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Outline

ÅEvolution of experiments and technologies

ï Need for electronics, need for timing, need for ASICs

ï Requirements for LHC electronics : radiation hardness

Å Example of CMS HGCAL HGCROC development

ï History of development and different versions

ï Tests and Lessons learnt

ÅFuture detectors and new sensors

ïLGADs and timing

ïMAPS and low material tracking

ïCalorimeters and Streaming readout

ÅEvolution of technologies

ïChip design organization and DRD7.7

ÅApologies for personnal bias and misquotations on borrowed slidesé
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Evolution of experiments and technology

ALEPH 1990 ATLAS 2010Gargamelle 1970 CMS upgrade 2030
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Need for electronics
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ÅBetter electronics makes better detectors or even new detectors 

ïe.g. trackers, 5D calos, timingé



Need for timing

Å Time resolution << 1 ns required by many experiments

Å PET/ Time of Flight measurements

ï SiPMs, lots of light

ï Time resolution <100ps

ï « PET came from HEP, timing in HEP came back from PET ! »

Å « 5D Calorimetry » e.g. CMS HGCAL

ÅSi PIN diodes : no gain.

Å . Timing ability  ~50ps  (for > 10 mips desirable)

Å Pileup rejection : MIP timing detectors (ATLAS & CMS)

Å LGAD sensors : Time performance ~30 ps : To reject Time Pile 

up events => better particle identification

Å TOF detectors/ PID (SiPM)

ïMCPs, SiPMsé Few photoelectrons.

ï Time performance ~30 ps CdLT : TIPP 2026 Mumbai 5



Why do we make our chips instead of buying them ?
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Å ASIC = Application Specific Integrated Circuit

Å Innovation in technology yields new/better detectors

Å Specific requirements in HEP : physicists/designers interplay

Å « No chip => no detector » => no experimenté



Requirements for LHC and HL-LHC chips
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ÅHigh radiation levels : 100s of 

Mrad, 1E15 h/cm²

ÅHigh occupancy => large data 

bandwidth

ÅPower will followé

ÅElectronics (and detector) design 

is « the art of compromise »
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Radiation hardness of ASIC technologies by CERN
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ÅLong characterization studies of CMOS technologies by F. Faccio et al.

ï NIMA3105 : ASIC survival in the radiation environment of the LHC experiments: 30 years of struggle and still tantalizing

ïTotal Ionizing Dose (TID) induces threshold voltage (VT) shift and leakage current

ÅLeakage solved by Enclosed Layout Technique for LHC

ÅSolved by deep submicron CMOS (and tunnel effect) for HL-LHC : L<130 nm !

ÅButé

[F. Faccio https://www.sciencedirect.com/science/article/pii/S0168900222008610]



And still TID surprises
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ÅTechnololgy variability

ïFor the same process, different fabs give different results, one of them with a 1 Mrad « bump »

ÅComplex radiation effects (RINCE, RISCE, LDR, temperature, biasingé)

[F. Faccio https://www.sciencedirect.com/science/article/pii/S0168900222008610]



HL-LHC readout evolution : e.g. calorimeters

ÅGoing from several specialized ASICs to all-in-one System-on-Chip (SoC)

ïTotal power stayed the same but granularity increased !

ïPower per channel reduced thanks to capacitance and supply reduction (P=CVf)
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Preamps

Shapers

Analog memories

ADCs

Digital backend

and controls

Power regulators

ATLAS Front-End board 2004 CMS HGCROC 2024

Preamps

Shapers

ADC/TDCs

DRAMs

Digital IOs

128 channels

~1 W/ch

76 channels

~20 mW/ch



example : HGCROC development history

Å2017: HGCROC1: analog/mixed signal prototype
ÅTSMC 130 nm WB 5x7 mm²  (36 channels)

ÅAll analog and mixed blocks; large part of digital blocks

ÅGood analog performance but large digital noise

Å2019 : HGCROC2: final analog/intermediate digital
ÅTSMC 130 nm C4 15x6 mm²  (76 channels Si/SiPM)

ÅFinal size, BGA packaging and I/Os: C4 helped a lot !

Å Intermediate digital part (no RAM2, no full triplication)

Å2020 : HGCROC3A: final architecture
ÅComplete and fully triplicated digital part

ÅDifficulties with packaging 

Å~1000 chips fabricated

Å2022-2024 : HGCROC3B/C/D: bug fixes
ÅMetal fixesŦƻǊ ōǳƎǎ ŎƻǊǊŜŎǘƛƻƴΣ Ƴƻǎǘƭȅ ƛǊǊŀŘƛŀǘƛƻƴ ŜŦŦŜŎǘǎΧ

Å2025 : full production 200 wafers = 120 000 chips
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HGCROC2

HGCROC1

HGCROC3A/B/C/D



HGCROC performance : excellent, buté
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QMIP/Cd ~ 3 fC/30 pF = 100 µV

[see talk by D. Thienpont TIPP26]



HGCROC : from 3A to 3B

1. DRAM2: too short retention time

ï Leakage current on storage node

=> Fixed with cap on RBL node

2. ADC: flat or ñghostò ADC, < 5% of the channels

ïMarginal timing in some asynchronous logic

=> Fixed with longer conversion pulses

3. TDC: TOA in wrong BX, bad startup condition

=> New startup sequence 

4. TOA occupancy: outliers in ToA data when several

channels trigger at the same time (retriggering)

ï Adding hysteresis and deglitcher

ï Improving package grounding

5. Current increase with TID : floating node in TDC

=> Small change in control logic
13

(1)

(2)
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HGCROC from 3B to 3C/D

Previous bugs were fixed, but new ones appeared  

(some of them were already there, but not seen) :

1. ToT hole : ToT values missing while ADC saturated

Resynchronization error => Add delay cell in ToT logic

2. ToA/ToT outliers : 

Marginal timing in asynchronous logic

3. SEE TDC: analog and digital current increase

New startup sequence , with fix to avoid events in BX+2

4. SEE TDC : jumps in ToA counter

5. Rare I²C failure

Phase jitter in incorrectly triplicated cells with long slabs
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SEE effects : from 3C back to 3D !

Å69MeV Proton irradiation at very high flux (1E11 p+/cm²/s) to see SEEs

ï7 campaigns were made !

ÅToA counter fix in 3B was made worse in 3C : now ToT jumps

ïReturn to 3B for the ToA counter => 3D version (metal fix)
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HGCROC3C SEE extrapolation to CMS

ÅProton irradiation at very high flux (1E11 p+/cm²/s) to see effects

ï10,000 times higher than at HL-LHC : in 1 day get 10 years of HL-LHC

ïFew events seen, but still non negligible when extrapolated to 100k chips

ïRemoved in 3D chip
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Worst flux in HGCAL



Lessons learnt from HL-LHC chips

ÅSeveral chips displayed issues before (even after) 

production 

ïRare occurrence, often found by chance (e.g. bPOL12V)

ïAt cold, with radiationé

ïNot seen before in simulation

ÅAs seen in HGCROC example before, most cannot

be seen in simulation before

ïAnalog/mixed signal simulation very long

ÅCannot emphasize enough the importance of tests !
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Future detectors

ÅNew sensors regularly pop upé

ïSiPMs (see previous talk)

ïLGADs, ACLGADs

ïMAPs

ÅElectronics also regularly improvesé

ïTechnology evolution (CMOS scaling)

ïMore functionnalities (timing)

ïLower power

ïAllows electronics on detector, better granularity, 

timingé

ÅProgress from either or both !

Å Example : see talk by Yfang Wang tomorrow
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Example : ePiC detector @EIC



new sensors : LGADs (ATLAS HGTD and CMS ETL)

CdLT : TIPP 2026 Mumbai 19

ÅNeed fast and large signals for timing (large dV/dt) : see next talk 

ÅNeed short current duration (td < 1 ns)

ïLow thickness sensors (< 50 um)

ÅFor MIPs in Si, need gain !

ïLGADs : Low Gain Avalanche Diodes

ïG = 10 ï30



new fast electronics needed : GHz bandwidth

ÅHigh speed preamplifiers/discirminators (GHz BW) : new territory for HEP

ÅFaster => more noise, larger threshold : rather too slow than foo fast !

ÅOptimum BW : t_pa = current duration, minimum jitter : 
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LGAD readout chips e.g. ATLAS ALTIROC or CMS ETROC

Å15x15 pixels of (1.3 mm)²

ï25 ps jitter at 10 fC

ï2-3 fC threshold (MIP 5-10 fC)

ÅDifficulties :

ïLow threshold with digital noise

CdLT : TIPP 2026 Mumbai 21

QMIP/Cd ~ 5 fC/5 pF = 1 mV

[see talk by L. Cadamuro TIPP2026]]



Newer sensors : AC-LGADs

ÅIntroduced by N. Cartiglia et al. (~2015)

ÅCombines good timing and spatial resolutions

ÅAlready adopted by several experiments for PID !

ÅNow need readout chips

ïFCFD & EICROC @EPIC, LATRIC @CEPC
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[S. Nanda et al. https://indico.bnl.gov/event/20473/contributions/85062/attachments/51842/88660/AC-LGAD_ePIC_vFinal.pdf]



ÅEICROC0 is a 16-channel testchip for AC-LGADs at EIC

ïBased on ALTIROC (ATLAS HGTD) front-end and HGCROC 

(CMS HGCAL) ADC/TDC

ïReads 500x500 um pixels for sensor characterization

ï2 mW/channel, fabricated in 2024

ïPerformance : see talk on mondayôsN66 session

ÅEICROC1 is 32x32 = 1024 pixels, just fabricated

ÅEICROC2 started for digital on top design

ACLGAD readout e.g. EICROC



Monolithic Active Pixel Sensors (MAPS) in HEP
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MAPS 3T readout

ÅIntroduced by MIMOSA family (IPHC 1999) 

ï20 µm pixels in standard CMOS technology

ïSmall capacitance (5 fF) => « large » signal Q/C ~50 mV

ïFirst use in HEP : STAR experiment

ïLow power, but slowé

ÅGeneralized by ALPIDE (ALICE ITS2)

ïImaging technology (TJ 180n) with deep pwell

ïAllows CMOS readout electronics

ïThinning for low material budget QMIP/Cd ~ 0.25 fC/5 fF = 50 mV



Evolution of MAPs : DRD7.6 

Ådepleted MAPs for faster signal

ïBetter radiation hardness

ïTiming capability

ïTepsco 65 nm

ÅStitched sensors

ïMOSAIX chip for ALICE ITS3

ÅSee overview by W. Snoeys
ï https://indico.cern.ch/event/1417976/contributions/5961766/attachments/2887612/5061551/FCCEE_monolithic_t

echnologies_W_Snoeys.pdf
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[https://indico.cern.ch/event/1533252/contributions/6495992/attachments/3058550/5408034/2025.04.29_Caratelli_Picopix_DRD3-WG2.pdf]



Coming up : MAPs with LGAD sensors
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[https://indico.cern.ch/event/1445926/contributions/6507516/attachments/3071137/5433164/FAST2025_Gioachin_v04.pdf]

ÅARCADIA project @INFN : MAPS with LGAD pixels in LF 110n

ïNow reaching an encouraging 75 ps , goal is 20 ps timing for ALICE3 ToF

ïStill all the readout electronics to integrate aroundé



Requirements for future (non-LHC) chips

Åmoderate radiation levels : 

still Mrads, 1E12 h/cm²

ÅLow occupancy

ÅLow material

ÅLow power  !

ÅData aggregation

ÅPicosecond timing
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Trends for calorimeters (DRD6)

ÅOn-detector embedded electronics, low-power multi-channel ASICs

ïCALICE SKI/SPI/HARDROC, FLAME, CMS HGCROC, FCC Lar, FATICé

ïAdvantages : high granularity, low parasitics, few I/O links

ïChallenges : #channels, low power, digital noise, data reduction

ÅOff-detector electronics : fiber/crystal readout

ïWavefrom samplers : DRS, Nalu AARD, LHCb SPIDERé

ïAdvantages : possible pulse shape analysis and time walk correction

ïChallenges : lower power, data reduction

ÅDigital calorimetry : MAPs, RPCsé

ïMAPS for em CAL : eg ALPIDE ASIC for FOCAL, DECALé

ïAdvantages : simple® analog part, possible intensive digital date processing

ïChallenges : #channels, low power, data reduction
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Move to streaming read-out (SRO) e.g. DRD6 CALOROC

ÅNo more LVL1 : data streaming => auto-trigger and zero-suppress

ïSimpler digital part in ASIC => lower power

ÅDifficulties :

ïNoise sensitivity, event loss, throttling, buffer depthé

ïThreshold control, pedestal stability and determinationé
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LHC HGCROC EIC CALOROC



Evolution of technologies

ÅEvolution of CMOS technologies : more and 

more complex and expensive

ïdriven essentially by consumer (digital) electronics

ïToday AI chips in 2-3 nm

ÅParticle physics using now « legacy nodes » 

(28-130 nm)

ïLarge analog/mixed signal part 

ïLong qualification time for radiation hardness

ïSmall quantities produced (<104 wafers for all HEP vs 

107/yr at TSMC)

ï28 ï130 nm nodes are now 20 ï30 years old : 

perenity issue
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[ N. Demaria DOI:10.3389/fphy.2021.629028 ]

https://doi.org/10.3389/fphy.2021.629028


Why donôtwe design our chips in 3 nm ?

ÅMore complex technologies => more 

complex tools

ÅMuch more expensive (NRE) => minimize

number of iterations

ÅMove to « digital-on-top approach »

ÅMore effort on simulation and verification

ÅLarger/specialized teams needed

ÅButé

ïVerification tools mostly for digital part

ïMost issues found were « analog » or radiation

ïvery difficult to reproduce in simulation once found

ÅIn short : not enough money, manpower and 

our chips are not digitalé
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Digital on Top (DoT) design

ÅFor mostly digital 

chips (trackers)

ÅUVM verification

tools

ÅSEE verification
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How to get better organized ?  

ÅSee talk by F. Simon at ESPPU
ï https://agenda.infn.it/event/44943/contributions/265987/attachments/137351/206361/ASICs_ESPPU_2025_06.pdf

ÅCommon HEP approach with small groups at universities hits limits:

ïConflict of academic interest (focus on designing new features) with project needs (adherence 

to schedule, mitigation or risks)

ïReliance on students: Thesis needs satisfied with implementation ofnew features, project 

needs with bug fixing. New features frequently turn into the next bug.

ïDesire (and external pressure) for ownership ïseveral solutions for similar problems ï

fragmentation of overall effort in the community, duplication.

ïChanging personnel driven by short-term contracts.
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DRD7.7 project

ÅHubs for ASICs developments : DRD7.7

ïSupport of technologies and tools is both essential and demanding.

ïCurrent models adopted donôt keep pace with future technologies and requirements.

ÅKey Goals of a hub-based structure:

ïEstablish and maintain access to cutting-edge technologies and EDA software tools 

through regional collaboration.

ïEnsure a professional approach to prototyping and fabrication cycles, including best 

practices in design, verification, and foundry submissions.

ïFacilitate collaborative work across distributed teams and enable IP block sharing.

ïImplement rigorous project review and submission processes to manage risks and control 

changes.
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ÅNew sensors regularly appear (SiPMs, LGADsé.)

ïElectronics quickly followsé

ïDetectors quickly adopt themé

ÅSensors and electronics are a joint development

ïOverall optimization (segmentation, pulse shapeé)

ïImportance of extensive tests cannot be understated !

ÅElectronics benefits from technology evolution (CMOS scaling) but not that much !

ïLower dissipation for digital electronics, smaller impact on analog blocks

ïLegacy technologies (28-130 nm) good compromise cost/performance

ÅFuture detectors will have lower rates (until FCC hhé)

ïEmphasis now probably more on low power to improve granularity, data-driven, reduced materialé

ïProbably also more on timing, smaller step compared to HL-LHC

Conclusion


