Les outils open-sources pour le FPGA

Fabien Marteau — Armadeus Systems

(<Y

al'Madeus

systems



Introduction

Plan

1) Introduction
1) Qui suis-je
2) Qu'est-ce qu'un FPGA ?
2) Les langages de simulation et synthese
3) Synthese, Placement routage et Bitstream

4) Conclusion




Qui suis-je ?

Emploi

* Armadeus systems

* http://www.armadeus.com

* Ingénieur en Electronique armiﬂiﬁ;

* Responsable partie FPGA

FPGA

(VHDL,
Verilog,
Chisel)

BSP

(Buildroot)
APF6_SP




Qu’est-ce qu'un FPGA ?
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Qu’est-ce qu'un FPGA ?

Architecture

* FPGA : Field Programmable Gates Arrays .

* Champs de portes programmable S
Multiplieur
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G2-L|Func. _y > ® Clock Enable A —» < Clock Enable B
a1 =on- ——D _rD Read Data A [9:0] <— —» Read Data B [9:0]
= R EIEL
—rbhe HHP Y Bram
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F2 T{Func. -l SERDES
F1 1] Gen- = Channel 0
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CLB : Configurable Logic Bloc ? ?

(XC4000 xilinx)



Qu’est-ce qu'un FPGA ?

La chaine de développement FPGA

bitstream




Qu’est-ce qu'un FPGA ?

La configuration : le bitstream

* Le drame du Bitstream

* En RAM — Transfere a chaque !. — \>4 sonde
mise en route =

Bitstream

* Facile a copier/relire

* Format gardé secret par tous les
constructeurs e o

* Exception de QuickLogic : EOS S3 eeprom
* Protection/sécurité par l'obscurité -
* «From the bitstream to the netlist» - Carte FPGA -
Jean Baptiste Note & Eric Rannaud

(2008)
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Synthese

VHDL - exemple

* VHSIC Hardware Description

Language

* Very High Speed Integrated Circuit
* IEEE 1076-1987, 1993, 2002, 2008,

2019

* 3 simulateurs libre :
* GHDL (bientét IEEE 1076-2008)

* http://ghdl.free.fr

* NVC (IEEE 1076-2002)

* https://github.com/nickg/nvc

* FreeHDL (IEEE 1076-1993)

* https://sourceforge.net/projects/qucs/
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library ieee;

use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity signed_adder is

port |

(
aclr : in std_logic; C:)
clk : in std_logic; I
a : in std logic vector; ;E:
b : in std_logic_vector; i
q :out std_logic_vector A4
) =
end signed_adder; E:
S~~~
architecture signed_adder_arch of signed_adder is EE’
signal g_s : signed(a'high+1 downto 0); -- extra bit wide o
begin -- architecture ()
®)

assert(a'length == b'length)
report "Port A must be the longer vector if different sizes!
severity FATLURE;

q == std_logic_vector(g_s);

adding_proc:
process (aclr,
hegin

if (aclr = "1') then

g_s == (others == '0');
elsif rising edge(clk) then

s <= ('0'gsigned(a)) + ('0'&signed(b));
end if; --

end process;

e

clk)

clk'd

https://fr.wikip

35 end signed_adder_arch;



Synthese

Verilog - Exemple

module pwmgen &#( /* Latching bpm_i on bpm_valid */
o “ifdef FORMAL always@(posedge clk_i or posedge rst_i)

* Cadence Design Systems paraneter BRM_MAX = 20 goifs

‘else if(rst_i)
* [EEE 1364-1995, 2001, 2005 paraneter BPM_MAX = 250 e
“endif bpm_reg <= 6;
° ) pwmthreshold <= 8;
* SystemVerilog (Accellera): S clock and reset 4/ end else begin

if(b valid
input clk_i, (o :

« IEEE 1800-2005, 2009, 2012 input rst 1. o ot e

/* timepulse */ pwmthreshold <= bpm_reg;
H H input tp_1i,
* Simulateurs libre SN i
A* input wvalue */ end
. input [($clog2(BPM_MAX+1)-1):0] bpm_i,
* Icarus Verilog input bpn_valid, /* count */
/* output */ always@(posedge clk_i or posedge rst_i)
http://iverilog.icarus.com/ output pwm_o); iy
if(rst_i)
. count == BPM_MAX;
L] Ver”ator reg [($clog2(BPM_MAX+1)-1):08] bpm_req; ks g
reg [($clog2(BPM_MAX+1)-1):0] pwmthreshold; if(tp_1)
https://www.veripool.org/verilator/ reg [($clog2(BPM_MAX+1)-1):8] count; begin
if {(count == @)
e CVC - TaChyOn count <= BPM_MAX:

else
t = t - 1'b1;
http://www.tachyon-da.com/ cge R

end

VeriWell, cver : abandonnés ? ol

assign pwm_o = (count <= pwmthreshold);




Les langages de simulation synthétisable
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Générateur HDL

Chisel

* Constructing Hardware in Scala Embedded Language

* Scala

* DSL : Domain Specific Language
* Créé en 2010 par lI'équipe RISC-V (Berkeley)
* Language Synchrone

* Horloge et reset implicites

* Chisel » FIRRTL - Verilog




Générateur HDL

Chisel

package gbvga /* dual port ram connection */
val mem = Mem{GBWIDTH*GBHEIGHT, UInt(2.W)})

import chisel3._ when(gbwrite.io.Mwrite) {
O import chisel3.util._ mem(gbwrite.io.Maddr) = gbwrite.io.Mdata
(@)] import chisel3.stage.{ChiselGeneratorAnnotation, ChiselStage} 1
> val last_read value = RegInit(@.U{2.W})
£ class GbVga extends Module with GbConst { when(memvga.ioc.mem_read) {
L\D val io = I0O(new Bundle { memvga.io.mem_data := RegNext{mem{memvga.io.mem_addr))
E /* Game boy input signals */ last_read wvalue := memvga.io.mem_data
8 val gb = Input(new Gb{)) }.otherwise {
|- A% VGA output signals */ memvga.io.mem_data := last_read value
© val vga_hsync = Output(Bool(]) 1
E val vga_vsync = Output(Bool(])
E 1 val vga_color = Output(new VgaColors()) T
) 1)
U_ object GbVgaDriver extends App {
O | /* GameBoy write */ (new ChiselStage).execute(args,
> val ghwrite = Module(new GbWrite(2, debug_simu=Talse, aformal=false}) Seq(ChiselGeneratorAnnotation(() == new GbVga())))
_E ghwrite.io.gbh := io.gh 1
O :
Ny /* Mem Vga */

(O RE £ wval memvga = Module{new MemVga())
o = .
= val memvga = Module(new MemVgaZoom{)) ° RISCV o Roc ketCh I p
E : io.wvga_hsync := memvga.io.vga_hsync °

io.vga_wvsync := memvga.io.vga_vsync

10.vga_color <> memvga.io.vga_color ° SiFive . E310’ U540’ vee
* Google : Edge TPU




Générateur HDL g

Migen migen

* Python

* FHDL - Fragmented Hardware Description Language

’ Langage synchrone 1l from migen import *

. . Z from migen.fhdl import wverilo
* «Piles inclues» : 3] ’ ' J
4 m = Module()
5 counter = Signal(24)
6 ledl = Signal()
7
8 m.comb += ledl.eq(counter[23])
9m.sync += counter.eg(counter+l)

* Pilote les IDE pour la synthese

* Simulation

* Générateur Verilog

10
* M-Lab 11 print(verilog.convert(m, ios={ledl}))
+ Milkymist %
* ARTIQ ARTIQ

I



Générateur HDL

EniomDi9 ol
Litex
r ]
* Base sur Migen
e +
1 FPGA toolchains
 «Linux» du FPGA i
Name Build Status Description | |
L T . V- -+
LiteX-Boards Boards support T i | |
LiteDRAM DRAM | Migen +--c--=-- > ]
L e Your design
LiteEth Ethernet S | g
| LiteX +---> ready to be used!
LitePCle PCle | ]
fecanssasnansansnanannn +
LiteSATA SATA ] | |
|LiteX Cores Ecosystem +--> |
LiteSDCard SD card T L +  hencooioi- Ao+
Eth, SATA, DRAM, USB
LitelCLink Inter-Chip communication ( i e t s l 1
PCIe, Video, etc...) + +
LiteJESD204B JESD204B board target
LiteVideo VGA, DVI, HDMI L L e
LiteScope Logic analyzer




Générateur HDL

autres

* Clash A
* Basé sur Haskell

* QBaylLogic

* SpinalHDL @

» Baseé sur Scala, base du VexRiscv
* MyHDL

* Baseé sur Python

* Langage a événements comme VHDL/Verilog

* Bluespec
* Baseé sur Haskell et/ou SystemVerilog
* Utilisé pour les processeurs : Flute, Shakti, Piccolo

e Récemment libéré
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Synthese

Yosys

* Yosys Open SYnthesis Suite

* http://www.clifford.at/yosys/
* Verilog-2005
* VHDL possible avec ghdl-yosys-plugin

* https://github.com/ghdl/ghdl-yosys-plugin

* Preuve formelle yosys-smtbmc
* Grand nombre de formats de sortie :

* BLIF / EDIF/ BTOR / SMT-LIB / simple RTL Verilog / etc

* Le «GCC» du FPGA



http://www.clifford.at/yosys/
https://github.com/ghdl/ghdl-yosys-plugin

Synthese, Placement routage et Bitstream

Placement routage
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Placement routage

NextPnR

* https://github.com/YosysHQ/nextpnr

* Héritier d’/Arachne-pnr https://github.com/YosysHQ/arachne-pnr

Lattice HX1K (tq144)

UQ: ‘ » @ B [0 @ G .
* Nombreux FPGA o o

2 hr
B Y1
M - AN\ e T N R B N | 7 Nets
* Lattice iICE40
SautoSaluma repla I
nnnnnnn [8]
ccccccc 71
$SautoSalum, replace_al...
. Sauto$aluma :replace_al...
* Lattice ECPS  ES I R
SautoSaluma: :replace_al...
((((((( [4]
((((((( [31 -
SautoSalumac :repla al...H
. ter[25] o
* Lattice Nexus
K 4 X
alue -
. . m unter[25] E
* Gowin LittleBee : - :
g — 3 =/ Port o
= k‘ = - Budget 0.00
ooooo le Cell SautoSalumacc.cc...
ITOT VISILEU /361U FIFS (U.Ul% [€VISLLS, WU.UZ% OVErLLMe TevISILS]. v
(] Info: final tns with respect to arc budgets: 0.000000 ns (@ nets, @
nte clione ela arcs)
Info: Checksum: Bxa4786aad dge

& u 1
Routing design successful. H cell SautoSalumacc.cc...

* Xilinx Série 7 (Work in progress) o



https://github.com/YosysHQ/nextpnr
https://github.com/YosysHQ/arachne-pnr

Placement routage

VPR

* Versatile Place and Route
* Fait parti de VTR (Verilog To Routing)

* https://github.com/verilog-to-routing/vtr-verilog-to-routing

* Utilise dans QORC pour la QuickFeather
* QuickLogic EOS S3

ARM
Cortex-M4

SRAM

with FPU



https://github.com/verilog-to-routing/vtr-verilog-to-routing

Synthese, Placement routage et Bitstream

Placement routage
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5) Conclusion




Bitstream

Ingénierie inverse

* Debit (obsoléte 2008) :
* Virtex 2 (xc2v2000)
* From the bitstream to the netlist : Jean-Baptiste Note, Eric Rannaud
* Icestorm (2015): http://www.clifford.at/icestorm/
* Lattice iCE40
* Apicula : https://github.com/YosysHQ/apicula
* Gowin LittleBee
* X-Ray : https://github.com/SymbiFlow/prjxray
* Xilinx serie7
* Trellis : https://github.com/SymbiFlow/prjtrellis
* Lattice ECP5
* QuickLogic-FASM : https://github.com/QuickLogic-Corp/quicklogic-fasm
* Standard Ouvert !
* QuickLogic EOS S3


http://www.clifford.at/icestorm/
https://github.com/YosysHQ/apicula
https://github.com/SymbiFlow/prjxray
https://github.com/SymbiFlow/prjtrellis
https://github.com/QuickLogic-Corp/quicklogic-fasm

* Il n'y a pas que le VHDL

* Le développement sur FPGA
* Possible en open source
* En pleine progression
* La partie Simulation
* Mature
* Peu connue dans le monde industriel
* Il reste du chemin a parcourir pour
* Placement&routage
* bitstream
* Révolution en cours dans les ASIC
* SKY130, OpenLane, OpenSTA, ...

* Caravel




La chaine de développement FPGA

Open Source

N
Synthése Placement —»| bureau e Microchip ATF15xx

nmigen rOUtage >{ apicula ' ______ > Gowin
ul o 1N )
Clash [ J prjmistral . 3] Intel Cyclone &
: ©)

of ' > GHDL : .
spinaiHDL [T VHOL | L= >| icestom |—— ce0 | Q)
Y - ?| ghdl-yosys-plugin >| pritrellis . 1 ot — ;
Chisel >| Verilog [* | T _ | _:l _____ ECP5 ] Qo
Y J C »| Symbiyosys > prioxide ' 6
Blues ec 1 E YOSYS -\. ........................................................................ H -occocoo0oon0onosoomootoEonEsooe 5 L) Lattice 28nm FPG_AS=] c
P [System verilog| 3 UHDM ; ABC L) P > E
- | JSON » nextpnr > prixray —
migen/Litex |— : o
4 . 5| prjuray i FPGA o
Surelog » (E)BLIF » VIR Q
Silice [ >{  ODIN-II —x BE =
] FASM | . c
Synthesijer | | vam2biif vam — »  Quicklogic +
|| L —— (@)
\
- ~
; Quartus |— -»| RapidWright 3 Xilinx 7 n
>' EDIF Y ¥ ! 8
2| Vivado 2| xilinx Ultrascale | | <
>  EoiF — Bi tg en
HLDL HDL | IsE e~




Synthese

ABC, OdinII, Alliance

* ABC:
* Optimisation logique
* Universitaire (Berkeley)
* Format AIGER et/ou BLIF
* OdinII :
* Inclu dans VTR (Verilog To Routing)
* Synthése Verilog vers BLIF (Berkeley Logic Interchange Format)
* Universitaire (Berkeley)
* Alliance/coriollis :
* Universitaire (Université Pierre et Marie Curie - Paris)
* VHDL
* ASIC
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Simulation

SystemC
* Standard Accellera ac cgflgra)
* Classe C++ SYSTEMS INITIATIVE™

* Pas de synthese libre

* «Simulation» sous forme
d'exécutable compilé avec
GCC

* Utilisable avec Verilator

#include "systemc.h"

SC MODULE(counter)
{
sc_in<bool> clk;
sc_in<bool> nrst;
sc_out<sc uint<8> > q;
void count()
{
if(nrst == false)
q=0;
else
q=q + 1;
}
SC CTOR(and3)
{
SC METHOD (count) ;
sensitive << clk.pos();

}
}

https://fr.wikipedia.org/wiki/SystemC



Simulation

CocoTB

@cocoth.test()

async def one_frame(dut):
o o o fname = "one_frame"

* COsimulation COroutine TestBench tgu = Testeburite(dut)
tgw.display_config()
await Timer(1)

¢ COSImUIatlon tgw.log.info("Running test {}".format(fname))

awalt tgw.reset()

* Utl|lsat|0n dU SlmU|ateur habltuel async def reset(self):
self.rst <= 1
4 await Timer (100, units="ns")
* Verilog, VHDL, ... o
self._mem_writer = cocotb.fork(self.memory_writer())

 Coroutines

pixelcount = dut.io_countcol.value.integer

* Librairie dextensions _
/ Python Simulator \
* Cocotbext-wishbone .
* Cocotbext-spi =3
* Cocotbext-uart
* Avalon
\ _/ (Verilog / VHDL)

cocotb_usb \




Les langages de simulation synthétisable

Générateurs HDL
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Outils de construction

standards ?

* IP-XACT :

* Standard de description de composants

* XML - IEEE 1685-2009 Sﬁaaﬁgo«:@ioa »Banrﬂim-;o-aaaawi%ﬁiﬁfa@

PRACT Libeaty. BK] core excmple desn (104 4 Desgr] € Compenent natance Decal.
* Accellera I o =i i e
aes ey io
Carosnant tarce rara
ek Mo ey _contober ]
e | B ——a [— J
o - Dl |

 KactuslI :

* IDE graphique Qt
* Basé sur IP-XACT

* Université de tampere (Finlande)

* POD:

* Peripheral On Demand

vt

e

* Outils python «maison» Armadeus




Outils de construction

Edalize et Fusesoc

* Edalize

* Module Python pour piloter tous les IDE

* ISE, Quartus, NextPnR, Modelsim, Verilator, yosys, xsim, VCS, OpenlLane, Libero, Vivado, ...

Project — lcestudio

* FuseSoC

File = Edit~ View~ Select~ Tools~ Help~ Basic~ Bit = Logic - Sefup -

* Description «concurrente» de IP-XACT

* YAML
* APIO

* Pilotage des écosystemes Open Source . i
D_
H_

The LED has three modes

of operation:
T blinking, turned on and turned off
H TFF
. hb determines if the

SW2 pushbutton
LED blinks/stays fixed

* ECP5, iCE40
] I Pushbutton
SW1 x .«
° + S5SW1 pushbutton determines the LED
> state (on or off), in fixed mode
* IceStudio e S
SW2 =x .

* Interface graphique

Project lceZUM Alhambra




Qui suis-je ?

Activité open-source

* Mainteneur de modules Chisel et Cocotb

* Cocotb:

 Cocotbext-spi : https://github.com/Martoni/cocotbext-spi
* Cocotbext-imxeim : https://github.com/Martoni/cocotbext-imxeim
* Chisel:

* WbPlumbing : https://github.com/Martoni/WbPlumbing
* WDbGPIO : https://github.com/Martoni/wbGPI1O
* MDIO : https://github.com/Martoni/mdio

* Spi2Wb : https://github.com/Martoni/spi2wb

* Bricolages autour des FPGA

* GbVGA : https://github.com/Martoni/GbVga
* TapTempo (LinuxFR) : https://github.com/Martoni/TapTempoASIC



https://github.com/Martoni/cocotbext-spi
https://github.com/Martoni/WbPlumbing
https://github.com/Martoni/spi2wb

Qui suis-je ?

Publications

* Blog «Front de libération des FPGA» BRQHEEISUDCIINIESJ 7 Wi

* https.//www.fabienm.eu/flf/

e Ecriture d'articles aux éditions Diamonds :

* OpenSilicium, Linux Magazine, Hackable

* Bricolage autour des FPGA
* TapTempo
* GbVGA



https://www.fabienm.eu/flf/

Qu’est-ce qu'un FPGA ?

Briques de bases

* Difféerents types de cellules logique «hard»

* Multiplieurs/DSP

PEI

Foo Phase op Voltage

N Charge Lo
CLKIN—> —> Frequency — — —» Control
By Counter Detector Pump Filt Oscillatt
* 10
M Fuco
Counter —> LOCKED
RSTN —>
FOLI'I
D —
* SerDes o, B v I
Counter > Divider CLKOUT1
—— > CLKOUT2
* PLL
48-Bit Accumulator/Logic Unit
B
* BRam
SERDES
A P
Channel 0
Rx + Tx
25x 18
o A Multiplier é W
Pre-adder
C ’—’ § §
UG479_ 032

Figure 1-1: Basic DSP48E1 Slice Functionality



Simulation

Librairies UVM, UVVM

* UVM : Universal Verification Methodology
* SystemVerilog
* Accelera

* Encore difficile a simuler avec des logiciels libres

* UVVM : Universal VHDL Verification Methodology
* VHDL

* Projet open source basé sur UVM
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