FPGA tutorial

Lecture 1

Monday 07.09.2015 - 14:00

Jochen Steinmann

BND SCHOOL

Belgian Dutch German graduate school in particle physics
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Organisation
e Structure:

1. Solution of the last Excercise
2. Presentation (FPGA / electronics / Verilog)
3. Hand's on tutorial

your questions
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Organisation Il

* Requirements for this course

- none
- has a basic level, that everyone can follow!

» Slides and skeleton programs
- will be inside the Indico before the tutorial

e Solutions will follow after the tutorial
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Organisation lli

e Hands-On:

- 20 Laptops with VIVADO Installed

- 10 BASYS 3 Boards
» 2 Laptops share one Board

* Today two lectures ( 2 x 90 min.)

- we will have 2 times Lecture and Hands-On
divided by a coffee break
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What this tutorial cannot do

* Improve your soldering skills
— It's just software / firmware.
 Make you an electric engineer
- electronics is more than FPGAs...
 Make you an FPGA “expert”

— It needs much more time...

Physics



What this tutorial can do
* Help you understanding electrical engineers
talking about FPGA / Programmable Logic
* Help you programming a basic firmware
* Get an overview of programmable logic

- Problems and their solutions
- Features and how they can be used

Physics



Motivation

* Why do physicists need FPGA-Knowledge

- All Experiment readouts are based on FPGAs

- Understanding the processes inside the FPGA
helps troubleshooting the experiment

— Distribution of work:

 electrical workshop:
- PCB layout and production
e physicists:
- Firmware, tests and commissioning

Physics
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Motivation i

* Programmable Logic Is state of the art

- designing prototype electronics

- allow “easy” reconfiguration

 If you need a dual core processor, just implement it
 If you don't need it — remove it
* Decisions can be done, when the PCB is produced

 Firmware has to match the experiment

- Physicists should know all about their experiment
- They know all the timing issues, etc.
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Historical Background

Let's talk about history!
There Is always a historical background!

Physics



TEEEREEES

o e g

daSSSEE SabeRee S PP R EERER

L.n,.: .ni{rﬂ

s ..r.r.vnr

ST PR

[ ]

SIS DS S gD ‘

Eullln LII.J!.,.hI.....I.Iﬂu..

Sessosooaos 12999494 Aaeaae el

)

Physics
Institute 1lI B

\%




Why programmable ICs?

* Producing a Chip costs much more than
oroducing a PCB

* Using one Chip on many PCBs increases
Number of Chips and reduces Costs per Chip

 |If a Chip Iis programmable, it can be used on
many PCBs in different situations

* Producing one wafer costs ~ 10k€

- Not included man power to design wafer &
packaging

e Saving space on a PCB




History of

Programmable Logic Devices
1960th

- Fuse Configurable Diode Matrix .
PLA Programmable Logic Array

1971 every boolean operation
fixed logic gates and programmable
- Programmable ROM interconnections (matrix)

1978 OTP (one time programmable)

- Programmable Array Logic PAL

- Gate Array Logic GAL
reprogrammable

- Complex Programmable Logic Device CPLD [n circuit programmable
Configured during programming — keep configuration

1989 Development process CLPD & FPGA is almost the same
- Field Programmable Gate Array FPGA
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What are FPGAS?

Field Programmable Gate Array

e Simple:
- Programmable Logic Devices

« More detailed:

- Programmable Logic Devices

 With lot of additional function-block (e.g. RAM, DSP)
* Flexible configuration
« Can host mikrocontroller
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What means Field programmable?

» FPGAS can be programmed in circuit

- soldered on the final PCB

- the surrounding electronics can be operated as
normal, just the FPGA is programmed.

- Just need a couple (5 wires) to program a board

* The early programmable logic needs special
voltages to get programmed.

» Boards with multiple FPGAs can be
programmed via one connection to the board

- FPGAs can be daisy-chained




PL and HEP?

Almost every experiment uses FPGAS!

Many readouts at R&D experiments are realised with
FPGAS, because they are flexible

FPGAs (can) have a well defined timing

Provide easy interfaces to

- Memory — different types SRAM, DDR

- Ethernet — 10, 100, 1000 Mbit/s

- PCIl — PCI Express

- High Speed serial transceiver (combined up to 2.8 Tb/s Virtex7)

Improve Firmware inside the Experiment
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PL and HEP?

* readout of new detectors / prototypes
» easy to adapt to current situation

* readout can be done using various interfaces
- Ethernet, USB, etc.
» future detectors have integrated digitisation

- only digital signal conversion

 collecting data of one event
e Zero suppression

Physics



Firmware written by Physicists

HADES

_ N ML405
- Entire DAQ _ T -né__\ Evaluation
ST e TN, SR S Platform

- Readout prototypes
- Computing nodes

T2K - ND280
- Trigger

- Data Concentrators
- DAQ

Double Chooz

- Trigger Generation

Designed & built by RWTH Aachen
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Work flow during FPGA

development
Physicists 1 Engineering
Idea ‘
> PCB layout
I
' PCB production

<+—— Firmware —‘—>
PCB commissioning

Experiment How it should be...
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This course

o we Will focus on the newest XILINX 7 series

* Digilent BASYS3 Board

- But the development environment also allows
powerful simulations

DIGILENT

BEYOND THEORY
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Kinds of FPGA

& XILINX®

7-Series

- .
umaﬁ:;m.l
| . N Y ‘

UhraSCALE

Increasing Performance and Functionality

éaﬂ IERA Laﬂlce
@ Semiconductor
\% yses
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Xiling flag ship - 7 Series

e Announced & Released 2012

e Virtex 7

e starting @ ~ 2,500 US-$/ chip
e ending @ ~ 40,000.00 US-$/ chip

e Artix 7

 starting @ ~ 40.00 US-$/ chip
« ending @ ~ 500.00 US-$/ chip

You should always know what you are doing!
when designing and programming FPGA-Boards
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Xilinx 7 series

POWER PERFORMANCE

VIRTEX?
KINTEX?

ARTIX”

XILINX UNIFIED FPGA SERIES

RWTHAACHEN
UNIVERSITY
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HowTo Program...

e Describe your logic / functions in HDL
- we use VERILOG
 Hardware Description Language

- no “programming and compiling”
 Integrated Design Environment

VIVADO'

Physics



What language?

 Hardware Description Language

* We will use Verilog
- Alternative: VHDL
* Why Verilog?
- quite similar to C / C++

— easler to learn
- need less words to describe the hardware

Physics ‘
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What does HDL mean?

* Origin in development of Chips

- HDL were used to describe the behaviour of the
chip and the simulation stimulus

- another language was used to create the netlists
needed for production

- At some point it has been decided to use one
language for both processes

With Verilog we can write the behaviour and simulation stimulus
using the same language!

We don't want to spent time on learning the language,
we want to use the hardware!




How “programming” a FPGA?

No programming, just description!
Hardwartla_lgiscrlptlon Describe what the hardware should do.

Syntax Check Check Syntax
“compiles” the design to transform HDL source into an
architecture-specific design netlist. (connections)

Merges incoming netlists and constraints into a Xilinx design file
Translate : O
— connections are merged with timing

Ma Fits the design into the available resources
P - tell the FPGA which gate structures should be used

Place & Route Places and routes the design to the timing constrains
— decide, which gate is used for which function

Write configuration into the FPGA or configuration memory
\% | RWNTH
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Basic Digital Input

» Direct user inputs

- Keyboard, buttons, rotary dials, switches

e« BASYS 3
- Buttons

- Slide switches
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Xilinx Artix 7 - BASYS 3
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Basic Digital Output

e Todays state of the art:
- Light Emitting Diodes

« BASYS 3
- Single (green) LED

10mA

From
FPGA N 1300 TN
. v \ A

GND
\Y4

- 7 Segment LED (red)

e 7 LEDs in one housing with a common Anode or Cathode
- on Wednesday

LED on
LED off

High Level 1
Low Level 0
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Institute 1ll B




e cOmmon anode
— all leds share one anode
e common cathode




BASYS 3 - LEDs
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Status

* now you should be familiar with

- switches
- buttons
- LEDs

- 7-segment display

Physics
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1% Project

* First template:

— Control all LEDs with the corresponding Slide
Switch

 Switch n controls LED n 1:1
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Verilog |

e How do we describe the hardware?

- Datatypes
— Functions (called module in Verilog)

- basic operators

* Distinguish between

— combinatorical logic “hardwired”
* this you are able to build easily with discrete gates
- sequential logic “do this, when”
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Verilog Il - Datatypes

° &,
reg Exe ;g; Si9nay
- source of signal ouss eeds
- ! Q/S‘ﬁg Soyy,
* wire ® S0y
- acts as a connection Multiple drivers are not allowed!

transports a signal

Data — Levels: _ S
appears when data is not initialised.

0 - OFF 15 TOL ITite
1 — ON / Always do proper initialisation!

X — undefined

Z — high impedance »Needed for input and output on the same pin.
Means, that the output driver of the pin is not
connected.

We will not use this!
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Verilog Ill - Datatypes

multiple data-"lines” can be grouped into busses

— compare to arrays
 length must be given
- wire [MSB:LSB] test

reg [15:0] sw; / wire [15:0] led,;

access to single elements:

- test[3] / test[2] ...

- test
- test

Physics
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access to multiple elements:

Verilog can join busses:
3:0] « first 4 bits output = { sw[8:0], sw[15:8] };

/:4] < second 4 bits
RWNTH




Verilog Ill - Datatypes

* Filling datatypes
- single bits - 0, 1

- multiple bits - [Width]'[Radix][Value] — 2'b01

. 2bﬂVWdi/:::::::::::::::i:::::::z/v
e binary

» 01 filled

Width of number has to match wire or reg width!

 \We can also use:

- 'b - binary
- 'h - hexadecimal
- 'd - decimal

Physics
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Verilog also supports:
'b01 - automatic width matching
'b0 - sets all bits to zero




Signals < Pinout

 constraint file, which Is board specific.

* Here the signal names are mapped to the
FPGA Pins.

- e.g.

set_property PACKAGE_PIN V17 [get_ports {sw[O]}]
set_property IOSTANDARD LVCMOS33 [get_ports {sw[O]}]

set_property PACKAGE_PIN U16 [get_ports {led[0]}]
set_property IOSTANDARD LVCMOSS3 [get_ports {led[0]}]

input / output levels
There is one predefined constraints — file (Basys3_Master.xdc)
Note: '#' marks comments, to use the lines, just uncomment them.
Do not change the XDC file, because this can cause malfunctions.

Physics
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VIR0

W

= Port: 5w

Directian: Input {partition pin)
Met: W0
BEL. PAD
Site: Us {fixech

Site type: [O_L21P_ T2 _DOS_34
Tile: RIOBZ3 _X57Y5S7
Package pin: U%

[f0 Bank: 1j0O Bank 24




Verilog Il - Module

* Logic can be encapsulated in modules

— modules can be In different files

 There must be one top-module, which does
the connection from the FPGA to the board

- signal names here are given in the constraint-file

Physics



Verilog Il - Module

* First module using:
- 16 slide switches

input / output defines data direction
- 16 LEDs
module BNDO1top(
input [15:0] sw,

output [15:0] led
)

o width of input / output
/l do some logic with sw and led

endmodule

Physics
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Verilog Ill - Module

e How are submodules instantiated

module simple_logic(
input [15:0] switch,
output [15:0] ledout

// do some logic with sw and led

endmodule

module BNDO1top(
input [15:0] sw,
output [15:0] led

simple_logic mylogO1 ( .switch(sw), .ledout(led) );
simple_logic mylog02 ( .ledout(led), .switch(sw) );

Pay attention to the order! ————— »Simple_logic mylog03 ('sw, led );

RWTH endmodule
\% Physics
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Verilog IV - doing logic

» Basic logical operators:
- OR bitwise 'b01 | 'b10 ='bl1
- AND bitwise 'b01 & 'b11="'b01
- NOT  bitwise ~'b01 ='b10
- XOR  Dbitwise 'b01 *'b11 ='b10

e Basic comparisons

There are a lot more operators:
- equality logical == >, >=, < efc.

_ _ | will introduce them, when they are
- Inequality logical != needed.
- AND  logical &&
- OR logical |

Physics
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Verilog IV - doing logic

 Howto assing values to outputs

- combinatorical logic:
assign led[0] = sw[0] & sw][1]; sw0 and swl
assign led[0] = sw[0] | ~sw[1]; swO or not swl

Physics



Starting VIVADO

Newest Development Software from Xilinx for 7-Series Development

There should be a Icon on the Desktop!
simply double click it!

We are using the free WebPack-Version. V | Vf \DOﬂ

This license supports the used FPGA, but

not all features of VIVADO. Productivity. Multiplied.
You might get a warning, witch notes: 2014.2
PrOblem parsmg board—part flle XILINX Copyright 1986-2014 Xilinx, Inc.

ALL PREOMGRAMMABLE. All Rights Rleserved.

This is related to faulty file.
The software is working as aspected.

Physics
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Open existing Project

 Download BNDO1skel.zip from Indico
— unzip and open the project

 Run Synthesis

 Run Implementation
- do not open the design (it needs to much time)
* Generate the Bitstream

 Program the Board

You can find all items on the left or
top side of your VIVADO window

Physics



Running all steps within VIVADO

Run Implementation

Generate Bitstream

- AN IR SRR R |§ Diefault Lasout

Run Synthesis (F11)

Fun ssmthesis aon sour project saurce files. .
S E —nnrc takes some time ...

I E

after its done 4. () synthesis Completed () (X

o Sytithesis successfully completed.
Mext

® Run Implementation

(2 Open Synthesized Design

) Wiew Reports

[ ] Don't show this dialog again

(0], ] | Cancel

Physics
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Fallures ?!

* If one step fails always have a look at the
messages.

 Xilinx Is quite verbose and most errors can be
solved by having a look at the messages
4 (O Implementation &) (¥
€ implementaton falect

@ [y jew Messages

() Wiew Log

[]Don't show this dialog again

| oK "| Cancel

In this first project there should be no error!

Physics
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Programming

y B QS B | R, (5 (B2 Default Layout -

Generate Bitstream Ml
Lenerate a programming file after implementation.

=1 L TNl

4. (-) Bitstream Generation Complete (v 0

o Bitstrearn Generation successfully completed.
If you want to program a board: --

MHext
1 O ¥iew Reports

B @|0pen Hardware Manager|

] Dan't show this dialog again

(0] ] | Cancel

Physics
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Connect to Hardware Server

4. () Open New Hardware Target ®® )

Open Hardware Target
This wizard will guide wou through connecting to a hardware target.

To connect to a remote hardware target, provide the host name and IP port of the remote
machine on which the instance of a Wivado Hardware Server is running.

after connecting a BASYS3 use the local server

VIVADO!

To continue, click Mext.

blext = ]l Cancel

Physics W EY AR
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Select Hardware

4. () Open New Hardware Target ——— ® ® £3

-

S5elect Hardware Target

Select a hardware target from the list of available targets, then set the appropriate J[TAC clock (TCE) frequency. ‘
If wou do not see the expected devices, decrease the frequency or select a different target.

Hardware Targets

Twoe | Port | Marmne | |TAG Clock Frequency |
& xiline_tcf Digilentf2 102745523404 15000000 b

Hardware Devices (for unknown dewvices, specify the Instruction Eegister (IE) length

Marne | IDCode | IR Length |
@ xc7alont_0 13621092 &

WICSE server: [ocalhost &0001
Hardware server: 134 6115 224:2121

< Back ” hlext = ]| Einish || Cancel

Physics
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Summary

1 [ | . -

4. () Open New Hardware Target ——— ) &) X

Open Hardware Target Summary

(@) Hardware Server Settings:
o server 124.61.15 . 234:3121

(D) (CSE Server Settings:
o Serwer: localhost 60001
o Yearsion: 20

(i) Target Settings:

o Target: xiling _tcffDigilentf2 102745522404
o Fregquency: 15000000

VIVADO/!

To connect to the hardware described abowe, click Finish

< Back H Einish ]| Cancel

Physics
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Test Boards
e There are 10 BASYS 3 Boards for this course

- Try it on BASYS 3.

— You can also do a simulation
* | will show later how to do this

Everyone should have a chance to test
his | her firmware on the real hardware!

Please let the others also use the boards!
RWTH
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Program

Hardware Manager - localhostfxiling _tcf fDigilentf 2102745522404 (124 61.15% 224

@ There are no debug cores. Program dewice Refresh dewice

Harchware — O " = Debug Probes — O "
az=E M E A T &[E

Marme | Sta
@ localhost (124 61 15 224) (1) Canmne

Cg xaDC (System Mo = Hardware Dewice Properties. .. Ctrl+E

| & Program Device...
@ Refresh Device

& Add Configuration Memary Device. .
Boot Device. ..

Export to Spreadsheet. ..

Physics
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g () Program Device ——— ) (=) )
Select a bitstrearm programming file and download it 1o sour hardware dewice. You can optionally
select a debug probes file that corresponds to the debug cores contained in the bitstream

programiming file.

Bitstreatn file: fuserfscratch/fjsteintmannExercised fExercise0. runs fimpl_1/fsimple _top. bit |:J
Delbug Prokes file: | fuserfscratchfjsteinmann/ExerciseExercised. runsfimpl_lfdebug_nets. Itx |:J
|| Program |J| i_ancel |

for normal, there is no need to change these values

Physics
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What's happening now...

W BINOCF16)

| O

[

%Ttﬁ BTND CV10)

. AT1® j/, t
)
N
iy “-'13 ‘...‘ “‘_l

F 0 -3 it Lo I,
(T4 LD4(TS) LD3(T& LD2CRB) LDICVS> LDOCTS
U?7) SU4<(R5) SH3(RE) SH2¢R7) SHICUB) SHOCUD
' T

Y e |
|
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How-to Save your Solutions

* VIVADO has an option to Archive the Project

g“ () SimpleLogic - [fJuser/scratch/jsteinm Generates Sma" ZlP f||e

F

Eile | Edit  Floww Toals  Window  Lasout  Wiew |f you Want tO re-use |t Iater
# .
i Mew Project. .. m % %K
* Qpen Project... :
Qpen Eecent Project [
COpen Example Project ¥ 4. () Archive Project —— ) @ (%)
Save Project As. .. P
. . — | | Create a compressed ( zip) file that contains all the sources, settings and other files
Write Project Tcl... ©associated with this project.
| L TLVE O |[I : Mame and Lacation
Llose Project Archive name: |SimpIELngic |
Qpen Checkpoint. .. —
H EH _ Archive location: | juseriscratch/jsteinmann ||_J
Qpen Eecent Checkpoint L 1 o e _ _ _
Archive file will be created at: fuserfscratchyfjsteinmann/Simplelogic. xpr. zip
[ Include configuration settings
o M Include run results| i
|
I Ok ] | Cancel i
= . . N S _
uncheck

ensure this is checked

Physics
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1% Project — Summary

e Start VIVADO
* First knowledge about Verilog

- module
- datatypes & levels
- logical operators

* connect inputs with outputs

— using combinatorical logic
e assign
- constraint file (XDC)

Physics
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2" Project — doing Logic

* We want to extend the first project by a bit
more logic.

- Create a submodule for the 2nd Project
Now we want to do some logic

- LEDO=SW0 & SW1 — AND

- LED1=SW0| SW1 < OR

- LED2=SW0OAN SW1 ~ XOR

- LED3 =~LEDO ~ NOT

LED4 - LED7 = SW4 — SW/ Hint: merge single Bits to a Bus!

Physics ‘
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Hands On

* Please start with the Hands On!
- solutions will be shown right after the coffee break.
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