::rrt[22] | | | |
o Cont[23] |
o Cont[24] |
o Cort[25] |

U

«Select the four signals;
*Edit->group

log: 2009034138 00:23:01 &0 click ta insert time bar
Type |Alias | Hame 123 -120 112 -104 -85 88 -80 72 -84 56 48 -40 32 24 -1 5 0
L) | [#- Cont[22..25] | =n b il W 7h by Bh B oh ;

«Select the group
*Edit->Bus Display Format->Unsigned Line Chart

log: 2009003418 00:23:01 &0 click ta insert time bar
Type [Alias | LI WL 2 i o b s T T S A e S A T R i o
[#- Cont[22..23] i
E
L] :
;
£
*Unzoom
log: 200900345 00:23:01 #0 click to insert time har
Type |Alias | Hame -125 -64 a £4 125 132 256 320 384 445 512 576 540 704 7ES 832 896
[+ Cont[22..25]
LF
- JR—







Implementation for on/off button

button

S

_ O

<

- O

module onoff(input button, output reg light);
always @(posedge button) light <= ~light;

endmodule

o<

b o

button ——

=

e light
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Synchronous on/of f button

When designing a system that accepts many inputs it would be hard
to have input changes serve as the system clock (which input would
we use?). So we'll use a single clock of some fixed frequency and
have the inputs control what state changes happen on rising clock

edges.

module onoff_sync(input clk, button,
output reg light);
always @ (posedge clk) begin
1T (button) light <= ~light;
end
endmodule
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Resetting to a known state

Usually one can't rely on registers powering-on to a particular initial
state*. So most designs have a RESET signal that when asserted
initializes all the state to known, mutually consistent initial values.

module onoff_sync(input clk, reset, button,
output reg light);
always @ (posedge clk) begin
1T (reset) light <= 0;
else 1t (button) light <= ~11ight;
end
endmodule

* Actually, our FPGAs will reset all registers to O when the device is
programmed. But it's nice to be able to press a reset button to return to a
known state rather than starting from scratch by reprogramming the
device.
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Clocks are fast, we're slow!

The circuit on the last slide toggles the light on every rising clock
edge for which button is 1. But clocks are fast (27MHzl) and our
fingers are slow, so how do we press the button for just one clock
edge? Answer: we can't, but we can can add some state that
remembers what button was last clock cycle and then detect the
clock cycles when button changes from O to 1.

module onoff_sync(input clk, reset, button,
output reg light);
reg old_button; // state of button last clk
always @ (posedge clk) begin
it (reset)
begin 1ight <= 0; old_button <= 0; end
else 1t (old_button==0 && button==1)
// button changed from 0 to 1
1ight <= ~1ight;
old_button <= button;
end
endmodule
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Asynchronous Inputs in Sequential Systems

What about external signals?

T L , Can't guarantee
il Sequential System setup and hold
AN times will be met!
Clock

When an asynchronous signal causes a setup/hold
violation...

L I - II
Q. o <

Transition is missed Transition |s caught Output is metastable
on first clock cycle, on first clock cycle. for an indeterminate
but caught on next : amount of time.
clock cycle.

Q: Which cases are problematic?
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Asynchronous Inputs in Sequential Systems

All of them can be, if more than one happens simultaneously
within the same circuit.

Guideline: ensure that external signals directly feed
exactly one flip-flop

e i I KP Sequential System
J_ o o D

AN

Clack

This prevents the possibility of I and I occurring in different places in
the circuit, but what about metastability?
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Handling Metastability

 Preventing metastability turns out to be an impossible problem
- High gain of digital devices makes it likely that metastable conditions will

resolve themselves quickly

« Solution to metastability: allow time for signals to stabilize

Can be Very unlikely to Extremely unlikely
metastable be metastable for  to be metastable for
right after >1 clock cycle >2 clock cyele
sampling \ /

e i I l / Complicated

° o ‘D D (;1_‘[:" QI%’ Sequential Logic

= System
i

Y

Clock

How many registers are necessary?

+ Depends on many design parameters (clock speed, device speeds, ..)

In 6.111, a pair of synchronization registers is sufficient
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One last little problem...

Mechanical buttons exhibit contact
"bounce” when they change position,
leading to multiple output transitions
before finally stabilizing in the new
position:

VDD!

X lv 4. 7K
I

00 £ NA

We need a debouncing circuitl

// Switch Debounce Module

// use your system clock for the clock input

/{ to produce a synchronous, debounced output

// DELAY = .01 sec with a 27Mhz clock

module debounce #(parameter DELAY=270000)
{(input reset, clock, noisy,
output reg clean);

reg [18:0] count;
reg new;

always @(posedge clock)
if (reset) // return to known state
begin
count «= 0;
new <= Noisy;
clean == noisy;
end
else if (noisy '= new) // input changed
begin
new <= noisy;
count <= 0;
end
else if (count — DELAY) // stable!
clean == new;
else [/ waiting..
count <= count+l;

endmodule
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On/of f button: final answer

module onoff_sync(input clk, reset, button_in,
output reg 1ight);
// synchronizer
reg button,btemp;
always @(posedge clk)
{button,btemp} == {btemp,button_in};

// debounce push button

wire bpressed;

debounce dbl(.clock(clk), .reset(reset),
-noisy(Cbutton), .clean(bpressed));

reg old_bpressed; // state last clk cycle
always @ (posedge clk) begin
1T (reset)
begin l1ight == 0; old_bpressed <= 0; end
else 1T (old_bpressed=—0 && bpressed==1)
// button changed from 0 to 1
T1ight <= ~Tight;
old_bpressed <= bpressed;
end
endmodule
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FPGA

Field Programmable Gate Array:
Set of Chips in a bread board.

Control:
Chips functions
Connections
Interconnection
Logic Block Resources

i I B G Bl B L I/0 Cell

CArAErT
hdbhdldid
raracaen
LJLJLJLJ

rarararn
b dhdid
raracarn
LJLJLJLJ




Logic elements

Figure 2-2. Cyclone Il LE
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HDL

(. )
Hardware

Description A Tale of Two HDLs

_anguage |
\_ ) VHDL / Verilog \

ADA-like verbose syntax, lots of C-like concise syntax
redundancy (which can be goodl)

Extensible types and simulation Built-in types and logic

engine. Logic representations representations. Oddly, this led
are not built in and have evolved to slightly incompatible simulators
with time (IEEE-1164). from different vendors.

Design is composed of entities Design is composed of modules.

each of which can have multiple
architectures. A configuration
chooses what architecture is
used for a given instance of an

entity.

Behavioral, dataflow and Behavioral, dataflow and
structural modeling. structural modeling.
Synthesizable subset... Synthesizable subset...
Harder to learn and use, not Easy to learn and use, fast

technology-specific, DoD simulation, good for hardware
mandate design 63
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