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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 _D_ not nl(selbar, sel);
= out1 and al(outl, a, sel);
and a2(out2, b, selb);
out or ol(out, outl, out2);
% outbar not n2(outbar, out)
selb out2 endmodule




The HDL

HDL = Hardware Description Language

HDL Description
“What we want” “Com piler”

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=0catl, b=binary

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

‘h7B ‘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 = ‘b0000_0000_0000 0101



+ ~(4b0101) = {~0,~1,~0,~1} = 4b1010
- 4'b0101 & 4'b0011 = {0&0, 140, 0&1, 1&1} = 40001

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

la

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
[injequality

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;



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=f+g;

Sequential behaviours
(aka procedural)

The “always @” construction
always @ (sensitivity list)
begin

LHS=RHS;
end

can use operators, if, case, ..

wire b,d,f,g;

reg a,c,e;

always @ (b,d,f,g¥-

begin
a=b;

. c=!d;
e=f+g;

end

can be:
always @ (*)
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ASSIGN

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

module mux2(Cinput a,b,sel, output z,zbar);
// again order doesn’t matter (concurrent execution!)
J/ syntax 1s “assign LHS = RHS” where LHS 15 a wire/bus
J/ and RHS 1s an expression
assign z = sel ? b : a;
assign zbar = ~z;

endmodule

ALWAYS @
IF... THEN,.,.ELSE

S/ 4-to-1 multiplexer
module mux4(Cinput a,b,c,d, input [1:0] sel, output reg z,zbar);
always @(*) 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'b11) z = d;
else z = 1'bx; S/ when sel 1s X or £
// 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(Cinput a,b,c,d, input [1:0] sel, output reg z,zbar);
always @(*) begin

case (sel)
2'b00: z = a;
2'b01: 7z = b;
2'b10: 7z = C;
2'b11: z = d;
default: z = 1'bx; // 1n case sel 15 X or Z
endcase
Zbar = ~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, a =1
outbar, =el);
input a, b, sel; out
output out, outbar; b =0 outbar
reg out;
always @ (a or b or sel) sel
begin
if (sel) out = a; procedural
elze out = b:; e
g description
agsign outbar = -~out; if;gf;ﬁgﬁgi

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

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

module mux 2 to l(a, b, out,
cutbhar, =el):;

input[7:0] a, b; 8
input szel;
output [7:0] out, outbar; a= hTHH] 8
reg[7:0] out; f out
always @ (a or b or sel) h+ﬂ Lt>°+ outbar
begin 8 g
if (sel) out = a;
else ocut = b; sel
end
asgign outbar = ~out;
endmodule

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

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

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

agssign out = a[3] ? {4'bll1ll,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
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Danger

Goal: Proposed Verilog Code:

Synthesized Result:

If out s not

module maybe mux 3tol(a, b, c . .
- - sel, ou assigned during any | a —q
input [1:0] sel; pass through the | b —oq D Q| out
a —oo ilnput a,b,c;
output out; always bIOCk, then ¢ —10
b —o1 out reg out; . G
¢ 10 the previous value )
always @(a or b or c or sell must be retained sel
2 begin
sel _ ‘ sel[1] —
sel[0] —
3-to-1 MUX . .
(11’ input is a don't-care) LATCH = Latch memory _latches
p end old data when G=0 (we

endmodule will discuss latches later)

= In practice, we almost
never infend this

Solution:

always @(a or b or ¢ or sel)

begin
m Precede all conditionals out = (14;:}:;
H H cage ae
with a default assignment 27500: out = a:
for all signals assigned 2'b01: out = b;
within them... 2'b10: out = c;
endcase
end
endmodule

always @(a or b or ¢ or szel)

begin m ...or, fully specify all
case (:33) branches of conditionals an
' : out = a; R . —
2'b01: out = b assign all signals from all
2'b1l0: out = c; branches
eng::::l“ out = 1°bx; O For each if, include else -
end O For each case, include default

endmodule



Danger

Goal: Proposed Verilog Code:

4-to-2 Binary Encoder

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

0 — h output [1:0] e;
1 — |2 E1 | 1 reg [1:0] e;
0 1 Egp—0 always @(i)
0 I begin
if (i[0]) e = 27b00;
elge if (i[1]) e = 2’'b01;
11,1 | E4 By else if (i[2]) e = 2’b10;
000 1 00 elge if (i[3]) e = 27bl1;
aelge e = 2'bxx;
0010 01 end
0100 10 endmodule
1000 11
all others | X X

What is the resulting circuit?

Code: if i[0] is 1, the result is 00
regardless of the other inputs.
if0] takes the highest priority.

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

else if (i[1l]) e = 2'b01;
else if (i[2]) e = 2'b1l0O;
else if (i[3]) e = 2'bll;

else e = 2'bxx;
end

Inferred 5,4,
Result:

i[3] i2] i[1] i0]

If-else and case statements
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:

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

always @(i)

begin
if (i == 4"b0001) e = 2'b00;
elase if (i == 4'b0010) e = 2'b01;
else if (i == 4'b0100) e = 27b10;
elae if (i == 4'b1000) e = 2"bll;
elae @ = 2"'bxx;

end

endmodule

Minimized Result:

16



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 projeci!

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, ql, q2; assign q = sel? a : b; §1W?§tys @ (a,b,sel)
not nl(selbar, sel); assign gbar = ~ q; e_Q]JCm( S
and al(gl, a, selbar); 11 Se_%_Q—a,
and a2(z2, b, sel); edse q=b;

or ol(q, ql, qg2); end. b _
not n2(gbar, q) assign gbar = ~ (;

endmodule

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

19




Call the port by its name!

module mux(i0,11,12,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(Cadd_out), mux my_mux (.sel(f[1:0]),
.11(sub_out), .out(res),
i2(mul_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),
C)E@ .out(res),
@V@[m . O(add_out) y

);

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)) ml(.sel(a),.10(b),.11(c),.out(z2));

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

mux #(.w(16)) ml(.sel(aa),.i10(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...

S/ 4-to-1 multiplexer
module mux4(input d0,dl1,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
muxZ2 m2(.sel(sel[0]),.a(d2),.b{d3),.z(z2));
muxZ2 m3(.sel(sel[1]),.a(z1l),.b(z2),.2(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 000 A+B
i {J : 010 A-B
] ! - F[2:0]
Py _ R . 01 1 A-1
1 0 X A*B
20 91 19 F[2:1]
R[31:0]

24



Modules

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

module mux32three(i0,11,12,8el,0ut) ;
input [31:0] 10,11,1i2;

input [1:0] sel;

output [31:0] out;

reg [31:0] out;

module mux32two (10,411,8el,0ut) ;
input [31:0] 10,11;

input sel;

output [31:0] out;

assign out = sel 7 11 : 10; always @ (10 or il or 12 or sel)
begin
endmodule case (sel)

2'pb00: out = 10;
2'b01: out = 11;
2'p10: out = 12;
default: out = 32'bx;
endcase
end
endmodule

32-bit Adder 32-bit Subtracter 16-bit Multiplier

module mulls (10,11, prod) ;
module add3i2 (10,11, sum) ; module sub32 (10,11, 4d1€€f); input [15:0] 10,11;

input [31:0] 10,11; input [31:0] 10,11; output [31:0] prod;
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, 8el,0ut) ;
mux3Zthree (10,11,12,8el,0ut) ;
add32 (10,11, sum);
sub32(10,11,d1iff) ;

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

mux32two adder mux(b, 32'dl, f£[0], addmux out);
mux32two sub mux(b, 32'dl, f[0], submux out);

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

mux32three ocutput mux(add out, sub out, mul out, f[2:1], r);

endmodule  Fmadule | [ (unique) corresponding

AN \

names instance wires/regs in
names module alu

26



Until here:
Combinational
l0gIC



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 i= 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
— = LOAD Lo g i
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) S When Output 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 —
D_ | | L
CLK 9 P .
¢ ;1



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 — dlways @(posedge clk) begin
1T (sel) out = a; 1T (sel) out == a;
else out = b; else out == b;
end end
endmodule endmodule
- .
0

a 0 ad—
}Dut out
h 1 —1
1 T ot
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

)

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
);
always @(negedge clearb or posedge clock)
begin
if (!clearb) g <= 1'b0;
else g == 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 =aAbaAac; // 2. evaluate arbrc, assign result to y

Z=Db & ~C; // 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; S/ 1. evaluate a|b, 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

§oar

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

Sometimes, as above, both produce the same result. Sometimes, notl

34



Assignment styles for sequential logic

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

Line o |‘I>_ M| I‘P_

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

module nonblocking(in, clk, out); module blocking(in, clk, out):
input in, <lk; input in, <lk;
output out; output out;
reg gql, g2, out; reg ql, g2, out;
alwayes @ (posedge clk) always @ (posedge clk)
begin begin
gl <= in; gql = in;
q2 <= ql; q2 = ql;
out <= g2; out = g2;
end end

aendmodul & andmodule

35



Use nonblocking for sequential logic

always @ (posedge clk)
begin

gl <= in;

g2 <= gl;

out <= g2;
end

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

in=—D Qf

g

clk

clk

“At each rising clock edge, gl
= in.

After that, gZ= gl = 1n.

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

. q1 q2
in > - out

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

sequential logic

m Guideline: use nonblocking assignments for sequential

always blocks

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 i eeeenensnesensnsnsnnnsnst ; : : T 2
y =% | ¢ 010 00 end
endmodul &
Hﬂﬂbfﬂﬂkﬁﬂg Behavior abc x Y Deferred module nonblocking(a,b,e,.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 Eﬁﬂ:aﬁh:
y <= x | c; 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
assignments can be hacked to simulate correctly (expand

While nonblockin

the sensitivity list), it’s not elegant
Guideline: use blocking assignments for combinational always blocks
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= VS <= Inside always

. always @{posedge clk) begin

a=b: // 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=SW[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., 74HC393 uses T-register and D Q |— D Q
negative edge-clocking) o) ) 7 o
O Toggle rate fastest for the LSB £ 25 o s

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

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

Count [3]
Count [2]
Count [1]
Count [0]
Clock J

41



The ripple counter in verilog

Single D Register with Asynchronous Clear:

et o ey (1 clears & a dhan Count [3:0]
output g, gbar; [Euunﬂﬂ] Jﬂuunﬂﬂ jﬂuunﬂ?] Jﬂuunﬂ:‘.]
reg q:
5o Ls
always @ (posedge clk or negedge clear) |
begin Qr+ Q »
if (lelear) . ‘ Countbar{3]
g <= 1'b0;
alsa q <= d; !,k Countbar[0] Countbar1] Countbar[2]
aend c
asslgn gbar = ~q;
endmodul e

Structural Description of Four-bit Ripple Counter:

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

cutput [3:0] count;

wire [3:0] count, countbar;

dreg async reset blt0(.clk(elk), .clear(clear), .d(countbar[0]]),.
FJloount [0] ), .gbar{countbar [0]1));

drag async reset bitl(.clk(countbar([0]), .clear(clear), .d{(countbar([l]).
gleount[1]), .gbkari{countbkar[l])});

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

gJiocount[2]), .gbar{countbar[2]));

dreg_async reset bilt3(.clk(countbar([i]), .clear(clear), .d(countbar([3]).

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

endmodula
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C1

c2

Logic for a synchronous counter |
m Count (C) will retained by a D Register ax— =2 QH A"‘
m Next value of counter (N) computed by combinational logic T ﬁ

= 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 thoes transttion. (1= (010} =(10)->=(1o)
paths are possible!
(o)~







Tools - Simulation

Verilog Quartus I
oA demaibd &y Comptason Fepod - Flow Summary I Waveiorm. vwl®
M - = @‘ Facter Time Bar: 17175 ns i b Ponle: T.35m Inderwat A8 ns Stait Opa End 1
'\_" System Tasks & Functions o i 2
" P 11 e
HE
Quartus II support for system tasks and functions is described below. Sg ZF
Description Language Based on the VYerilog Hardware Description Language | ."
Section Verilog HDL Quartus II Support  Node Eiﬁf :
Construct iZ) n.,'.);&:
14.1 Display System Tasks Mot supported,
14.2 File Input-Output Mot supported,
System Tasks
14.3 Timescale System Mot supported,
Tasks
14.4 Simulation Control Mot supported. Define the Signa|S :
System Tasks .
Inputs — stimulus
14.5 Timing Check System Mot supported,
EEE ! PR Outputs - results
14.6 PLA Modeling Systerm Mot supported,
Tasks . :
Define the stimulus to the system
14.7 Stochastic Analysis Mot supported,
System Tasks
14.8 Simulation Time Mot supported,
Systemn Functions
14.9 Conversion Functions Mot supported,
for Reals
14.10 Probakilistic Mot supported, . .
i SN PP Run the simulation and you get the result

http://www.asic-world.com/verilog/timing ctrl1.html#Example - clk gen

45
http://fpgadu.epfl.ch/wiki/lmage:Simulation.jpg




Tools — Measurement instruments

Waveforms

I TL4 - [Waveform 1]
| File Edit View Dats Systsm Tools Window Help

| Fie Edic View Data System Tools Window Help

&
D BEHs = [ 5 | 2| A s B mrigger ™ waveform - 5 Lising || Status | 1de CRin
i (=€ B, B A& X o @itien < Magniva T activiy O value || ) @) TimeDiv: [100us v| & g # Seach |

;E &1~ [ cursor 1 %0 [ Cursar 2w | = 400
[

Waveform Gus 1088ms 1.188ms 1.286ms 1.386ms 1486ms 1.586ms 1688ms 1766ms 1.886ms 1068ms 2.0668ms 2.166ms 2.266ms 2.366ms 2.466ms 2.666ms 2.666ms
U Sl i 9 e P e~ i S V|l A | | S R |

<
B

a  Add Measurement (Drag and Drop) Measurements
S
i = period e #| | Enable | Hame Source Gate Value [ Accumulate
» 1. Positive . Hegative Clear Values
% Duty Cycle TV puty Cycle
E 1. Positive L Hegative
7 Pulse Width = Pulse Width P a—
_7 Channel to o8 b tarn maten Enable All Disable All Delete All Recalc

For Help, press F1

Tekaronp



Tools — Internal Logic Analyser

Signal-TAP embedded Logic Analyser

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

4 Quartus Il - C:/Documents and Settings/LIP/DesktopfAltera/DE2_demonstrations/DE2_SD_

File Edit “iew Project #ssignments  Processing BGEEN wWwindow  Help

0 & =il | Fun ED4 Simulation Tool b2 @
Ee R . x Run EDA Timing Analysis Tool

E ity E Launch Design Space Explorer

Cyclone Il: EFZC35FE72C6

g {T} TimeQuest Timing Analyzer
- gbe DEZ_SD_Card.. g

Advisors »
twart
@' hip Planner {Floorplan and Chip Editor)
@ Ceesign Partition Planner t Subscrij
Metlisk Viewers (lee 30-day

il SionalTap IT Logic Analyzer

s In-Syskem Memory Conkent Editar

(=] Logic Anakyzer Interface Editar

16 In-System Saurces and Probes Editar

[

SignalProbe Pins. ..

<
NE

\"'.") Programrer
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Tools — Internal Logic Analyser

File Edit Wiew Project Processing Tools  Window

X
' ' . ——> CONTROL

auto '_’, ool = s e b Bt

LRI e e
m Data Enable | Trigger Enable |Trigger Conditions
fivoofatos|  wame [ o [ 8 [iFfBasc ]

Cooiible clich o g nodes

Sample depth: M HaM tipe Im ﬁ CI OC k
| Seqmerted l .. vl d efl n It | o n

Storage gualifier

Tope l 2 Continuous - [
Input port: l _J

B

I Disable storage qualiier

Trigger

Tigge definition
Tngget flow conbral: IEequentiaI '[

Trigger position: I‘ﬁ Pre trigaer position v[
Trigaer conditions I'I - [

E Data | é Setup

Hierarchy Display: X " Datalog @l

@ auto_zignaltap 0

The signal

>  you want to

| : auto_zignaltap_0 o ”
For Help, press F1 CAP jl s e e
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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

{62 AUDID_DAC_ADCv | 62 DE2 Defaut v | 468 120 v Cortigv | 1) stp1.stp
Instance Manager: |Invalid.JT.-’-‘-.I3 configuration @ * | ITAG Chain Configuration: _ @
Instance Status | Ihcremental Compilation | LEs: B87 | Memory: 4352 | M512: 0 M4E: 1 MBA
Mat iunning r 57 cells 4352 bits 0 blocks 1 blocks Obk | Hardware: | | seup.

@ auto_gignaltap 0
Device: | J Scan Chain
| [>] ﬂ SOF Manager: El

<] Il

log: 200900216 0203558 #36 click to insert time bar

Type | lias | Hame LG T . S N S S S S S S B S
ﬁ - S ADCud|ALD _outR FESDh \ X FEBDHh
= [#- LEDR: OFESDh : by OFEECH
(<] 1

& Data 2 Setup

Hierarchy Dizplay: X |V DataLog: @l

& log 2009/02/16 02:03.58 #21

- # DEZ_Default
# AUDIO_DAC_ADC:ud i log: 2009/02/16 02:03.58 #22

: auto_signaltap 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

"lﬂ Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2_Default - [stp1.stp] = X
File Edit ‘iew Project Processing  Tools  Window

JJ@‘ L | IIrwaIid JTAG configuration ~|3) ‘“ga kil ‘ e |
Instance Manager: 'ﬁ AN | |InvalidJT.~'—\G configuration El

Irstance | Status | LEs 0| Memany: O | W52 MLAE: 040 | MAKMIE: 75105 | bR 144K 070 |

E‘ auto_signaltap_0 M at rukining 0 cells 0 bits M M2, M Harduiare: IF‘lﬁase . l

JT&G Chain Configuration:

Devine: lee b b vl Scan Chain I
ﬂ SUF Manager - I D

auto_signaltap_0 Ié‘a’-‘xllow all changes j Signal Configuration: x
Hode Data Enable | Trigger Enable |Trigger Conditions el I |_I Jicen
Type |Alias | Hame 0 0 1l | Basic =

Double-click to add nodes - Data

Sample depth: |128 vI Rk type: I,i\ut.;. vI

[ Segmented: |2 B4 zample segments j

— Storage qualifier

Type: |§ Continuous j

Input port; I

[T Becorddata discortinuities

[~ Dizable storage qualifier

— Trigger

Trigger flow control: ISequentiaI ;I ;l
E [rata | %5 Setup

Hierarchy Display: X [ Datalog fA x
----- {E auto_zignaltap_0
: auto_zignakap 0
Far Help, press F1 ’7 ’_ l_ l_

3 08-09 | #panz . ' ‘I©

®@AERH-E oo




*Setup the hardware (choose the USB blaster)

1ir Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2_Default - [stp1.s5tp™]
File Edit Wiew Project Processing Tools  ‘Window

B|=%
H’@| LRIV IAdd nodes to the current instanc v | (2) |¢x,, fAl | e | ‘
Inztance Manager: ”q [N IAdd niodes to the current instance @ X | JTAG Chain Configuration: IJTAG Teady @
Instance | Status | LE= 0| Memory: 0 | ME1ZMLAE: 0/0]  MAKMIK 75105 | M-FdM 144K 070 |
E‘ auto_signaltap 0 Mot running 0 cells 0 bitg Ma

NS M Hardware: IUSB-BIaster [USE-0]

Device: |@1: EPZC35 [0x0208400D) j Secan Chain |

ﬁ S0F Manager: a I J
auto_signaltap_0 Ié‘ Allow all changes j ' jonal Configuration:
Hode Data Enable | Trigger Enable |Trigger Conditions
Type Inlias I Hame 0

0 1|7| Basic _'I

Douhle-click to add nocdes

Sarnple depth: Iﬂ Hal bpe: Im
[ Segmented |2 i e -rl

Storage qualifier

Type: | 22 Continunus 'I
Irput pork: | _l

I fecod oo deooninlics

FE

Trigger
|7 Trigger flow cantral: Sequential ;I ‘
[B] Data | A Setup

Hierarchy Display:

X |I” Datalog @l
@ auto_signalap_0

: auto_sighaltap 0

Far Help, press F1

Ee6u

e
®@ER ) HSF o4

Quartus 11 - CD... Cuartus I - D 05-02 <] PCLD-T2 . )
| :

— —
T 4. S
-

ﬁl‘

«Define the clock



P

Mode Finder

Filter: I Dezign Enty Jall names| - I Customize. .. I Ligt | C%
Loaok ir: (IDEZ2_Default .| W Include subentities Stop ﬂl
Modes Found: Selected Hodes:
N arne | Assignr[ﬁ S —rrimare

a9 Cont Inazszi; I < [DEZ DiefauliConi[16] Linaz=igner

< Cont[0] Unassic

4 Cont[1] Unassic

& Cont[2] Unazsi

<& Cont[3] Unazsi

<& Cont[4] Unazsi

& Cont[5] Unazsi 5 |

& Cont[B] Unazsi

& Cont[7] Unazsi 2 |

< Cont[8] Unassic

< Cont[3] Unassic —<|

< Cont[10] Unassic cs

4 Cont[11] Unassic _l

S Cont[12] Urnassic

4 Cont[13] Unassic

<& Cont[14] Unazsi

o Cont[18]
- <] m 2
e




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

U cels U bits =) T A, L ranarran., oL L o

i -

Mode Finder 5[

Mamed: |E|:|nt" ﬂ Filter: |Design Entry [all namesz) j Customize. . | List | Q
Loak it |IDE2_DefauIt| jJ v Include subentities Cancel

= Modes Found: Selected Modes: -
n
ol M ame Agsigr| A Mame | Azzignmenl
—| |4 Caoni{14] I nazszic 4 |DEZ2_DefauliCont[22] IJnaszsigne:
“& Cont[15] Unassic G DEZ2_DefaulCont[23] Unassigne: [—
& Cani[16] Idnassic 4 |DEZ_DefaullCont[24] nassigne: s
< Canl[17] | nazszic 4 |DE2_DefaullCont[25] |Jnaszsigne:
< Conl[18] I nassic
< Caonl[19] I nazszic r
& Cont{20] Unassic >
& Cont[21] Unassic
& Caonl[22) | nazszi 27
& Conl[23] I nassic
& Cani[24] I nazszic A
“ Cont[25] Unassic .
& Caonl[26] I nasszic - J
& Caonl[27] | nazszic
<& Cont{28] Unassic
& Caont[29] I nazszic
<& Cont{30] Unassic il
& Canl[31] Llnassig-v-
Fa— YR 5 >

|E| auto_zsignaltap_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
f=]X¥ |

'@ Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2_Default - [stp1.stp*]

File Edit  Yjper==rrme

“ Py n Actuisition in progress - ‘,%, B ! =2 | |

ager Pq R _ 7] X | JTAG Chain Configuration: IJTAG ready @ X
Instance Status LEz 431 Memory. 4036 M512 MLAE, 0/0 | M4 MIK: 774105 [ M-Rdbd 144K, 0/0 |
2 auto_sidhaliap 0 431 cells A0 bite 1 blocks 1 blacks 0 blocks Hardvare: |USB'B|asle [U5E-0] j Setup.. |
Device I (2 : EF2C35 (002064000 j Scan Chain |
ﬂ S0F Manager: a1 J
log: 20090315 00:23:01 #0 click to insert time bar
Type | Alias Name 0 B = 2 32 D 45 55 5t 72 80 55 % 04 12 120 128
o Cont[22] Acquisition in progress
e Cont[23]
@ Cont[24]
= Cant[25]
[ N )
&) Data | Bl Setup |
Hierarchy Display. X |\ patalog BB x
- [¥] # DEZ_Default {i‘ auto_signaltap_0

E— ) i
O eES 8% 1z

: auto_signaltap_0

For Help, press F1

O

TR - o
>

@ Quartus 11- C/D... [l R e | ) Quartus 11 - CD... n £ 0s-09 n £ pCLD-T2

wo | m
I ! ’ I

Run Analysis (1 time) Run Analysis (continuous)  Stop
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Finally: data!!

i) Quartus Il - C:/Documents and Settings/pedjor/Desktop/DE2_Default/DE2_Default - DE2_Default - [stp1.stp*] g@
File Edit “iew Project Processing  Tools  Window

@ e % = B 12 &8 &

Ingtance Manager: "'Q L) |F|eal:|_l,l to acguire @ * | JTAG Chain Configuration: |JT.¢\G ready @ 4
Instance | Status | LEsdm | Memory: 4096 ME12 MLAR: 0/0 MAK MIK: 774105 | M-RAMMI44K: 040
|£| auto_signaltap_0 Mat running 491 cells 4096 bits 0 blocks 1 blocks 0 blocks Hardware: |USB-BIaster [U5E-0] j Setup... |

Device: |@'|: EP2C35 (0x020B4000) j Sizan Chain
ﬂ SOF Manager: | J

( log: 2009050 & 00:23:01 #0 click to insert time bar \
Type | Alias Hamie '1,2.6. = ;'.1 .IZ_U lllll 1[12 lllll .‘1 lGel - :E:S llllll B0 SID lllll "!3_ """"" !5:4 lllllll SlES' . ‘-4[8 llllll 4;’3 """"" 3;2 lllll %4 '''''' 1‘5 lllllll l8 llllll DII
o Cort]22] | | | | E
o Cont[23] [ !
e Cort[24] [
Y Cont[25] |

4 g
*Select the four signals;
Edit-=>group

log: 20090348 00:23:01 #0 click to insert time bar
Type | Alias | Hame 126 -120 -112 -104 -96 -85 -80 -T2 64 -56 -48 -40 -32 -24 -16 -8 0
LR | [ Cont[22. 25] | sh i Eh Iy 7h Y 8h W Sh :

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

log: 20090348 00:23:01 #0 click to insert time bar
Type | Alias | Hame -125 -1 I2I:| -1 ? 2 -1 IEl-ﬂf -E!E -EEB -EED -?’I2 'B|4 -E:B '4|8 '4|D -?:2 -2:4 -1|8 i|3 EII
- Cort[Z2..25] £
i
o g
:
£
*Unzoom
log: 200900308 00:23:01 #0 click to inzett titme bar
Type |Alias | Hame 128 -B4 ] B4 128 192 256 320 384 448 512 576 B40 704 768 832 B35
[+ Cont[22..25]
o
- JR—







