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Inspired on course 6.111 from MIT
Some support material taken from 6.111 (thank you)

4x(2T+3L) | Introduciao com exercicios *Introducao
3x5L Trabalho #1 *FPGAs o
eLaboratodrio
7x5L Projecto Final *Verilog
*Légica combinatéria
*Légica sequencial
*Maquinas estado
*Advanced verilog (video, etc.)
Refs:

Cyclone Il device Handbook, Altera corp.
Quartus Il Handbook , Altera corp.

DE2 documentation

Verilog HDL, S. Palnitkar, Prentice Hall
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Logica Digital de Programacéo

Tudo funciona ou por magia ou com gnomos...

Programacao de

microprocessadores
(assembly, c++, etc.)

Programacao de
Logica Digital
(FPGAs+HDL)

Dar ao “gnomo” uma lista
(consecutiva) de operacoes a
realizar

Dar ao gnomo uma lista de
“objectos” para construir

vl b  Varias Maquinas executam varias
1 Maquina executa varias tarefas g8 4 - tarefas em paralelo

consecutivas

Em linguagens de alto nivel por vezes confundem-se

2+27?
Resultado x 27

(

(A=2+2 A=4 \ A=2+2 Somador: A=4 N
Cout << A 41 Output A “ao mesmo tempo”
A=A*2 A=8 tempo A=A*2 Multiplicador: A=A*2
Cout << A/ . gl Output A/ \Sal'da ??? (glitches?)




FPGA

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

Control:
Chips functions
Connections
Interconnection
Logic Block Resources

AR RIlE R B I/0 Cell
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Logic elements

Figure 2-2. Cyclone Il LE

Register Chain
Routing From

Previous LE
LAB-Wide Register Bypass
LAB Carry-In Synchronous
Load _ Programmable
LAB-Wide Packed Register
Synchronous Register Select
Clclear
4 LA ¢ ¢ g
datat P ! Row, Column,
data2 P Look-Up Synchronous And Direct Link
data3 ——— | p| Table g;‘rry u Load and j_> P Q »D_> Routing
i Chain :
(LUT) : Clear Logic
data4 [ 17 >
—P»| ENA
\. / CLAN > Row, Column,
J D—b And Direct Link
Consider implementation of some 7> Routing
arbitrary Boolean function, F(A,B) Full-Adder /
... using a MULTIPLEXER Carry Out Logic |
as the only circuit element: \ o> Local Routing
AlB|lC]lY /0— 0
oO|l0|0l0. 0 1 Register Chain
0|0|1]0 0 2 Register Output
—/ 1—3 Feedback
o|1(0]0 "/1 e C ot
0[1]1]1 / 4
] 0—5
tlololaig— —
] 1—6
1/0|1]0 1
1|1]o]1 / 7/]/
1|1 ]1]17 AB.C. Dut




HDL

! )

Hardware

Description A Tale of Two HDLs

|anguage .
N y VHDL / i \

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

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 6




input A
—_— |
input B
R m—
input €

Qutput "17 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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HEAS|D] FIN_UZZ seven segment DIGI S[9]
HEX3[6] PIN_W24 Seven Segment Digit 3[6]
HEX4[0] PIN_U9 Seven Segment Digit 4[0]
HEX4[1] PIN_U1 Seven Segment Digit 4[1]
HEX4[2] PIN_U2 Seven Segment Digit 4[2]
HEX4[3] PIN_T4 Seven Segment Digit 4[3]
HEX4[4] PIN_R7 Seven Segment Digit 4[4]
HEX4[5] PIN_R6 Seven Segment Digit 4[5]
HEX4[6] PIN_T3 Seven Segment Digit 4[6]
HEX5[0] PIN_T2 Seven Segment Digit 5[0]
HEX5[1] PIN_P6 Seven Segment Digit 5[1]
HEX5[2] PIN_P7 Seven Segment Digit 5[2]
HEX5[3] PIN_T9 Seven Segment Digit 5[3]
HEX5[4] PIN_R5 Seven Segment Digit 5[4]
HEX5[5] PIN_R4 Seven Segment Digit 5[5]
HEX5[6] PIN_R3 Seven Segment Digit 5[6]
HEX6[0] PIN_R2 Seven Segment Digit 6[0]
HEX6[1] PIN_P4 Seven Segment Digit 6[1]
HEX6[2] PIN_P3 Seven Segment Digit 6[2]
HEX6[3] PIN_M2 Seven Segment Digit 6[3]
HEX6[4] PIN_M3 Seven Segment Digit 6[4]
HEX6[5] PIN_M5 Seven Segment Digit 6[5]
HEX6[6] PIN_M4 Seven Segment Digit 6[6]
HEX7[0] PIN_L3 Seven Segment Digit 7[0]
HEX7[1] PIN_L2 Seven Segment Digit 7[1]
HEX7[2] PIN_L9 Seven Segment Digit 7[2]
HEX7[3] PIN_L6 Seven Segment Digit 7[3]
HEX7[4] PIN_L7 Seven Segment Digit 7[4]
HEX7[5] PIN_P9 Seven Segment Digit 7[5]
HEX7[6] PIN_N9 Seven Segment Digit 7[6]

FPGA Pin No.

Description

12



NITERA Software

QUARTUS’II Control

Project

55':'5{'-"'” Download Quartus® Il

Software v8.1

Area Trabalho

Mensagens

/

13
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A =
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A

Gssignments  Processing  Tools  window  Help

Software - esquematico

[DE2_i2s0und RaRlE s PR
, . A . 5 DE3-i#vournt-tit ]
ovAaArRTOS'I | — VY b7 7 i iV ViV iV Vb0 0 o o000 00000 0 9 mmDmDMo—o——————
B Dbz mand gg || B [
[% A O B o i 711
DHE] S
O StibdH — T CLOCK  CLOCK. S0 ———————————— CLOCK
.—'l'.-'l' i TTEEvom o |EMD L e S —— [2C_DATARS. 0]
I::l'.'lr AT — | RESET G0 ¥CE. ... ... ..... GO
i X = @\ ................................ CLOCK 2 RESET
NOr o &)
Tasks . x
Flow: |Fu||Design j _J |
Task[ A
B ] Start Project Lj©
B O] Advisors S
EagateDesign - e e e N =T
e Create Mew | counter[..0]
-] Open Existiry .
PO AddRemove e B
ety Megawizard D A A
b B S0PC Builde ™ Y A Y A
£ |20} >
*| Type |Hessage I
% SyslemA Proceszing }'\ Eutra Infa }\Infn }\ W arning }\ Efical'\a\-"arning }'\Errorl}\ Suppressed }'\Flai,{ /

it |Meszage:
=

For Help, press F1

2| ¥l

/

/

[ e

Idle

[|

/

Input

/

Logica

Output

/

Programacao

esquematico
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Software - verilog
Programacao
esquematico

nts and Settings/LIP/Desktop/DE2_Sound/DEZ_Sound/DE2_Default - DEZ_Default - [Reset_Delay.v]

(=1

Assignments  Processing  Tools  window  Help - ax
\.\. DE2_Default e EBG L M R R AL SR R SR 7
_x & DEZ-Defoclcs ]I A Bosot Dota ]I
QUARTUS "II~
:; 1
: 2
Bl abs DEZ2 Default
i;¢ DE2 Defak g # ) 3
B pee 2ld_signaltap: aut 4
B, YEA_Audio PLL 5
...... 3bc Fieset_Delay:il | +;§ +;§ & alwaysl (posedge iCLE) In Q ut
“bd sid hub: 8 7 hegin
------ e ld_hub:sid_hub, . e
= — 4 % = if (Cont!=20' hFFFFF)
G 3 I2C_A\-"_Eonflg.L\_, ?‘ ﬁ g begin
< ¥ 10 Cont <= Cont+1;
_ o] llﬂ E 11 oRE3ZET <= 1'k0O;
S i e _Output
Tasks P @ 13 else
Flow: |Full Dasi - 14 oRESET <= 1'hi:
[Ful Design HEmw] = o
Task & ~ | = ia
] Start Project 17 encmodule

] Advisors

= a Create Design
ol Create Mew |
.. _] Open Esistire
LT AdddRemaove
Megatwizard

b b SOPC Builde ¥
by

__LOgica

U] [

|Hessage

Type

SystemA Proceszing }'\

ssanes

Eutra Info }'\ Infa .)\ W aring .)\ Critic:al " arting }'\ Errar }'\ Suppreszed }'\Flag f

i |Meszage:
=

For Help, press F1

2| #l =l tosae |

LnZ, Col 1

[N Idle
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% Quartus Il - C:/Documents and Settings/LIP/Desktop/DE2_Sound/DE2_Sound/DE2_Default - DE2_Default - [Pin Planner]

File Edit Wiew Processing Tools Window

Top Yiew - Wire Bond
Cyclone || - EP2C35F67 206

GGQOOQOOOOGHOOGGQG
Q20000 g g@
oo@\?oooooo or @%
MOS0 A5 A0 A A S
\Ragr a-danih g oooo@o@@@@
000000X¢0000®®@@@@
QGGG

?,

° K'

gggg%gi:&ﬂgﬂﬂg GG}\-&XG\‘G}OOGQ
10 O %?QOOO =3 230 O

* MNamed: [§ |« Edit | | Filter: | Pins: all

Mode Name Direction Lacation 1/0 Bank. VREF Group 1/0 Skandard Reserved
AUD_ADCOAT Input PIN_BES E3_MN1 3.3-% LWTTL
AUD_ADCLRCE Oukpuk PIM_CS E3_MN1 3.3-W LWTTL
AUD_BCLE COubpuk PIMN_E4 E3_M1 3.3-Y LVTTL
AUD_DACDAT COukpuk PIMN_f B3_M1 3.3-4 LVTTL
AUD_DACLRCE Qukpuk PIN_C& E3_MN1 3.3-% LWTTL
ALUD_SCK Jukpuk PIN_A5 E3_MN1 3.3-% LWTTL
CLOCK_27 Input PIN_D13 E3_MO 3.3-Y LYTTL (default)
CLOCK_S0 Input PIN_MNZ Ez_M1 3.3-Y LVTTL (default)
DRAM_ADDR[11] Output PIN_YS E1_N1 3,3-% LYTTL (deFault)
DRAM_ADDR[10] Oukput PIN_¥1 B1_M1 3.3-Y LYTTL (default)
DRAM_ADDRE] Oukput PIN_ ‘W3 B1 M1 3,3-Y LYTTL (default)
DRAM_ADDR[E] Oukput PIN_ ‘W4 B1 M1 3.3-Y LYTTL (default)
DRAM_ADDR[7] Oukpuk PIN_US B1_M1 3.3-Y LVTTL (default)
DRAM_ADDR[E] Output PIN_LI7 E1_N1 3,3-% LYTTL (deFault)
DRAM_ADDR[S] Oukput PIMN_UG B1_M1 3.3-Y LYTTL (default)
DRAM_ADDR[4] Oukput PIN_ ‘W1 E1 MO 3,3-Y LYTTL (default)

WO Q0 [ | R | QO

—
o

—
—_

= = = = [ = = = [ [ oo o [ oo |

T T AU AT AT

1z
15
14
15
16
<

For Help, press F1




174 SEEEEEEEEES SRR Clock Input FEEEEET P iR

. . 175 input CLOCK 27; /¢ 27 MHz
File=>Open Project>DE2_top /1 50 mms
— 177 input EXT CLOCK; ff External Clock
173 n FEEFEREEEEFEE i iiriiiids
&, Quartus Il - C:/Documents and Settings/LIP/Desktop/iltera/DE2_demonstrations/DE2_Top/DE2_TOP - DE2_TOP - [DE2_TOP.v] 179 input [3:0] KEY: /¢ Pushbutton[3:0]
$ Fle Edt Vew Projct Assignments Processing Took Window  Help 180 | SAFAPSPAFAFFFAIFIFFFFS DPDT Swigeh FEAFIFEREIFiiiiiiriiiiis
= - . = 181 input [17:0] SW: f¢ Toggle Switch[17:0]
D@ & DE2_TOF - BBG ey Py k& 8 A 182 FEEFETEEEE I iTiFiiiiied T-SEG Dignaly  SSSILIIEI IR
Praject Navigatar T . 183 ocutput [6:0] HEXO: f4 Seven Segwent Digitc O
%LF DE2 TOP.v | 184 | output [£:0]  HEX1: /¢ Zeven Segment Digit 1
Entity 185 output [6:0] HEXZ ; //  Seven Segment Digit 2
Cyclone Il EP2C35FE72CE @ 42 e V1.Z :| Johnny Chen 1] O5/11716 = Fixed ISP1362 INT/| 186 output  [6:0] HEX3 ; /¢ Seven Segment Digit 3
i. # DEZ TOP ﬁE@ | 43 F e 157 output [6:0] HEZ4: ff Zeven Zegment Digit 4
= dh 4] 44 188 cutput  [6:0]  HEXS: // Seven Segment Digit §
45 Emc‘d“le DEz_TOP I 189 output [65:0]  HEX6; /¢ Seven Segment Digit 6
_ 46 150 output [6:0] HEX7: //  @even Segment Digit 7
_ 47 TIOCR TP SRR 191 FEFEFEEEFEEEIFEEETEFETEEEiET LED FEEEEFEEEFEEEFEEEIIEEFIEEETE
48 CLOCE_27, £f 27 MHe 192 cutput  [8:0]  LEDG: // LED Green[S:0]
A% 49 CLOCE_S0, /4 50 MHz 193 output [17:0] LEDE: /¢ LED Red[17:0]
% % 50 EXT_CLOCK, /¢ Exuernal Cloc 199 | ASEIIIEIIIIEEIEEEEIEEEE URRT | SASSA IR
51 FPATIFFFFIGIFFF7Ff/ Push Button ITYIIayS IF NNy, 195 | ouepur UART TXD: /7 ULRT Transwitter
- - 08 - f?f:’fﬁﬁfﬁﬁfﬁﬁf i P“Sh??;???ﬁi; .:.lf’NNNNK oo Lnpus DART_RD. ff UART Receiver
N 53 DFDT Switch 197 FEFEEEETIFETIFETFEITIEEiiis IRDL FEEPEREEE PR Pdiididindiiidy
EJ @ 54 2, _"'f"'f Toggle Switehf17:0] 198 cutput IRDA TXD: /¢ IRDA Transmitter
— — = 55 JIEEEIEIEIAIEEIIEIEE T-SEG Dispaly  4/10000010100000 199 | inpur IRDL_RED: 7/ IRDA Receiver
Fow [FlDesan =] | 5@ HEXD, /4 Beven Seguent |Digit 0 200 SORENTMCeriace [/ PIIPIITEIEEEITE
| = =7 HEX1, /¢ Seven Segment Digit 1 z01 inout [15:0] DRAM DQ: /¢ SDRAM Dats bus 16 Bits
Task A — w i HEXZ, 4/ Seven Segment fDigit 2 z0z outvut 11:01 DRAM ADDE: // SDRAM lddress bus 12 Bits
T3 St Project = = 59 HEX3, /¢ Seven Secwent |Digit 3 <
H 0] Advi 60 HEX4, /4 Seven Segwent JDigit 4
vIsars 61 HEXS, /¢ Seven Segment [Digit S r
E‘aé';a‘wes'gn 52 HEXS, /¢ Seven Segmwent [Digit & )
; Create Mew | 63 HEX7, /¢ Seven Segment |Digit 7 -
] Open Esistin 64 FELERIIIEEAIEEEIE0EIE0E]  LED  FAAIEEIE IR S // Turn on all display
] Add/Remove 65 LEDG, /¢ LED Green[5:0] 301 assign HEXO = hhoo;
'\, Megawizard 66 LEDER, /¢4 LED Red[17:0] 302 assign HEX1 = 7'hoo;
¥ SOPC Buide il LI URT AR i 103 assign HEX2 = 7 noa:
(3 Assign Constaint 7O TRRT AT Tr TLRT n:f:?ﬁr - 304 assign  HEX3 = 7' hoo:
S ) < 305 assign HEX4 = 7'h00;
[ Type |1\Iessage 306 assign HEXS = 7'hoo;
307 assign HEXE = 7'hoo;
308 assign HEXY = 7'hoo;
Jos assign LEDG = S'hiFF;
310 assign LEDR = 15'h3FFHF:
311 azzign LCD_ON = 1'kbi1:
% Sysleml.v\'\ Processing }\ Extra Info ;?\ Info ;?\ waming ;?\ Critical ‘W arning ;?\ Errar .}\ Suppressed I?\Flag I.-" 31z agssign LCD EBLCW = 1'hi:
ﬁ Meszage: J J | 313
= 314 A4 All inout port turn to tri-grate
i 4, S il @l d 315 assign DRAM DO =  1&'hzzza:
3le azzign FL_DOQ S'hez:
317 azzign SRLM DO = le'hzezza:
318 agssign OTG_DATA = lg'hzezza:
319 Aso1ign  LLD _DATL = DT HZE:
3Z0 azaign SD_DAT = 1'be:;
321 agssign I2C SDAT = 1'be:;
322 assign ENET DATA = lg'hzezzez;
323 assign AUD ADCLRCK = 1'be:;
324 assign AUD DACLRCK = 1'be:;
328 assign AUD ECLKE = 1'be:;
326 assign GPIO O = J6'hzezzzzzeze!
327 assign GPIO 1 = J6'hzezzzzzeze!
328 17
<




Entrando no Verilog

Structural: modules, instances
Dataflow: continuous assignment
Sequential behaviour: always blocks
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Using an HDL description

So, we have an executable functional specification that
- documents exact behavior of all the modules and their
interfaces
* can be tested & refined until it does what we want

An HDL description is the first step in a mostly automated
process to build an implementation directly from the
behavioral model

HDL . : : , Gate CPLD
description Logic Synthesis netlist Place & route FPGA
* HDL— logic * create floor plan blocks Stdcell ASIC
* map to target library (LUTs) * place cells in block
* optimize speed, area * route interconnect

* optimize (iteratel)

L J L J
L

Functional design Physical design

19



Verilog data values

Since we're describing hardware, we'll need to represent the
values that can appear on wires. Verilog uses a 4-valued logic:

Value | Meaning

i

O |Logic zero, "low
1 | Logic one, “high”
Z or ? | High impedance (tri-state buses)

X | Unknown value (simulation)

"X" is used by simulators when a wire hasn't been initialized to a
known value or when the predicted value is an illegitimate logic
value (e.g., due to contention on a tri-state bus).

Verilog also has the notion of "drive strength” but we can safely
ignore this feature for our purposes.

20



Numeric Constants

Constant values can be specified with a specific width and radix:

123 J/ default: decimal radix, unspecified width
‘d123 J/'d = decimal radix

‘h7B J/ "h = hex radix

‘0173 // ‘o = octal radix

‘pb111 1011 // ‘b = binary radix, “_" are ignored

“hxx J/ can 1nclude X, Z or ? 1n non-decimal constants
16'd5 // 16-b1t constant ‘b0000_0000_0000_0101

11"h1X? S/ 11-b1t constant “"bO01_XXXX_7777

By default constants are unsigned and will be extended with O's
on left if need be (if high-order bit is X or Z, the extended bits
will be X or Z too). You can specify a signed constant as follows:

8’shFF J/ 8-b1t twos-complement representation of -1

To be absolutely clear in your intent it's usually best to explicitly
specify the width and radix.

21



Wires

We have to provide declarations™ for all our named wires (aka
"nets”). We can create buses - indexed collections of wires - by
specifying the allowable range of indices in the declaration:

wire a,b,z; /S three 1-bi1t wires
wire [31:0] memdata: S/ a 32-bit bus

wire [7:0] bl,b2,b3,b4; // four 8-b1t buses
wire [W-1:0] input; /S parameterized bus

Note that [0:7] and [7:0] are both legitimate but it pays to
develop a convention and stick with it. Common usage is
[MSB:LSB] where MSB > LSB; usually LSB is 0. Note that we can
use an expression in our index declaration but the expression's
value must be able to be determined at compile time. We can also
build unnamed buses via concatenation:

{bl,b2,b3,b4} // 32-b1t bus, bl 1s [31:24], b2 1s [23:16], .
{4{b1[3:0]1},16’h0000} S/ 32-bit bus, 4 copies of bl[3:0], 16 0's

* Actually by default undeclared identifiers refer to a 1-bit wire, but this means typos get
you into trouble. Specify " default_nettype none" at the top of your source files to avoid
this bogus behavior.
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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 1l(a, b, out,
outbar, =sel);

input[7:0] a, b; 8
input sel;
output [7:0] out, outbar; a= h?““] 8
reg[7:0] out; #— out
alwayes @ (a or b or sel) b+ﬂ' LD°+ outbar
begin 8 g
if (g2el) out = a;
else out = b; sel
end
aggign 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;

assign out = a[3] ? {4'bll1ll,a} : {4'b0000,a}; 23
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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Basic building block: modules

In Verilog we design modules, one of which will be identified as
our top-level module. Modules usually have named, directional
ports (specified as input, output or inout) which are used to
communicate with the module.

Don't forget this "

S/ 2-to-1 multiplexer with dual-polarity outputs >
module mux2(Cinput a,b,sel, output z,zbar); «
wire selbar,zl,z2; :

7/ wires internal to the module
S/ order doesn’t matter - all statements are
// executed concurrently!
not 11(selbar,sel); '/ 1nverter, name 15 “11”
and al(zl,a,selbar); // port order 1s (out,inl,in2,_)
and az2(z2,b,sel);
or o0l(z,z1,z2);
not 12(zbar,z);
endmodule

In this example the module’s behavior is specified using Verilog's
built-in Boolean modules: not, buf, and, nand, or, nor, xor,
xnor. Just say no/ We want to specify behavior, not
implementationl

—-

m, &
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m Verilog designs consist of
interconnected modules.

B A module can be an element or

collection of lower level design blocks.

m A simple module with combinational
logic might look like this: Out=sel®@a+ seleb

Z-to—-1 multiplexer with inverted output

module mux 2 to_l(a, b, out, Declare and name a module: list its

outbar, sel); ports. Don’t forget that semicolon.

// Thie is 2:1 multiplexor Comment starts with //
Verilog skips from // to end of the line

input a, b, sel;

Specify each port as input, output,

output out, outbar; or inout

assign out = sel ? a : b; Express the module’s behavior.
B Each statement executes in

asgign outbar = ~out; parallel; order does not matter.

endmodule Conclude the module code.
26



Continuous assignments

If we want to specify a behavior equivalent to combinational logic,
use Verilog's operators and continuous assignment statements:

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!)
J/ syntax 1s “assign LHS = RHS” where LHS 15 a wire/bus
S/ and RHS 1s an expression
assign z = sel ? b : a;
assign zbar = ~z;

endmodule

Conceptually assign’s are evaluated continuously, so whenever a
value used in the RHS changes, the RHS is re-evaluated and the
value of the wire/bus specified on the LHS is updated.

This type of execution model is called "dataflow” since evaluations
are triggered by data values flowing through the network of wires
and operators.



module mux 2 to 1l(a, b, out,

/

cutbar, =sel):; 8
input a, b, sel; out
output out, outbar; b=—0
|-| >o— outbar
assign out = sel ? a : b; 4/
asesign outbar = -~out; sel
endmodul =

Continuous assignments use the assign keyword
A simple and natural way to represent combinational logic

Conceptually, the right-hand expression is continuously evaluated as a function of
arbitrarily-changing inputs...just like dataflow

The target of a continuous assignment is a net driven by combinational logic

Left side of the assignment must be a scalar or vector net or a concatenation of scalar
and vector nets. It can’t be a scalar or vector register (discussed later). Right side can be
register or nets

Dataflow operators are fairly low-level:
O Conditional assignment: (conditional expression) ? (value-if-true) : (value-if-false);
O Boolean logic: ~, &, |
O Arithmetic: +, -, *

Nested conditional operator (4:1 mux)
O assign out = 81 7 (80 7 413 : 412) : (=07 41 : 10);



Gate Level Description

module muxgate (a, b, out,

outbar, sel);

input a, b, =el; a —

output out, outbar; j>__0uﬂ
wire outl, out2, selb; sel
and al (outl, a, sel); out
not il (selb, sel); ‘%7

and a2 (out2, b , selb); selb

out?
or ol (out, outl, out2); b — )

agsign outbar = -~out;
endmodule

outbar

m Verilog supports basic logic gates as primitives ;
O and, nand, or, nor, xor, xnor, not, buf 5
0O can be extended to multiple inputs: e.g., nand nand3in (out, in1, in2,in3);
Obufifl and bufif0 are tri-state buffers

m Net represents connections between hardware elements. Nets are
declared with the keyword wire.




« ~(4'b0101) = {~0,~1,~0,~1} = 4b1010
. 4'b0101 & 4'b0011 = {0&0, 140, 0&1, 141} = 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)=04&14&04&1=1560

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

(4'b0101) = 1'b0

Logical

la

NOT

a&é&Db

AND

allb

OR

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

e |

==
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 valuves

a ===
al==

case
[injequality

retums 0 or 1
hased on bit by
bit comparison
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Other operators

it Arithmetic
Conditional
| a?b:c Ifathenhelsecl negate
] add
subtract
multiply
Relational divide
modulus
a>b greater than

exponentiate
a == b | greater than or equal P

a<b Less than logical left shift

a<=b| Less than orequal logical right shift

arithmedtic left shift

arithmetic right shift



Hierarchy: module instances

Our descriptions are often hierarchical, where a module's
behavior is specified by a circuit of module instances:

/7 4-to-1 multiplexer
module mux4(Cinput do,dl,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)):
mux? m3(.sel(sel[1]),.a(zl),.b(z2),.z(z));
J/ could also write “mux?2 m3(zl,z2,sel[1l],z,)" NOT A GOOD IDEA!

endmodule

Connections to a module's ports are made using a syntax that
specifies both the port name and the wire(s) that connects to it,
so ordering of the ports doesn't have to be remembered.

This type of hierarchical behavioral model is called "structural”
since we're building up a structure of instances connected by
wires. We often mix dataflow and structural modeling when
describing a module's behavior.

32



Parameterized modules

/S 2-to-1 multiplexer, W-bit data
module mux2 #{(parameter W=1) // data width, default 1 bit
(input [wW-1:0] a,b,
input sel,
output [W-1:0] zJ);
assign z = sel 2 b : a;
assign zbar = ~z;
endmodule

/S 4-to-1 multiplexer, W-bit data
module mux4 #(parameter W=1) // data width, default 1 bit
Cinput [W-1:0] do0,d1,d2,d3,
input [1:0] sel,
output [W-1:0] z);
wire [W-1:0] z1,z2;

mux2 #{.WW)) ml(.sel{sel[0]), .a(dd), .b(dl), .2(z1));
muxZ2 #{.WW)) m2(.sel{sel[0]),.a(d2),.b(d3),.2(22));
mux2 #(.WW)) m3(.sel(sel[1]), .a(zl), .b(z2),.2(Z2)):;

endmodule \/\

if parameter not specified, default value is used

could be an expression evaluable at compile time;
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Sequential behaviors

There are times when we'd like to use sequential semantics and
more powerful control structures - these are available inside
sequential always blocks:

S/ 4-to-1 multiplexer
module mux4(input a,b,c,d, input [1:0] sel, output reg z,zbar);
always @(*) begin
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 2
// statement order matters inside always blocks
// s0 the Tfollowing assignment happens *after* the
J/ 1T statement has been evaluated
Zbar = ~z;
end
endmodule

always @(*) blocks are evaluated whenever any value used inside
changes. Equivalently we could have written

always @(a, b, c, d, sel) begin .. end // careful, prone to error!
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reg vs wire

We've been using wire declarations when naming nets (ports are
declared as wires by default). However nets appearing on the

LHS of assignment statements inside of always blocks must be
declared as type reg.

I don't why Verilog has this rulel I think it’s because
traditionally always blocks were used for sequential logic (the
topic of next lecture) which led to the synthesis of hardware
registers instead of simply wires. So this seemingly
unnecessary rule really supports historical usage - the
declaration would help the reader distinguish registered
values from combinational values.

We can add the reg keyword to output or inout ports (we

wouldn't be assigning values to input portsl), or we can declare
nets using reg instead of wire.

output reg [15:0] result // 16-bit output bus assigned 1n always block
reg flipflop; J// declaration of 1-bit net of type reg
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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
asgssign outbar = ~out; {éfigﬂ_ﬁg;gi

endmodule
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Case statements

Chains of if-then-else statements aren't the best way to indicate
the intent to provide an alternative action for every possible
control value. Instead use case:

S/ 4-to-1 multiplexer
module mux4(input a,b,c,d, 1nput [1:0] sel, output reg z,zbar);
always @(*) begin
case (sel)
2'b00: z
2'b01: z
2'b10: z
2'bll: z
default:
endcase
Zbar = ~z;
end
endmodule

T | I
I = T T

=
[
o4

J/ 1n case sel 1s X or Z

case looks for an exact bit-by-bit match of the value of the case
expression (e.g., sel) against each case item, working through the
items in the specified order. casex/casez statements treat X/Z
values in the selectors as don't cares when doing the matching
that determines which clause will be executed.
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Danger

Synthesized Result:

Goal: Proposed Verilog Code: :
If out is not
module maybe mux 3tol(a, b, c . .
— - sel. ou assigned during any | a —qg
input [1:0] sel; b — D Q-
a oo TR pass through the 01 out
output out; always block, then | ¢ —10
b —o1 out reg out; s G
S the previous value )
always @(a or b or c or sel must be retained sel
o begin
sel ‘ sel[1] —
sel[0] —
3-to-1 MUX LATCH I "
(11 input is a don’t-care) ond S " h?écdhatn;em]%welgacﬁfg

endmodule will discuss latches later)

= In practice, we almost
never intend this

Solution:

always @(a or b or ¢ or sel)

begin
m Precede all conditionals out = (m;:}:;
i H cage (ge
with a d_efault ass!gnment 2 Th00: out = as
for all signals assigned 2'b01: out = b;
within them... 2'b10: out = c;
endcage
end
endmodule

always @(a or b or ¢ or gel)

begin m ...or, fully specify all
case (;:3) branches of conditionals and
' : out = a; . . —

2'b01: out = b assign all signals from all

2'bl0: out = c; branches

default: out = 1'bx; . .

endcase O For each if, include else 28

end O For each case, include default

endmodule



Goal:

4-to-2 Binary Encoder

0 — I3
14915 Eil—1
0 I Egl=0
0 < Iy
L1115 | E4Ey
0001 00
0010 01
0100 10
1000 11
all others | X X

Danger

Proposed Verilog Code:

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

always @(1i)

bagin
if (1i[0]) e = 27b00;
else if (i[1]) e = 27b01;
else if (i[2]) e = 27b1l0;
elze if (i[3]) e = 27bl1;
else e = 2'bxx;

end

endmodule

What is the resulting circuit?

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

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

else if (i[l1l]) e = 2'b01;
else if (i[2]) e = 2’'b1l0O;
else if (i[3]) e = 2’'bll;

else e = 2'bxx;
end

Inferred >b11
Result:

i[3] i2] i[1] if0]

If-else and case statements
are interpreted very literally!
Beware of unintended priority logic

Solution:

m Make sure that if-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;
else if (i == 4'b0010) e = 27b01;
else if (i == 4'b0100) e = 27b10;
elae if (i == 4’b1000) e = 27b11;
alase @ = 2'bxx;

end

endmodule

Minimized Result:
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Connecting modules to build complex machines

B Modularity is essential to the success of large designs
m A Verilog module may contain submodules that are “wired together”

= High-level primitives enable direct synthesis of behavioral descriptions (functions such
as additions, subtractions, shifts (<< and >>}), etc.

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
| o _@_—_1? FIO 0 01 A+1
F ] ] 010]| A-B
[ 4 ] « | [T F0 011 A-1
1 0 X A*B
00 [I1_|“Iﬂ_, FIZ]
R[31:0]
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Modules

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

module mux32three(10,11,12,8el,0ut) ;
module mux3d2two (10,11,8el,0ut) ; input [31:0] 10,411,12;
input [31:0] 10,11; input [1:0] sel;
input sel;

output [31:0] out;
output [31:0] out; Iﬂgplzltﬂ] out;

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

2'b00: 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) ;
module add3i2 (10,11, sum) ; module sub32(10,11,4d1€ff); 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
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Top-Level: connect the modules

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

module
modul e
module
module
modul e

m Declaration of the ALU Module:

module alu(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 ¢

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

add3iz our adder(a, addmux out, add out);
sub3iz2 our subtracter (a, submux out, sub out);
mullé our multiplier(a[15:0], D[15:0], mul out);

mux3i2three output mux(add out, sub out, mul out, f[2:1], r);

endmodule  [module | [ (unique) | | corresponding

N \ \

names instance wires/regs in
names module alu
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More on modules

m EXxplicit port naming allows port mappings in arbitrary
order: better scaling for large, evolving designs

Given Submodule Declaration:

module mux32three (i0,il,1i2,2el,0ut) ;

Module Instantiation with Ordered Ports:
mux32three output mux(add out, sub out, mul out, £[2:1], x):

Module Instantiation with Named Ports:
mux32three output mux(.szel(£[2:1]), .ocut(xr), .i0(add out),

.il(sub out), .i2(mul out));
~ AN :
submodule’s || corresponding

wire/reg in
port name outer module

= Built-in Verilog gate primitives may be instantiated as well
O Instantiations may omit instance name and must be ordered:

and(out, inl,in2,...inN);
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Other useful verilog features (just for reference)

Additional control structures: for, while, repeat, forever
Procedure-like constructs: functions, tasks

One-time-only initialization: initial blocks

Compile-time computations: generate, genvar
System tasks to help write simulation test jigs
— Stop the simulation: $finish(..)
— Print out text, values: $display(.)

— Initialize memory from a file: $readmemh(.), $readmemb(.)
— Capture simulation values: $dumpfile(.), $dumpvars(.)
— Explicit time delays: #nnn
Compiler directives
— Macro definitions: “define

— Conditional compilation: “ifdef, .,

— Include other source files: “include

— Control simulation time units: "timescale

— No implicit net declarations: “default_nettype none
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Next: Sequential Logic



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 off
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”
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Digital State

One model of what we'd like to build

New
State
—= Memory
Device Current _ _
State Combinational
— s LOAD Lo gi .
Inpui' Dufpuf

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 gnly on the

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

48



Our next building block: the D register

The edge-triggered D register: on

the rising edge of CLK, the value of
D is saved in the register and then
shortly afterwards appears on Q.

D—
CLK——

—Q

Fam —— o ——————
|

,
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The Sequential always Block

Edge-triggered circuits are described using a sequential always

block

Combinational Sequential
module comb(input a, b, sel, module seq(Cinput 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'\-\.
0

a 0 a ——
}ﬂut 0 out
h 1 —1
] Tt
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 synthesisl

D-Register with synchronous clear D-Reqgister with asynchronous clear
module dff_sync_clear( module dff_sync_clear(
input d, clearb, clock, input d, clearb, clock,
output reg q output reg q
); );
always @(posedge clock) - - always @(negedge clearb or posedge clock)
begin begin
if (!clearb) g == 1'b0; if (!clearb) g == 1'b0;
else g «—= d; else g = d;
end end
endmodule endmodule
always block entered only at always block entered immediately when
each positive clock edge (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...
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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 @(C*) begin

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

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

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

ror

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

Sometimes, as above, both produce the same result. Sometimes, notl
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Assignment styles for sequential logic

Flip-Flop Based q1 q2
Digital Delay "™ —1° ¢[1° 1P ¢—°“

Line o |‘I>_ R I‘P_

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

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
ql <= in; gl = in;
q2 <= ql; g2 = ql;
out <= g2; out = g2;
end end

endmodul e aendmodule
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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”

sequential logic

begin
gql = in;
g2 = ql;
out = g2;
end

“At each rising clock edge, gl
= in.

After that, g2 = gl = n.

After that, out = g2 =gl = in.
Therefore outf= 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

m Guideline: use nonblocking assignments for sequential

always blocks
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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 v = n T 2
y =x| c; 01000 end
endmodules
Hﬂﬂbfﬂﬂkﬁﬂg Behavior abc x Y Deferred modulea nonblocking(a,b,c,.X.¥);
input a,b,c;
(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 | c; 010 11 | x<=0, y<=1 e 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; 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)_)
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Example: A simple counter

0—1 N4 4
@-1 f"f » 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

57



The Asynchronous counter

A simple counter architecture Count]0]
O uses only registers |_
(e.g., 74HC393 uses T-register and D Q
negative edge-clocking) Qb+
0 Toggle rate fastest for the LSB s P

|/Gﬂunt[1]

E
il

Count [3:0]
Count[2] |/ Count[3]
L5 g

Q

£

...but ripple architecture leads to

Clock

1

large skew between outputs

D reqister set up to
always toggle: e, 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:

et o ey (1 clears & a dhan Count [3:0]
output q, gbar; [Euunt[[]] _r:uuntn] jﬂuunt[?] jﬂuunt[ﬁ.]
reg dq:
L5 aH s
always @ (posedge clk or negedge clear) |
begin QF+ Q ]
if (lelear) " " Countbar[3]
g <= 1'b0;
alse q <= d; Ik Countbar[l] Countbarf1] Countbarz]
end c
asslgn gbar = -q;
endmodul e

Structural Description of Four-bit Ripple Counter:

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

output [3:0] count;

wire [2:0] count, countbar;

drag async reset blt0(.clk(elk), .clear(clear), .d(countbar[0]),
+FJloount [0] ), .gbar{countbar[0])};

dreg async reset bitl(.clk(countbar([0]), .clear(clear), .d(countbar[1]).
gieount [1]), .gbar{countbar[l]));

dreg_async reset bilt2(.clk(countbar([l])., .clear(clear), .d(countbar[Z]).

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

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

FJleount[3]), .gbkar{countkar[3]));

endmodule
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C1

Logic for a synchronous counter

c2

D QL D QM
[La [La

D
ﬁQ

m Count (C) will retained by a D Register e

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)->~(1)
paths are possible!
(o) —>-{ow







Verilog

Tools - Simulation

;ﬂ» System Tasks & Functions

Section

14.1

14.2

14.3

14.4

14.5

14.6

14.7

14.8

14.9

14.10

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

Verilog HDL
Construct

Display System Tasks

File Input-Cutput
System Tasks

Timescale System
Tasks

Simulation Control
System Tasks

Timing Check System
Tasks

FLA Modeling System
Tasks

Stochastic Analysis
System Tasks

Simulation Time
System Functions

Conversion Functions
for Reals

Probabilistic
Distribution Functions

Quartus II support for system tasks and functions is described below, 54
Description Language Based on the eriing Hardware Description Language

Quartus IT Support  Alofe
(i)

Mot supported.

Mot supported.

Mot supported.

Mot supported.

Mot supported.

Mot supported,

Mot supported.

Mot supported.

Mot supported.

Mot supported.

B A £ demoibal & Comgason Repos - Flow Summary R Waveform.vwi®
6 G Master Time Bar: 12175 ns <+ Poirter 7.35ns Intervat A8n: Start Opa End 10
] e PP 100ns 200re 00re
Name WAre

# e Bg
G [ | A0 80 / |
o = M ao\
el 413 80 ~ 1
=-F e @ 80
XAyl = LR o e~ S ——— =
wEE] 2 Ll o o Pt ettt
Ye ) G 22 B X R R RS R R R R R R R R R R R B IHHB% R R R R R R R R R 8%
Vs :(R g 23 &'Q‘: ST Tt o P et tat ettt et e Tttt AR o, RS s
K2 X8 o2t
% 24

Define the signals :

Inputs — stimulus

Outputs - results

v

Define the stimulus to the system

Run the simulation and you get the result
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Tools — Measurement instruments

Waveforms

/

o —————— —

R R 2D

o e ~) @
f“EQC) =N
=) (@) @) =) &) 6=

) 9 .9
L 2 Ol 3 4

1) Gon

% o & &

3 s

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

Yiew Data System Tools window Help

&
= BEH&E s 4 = B | 7| A Mlsstup [ Trigger ™M™ waveform = jao Listing Idle —+
T ER. 3 A X B3 @ iview waMagnivu I Activity OF value ||\l &) Time/Div ‘100\43 vl e W ‘Search 7@’

;E & -DEulsuH"mIEursol 2'|:‘m"‘S
[

o - =
- "
TTTIEE bbbt

Magnivu: Sample

- . 1: Magniviu: CKO[

: : Magniiu:

. L& 1: Magni/u: A3

Rl .

- 2 '8 R [ LA 1: Magnivu: A2
ML LA

LA, 1: Sample

B LA T: AT

P LA 1 A2

Wavelorm feus 1.085ms 1.185ms 1.268ms 1.368ms 1468ms 1685ms 1685ms 1766ms 1.868ms 1866ms 208Gms 2185ms 2266ms 2366ms 2456ms 2566ms 2685ms

<
B

"- 5
Lo B
Setup

A Add Measurement (Drag and Drop) Measurements

% Period i Frequency #| | Enable | Mame Source Gate Value [ Accumulate
= Positive . Hegative Clear Values

0

.g TV puty Cycle TV puty Cycle

B || o Positive +r Hegative

& " Pulse Width = Pulse Width P u—
_z Channel to 0 potter Mateh Enable All Disable All Delete Al Recale

For Help, press F1

Tektronp



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

[Jud o : and Se o P iDe ppsfalterall demo atio I I
File Edit W%iew Project Assignments  Processing Window  Help
0 & L |§| ¥ E|ﬂ - || Run ED Simulation Taaol r 2@

Run EDA Timing Analysis Tool

Project Mavigator - x

E ritity
Cyclone I EP2C35FE72CE

|

304 DEZ_SD_Card.. £m

E Launch Design Space Explorer

'E_T} TimeQuest Timing &nalvzer

Advisors L4

@' Chip Planner (Floorplan and Chip Edikor)
@ Ciesign Partition Planner

Y Metlist Wiewers r

el SignalTap II Logic Analyzer

&= In-Syskem Memory Conkent Editor

(=] Logic Analyzer Interface Editar

8, In-System Sources and Probes Editor

| > SignalProbe Pins. ..

E] Programrier

B
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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  Sindowe

> CONTROL

Clock
|_> definition

Trigger
definition

|hztance M anager: 'Q L2 | IInvaIidJTAG configuration El ® | ITAG Chain Canfiguration: _ @ ®
[fstance | Status | LEs 0] Memory: 0| METZMLAB: 0/0|  MAKM3K:99/105]  MRe :
auto_signaltap_0 Mot rnning 0 cells 0 bits P& M Hardware: I Dizabled j Setup..
o | T | I YN
I ]
P | 5 ﬂ SOF Manager: & I D
autw_ :é‘ s ermrrre _: ~ 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 vl
[~ Segmented: I 2 B4 zample segmentz j
— Starage qualifier
Tupe: I ZE Continuous j
Input port; I J
\\ [™ Fecord data discortinuities
I~ Dizable storage qualifier
- Trigger
Trigger fow contral; ISequentiaI Ll
Trigger pozition: I:ﬁ:" Pre trigger position j
Trigger conditiong: I‘I ;I J
Bl Data | é Setup k /
Hierarchy Display: X |7 Datalog B.I, *

----- {E‘ auto_zignaltap_0

The signal
>

: auto_zignaltap_0

For Help, press F1

[ el [

you want to

llsee”

65



Tools — Internal Logic Analyser

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

462 AUDID_DAC_ADC.v | 6% DE2_Default v | 462 120_av_Configv | i stp1.stp
Instance Manager: |InvalidJT.~’-\G configuration @ * | JTAG Chain Configuration; _ @
Instance Status | Incremental Compilation | LEs: 587 | Memory: 4352 | ME12: 0 MAK: 1 MRBAI
E‘ auto_signaltap_0 Mat running r 587 cells 4352 bits 0 blocks 1 blocks bl | Hardware: | j Setup..
Device: | J Scan Chain
3 — 3] »» | SOF Manager: E
log: 20090216 020358 #36 click to insert time bar
Type | Alias | D P S R L R R I (P 9 8 8§ i B
= H- . C_ADCuHALD_outR FES0H : A FEBDh
) [#- LEDR. OFG3Dh : by OFGECH
:( 1l
[B] Data Fl Setup
Hierarchy Display: X | ¥ Datalog fAL
=) [#] @ DEZ2_Default @ log: 2009/02/16 020362 #21
# AUDIO_DAC_ADC:ud i log: 2009/02416 02:03:58 #22
L T} CaTuTa M ta ML R n ta Wn M n B T Ca Ta ]

[®] 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...



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/DE2_Default - DE2_Default - [stp1.stp]

- |=2/Es

File Edit ‘iew Project Processing  Tools  Window

JJE‘ P k0 W [E] |Invalid JTAG configuration ~|3) ‘“ga | ‘ 3 == |

Ingtance Manager: HQA AN | |InvalidJT.~'—\G configuration El JTAG Chain Configuratiorn: _ @ \ b4
Instance | Status | LE= 0] Memary: 0 | ME1ZMLAR: 00| M#KCMIK: 76105 | M-Ran M144k: 00 |
(2] auto_signaltap_0 Mat running 0 cells 0 bits MA MA, MA, Harduware: I Fleass Select j-l
Device: INone Detected j Scah Chain |
ﬂ S0OF tanager: éa Il I B
\, v,
. > 4
auto_signaltap_0 Ié‘a’-‘xllow all changes j Signal Configuration: x
Hode Data Enable | Trigger Enable |Trigger Conditions Cllal I |_I =
Type |Alias | Hame 0 0 1l | Basic =
Double-click to add nodes - Data
Sample depth: Iﬁ R type: m
[ Segmented: |2 64 zample segments j
— Storage qualifier
Type: |§ Continuous j
Input port; I J
[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_

| I3 0a-09

ﬂ (5] pcLD-T2 I _ MO ER 1 H.F no




*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  window

=

g o W |Add nades to the current instane ~ | (2) |% Al | e | ‘

Inztance kanager: "q ro B Iﬂdd nodes to the curent instance JTAG Chain Configuration: IJTAG ready @ x
Irstarice | Status | LE= 0| Memany: 0 | M512 MLAE: 0/0 | MAK MOK: 7505 | M-Rak M144K: 040 |
|£| auto_zignaltap_0 Mat running O cell 0 bits MNA [0 My Hardware: I USE-Blaster [USE-0] j

Device: I@‘I: EF2C35 [0x02084000)

j Scan Chain |

ﬂ SOF Manager. .= | I

-

auto_signatap_0

I é‘ Allaw all changes

gnal Configuration:

\X

Node | pata Enable

Trigger Enable |Trigger Conditions

Type Iﬁliﬂs I Hame I []

0 1|7|Basic =

Double-click to add nodes

Clock: I

—Data

)Y

Sample depth: I‘I28 LI Fiéubd tppe: I.&uto

[~ Seamented:

I 2 B4 zample zegments

— Starage qualifier

Type:

|§ Continuaus

Input port: I

I~ | Record data discantinuities

\\ I~ | Dizable storage qualifier
N

]
[]
2

=

N

4

— Trigger

Trigger flow contral:

Sequential

B Data | é Setup

Hierarchy Dizplay:

X | [ Datalog 2

----- @ auto_signaltap_0

: auta_signaltap_0

For Help, press F1

m E9 T G aatusn-c.., H@Quartusn-c:m...

I Quartus I1 - C:D...

(= 0803 [ £ PCLD-T2

*Define the clock
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Mode Finder

E{

M armed: I“u:u:unt"

_J Filker: IDesign Entry [all names] ﬂ Customize. .. List

Look ir: |IDE2_Defaul

Modes Found:

M ame | .ﬁ.ssignr[g
& Cont Inaszic
< Cont[0] Unassic
4 Cont[1] Unassic
& Cont[2) Urnazsi
& Cont[3] Unazsi
& Cont[4] Unazsi
5 Cont[A] Unassic
4 Cont[B] nassic
& Cant[7] Urnazsi
<& Cont[8) Urnazsi
& Cont[9) Unazsi
< Cont[10] Unassic
4 Cont[11] Unassic
4 Cont[12] Unassic
& Cont[13] Urnazsi
< Cont[14] Unazsi

LI 18 ) | ra }

e

<4

BBEIE

v .| ¥ Include subentities Stop | Q

Selected Modes;

e Ll et

“& |DEZ_DefaultiCont[15] IInazzigne:

<] i | (3]

Cancel |

69



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

U cells U btz T M M | 1anuwal s, | 2L

- -

Mode Finder 5

M amned: |Eu:untx j Filker: |Design Entry [all names] ﬂ Cugtomize. .. | List | Q
Laak ir: |IDE2_DefauIt| ﬂJ W Include subentities Cancel

P Modes Found: Selected Modes:
m -
T M arme Azzighr| A I arne | Azzighmenl
—| |4 Cont[14] naszsic 4 IDEZ_DefauliCont[22] IInassignet
“&# Cont[15] nassic & |DE2_DefaultlCant[23] I nazsigne: -
& Cant[16] Unassic <& [DE2_DefaultiCont]24] Unassignes 1K
& Cont[17] Unazsic 4 IDEZ2_DefaullCont[25] Unassigne
“&F Cont[18] nassic
4 Cont[19] nazsic r
4 Cont[20] Unazsic 3
4 Cont[21] Unassic
5 Cont[22] Inassic 2
& Cont[23) |Jnassic
4 Cont[24] Unazsic A
= Cont[2h] Unasszit o,
4 Cont[26] nazsic J
A& Cont[27] Unazsic
4 Cont[28] naszsic
“&# Cont[29] Inassic
<& Cont[30] |Jnassic "
& Cont[31] Unassic—
»
< >) < >

[®] auto signaltap 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

File Edit

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

rraresT T Taa

ey

JJ|@| LY N | IAcquisitiDn in progress

=Jotd

Instance Manager:

N\
EEIEEE EIEN
P ko W] [Requisiioninpregress L )

JTAG Chain Canfiguration: IJTAG ready @ b4
Instance | Status LEs 491 |  Memory: 4096 MEIZMLAR 00| M4KM3K: 77/105]  M-BAMMI44K: 0/0 |
auto_sidhakap 0 ‘ 491 cells 4036 bits 0 blocks 1 blacks 0 blocks Hardware: | UISE-Blaster [USE-0] =
\ ) Device: |@1 ER2C35 (0x020B400D) j San Chait |
ﬂ S0F Manager: a1 J
log: 200903418 00:23:01 #0 click to inzert time bar
Tyne |Alias Hame T S T ST R Mo B S B B o B % LA n mLL s
o Cort[22] Acouisition in progress
=) Cont[23]
e Cont[24]
o) Cont[25]
<) 1 5]
B Data ) SElUD|
Hierarchy Dizplay: X | T DataLog: @l s
- [#] ® DEZ_Default @ auta_signalap 0
: auto_signaltap_0
For Help, press F1

Q Guartus IT- Cf0.

B Quartus I - CD. .

1) Guartus 11 - CD... n I 0509

ﬂ E<f] PCLD-T2

[
MO 0ER 1ML B 2

4

Run Analysis (1 time)

Run Analysis (continuous)

*ol m
L)

Stop



Finally: data!!

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

E RN | =G B &

Instance Manager: *Q Y] |Heady to acouire @ * | ITAG Chain Configuration: |.JT.¢\I3 ready @ b4
Instance | Status | LEsd4a1|  Memony: 4096 | ME12 MLAE: 040 M4k MK 774105 | M-RAKMM144K: 040
IE auto_signaltap_0 Mot running 497 cells 4095 bits 0 blacks 1 blocks 0 blocks Hardware: |USB-BIaster [U5E-0] j Setup... |

Device: |@'|: EP2C35 (0x020B4000) j Scan Chain
ﬂ S0OF Manager: | J

( Iogy, 20090038 002301 #0 click to inzet time bar
Type |Allas Name 128 I 2 it P LA T R TR TR RS Ty AT A A VTR TR B
o Cont[22] | [ | [
ey Comt[23] |
o) Cort[24] |
o Cont[25] |

U

*Select the four signals;
*Edit->group

log: 20090348 00:23:01 #0 click to insert time bar
Type |Alias | Hame -128 -1 I20 -1 'II 2 -1I|34 -E!E -EEB -B:D -'."I2 -E:4 -E:B -4|8 '4|D -3;2 -2I4 -1IE :IE DI
5] - (3 Cont]22. 25] | =n i Bh Iy 7h Iy Sh Iy ah :

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

log: 2009035345 00:23:01 #0 click to insert time bar
Type |Alias | Hame -128 -1 I20 -1 ? 2 -1I|34 -EEE -EEB -E:D -?'Iz -E}4 -E:B -4|8 '4|D -3:2 -2|4 '1|E :|3 DI
[ Cort[22..25] :
¥
L :
:
L
*Unzoom
log: 200900348 00:2301 #0 click to insert time bar
Type |Alias | Hame 128 -G4 0 54 128 192 236 320 354 445 212 276 G40 704 758 832 896
[#]- Cont[22..25]
o
= —







Sobre os trabalhos de laboratorio

p

Trabalhos/exercicios de introducdo ao verilog

>
2

IR

L

Something like
PONG!

SO WHAT Do WE Do IF
VIDED GAME Al OPPoNENTS

BECOME SMART ENOUGH TO
QUESTION THE “MATRIX" INTD

£%/ WHICH WEVE PUT THEM?

WAIT A MINUTE! NoNE oF THIS 15 RedL!
| €AN SEE THRoUGH THE WorLp!
| CAN SEE THE COPE!

| AMTHE ONE!

Projecto final (caderno encargos, desenho, implementacao de um projecto)

Ex:



http://upload.wikimedia.org/wikipedia/commons/8/8a/Atarisearspong.png

Next: laboratory

1) “Ola Mundo”
2)Descodificador 7 segmentos
3) Contadores

4) Fazia-me imenso jeito um crondmetro...

 Minutes : seconds : thousanths of seconds
 Start
* Stop
* reset
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Implementation for on/off button

button

e

_ O ® O

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

endmodule

b o-elight

button —
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Synchronous on/off 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) 1light <= ~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 <= ~1ight;
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 (27MHz!l) 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 1light <= 0; old_button <= 0; end
else 1f (old_button==0 && button==1)
// button changed from 0 to 1
1ight <= ~light;
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
A\ times will be met!
Clock

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

Q
D

Clock __ |\ "\

I

.

/

LI IIT
Ve e

/ r
_ _

Transition is missed
on first clock cycle,
but caught on next

clock cycle.

Output is metastable
for an indeterminate
amount of time.

Transition |s caught
on first 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

T L Sequential System
T o o© D

AN

Clock

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 cycle

sampling \ /

T 1r l / Complicated

o © ‘D D (;1—‘[3' Qﬁ’ Sequential Logic
.

System

iy

Clock

How many registers are necessary?
+ Depends on many design parameters (clock speed, device speeds, ..)
* In6.111, 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 l' 4. 7K
T

o0 oy NA

We need a debouncing circuitl

// Switch Debounce Module

/f 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 it (noisy '= new) // input changed
begin
new <= noisy;
count «= 0;
end
else if (count = DELAY) // stablel
clean <= new;
else // waiting..
count <= Ccount+l;

endmodule
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On/of f button: final answer

module onoff_sync(Cinput clk, reset, button_in,
output reg Tight);
// synchronizer
reg button,btemp;
always @(posedge clk)
{button,btemp} <= {btemp,button_in};
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// debounce push button

wire bpressed;

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

reg old_bpressed; // state last clk cycle
always @ (posedge clk) begin
1T (reset)
begin Tight <= 0; old_bpressed <= 0; end
else 1T (old_bpressed=—=0 && bpressed==1)
// button changed from 0 to 1
T1ight <= ~T1ght;
old_bpressed <= bpressed;
end
endmodule
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