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In 11 years PULP team has designed more than 60 chips
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A simplified view of the IC design flow Q%

3rd Party IP Library PDK / Fab \
RTL /Netllst\ / GDS2 Chip

Venﬂcat:on Synthes:zer P&R
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Most of open source hardware is at RTL level

5 B—B—
3rd Party IP Library PDK / \
Q- {u}
v
RTL /Netllst\ / GDSZ Chip

Verification Synthesizer P&R
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Ariane
CVA6

RV64

Single core Multi-core Heterogeneous, Many-core
* PULPino, PULPissimo e OpenPULP * Hero, Carfield, Astral

* Cheshire * ControlPULP * Occamy, Mempool
m
Accelerators and ISA extensions
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We make everything (we can) available openly

* All our development is on GitHub using a permissive license

« HDL source code, testbenches, software development kit, virtual platform

https://github.com/pulp-platform

Allows anyone to use, change, and make products without restrictions.

‘% pulp-platform Heterogeneous Research Platform (HERO)

& HERO is an FPGA-based research platform that enables accurate and fast exploration of heterogeneous
computers consisting of programmable many-core accelerators and an application-class host CPU. Currently,
32-bit RISC-V cores are supported in the accelerator and 64-bit ARMVE or RISC-V cores as host CPU. HERO

(M Overview - Repositories 239 [ Projects 1 @ Packages A People 14 allows to seamlessly share data between host and accelerator through a unified heterogeneous programming
interface based on OpenMP 4.5 and a mixed-data-model, mixed-ISA heterogeneous compiler based on LLVM.

Pinned HERO's hardware architecture, shown below, combines a general-purpose host CPU (in the upper left corner)
with a domain-specific programmable many-core accelerator (on the right side) so that data in the main memaory
(in the lower left corner) can be shared effectively.

& pulp  Public B pulpissimo  Public : £
| w64 ost xy64 | | = = T
This is the top-level project for the PULP Platform. It instantiates a This is the top-level project for the PULPissima Platform. It instantiates | Core0 p (CoreH-1 L2 E ly Cl”ﬂ*er i% ;x ;% IIM e ;ﬁ EE
PULF open-source system with a PULP SoC (microcontroller) domain a PULPissime apen-source system with a PULP SoC domain, but na LL’E‘;E u”c"fhe! spm [ E [*= 38 :IC‘él =15 e o8 casee (48| 28 48
% | i Al |
accelerated by a PULP cluster with 8 cores. cluster | E: = T T _rrumuu y access T
| £ = S TCDM Interconnect
SystemVerilog Yr312 % o3 SystemVerlog  Tr288 % 137 L2 Cache & Coh. Interco. | | E Cluster z o il - |
I 10- 2 b= 5 11l 1 1 11 = | [ ]
System Interconnect ""'MMU - £ T DMA =/ RVI2 —2 Rvi2 —— 3 Rv3z — Fixed
" ¥ g : e “engine S| pe0 S peE1 TR PEPIF fUC
& b Y = o z
Bl snitch | Public O hero Public Memory Ctrl & PHY < =1 cluster = § ¥ nstruction §fetch  §
Accel- z om Cl ﬁ_ﬁi Shared Instruction Cache
Lean but mean RISC-V system! Heterogeneous Research Platform (HERO) for explaration of to main memory erator
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https://github.com/pulp-platform
https://github.com/pulp-platform

Meet Mr. Wolf (2017) in TSMC40 &

* Very successful loT processor
« 8+1 RISC-V cores

* Power converter IP from Dolphin

» Allowed the company to demonstrate
their IP on a industry relevant design

* RTL for the entire SoC openly available

« Design formed the basis of GAP8/9
Win (PULP): use professional IP in our chips * By Greenwaves Technologies

Win (Dolphin): demonstrate their IP on a SoA design

Win (Greenwaves): SoC template that can be easily productized =
DA tools COSC”‘) 8



Designs derived from Mr. Wolf powered our nano-drones 4%

e T 1

; et s Object detection
~Multiple, complex, heterogeneous |

Environment exploration

AU

Multi-GOPS workload at extreme efficiency = P, 100mW -
yen EDA tools COSC"‘) 9



In the last 20 years IC Design has changed a lot

u

ﬁf_ﬂdwklgllldquU WJJJAJJAN.N

et "» z-rz -_‘.‘.‘, i -y —
y, -vllﬁ' ﬂ..-u"..wrﬂnﬂ 1 .;.' - : 'IT 8 ‘ ,’&L SRR e
— : ' 4

e 2 '

Quc 'II :; 4 : » e
=] z . .
w SHE| | JSs Si b e
w Hal | ne - ) LU i
- B =1 Vi==2 — ‘ i J
.._!;E.-.;_l jas . : e
w Sl | [jas * - .
m Sl jj= I -
sec 8 ==l = | o
—=Sii8 : i
1] : o
.t 250 0N : -~ b
< &l (i ol IS~ 2 -
= Hiul IS = & e
Al i3 1. el = [
Sl | [Jas =] |5i - b 4
49708 = sl > A *
4 PYTVIE an lall > b 32 e
"

What used to be a complete chip is now a small part of a SoC !

“-.-...‘..Ll EL FA Y

Temporex AMS O 6 (2001) about 20 kGE Kraken GF22 (2021) about 80 MGE
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There is so much that makes up a modern SoC

User-Space
Soft HETEROGENEOUS APPLICATION
oftware ACCELERATED KERNEL
Kernel-Space VIRTUAL MEMORY MANAGEMENT LIBRARY
LINUX KERNEL PuLp
Software ’ DRIVER HW ABSTRACTION LIBRARY

HOST DOMAIN PULP CLUSTER

RISC-V core
L2 SPM MMU L1 SPM

Mem IS DS

AXI interconnect Interconnect

LLC + Mem ctrl 1/0 RV Y
32 32
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In a typical design, innovation is only in a limited scope &8

User-Space

Software ACCELERATED KERNEL

Kernel-Space | [/® VIRTUAL MEMORY MANAGEMENT LIBRARY
Software § (UNUXKERNEL eur
NE DRIVER HW ABSTRACTION LIBRARY

Open-source silicon-proven SoC template helps concentrate work where it counts

LZ DSVFIVI IVIIVIU

Hardware

Interconnect

- ﬂ
N TN S ACC 32 32

I ExtMem !! SENSORS
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Diverse set of open source based industry collaborations &3
“

GF22 (2022)
Marsellus

Heterogeneous loT processor
With Aggressive voltage scaling

GF22 (2018)

Arnold

eFPGA coupled with a RISC-V
microcontroller.

In one year from agreement to
actual tapeout

Carfield

Open-Research platform for
safety, resilient and
time-predictable systems

intel.

Designing Linux-capable systems using open EDA tools COSC"') 13
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SoC for Extended Reality
visual processing




And many continue to use our work for their research

for Next-Generation Gregory K. Chen, Phil C. Knag, Carlos Tokunaga, Ram K. Krishnamurthy

Smallest RISC-V Device : 4 RISC An 8-core RISC-V Processor with Compute near Last Level Cache in Intel 4 CMOS
- : 58 Circuit Research Lab, Intel Corporation, Hillsboro, OR, USA, gregory k.chen @intel.com

NN

Our 15t gen. processor and -2.50 integrated device

SA RVB4GC
Execution Out-of-order
B L 16kB/core, 4-way
SoC size: 300um x 250 um, GF14LPP D BRicore, wny
SoC arch: Based on PULPino (RV32IMC) «®PULPino NoC 4D 20 Mesh
8 On chip memory: 2KB data SRAM L2 LC 512k B, 4-way
f# + Authentication engine LLC BW1GHz 10 Toss
8l + Analog custom circuits(LDO, Clock/Reset, PD/LED IF) c“::;:::""’ '1';:‘
CNC RF Tk Blslice
— = = - inoruil. 06V 285 GOPSW
= m—— LLC Energy Eff, 0.6V 1.6 TOPSW

|||
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g
3
D

VLSI Symposium 2022

RISC-V week Barcelona 2018

. . [ .
The Deep Lgarn.mg Revolution D AutoDMP: Automated DREAMPlace-based Macro Placement
and |t$ Imphcat|°ns R Go gle ( Anthony Agnesina Puranjay Rajvanshi Tian Yang Geraldo Pradipta
% . bt gnesina@nvidiacom rajvansk idia.com tiyang@nvidia.com pradiptag@nvidia com
for Com puter Arc h 'tectu re NVIDLA Cerparation PNVTD]'.A Carporation Nﬁm Corporation SIN"-’IDEK Corporation
d Ch i p Design ._ R Austin, TX, USA Santa Clara, CA, TISA Santa Clara, CA, USA Santa Clara, CA, USA
an O— Austin Jia Ben Kell Brucek Khailan Haoxing Ren
- nv I D I A' sjiaotél:wicilia:m:n bcn.'k@mﬁdi::nr bk}uﬂany@nvaidja.t.:gm hnuwingr@n%idia_:?um
Presenting the work of many people at Google S E\hn, oA A STL?‘S;”E‘,’(E':“,\ mﬁ:f%? Ba ”"J.'f.i‘f%"“&:i“

B

3 £} e Figure 7: Pre-CTS placements of the logical groups and cell
Trvivey e 4 densities of the MemPool Group designs using NanGate ISPD /23

ISSCC Keynote 2020 — Nature 2020 : s e
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Unlocking the rest of the design flow

5 B—B—
3rd Party IP Library PDK / \
Q- {u}
v
RTL /Netllst\ / GDSZ Chip

Verification Synthesizer P&R

Icons taken from free icons from fontawesome.com
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Most designs will include some 3™ party IP

B B —— l-
3rd Party IP ibrary PDK
I / \
Q- {u)
v
RTL \ /Netllst\ / GDSZ Chip

&

Verification Synthesizer P&R

3'd party IP when included can limit what can be open sourced -
yen EDA tools Coscu') 16



Most designs will include some 3™ par

‘ |% a EUROPRACTICE

3rd Party IP

Verification Synthesizer P&R

ﬂ ALMA MATER STUDIORUM
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The chip will contain information from the PDK of the Fab &8

DR D — D — s

Library PDK

@ D | B =

3rd Party IP

Q-

RTL / Netllst\ / GDS2 Chip i
Verification Synthesizer P&R g

Fabs do not make PDK information accessible -
Uesigning Linux-capable systems using open EDA tools COSC"‘) 18



Open PDKs are a key enabler for further development

‘5' R a EURO !’ERACTI g

3rd Party IP Library
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The output (and even scripts) of EDA vendors are closed Q%

PR — D - lae
3rd Party IP Library PDK / \
-3 =) =) {u}
v

RTL Netlist GDS2 Chip

Verification Synthesizer

EDA vendors limit the output of their tools - N
ystems using open EDA tools COSC"‘) 20



Open-source community can develop EDA tools too! Q%
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A look into the synthesis flow in Yosys

« Elaboration multipy-accumulate.v
« Behavioral RTL to connected cells (structural) wire [ 7:0] a, a2, b;
wire [15:0] prod;
. reg [15:0] acc_d, acc_q;
* High-level phase always @(*) begin a
] ) ) a2 =a > 2; *
« Cells are arithmetic operations prod = a2 * b;
acc_d = acc_q + prod, .
. 2—» $shift
« Fuse and transform operations end $
always @(posedge clk) begin *-aZ
g acc_q <= acc_d;
en b =¥ $mul
* prod
—>» $add
$reg
acc_q
\/

2 ALMA MATER STUDIORUM
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A look into the synthesis flow in Yosys

 Elaboration i
« Behavioral RTL to connected cells (structural) .
2 —» $shift
* High-level phase ¥ a2
« Cells are arithmetic operations b —» $mul
« Fuse and transform operations + ;
pro Combinational Logic
* Generic gate phase —> $add
« Abstract standard cell library v
 Gate-level optimizations $reg
acc_q
\4

$DFF | | $DFF | | $DFF

3 ALMA MATER STUDIORUM
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A look into the synthesis flow in Yosys

Combinational Logic

Elaboration

« Behavioral RTL to connected cells (structural)

High-level phase

« Cells are arithmetic operations

Combinational Logic

« Fuse and transform operations

Generic gate phase

 Abstract standard cell library $pFF| | $DFF| | $DFF

« Gate-level optimizations

Technology mapping

 Performed in included tool called ABC

« High-performance logic optimization

* Mapping to standard cell library dfr dfr

o SRR - MA MATER STUDIORUN @
ETH:zurich UNIVERSITA DI BOLOGNA Designing Linux-capable systems using open EDA t@bscu’) 24




Yosys is structured, documented and maintained

F.,
 Clear structure '}
« ‘Passes’ operate on current representation H OSUSH u

« Each pass is a file in a category (directory)

« Guides for users and developers
 Starts with simple ‘how to use’
* Ends with ‘how do | implement a pass’

« Regular contributors

* YosysHQ employs developers

e Other stakeholders also contribute often

In <1lweek you can learn the basics and contribute meaningful improvements

&

2
2 ALMA MATER STUDIORUM

ETHziirich
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The output (and even scripts) of EDA vendors are closed Q%

>R %0 — D-E Ing
Y 3rd Party IP Library PDK / Fab \
RTL / Netlist GDS2 Chip

Synthes:zer
Yosys
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Place and Route flow in OpenROAD

1. Floorplan ‘

Define size

Place pads and macros

bR

o ELEE) ALMA MATER STUDIORUM @
ETH:zUrich UNIVERSITA DI BOLOGNA Designing Linux-capable systems using open EDA t@bscu’) 27



Place and Route flow in OpenROAD

1. Floorplan
« Define size

 Place pads and macros

2. Power distribution

T “>,’» ALMA MATER STUDIORUN
ETH-(rich 20 URIVERSITA Bl BOLOGNA Designing Linux-capable systems using open EDA tgolsyG g f#> 28



Place and Route flow in OpenROAD

1. Floorplan
« Define size
 Place pads and macros

2. Power distribution

3. Placement
Rough global placement
« Legalize cell positions (detailed placement)

/\\RJ;‘\- ALMA MATER STUDIORUM H H H 1
| UNIVERSITA DI BOLOGNA Designing Linux-capable systems using open EDA t@bscu‘) 29
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Place and Route flow in OpenROAD

1. Floorplan
« Define size

 Place pads and macros
2. Power distribution

3. Placement
Rough global placement
« Legalize cell positions (detailed placement)

4. Generate clock tree

CHUE) ALMA MATER STUDIORUM
JE UNIVERSITA DI BOLOGNA

ETHzurich
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Place and Route flow in OpenROAD

1. Floorplan
« Define size

 Place pads and macros
2. Power distribution

3. Placement
Rough global placement
« Legalize cell positions (detailed placement)

4. Generate clock tree

5. Routing
. Plan resource utilization for each wire

« Create wires, fix violations (shorts etc)

eI
4 &) ALMA MATER STUDIORUM
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OpenROAD: A Collection of Research Tools

« Research turned into a common flow
 Global place: RePlace

Global route: FastRoute

Clock tree: TritonCTS

« Common openDB data structure

Designed by industry professionals
Documented and tested

* Supporting infrastructure around it

CLI, GUI, reporting, metrics collection etc

Plugin system for easy extensibility

. " :{;\V"z ALMA M/ LSTUDIORUN @
ETH:zurich UNIVERSITA DI BOLOGNA Designing Linux-capable systems using open EDA t@bscu') 32



We need openness along the whole chain: RTL, EDA, PDK 8

Y 5 Party IP Library PDK / \
Q- @ B {a}
w

RTL \ /Netlls \ / GDSZ Chip

Synthesizer P&R

&
S
“
L
IS
S
%)
4]
2
S
S
S
S
=
IS
N
AN

Verification

Icons taken from free icons
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We need openness along the whole chain: RTL, EDA, PDK Q%

>R %0 — D-E Ing
~ 3rd Party IP Library PDK / Fab \
RTL /Netllst\ / GDS2 Chip

[ iz .

Verification Synthesizer P&R

(= 192) ALMA MATER STUDIORUM
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We need openness along the whole chain: RTL, EDA, PDK Ed

Q B EUROPRACTICE B ' B - @ u
\ 4 3rd Party IP Library PDK /

Q)= @ =) &

RTL /Netllst\ / GDS2

[ iz .

Verification Synthesizer P&R

)

Chip
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aken from free icons

We are getting there, first fully open chips are underway o
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Meet Basilisk: Open RTL, Open EDA, Open PDK

ARRRRERARRNRRRRHT IS

i1

1

!

' Rl

i AR

PR g gt
BB O
v L S

il : + Active collaboration with

&4 + Designed in IHP 130nm OpenPDK

* 6.25mm x 5.50mm

* 60MHz

o 1.08 MGE logic, 60% density
e 24 SRAM macros (114 KiB)

=2 - cvA6 based SoC

« Runs and boots Linux

&




Working with open-source EDA groups to close the gap! “%

« Basilisk is the first end-to-end open-source Linux-capable RV64 SoC
* DRAM interface & rich 10 (USB 1.1, VGA, SP|, ...) tegic Area (MGE)

. . . li
« Silicon-proven, configurable, MGE-scale design 175 (?oifﬁ.é?nig
150. Fastest, -
* Improved FOSS EDA flow o LAV, Mux ®
SV Veri| hai Imi . 1.251 N \ LS (27ns, 1.4MGE)
-to-Verilog chain @ <2min runtime . 220, @0 . vce)
* Yosys synthesis: . "&?yf (ST INGE]
> 1.1 MGE (1.6x) @ 77 MHz (2.3x) 7 T
— 2.5x less runtime, 2.9x less peak RAM 0-501
* OpenROAD P&R: tuning 0-2>1 A “
. oy . etter
- -12% die area, +10% core utilization 0
0 5 10 15 20 25 30

Critical Path (ns)

github.com/pulp-platform/cheshire-ihp130-o0

ALMA MATER STUDIORUM
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Benefits of end to end openness

 Easier collaboration (no NDASs)

» Reproducible results, benchmarking
« Combined impact of design and design automation

* Transparent chain of trust, sovereignty
* Lower initial cost
- Faster research - product
* Increased accessibility
m * No black boxes, full visibility
- Experiment with flows and tools

e s (8 ALMA MATER STUDIORUM @
E'HZUI“ICh (B2 ORIVERSITA DI BOLOGNA Designing Linux-capable systems using open EDA tools COSC”‘) 38




Education is gaining momentum

: - ;)% Tiny Tapeout
c h I p I g n Ite SRENEN 6300 (currently $150)

)
H2) ALMA MATER STUDIORUM

e
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Croc SoC: A simple chip for students

jtag”

croc_soc
croc_domain

user_domain
core_wrap

OBI Crossbar obi*

— irgs . " : reg ﬁle
Debug Ibex

OBl Demux

Bank § Bank s

J Ul

github.com/pulp-platform/croc

RS
m L h (ZF 598 ALMA MATER STUDIORUM
zZUuric B4R S UNIVERSITA DI BOLOGNA
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Croc SoC: A simple chip for students

* Croc is simple to understand
«  Everything in one repository
*  Plain SystemVerilog

 (soon) guides from students for students

« Crocis flexible

Used for ETH Ziirich VLSI 2 lecture starting 2025

 Croc flow is easy to run
Runs on older laptops (<4GB RAM)

«  Tools in a docker container -
Works on Linux, Windows and MacOS | L b

e 4 Make commands from RTL to GDS
github.com/pulp-platform/croc

/;‘\,-‘7:“17 N
P SO ) _
m h (<A LETYE) ALMA MATER STUDIORUM
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Final words

There is still

* We use open source because it works more to come ©

» Allows us to manage complex designs

« Facilitates Industry/Academia Relationships
» Creates Auditable Designs, Reproducible Results

 Enables research into new directions

Helps us and others concentrate work where it matters

* Open Source sees no borders
* There is no ‘European/Chinese/American Open Source’,

* There can be '"European/Chinese/American support for Open Source’

Open Source is global, it just can have more or less support in a region/country

& N
m e h 5 2-51E) ALMA MATER STUDIORUM
ZUuric i aid ) UNIVERSITA DI BOLOGNA
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