SOCRATES

Benoit Denkinger

SoC team of the CERN EP-ESE-ME Section

Marco Andorno, Alessandro Caratelli, Davide Ceresa,

Anvesh Nookala and Kostas Kloukinas




Micro-Chips for
Mega-Machines

On-detector ASICs
e.g. “S5A” and “MPA” On-detector Module

~ 100k units e.g. “PS-Module”
g ~ 6k units
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* High number of readout channels
* High bandwidth of event data

- E.qg., out of trillions of events only one
may generate a Higgs boson!

* Unique Signal Processing Techniques
— Data reduction at the source

— Particle momentum filtering, hit-
clustering, time-of-flight, etc.

-
40 MHz -

COLLISIONs

Clesters 5::49\

100 kHz LEVEL-1
TRIGGER

READOUT |FHlE L3
50,000 data links it

16 Million channels
3 Gigacell buffers

1 Megabyte
EVENT DATA

il e
WiLA 200 Gigabyte
et 500 Readout buffers

1 Terabit/s
SWITCH
NETWORK
100 Hz =
FILTERED EVENT | _.= .%4 Ll
i i
Gigabit/s
SFRVIC?F[AN

FEV ENT I?Ll*‘_l_ILDEE.‘.ﬂ
t51|5ﬂl.l.c fw p-cu-rs:ﬂSl Im

imerconnection batwaen

5 TIPS (5 x 10F MIPS)
500 CPU farm

EVENT FILTER

N comssts of a el of hi

Ul
performancs c.orrrrerc_uasl
gwtm‘l.rs d inln marny

rrrrr e on-line ani
off-line apnli?a The farm
]

_ architeciure is such that a si
CPU processes one avent

| Petabyte ARCHIVE

CMS data readout chain




Slide by E. Heijne

. ISSCC 2014
pixel
detector
beam pipe L
. |
Si strip
tracker
ASDBLR TRT det )
— b ATLAS total
FE-I3 pix det ABCD Si det : . ~ 800k chips
P 6 M segments  DTMROC TRT det Majority of which are ASICs

80 M segments
1.7 m2 Si sensor

60 m2 Si sensor 19 000 chips



3 ¢

A )

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000




Experiment | Design Name

CLICTC ASIC

Versatile links MEDIPIX

67 unique chips!

ALICE (and SAMPA, ALPIDE, FEERIC, Non-LHC, TDCpix (NA62)

NAG62)

LHCb VELO - VeloPix, Upstream Tracker - SALT, RICH - CLARO, SciFi - PACIFIC, CALO - ICECAL, MUON - nSYNC

ATLAS ITK Pixel, Monolithic Pixel, ITK strips, Lar Calorimeter, HGTD, Muon NSW, Muon MDT, Muon TGC, Muon RPC, Trigger-DAQ
CMS

GEM VFAT3, OT CBC, OT CIC, OT MPA, OT SSA, EB CATIA, EB LITE-DTU, IT ROC, EC Si ROC (HGCROC, H2GCROC), EC
TCON, ECON, DCON, EC LDO, BTL TOFHIR, BTL ALDO2, ETL ETROC, CMS CFO

Common ASICs

IpGBT, LDQ10, IpGBTIA, GBTX, GBT-SCA, GBLD, GBTIA, FEAST2, bPOL12V, bPOL2V5, linPOL12V, RD53




Introduction

 Costs of ASICs design
— Increased complexity

- Flexibility vs Performance/Cost tradeoff
« CPU -» GPU - FPGA - ASIC

[ Reusable and programmable IPs for system-on-chips (50Cs) 1

e Edge computing

— Latency, data privacy, security, energy efficiency, performance, ...

~lIntroduction» SOCRATES TriglaV Conclusion



EP R&D - Intelligence on Detector (WP5.3) ()

N/

 SoC radiation-tolerant ecosystem (SOCRATES)
- SoC generator (for HEP)

— RISCV-based systems
e Open-source ‘
e Mature (embedded-class) RISC

e Customizable / extensible
-~ RIGOLETTO Europea
e Funding for tools de

~lIntroduction» SOCRATES TriglaV Conclusion



https://www.smartrecruiters.com/CERN/744000079406412-soc-design-engineer-ep-ese-me-2025-113-grae-

High-energy physics applications

e Control
— Lower calibration time for detector systems
— Faster monitoring of beam characteristics
- Power management, sensors monitoring, etc.

e Data

- Pre-processing
e Filtering, clustering, ...

~lIntroduction» SOCRATES TriglaV Conclusion
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SOCRATES (SOC RAdiation Tolerant Eco-System)

%}Z DEVELOPMENT STAGE:
A v Advanced
SoCMake Radiation Q Early
Build System Hardening
I
Ex v

Hardware Software Verification

composition generation environment

Generate the top-level SoC
Integrate IP blocks

Infer interconnects
(crossbars, adapters)

Rad-hardened blocks
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Invoke RISC-V toolchain

Generate hardware
abstraction layer

Generate linker scripts
Software fault tolerance

TriglaV

Functional testing
environment

SystemC-UVM environment

FPGA prototyping
Fault injection framework

Conclusion



ASIC - SoC design

RTL simulation

* Cross-compile CPU firmware UVM

~ ASM, C, C++ source files UVCs DUT - SoC

— Third-party libraries

CPUs

e FreeRTOS, Zephyr, Sequences
DPI-C simulation extensions

Interconnects

C++ verification (UVM-SystemC)

IPs

SW + HW
compilation needed!

Introduction SOCRATES TriglaV Conclusion



SoCMake

e CMake
. User SoC build flow
— First class ASM, C, C++ support i i

_ Scripting language | | .
e CMake HW extension

EDA tool backends

-~ One language to build them all v T i
SoCMake IP API

o

CMake core language

Introduction JSOCRAIESEY  TriglaV Conclusion >



SoCMake: a HW/SW Build System

IP blocks and hardware 7 SIMULATE
* CMake to generate a HW/SW ﬂ—*ﬂaccelerators (*.5v) b | - veriotor
build system for SoCs __,ﬁsmware application L ves
*.cpp
% IMPLEMENT
* Supports SystemRDL @ "ﬁTOp level HDL (*.v) | - Codence
. .. -r Register file and
- Register Description Language - itercomecions
FPGA
— Top-level file to generate c _,ﬁgay;drwarcep;bstractlon " | Evuare
* Rapid prototyping of SoCs é»ﬁ“”k‘”“”pts A
= UVM testbench + GCC
— Quick composition of IP blocks e Pisystemo)
and SEE injection utilities
into full systems g R Sonne e o appenests |
) i : =
e Open-source: SoCMake () B i
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https://github.com/HEP-SoC/SoCMake

SOCRATES - HW input files

RTL

—

USER IP
SYSTEMRDL CMAKE
Name: my ip | [Name: my ip
Ports: Sources:
clk i Filel.vhd
arst_ni File2.v
enable i File3.sv
Interfaces: my _ip.rdl
apb-rt Doc.md
Reqisters: Registers: yes
config V TMRG: yes V

USER SoC
SYSTEMRDL CMAKE
Name: my soc Dependencies:
Ports: uart
clk i my _ip
arst_ni soc_ctrl
Modules: my_testbench

uart @0x40000000

my_ip @0x40010000

soc_ctrl @0x40020000
Connections:

soc_ctrl.ip_enable_o

- my_ip.enable_i

Tests:
mainl.c
main2.cpp

Targets:
xcelium
vivado

4
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SOCRATES - SoCMake outputs

1. Generation 2. Compilation
« SystemVerilog ||+ HW & SW
« TMR RTL

SOCRATES IP LIBRARY » Register file

UART, Ibex, ... \ / « Top module
 SoC HAL (SW)
 Documentation

USER IP LIBRARY 3. Veriﬁcation.
my_ip, your_ip, our_ip —> $ akheck (-j 8)

USER SoC

otal Test time (real) = 109.23 sec
[100%] Built target chec

Introduction JSOCRAIESEY  TriglaV Conclusion r


https://triglav-soc.docs.cern.ch/

TriglaV - Rad-hard demonstrator SoC

 Goals
- Programmable controller for HEP experiments
- Demonstrate (and develop) SOCRATES
 Radiation scenario
— Controller for pixel read-out ASIC
» Fully triplicated (logic) or encoded signals (memories)
e Implementation
— 28nm bulk CMOS (MPW) submitted end of November 2024

Introduction ~ SOCRATES JBGIENE)» Conclusion r



TriglaV - Block diagram

DEBUG UNIT Ibex PERIPHERAL TMR
JTAG CPU PLIC, Timers, GPIOs, UART Encoded
OBI INTERCONNECT ]— APB-RT INTERCONNECT SOC CTRL
MSPUO MSPU1 * Functional verification

BOOTLOADER| | M — 32 kB DMEM - 32 kB

TMR formal verification (Ibex)
FPGA emulation
Error injection

Introduction ~ SOCRATES JBGIENE)» Conclusion
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MPW submission
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TriglaV layout

Cells: 12T (LVT,SVT,UHVT)
e |lbex 7T
Clock: 250 MHz

Size: ~1x2 mm?
- VDD
 Core: 0.9V
* [/Os: 1.2V
* Diff I/Os: 0.4+0.2V
Power modes:
 IPOL2V3 (1 domain)
« Standalone (4 domains)
* |bex (CPU)
« MSPU (2x)

* Everything else
Introduction SOCRATES TriglaV Conclusion




TriglaV 1/0O pads

* Controf CERN 28nm IP library:
— Clock (diff) and asynchronous reset (2) * RadTol I/O pad (5ofics)
- Boot mode (UART, 12C, JTAG) (2) * SLVS (differential) I/0 pad

e Debug unit enable (non-TMR block)
— |Ibex TMR clock selection (2)

e Interfaces

- UART (2), 12C slave (to OBI master) (2), JTAG (5), GPIOs (8)
» Testing

— Alive (2)

— Hash (diff) (5) = gold reference

— Exit valid and value (2)

Introduction ~ SOCRATES JBGIENE)» Conclusion 50


https://asicsupport.web.cern.ch/ip-blocks/ip-blocks-28/

Boot Complete

¢ Chip bOOtEd < 1 day >3 J_?.{"{' eived: Hello world from Triglav!
- Everything works, but...
 Radiation hardness validation campaign!

— Total ionising dose (TID)

- Single-event effect (SEE)

e Single-event upsets (SEUSs)
e Single-event transients (SETs)

Introduction ~ SOCRATES JBGIENE)» Conclusion .



Radiation Hardness Validation: TID

« CERN X-Ray Irradiation Facility

— In-house AsteriX and ObeliX machines
— Technology and ASIC designs characterization

— Calibrated X-ray beam to induce precise rate of TID

— Years of accumulated dose simulated within days

. . Measurement example:
AsteriX ObeliX Leakage current variation over TID

n re-rad @ 11.8mA 3
un 2, pre-rad @ 10.2mA !
un 3, pre-rad @ 10.3mA i

15

10 H

Current Consumption Variation (%)

L 1 1 ‘l :
0 50 100 150 200 Annealing

. TID (Mrad)
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Radiation Hardness Validation: SEE

« SEE Characterization requires dedicated accelerator facilities

-~ Heavy lon Facility (HIF) at UCLouvain (Louvain-la-Neuve, BE)

LET (MeV em?mg™1!)

— Proton irradiation facilities
e CERN (CH), TRIUMF (Vancouver, CA), PSI (CH) i m ow s o s wm
HIF vacuum chamber, UCLouvain 4 | | | —
U
jref
10—6 L
¥ L1 Errors (low latency)
107k % L1 Errors (high latency)
2.I-5 5.I(J 7.I5 lUI.(J 12I.5 15I.0 17’I.5

0.0
Egep (MeV)

JNTGIEVENY Conclusion
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e Irradiation tests -
— HIF - UCL (10h) :“_
— Laser testing - KU Leuven (1 week)
_ HIF - UCL (12h) 4
- Laser testing - CERN (to be started) 2

Critical failures "
under investigation HIF - UCL

Introduction =~ SOCRATES JTriglaV» Conclusion
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Future work

e TriglaV failure investigation
- Technology? Design?
e RISCV core integration
— Picopix pixel readout chip (LHCb experiment)
e SOCRATES V1 release
- SoCMake, plugins, ...
 Rad-hard microcontroller
— Sensor monitoring close to the beam

Introduction SOCRATES TriglaV
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Questions

Thank you!

benoit.denkinger@cern.ch
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