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Electronics for Particle Detectors

1. A historical perspective

2. HL-LHC challenges

3. Looking ahead (2035+)
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A historical perspective

Å The LHC construction project coincided with the advent of the digital era
ï The microelectronics revolution has made the LHC experiments possible

ï Some of the biggest innovations in detectors were in electronics

Å ASICs mostly in the front-end

Å FPGAs mostly in the back-end

Å Optoelectronics

ï Radiation (and magnetic field) tolerance remains a salient specificity of our field

Å A robust Detector R&D program was setup in 1990 in view of LHC
ï 15 years of development were required to deliver the electronic systems

Å 1990 + 15 = 2005 = start of LHC detector construction

Å 2025 + 15 = 2040

ï Qualification of rad-tol front-end electronics is time- and resource intensive

Å Key to success was to associate key expertise in radiation effects and mitigation with commercial devices and 

processes

ï 1990-2025 = 35 years = one generation 

Å Experience from LHC construction is disappearing

Å LHC experiments (except phase 1 upgrades) run with electronics designed 

in the late 1990ôs
ï 0.25um process was introduced in 1998 (node used in IBM Pentium processor, Sony 

Playstation PS2 engine, Sega Dreamcast game station é)
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Geoff Hall, TWEPP-24, 1.10.2024 
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NIM-A special issue on Microelectronics in HEP

https://www.sciencedirect.com/special-issue/103BV8TJ57K
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1. Hybrid pixel readout integrated circuits
Maurice Garcia-Sciveres

2.Monolithic CMOS Sensors for high energy physics τ
Challenges and perspectives
W. Snoeys

3. Analog-to-digital converters and time-to-digital 
converters for high-energy physics experiments

Ping Gui

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

Federico Faccio

5. Front-end electronics for silicon strip trackers: 
Architectures and evolution

Jan Kaplon

6. Cryogenic electronics for noble liquid neutrino 
detectors

Hucheng Chen, Veljko Radeka

7. ASICs for LHC intermediate tracking detectors
G. Hall, A.A. Grillo

8. Radiation tolerant optoelectronics for high energy 
physics

Jan Troska, François Vasey, Anthony Weidberg

9. Radiation-hard ASICs for data transmission and clock 
distribution in High Energy Physics

Paulo Moreira, Szymon Kulis

10. Particle physics experiments: From photography to 
integrated circuits

Erik H.M. Heijne

A key reference:

https://www.sciencedirect.com/special-issue/103BV8TJ57K
https://www.sciencedirect.com/science/article/pii/S0168900223007167
https://www.sciencedirect.com/science/article/pii/S016890022300668X
https://www.sciencedirect.com/science/article/pii/S016890022300668X
https://www.sciencedirect.com/science/article/pii/S0168900223006393
https://www.sciencedirect.com/science/article/pii/S0168900223006393
https://www.sciencedirect.com/science/article/pii/S0168900222008610
https://www.sciencedirect.com/science/article/pii/S0168900222008610
https://www.sciencedirect.com/science/article/pii/S0168900222008610
https://www.sciencedirect.com/science/article/pii/S0168900222008622
https://www.sciencedirect.com/science/article/pii/S0168900222008622
https://www.sciencedirect.com/science/article/pii/S0168900222008634
https://www.sciencedirect.com/science/article/pii/S0168900222008634
https://www.sciencedirect.com/science/article/pii/S0168900223001055
https://www.sciencedirect.com/science/article/pii/S0168900223001985
https://www.sciencedirect.com/science/article/pii/S0168900223001985
https://www.sciencedirect.com/science/article/pii/S0168900223003546
https://www.sciencedirect.com/science/article/pii/S0168900223003546
https://www.sciencedirect.com/science/article/pii/S0168900223004564
https://www.sciencedirect.com/science/article/pii/S0168900223004564
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2. HL-LHC challenges
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Two upgrades:

LS3: 2026-30

LS4: 2034-35
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HL-LHC Challenges
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Selected set of CERN-ESE activities presented here as illustrative examples

1. Pixel Electronics

Å Hybrid

Å Monolithic

2. Optoelectronics

3. Power conversion electronics

4. Front-End electronics integration

5. Backend TDAQ

6. Spinning off
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1.1 Hybrid pixel detectors: RD-53
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Heinz Pernegger, CERN EP R&D workshop 16.4.2018
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RD53 Requirements

Å ~2010: Phase 2 upgrades of ATLAS & CMS 

discussed and decided, but nobody really knew 

if new pixel detector chips can be made for: 

ï 1Grad and 100Hz SEU

ï Better resolution (~2): 4x pixels

ï Higher hit rates (~10)

ï More hit buffering during trigger latency (~100)

ï Higher readout rates (~100)

ï Pixel trigger ?

Å 65nm latest qualified technology for up to 

100Mrad.

ï Can it stand 1Grad ? (Analog & Digital)

ï Can one fit 4x pixels and 100x buffering and 

readout
Å 65nm gives 8ͯx density compared to 250nm

ï Can it have acceptable power dissipation ( 

<1W/cm2)
Å 65nm have ½ - ¼  power (but we now have 4/10/100 times 

pixels and logic)

ï Problematic power distribution as higher power 

supply currents at lower supply voltages. 

(Off chip DC-DC, On-chip DC-DC, Two stage 

DC-DC, Serial powering. No high voltage 

transistors in 65nm )

Å Similar requirements for ATLAS and CMS, but 

no tradition for common chip developments.
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Jorgen Christiansen, 10th RD53 Collaboration meeting 17.9.2024 
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RD53 history

Å 2014: Agreement between experiments and institutes to make formal R&D collaboration under the 

LHCC with clearly defined goal (not generic R&D) of making production ready pixel chip(s).

Å 2015-16: Multiple parallel studies on technology, architectures and IP blocks

ï Radiation tolerance could be achieved by keeping ASIC cold and not using minimum width transistors. 

ï Four AFE architectures (4)

ï IP building block prototypes: Bandgaps, Biasing DAC, PLL, ADCs, Serializer, Drivers, Receivers, Serial LDO, 

Temperature sensors , Analog and digital radiation monitoring sensors, Power on reset 

ï Behavioral simulations and verifications (system verilog)

Å 2017 ï2023: RD53 prototype design, test, iterate

Å 2023: final chips delivered to ATLAS and CMS

Å Difficulties faced
ï Functional verification became a bottleneck due to lack of person-power and expertise

ï Full chip Implementation became critical due to overconstrained design (gate density, SEU mitigation, timing constraints, é)

ï Design issues needed to be fixed
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Jorgen Christiansen, 10th RD53 Collaboration meeting 17.9.2024 

J. Christiansen et al. RD53 Pixel Readout Integrated Circuits for ATLAS and CMS HL-LHC Upgrades, to be published in JINST (2025)
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RD53 Wafer-, module-, system-level testing

Å Chip testing, binning, calibration, ID-tagging
ï Design for testability (DFT): scan chain and signal injection

ï Test data stored in DB for future reference

ï Yield ~80%
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Michael Grippo and Lingxin Meng, 10th RD53 Collaboration meeting 18.9.2024 

Å Module assembly (ATLAS ITK-Pix as example) 
ï Pixel system consists of 8372 modules

ï Module QC at ~25 sites

ï 3D and planar sensors

Å Qualification
ï Functional

ï Environmental

ï Serial powering
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Takeaways (hybrid pixel detectors)

Å HL-LHC Pixel chip could probably not have been developed by one 

experiment alone, but

ï Touched the limits of the readiness for compromises 

ï Reached the limit of a collaborative effort

ï Verification effort larger than originally planed

Å Testing in house is time/effort consuming

Å Assembly with sensors is a bottleneck

Å Module level testing is typically slow, extending the feedback time

Å Serial powering is new and challenging

Å A huge success nevertheless
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1.2 Monolithic Pixel Detectors
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Heinz Pernegger, CERN EP R&D workshop 16.4.2018
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Monolithic Pixel Detectors

13

Heinz Pernegger, CERN EP R&D workshop 16.4.2018
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ALICE ITS3: The MOSAIX wafer-scale chip
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Francois Vasey, CERN EP R&D Day 22.5.2024 
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Takeaways (monolithic pixel detectors)

Å New technology and wafer-scale combined > system on wafer

Å The sensor is the ASIC (or vice-versa)

ï Merging academic and engineering communities > re-organize

Å Handling and testing a wafer-scale chip is immensely complicated

Å Preparation for integration must proceed in parallel to design and 

prototyping > co-development

Å An impressive achievement, no showstopper so far

Å Small number of wafers required, will likely succeed

ï Brute force is an option

ï Can we scale to large area ?

15
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2. Optoelectronics
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FPGA

TRX

CERN-B

Firefly
VTRx+

lpGBT

Passives

Front-end Back-end

Versatile Link+LpGBT LpGBT-FPGA

VLDemoBoard +

- ASICs 

- Optoelectronics

- FPGAs

- Demo Board

- Cabling plant

- Firmware, IP

- Protocol
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Optical Link & Chipset Development History
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Jan Troska, Electronics-Forum and Radiation Working Group, 20 June 2024



francois.vasey@cern.ch  18.02.2025 

VTRx+ Transceiver Module
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and driver ASIC

and TIA ASIC

Jan Troska, Electronics-Forum and Radiation Working Group, 20 June 2024
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Passive cabling plant 
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Cabling is also electronics and is challenging

It is the umbilical of the detector

Jorge Rodriguez Fernandez, TWEPP24, 2.10.2024
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3. Power conversion electronics

20

Stefano Michelis, https://power-distribution.web.cern.ch/

12V
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DC-DC Point of Load  (PoL) Converters
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- Over 70k pcs produced

- Iout max 12A

- 500kGy, 1014 cm-2

- Over 300k pcs produced

- Iout max  4A

- 1.5MGy, 1015 cm-2

- Over 40k pcs produced

- Iout max  3A

- 1MGy, 1016 cm-2

Stefano Michelis, https://power-distribution.web.cern.ch/

Chip on chip
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Serial Powering

22

Flavio Loddo, EP-ESE Electronic Seminar 15.5.2018
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Serial Powering
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Flavio Loddo, EP-ESE Electronic Seminar 15.5.2018

Two ShuntLDOs of 2.0A each, one per power 

domain

Å Almost 100% current margin

Å Split in 4*0.5A blocks for heat distribution 

and reliability
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Takeaways (optoelectronics 

and power conversion)
Å Common projects are a blessing and a curse

ï More rational and efficient use of resources, bigger collaborating teamsé
Å Less likely to fail 

ï é but a common project creates a single point of failure
Å Risk = probability x impact of failure

ï Multiple users > need to add features on-demand > complexity

ï Production volumes become large

Å The opto and powering networks are the umbilical of an experiment

ï DCDC PoL converters allow to de-couple front-end from backend requirements

ï Opto Front- and Back-end must be codeveloped, backend COTS availability may drive 

some of the choices for Front-end

Å Support must be foreseen from the start and for a long time

ï Evaluation kits, reference designs, models, IP

Å Specific technologies with particular design rules and specific expertise

ï Specialist knowledge (HV, GaN, ), Serial powering > shunt LDO, III-V optoelectronics

Å Radiation hardness of some technologies reached their limit

Å Decreasing ASIC supply voltages  and increasing bitrates call for new 

solutions - In-chip conversion, Co-packaging

24
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4. Front-End Electronics Integration
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CMS-OT Hybrids

26

Å In dense detectors, hybrids are 

the cornerstone of FE electronics

where all constraints converge

Å Mechanical, electrical, 

thermal

Å Typically designed in multiple 

variants to accommodate 

exceptions

Å A historical failure point in many 

experiments

Mark Kovacs, EP-ESE Electronic Seminar 7 Dec 2021
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Takeaways (FE electronics integration)

Å Hybrid circuits are a convergence point

ï Multi-factor constraints (electrical, thermal, mechanical, geometrical,é)

ï Multiple variants required to meet specific constraints

ï Large quantity required to fill detector volume

Å Ultimate performance achieved at cost of complexity and 

manufacturability

ï Moving from pre-production to production is slow and resource intensive

ï Visual inspection and Testing effort become dominant as throughput increases

Å A high risk manufacturing challenge in several projects

ï Must find a more industrial and scalable way of achieving module integration in future

27
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3. Looking ahead
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How to develop electronics in the future ?

29

Detector requirements

Available expertise

Enabling technologies

what1

2

3
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1. Detector Requirements

Å Improved granularity

Å More channels, more data

Å Improved precision

Å More data

Å Simultaneous space, time & energy tagging

Å More data, High accuracy timing distribution

Å Low power

Å More advanced technology nodes, clever 

designs, efficient power distribution and 

conversion

Å Advanced data handling

Å More intelligence, programmability and 

configurability

Å System-level design

Å Co-optimization of sensors, electronics, 

system and algorithms

Å Resistance to harsh environments

Å How harsh?

30



francois.vasey@cern.ch  18.02.2025 

Detector Requirements    >    R&D Priorities

Å Improved granularity

Å More channels, more data

Å Improved precision

Å More data

Å Simultaneous space, time & energy tagging

Å More data, High accuracy timing distribution

Å Low power

Å More advanced technology nodes, clever 

designs, efficient power distribution and 

conversion

Å Advanced data handling

Å More intelligence, programmability and 

configurability

Å System-level design

Å Co-optimization of sensors, electronics, 

system and algorithms

Å Resistance to harsh environments

31

Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities as established 

in Detector R&D Roadmap

ECFA DRD Roadmap:

https://indico.cern.ch/event/957057/page/23281-the-roadmap-document

https://indico.cern.ch/event/957057/page/23281-the-roadmap-document
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2. Technologies

32

Detector requirements

Available expertise

Enabling technologies

R&D Priorities

ECFA Roadmap

1

2

ECFA DRD Roadmap: https://indico.cern.ch/event/957057/page/23281-the-roadmap-document

https://indico.cern.ch/event/957057/page/23281-the-roadmap-document


francois.vasey@cern.ch  18.02.2025 

Project Examples from DRD7 (electronics)
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities as established 

in Detector R&D RoadmapCollaborative projects

EP R&D

DRD7

Electronics

Only a few selected 

examples shown 

https://ep-rnd.web.cern.ch/

https://drd7.web.cern.ch/

https://drd7.web.cern.ch/
https://drd7.web.cern.ch/
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Example projects in DRD7.1

34

Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities

projects
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Example project in DRD7.3
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

DRD 7.3.a High performance TDC and ADC 

blocks at ultra-low power

R&D priorities

projects
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Example project in DRD7.2
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities
projects
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Example project in DRD7.5
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities

DRD 7.5.b

projects
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Example project in DRD7.6
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities

projects
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Example project in DRD7.4
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Data density and efficiency

Intelligence on-detector

4D & 5D techniques

Extreme environments

Backend systems and COTS

Complex imaging ASICs

R&D priorities
projects
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3. Expertise
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Detector requirements

Available expertise

Enabling technologies

R&D Priorities

Projects maintain:
Å Access

Å Pace

Å Expertise
1

3

2
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Conclusion: Electronics in HEP

Å Electronics is ubiquitous in modern HEP experiments

Å Hardware and Software are massively enabling technologiesé

é but are becoming major cost drivers and risk factors

Å Ambitious detector projects with demanding requirements on electronics

Å Favorable, long term (10+ years) visibility and fundingé

Å Excellent teams in charge 

Å Ambitious upgrade projects for LS4

Å Framework for collaborative R&D

Å é widening gap between technology cycles, detector development time & complexity, 

and engineering expertise

Å Disruptive electronics will be developed, also beyond HL-LHC, but the electronics 

community will need to adapt.

41
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Additional material
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TF7 Recommendations

a) Detector R&D Themes, Electronics

5 R&D Themes in electronics

Future facilities

44
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Historical landmarks in electronics for PP
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Geoff Hall, TWEPP-24, 1.10.2024 
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