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Enjoy-Digital

FPGA consulting / Full FPGA based systems design.
Reuse and create open-source tools/cores to be more efficient.

LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29
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Let’s design an FPGA SoC the traditional way...
LiteX : Build your hardware, easily!
Systems using Migen/LiteX and Future!

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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Let’s design an FPGA SoC the traditional way...

LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29
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Create a simple SoC:

Choose a CPU.

Add cores around it.
Connect all that.

Write low-level software.

Simple SoC

[] LiteX: SoG builder and library _
0SDA Workshop (2019), Florence, March 29
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Create a simple SoC:

|One day later...]

Great we got it working by only
using open-source cores!

~ BJUIRKIE for the wrapper.

LiteX: SoG builder and library _
0SDA Workshop (2019), Florence, March 29
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Let’s add our own core:

Let’s create the new core, simulate it with an open-source
simulator.

Everything is working fineR[A$lI(H4 1R

LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29
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Let’s add our own core:

It’s... IR R Ldny, but not behaving as expected, is it a
bug in the core or something we miss-understood in the
datasheet of the chip we are interfacing with??

(N CE RO Awhat is going on...”

(*signal is not observable with an external logic analyzer)

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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C
Let’s add our own core:

No standard way to debug FPGA designs:

1) Create our own debug tools: ~a few days, limited
functionalities/capabilities.

2) Use vendor’s free embedded logic analyzer...

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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C
Let’s add our own core:

No standard way to debug FPGA designs:

1) Create our own debug tools: ~a few days, limited
functionalities/capabilities.

2) Use vendor’s free embedded logic analyzer...”

. . LiteX: SoC builder and library
LSS e 0SDA Workshop (2019), Florence, March 29 10
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Let’s add our own core:

OK, issue is understood (was a bad interpretation of the
spec), core is adapted and now working fine...

LiteX: SoC builder and library .
0SDA Workshop (2019), Florence, March 29
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Let’s add some RAM:
We need RAM to run an 0S, our board has D!

Let’s look at open-source solutions... Nothing seems to exist
except something called [KI written in ...Python, how
can it be serious? :)

K:1&yoenerate a controller with vendor’s toolsH

LiteX: SoC builder and library

. — :
Just this time... (again) 0SDA Workshop (2019), Florence, March 29
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R TERTL several similar examplesi

- How to support different vendors and reuse the same
methodology/cores?

How to build high performance systems at a
reasonable cost.

How to create complex SoGs and limit LOC

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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In addition to open-source FPGA toolchains, there is a
need to high level tools and high performance cores...

LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29
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EY: Build your hardware easily!

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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Migen : A python HDL toolbox.

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29



cepota ™ Migen : A python HDL toolbox.

ieee]}::gilogic_llsll. - What is Migen?

my_module class MyModule(Module):

( . def __init__ (self):
clk : std_Logic; self.o - Signal()
o - std_Llogic L‘
)s
3

An alternative HDL b

q

migen

rtl my_module

d : std_logic; based on P_Vthon self.comb += [

: std_Llogic;
q —Logic, self.o.eq(q),

~ d.eq(-q)
o as :
d q; y
self.sync d.eq(q)
(clk) é

rising_edge(clk)
d q

s LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29



., ™ Migen : A python HDL toolbox.

(/Do/

migen '
migen.fhdl verilog

FHDL is a Python DSL (Domain Specific Language) e
] ] . . 5 ef 1n1 (5;‘ %y’ clk freq, period):
defined by Migen and allow generating Verilog or :7 ATt Tl
instanciating Verilog/VHDL from Python code. : tgte < sat0
11 counter_preloa int(sys clk freq period 2
12 counter = Signal(max=counter preload - 1)
4 self.comb toggle.eq(counter )}
Principle: Use Python to create a list of combinatorial Y T,
and synchronous assignments. j(< :
Self comb += [“ ”] ; blinker Blm’er'(' S C freg e-1)

25 print(verilog.convert (bllnker {bllnker led}))

self.sync +=["...”] .
e InKer

And generate a verilog file from these assignments. LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29



oo ™ Migen : A python HDL toolbox.

mlgen

Migen.FHDL DS Python used for &+ st et

class Blinker(Module):

elaboration by def > init_ (self, sys clk freq, period):

self.led = led = Signal()
Constant()

Signai () manipulating these objects:

ClockSignal() toggle = Signal()

Egigizi?nal() to create the Iogic. _; counter_preload {nt(sysfclkffreq peri?t)i 2)

counter = Signal(max=counter preload

Array()
14 self.comb toggle.eq(counter 0)
- L
e 1t oggte,
coniect() h < Ted. eq(-led),
18 counter.eq(counter preload)
19 ) .Else(
If() .ELif().Else() 26 counter.eq(counter - 1)
Case() S )
Fhatancet) S . h h d :~ blinker = Blinker(s lk freq=100e6, period=le-1)
Menory () Wltc from ar Ware , print(verilog.convert (bhnker {bllnker led}))
paradigm to software Led blinker
Module() . '
self. []
=l e paradigm!

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29



cepota ™ Migen : A python HDL toolbox.

Migen.Genlib, a library with most of the base elements required to digital logic:

Record. (Group signals together with direction)
FSM. (Finite State Machine).

Clock Domain Crossing.

Memory.

Instance. (reuse Verilog/VHDL)

FIFO. (Synchronous, Asynchronous)

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29



cepota ™ Migen : A python HDL toolbox.

GTKWave - basic1.ved 2600

File Edit Search Time Markers View Help

From:| 0 sec To:{ 205 ns C Marker: 73 ns | Cursor: 175ns

Migen.Sim, a simulator in native Python:

def init (self): i
7 self.count = Signal(4) Filter:
Append | | Insert | | Replace
self.sync self.count.eq(self.count + 1)

Flor lab: ~/dev/mlabs/mi /e les/si A0

File Edit View Search Terminal Help
florent@lab:~/dev/mlabs/migen/examples/sim$ python3 basicil.py

)
1
7 2
3
4
5
p) def counter test(dut) 3
1 i range(20): 4
22 print(( dut.count)) V 9
10
D 11
< 12
13
14
i . 15
2 __name__ " _main_ ": )
2 dut = Counter() ;
) run simulation(dut, counter test(dut), vcd name="basicl.vcd") 3

florent@lab:~/dev/mlabs/miaen/examples/simS

LiteX: SoC builder and library

0SDA Workshop (2019), Florence, March 29 2!



cepota ™ Migen : A python HDL toolbox.

Could be seen as the
lowest layer of an

| HLS.
Migen != HLS
(High Level Synthesis) Could be reused in the
I future to create an
but... o |

HLS but still full

¥ control on the

generated logic.

LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29




LiteX : Build your hardware, easily!

10 Open source IPs 4 Softcores [2018]

LiteDRAM LiteEth LiteVideo LM32 PicoRV32
VexRiscV Morlkx

123 Hardware ' ; extends
:  modules ¢

provides supports

Utils Boards Arty7 TinyFPGA BX
altera Eserver E cores tplatforms Nexys4 KCU105 etc...

xilinx intercon
lattice term integration targets KC705 Versa ECP5

microsemi sim software
yosys Utilities 21 Boards [2018]

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29




e asal LiteX : Build your hardware, easily!

Originated from a collaboration on MiSoC with m—LﬂhE:

Copyright 2007-2015 'M Labs Ltd
Copyright 2012 Ll / Enjoy-Digital

MiSoC still used successfully by M-Labs for physics equipment in &\
ARTIQ

LiteX since 2015 focuses on embedded-systems and provides a wider collection

of tools/cores.

LiteX: SoC builder and library ,
0SDA Workshop (2019), Florence, March 29
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LiteX : Build your hardware, easily!

LiteX's key features to simplify
development / integration / debug:

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29
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Serial

~ Simple LiteX/Migen SoC

class BaseSoC(SoCCore):

florent@lab:~/dev$ sudo litex_term /dev/ttyUSBO
[TERM] Starting....
reboot

i (o A V)
TR Es )= <
[ NS S|
SoC BIOS / CPU: PicoRV32 / 25MHz
(c) Copyright 2012-2018 Enjoy-Digital
(c) Copyright 2007-2018 M-Labs Limited
Built Nov 9 2018 18:39:11

BIOS CRC passed (67e58471)

Initializing SDRAM...

SDRAM now under hardware control
Memtest OK

Booting from serial...

Press Q or ESC to abort boot completely.
sL5DdSMmkekro

Timeout

No boot medium found

BIOS>

Execution on hardware or with litex_sim

LiteX : Build your hardware, easily!

migen
migen.genlib.io CRG

litex.boards.platforms genesys2

litex.soc.integration.soc_core
litex.soc.integration.builder

rm, **kwargs):
platform.default_clk_period)
platform, clk freg-sys clk freq,

def _init_ (self,
sys_clk_fre
SoCCore. init

. kwargs) e
self.submodules.crg = CRG(platform.request(platform.default_clk name))

def main():

platform
soc - Base
builder
builder.bu

name "_main_ ":
main()

Simple SoC target

Reduce the amount of code to create a SoC.

LiteX: SoC builder and library

0SDA Workshop (2019), Florence, March 29 %



e pota LiteX : Build your hardware, easily!

With vendor toolchains... for now :) Jjtrascale
] ore Cyclone V
Scaling and portability —

Lol 1-Series

inside”

£ XILINX.

Spartan6

With open-source toolchain:
Yosys/Trellis/lcestorm/Nextpnr

Even DDR3 / 1Gbps Ethernet! -~
( p ) o 2 Mluts / 40k S

Used on very various FPGAs

1Kluts / ~few $ LiteX: SoC builder and library
0SDA Workshop (2019), Florence, March 29

HLATTICE



e asal LiteX : Build your hardware, easily!

CPUs integration/support: S
. LM3? Mico32
- OpenRisc (Mor1kx)

- RISC-V (PicoRV32, Vexriscv, Minerva) : /
- ARM (*through AXI on ZYNQ)

- X86 (*through PCle)

Switch CPU and in command line:
Jarty.py --cpu_type=vexriscv --cpu_variant=lite

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29
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poe LiteX : Build your hardware, easily!

Ecosystem of highly configurable and high performance cores:

LITEHHHM SDR/DDR/DDR2/DDR3/DDR4

SATA I/11/111:1.5/3.0/6.0Gbps
FPOWERED B4 L(Z_'\E% (Up to> 80 Gbps with DDR4 - 64 blt) POWERED Y L[Zj? /4

(400MB/s writes / 500MB/s reads)

{ Ethernet MAC/IP/UDP up to 1Gbps L/ TEEHEHH &, SCard up to 55MB/s
\ '\,‘

POWERED BY LIT?

PCle / DMA / Scatter-Gather

bl (1,102 6 L/ TEEigg > Embedded Logic Analyzer
Cores are designed to be used on various FPGAs, adding support for a new
devices = just adding a new PHY.

| s LiteX: SoG builder and library .
[...] and more at http://github.com/enjoy-digital 0SDA Workshop (2019), Florene, March 29



e asal LiteX : Build your hardware, easily!

Constraint propagation / reduced duplication:

Enp\g@a@ﬁ;mi

LiteDRAM
Port

X/RX stream DMA TX/RX

Refresher Multiplex (SDR, DDR LPDDR
DDR2, DDR3)

L1TELRFAAT

POWERED 85 L(rg’ﬁ

User defined constraints (specific to application) Board specific constraints (automatically derived from DRAM config)

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29



E“JO‘sD

il

L[)b/

Interactive simulation (emulation) with litex_sim/Verilator:

SoC
(e): ¢

(c) Copyright 2007-2018 M-Labs Limited

Built

BIOS
Booti

Press Q or ESC to abort boot completely.

sL5Dd
Timeo
No bo
BIOS>

P Gyl Ui
P11t 1 _F-) =

/ / /1_1
BIOS / / 1MHz
opyrigh 0 2018 Enjoy-Digital

Mar 12 2019 19:07:24

CRC passed (792d1bs4)
ng from serial...

SMmkekro

ut
ot medium found

litex_sim --cpu-type=Im32

LiteX : Build your hardware, easily!

VA A G By [ i VA
L=l i) > s
e 7l
SoC BIOS /(CPU: VexRiscv)/ 1MHz
(c) Copyright™26 18 Enjoy-Digital
(c) Copyright 2007-2018 M-Labs Limited
Built Mar 12 2019 19:09:16

BIOS CRC passed (595b8b34)

Booting from serial...

Press Q or ESC to abort boot completely.
sL5DdSMmkekro

Timeout

No boot medium found

BIOS>

litex_sim --cpu-type=vexriscv

VRO /T
IR s e ) >
SoC BIOS /(CPU: MOR1KX )/ 1MHz
(c) Copyright—2e 618 Enjoy-Digital
(c) Copyright 2007-2018 M-Labs Limited
Built Mar 12 2019 19:11:31

BIOS CRC passed (7bf6aa35)

Booting from serial...

Press Q or ESC to abort boot completely.
sL5DdSMmkekro

Timeout

No boot medium found

BIOS>

litex_sim --cpu-type=or1k

<9s build time / ~IMHz execution speed, very useful for software dev.

Easy to add additional C++ plugins (JTAG, VGA, Ethernet, etc...)

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29
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poe LiteX : Build your hardware, easily!

Various OS support:

/il (ST 17 1z
2 T <
__T_N\N\_T /1
SoC BIOS / CPU: MOR1KX / 1MHz

c) Copyright 2012-2018 Enjoy-Digital
/1 __/ ) ©) Copyright 2007-2018 M-Labs Limited
wilt Mar 13 2019 11:23:13
I IN_I\_I_[1_ 1105 CRC passed (ac6e86d9)
i —— —_ SoC BIOS / CPU: VexRi.scv /f 1MHz v e o
PR SR e A (c) Copyright 2012-2018 Enjoy-Digital Iress @ or ESC to abort boot completely.
[ 111 ] -)> < (c) Copyright 2007-2018 M-Labs Limited tneout
[ SN TR T Built Mar 13 2019 10:56:32 G gones] ConpLaca-in For ot cocsas
SoC BIOS / CPU: LM32 / 1MHz osoaneo] Linix version 3.15.0-rc1-145451-993¢1a839ebd (florentqlab) (5cc verston o
(c) Copyright 2012-2018 Enjoy-Digital BIOS CRC passed (acc5fbd3) e e e e s v
(c_) Copyright 2007-2018 M-Labs Limited Booting from serial... 9:900008) 5 ;;:j '63’2"2{;5;‘2‘:;(22 il A TR
Built Mar 13 2019 10:37:08 Press Q or ESC to abort boot completely. OOt e Emn FaneEs A EH(E)
sL5DdSMmkekro ® Sseeons - tin

BIOS CRC passed (0d39df9a) Timeout 0.000000] setup_nenory: Hemory: 6xd0968090-0x50900000
Booting from serial... Executing booted program at ©x40000000 S T R T R A ey
Press Q or ESC to abort boot completely. ***x%* Booting Zephyr 0S v1.7.99-10450-ged9f912ad9 **#%* gtassoss]cninodele] totalpeness issats)

B.086800]  Hormal ovie: 648 pagas usd For news
sL5DdSMmkekro ot sasscn M- anz1tcne R oo cezcrie MR
Timeout Philosopher @ [P: 3] STARVING 6.600000] LElb. miss_handler va:chBesasc pacdbaDZIde. (hoot:co4ad1ds)
Executing booted program at ©x40000000 ilosopher 1 [P: 2] HOLDING ONE FORK S dli e Xz;c?a?zeea pa:40002000 (boot :c64a4118)
MicroPython v1.9.4-534-gd2bd40498 on 2019-01-09; litex with 1m32 Philosopher 2 [P: 1] HOLDING ONE FORK T i b ) e B Vet
>>> print("Hello Free Silicon Congress 2019!") Philosopher 3 [P: 8]  HOLDING ONE FORK o-as00m6] Botli 1 sonelists, mobLlley grouptng on. Total pages: 163260
Hello Free Silicon Congress 2019! Philosopher 4 [C:-1] EATING [ 25 ms ] ©.000000] Kernel command line: earlycon .

2 ©.000000] earlycon: litex_uart_a@ at MMIO 0xe@0018068 (options '115200')

>>> D Philosopher 5 [C:-2] HOLDING ONE FORK 6.000000] bootconsole [litex_uart_a6] enabled

©.000000] Dentry cache hash table entries: 262144 (order: 7, 1048576 bytes)

0.000000] Inode-cache hash table entries: 131072 (order: 6, 524288 bytes)

Micropython Zephyr Linux

From bare-metal to Linux 0S, collaboration with others open-source enthusiasts.

theX SoC bmlder and I|brary
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LiteX : Build your hardware,

Automatic CSR registers collection / software header generation:

class SoCController(Module, AutoCSR):
def init (self):
self. reset = CSR()

self._scratch = CSRStorage(32, reset=0x12345678

Lf. bus errors = CSRStatus(32)

sel

self.reset = Signal()

self.comb self.reset.eq(self._reset.re)

self.bus_error = Signal()
bus errors = Signal(32)
self.sync \

If(bus errors (2°“len(bus_errors)-1)

If(self.bus_error,
bus_errors.eq(bus_errors
)
)

£

self.comb self. bus errors.status.eq(bus errors)

__ GENERATED CSR H

GENERATED CSR H

<stdint.h>
CSR_ACCESSORS_DEFINED
void csr writeb(uint8 t value, uint32 t addr);
uint8 t csr_readb(uint32 t addr);
void csr writew(uintlé t value, uint32 t addr);
uintl6 t csr_readw(uint32 t addr);
void csr writel(uint32 t value, uint32 t addr);
uint32 t csr_readl(uint32_t addr);

<hw/common . h>

CSR_CTRL_BASE 0xe000 0
CSR_CTRL_RESET_ADD| 666000
CSR_CTRL_RESET SIZE
unsigned char ctrl reseL rnad( void) {
unsigned char r = csr_readl(8xef000000 0);
r;

void ctrl_reset write(unsigned char value) {
csr_writel(value, 0xe 8);

CSR_CTRL_SCRATCH ADDR 0xe0000004
CSR_CTRL_SCRATCH SIZE 4
unsigned int ctrl S’raLLh read(void) {
unsigned int r = csr_readl(e pee004) ;
r <<= 8;
r |= csr_readl(@xe0d
r <<= 8;
r |= csr_readl(@
r <<= 8;
r |= csr_readl(@xe
r;

void ctrl_scratch write(unsigned int value) {
csr writel(value >> 24, 0xe0000004);

C header or GSV file that can be use by scripts/software

easily!

LiteX: SoG builder and library .,
0SDA Workshop (2019), Florence, March 29
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Debug infrastructure with LiteX Server / LiteScope and the bridges:

22 wb.close()

Python scripts to control/debug
the hardware.

LiteX : Build your hardware, easily!

Wishbone

{itestope Core under
P development
4

FPGA

4
External (Interface/Chip

Speed up development, use
the same tools for all devices!

LiteX: SoG builder and library _,
0SDA Workshop (2019), Florence, March 29
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Systems using Migen/LiteX and Future!

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29



ol Systems using Migen/LiteX and Future!

Used for our commercial projects:

- Custom FPGA systems/designs for clients.
- Customizations of cores for clients to replace commercial/vendor’s

cores: LiteSATA on a 100Mpix camera, LiteDRAM on Ultrascale/DDR4
boards, etc...

LiteX: SoG builder and library .
0SDA Workshop (2019), Florence, March 29




ol Systems using Migen/LiteX and Future!

- Gustom ASIC characterization equipment

LiteX: SoG builder and library
0SDA Workshop (2019), Florence, March 29



e asal Systems using Migen/LiteX and Future!

But also by others to create FPGA based systems:

CROWE

Numato Opsis: FPGA-based Open
Video Platform

N

$84,135 s

of $15,000 goal of 10,000 goal

Fomu

LiteX: SoG builder and library ..
0SDA Workshop (2019), Florence, March 29



e asal Systems using Migen/LiteX and Future!

But also by others to create FPGA based systems:

DRAM

™M 75 VS Vs
' ppt—— ULl b =
;i I I

SPI Flash
Ethernet
HOMI In /Out v
N SDCard —
\\_/ LiteX/Migen SoC
NeTV?2 LiteX: SoC builder and library _

0SDA Workshop (2019), Florence, March 29



e asal Systems using Migen/LiteX and Future!

Future: continue collaboration with others open-source enthusiasts to:

Improve tools/cores/documentation/verification.

Ease cores generation and reuse as standalone cores. (FuseSoG?).

Add nMigen support (or switch to it) (almost 100% compatible, better
doc/tests, adds formal verification).

Improve current OS support/drivers and add drivers for others cores lite
LiteSATA, LiteSDCard, LiteScope, LitelCLink, etc...

Add others cores :)

LiteX: SoG builder and library ,
0SDA Workshop (2019), Florence, March 29
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Google Summer of Code

You are a student and would like to work on this? (or know one)
Applications are now open and TimVideos/Symbiflow organizations can accept
LiteX related projects.

'l
SymbiFlow a®
TimVideos

LiteX: SoC builder and library ,
0SDA Workshop (2019), Florence, March 29
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Migen/LiteX is not magic... but very powerful and could help you to be more
efficient/productive.

Can be used to create full designs in Python or just as a tool for integration, core
generation, simulation...

Want to try it or to help :) ? : http://github.com/enjoy-digital/litex (BSD License)

Get in touch on IRC (Freenode):

Migen: #fm-labs QUBStIOﬂS ?

LiteX: #litex
LiteX: SoC builder and library ,
0SDA Workshop (2019), Florence, March 29


http://github.com/enjoy-digital/litex

