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ASICs in High Energy Physics

Application-Specific Integrated Circuits are key elements of modern HEP detectors.
Two “classes” of applications:

Readout / on-detector data processing Monolithic CMOS sensors
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Perspectives on Technology Evolution

Modern microelectronics technology is evolving

rapidly — driven by industry.

= Development in HEP has failed to keep up with
this evolution.
— In the late 1990ies: Using latest technologies.
— Today: ~ 10 -- 15 years behind in technology

adoption. A contributing factor: qualification for
HEP time and resource intensive.

Selected consequences:

= Cannot fully exploit potential of modern FPGAs
(used in back end) in terms of 10 speed,
advanced functionalities.

= Technology support at foundries a risk. Requires
selection of long-lived nodes.
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Perspectives on Technology Evolution

Adopting modern technologies comes with
significant hurdles:
= Increasing cost and complexity with smaller
technology nodes:
— development effort and tools
— one-off production cost (masks)

=  Specific HEP requirements
— in particular: significant radiation
hardness
— long-term availability of process to

support our long development and
application cycles
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The Phase Il Challenge

Overview

ASICs are the heart of the electronics system of all Phase Il detectors
= |n total ca. 50 ASICs: Common, ATLAS, CMS — with varying complexity.

All require radiation tolerance and high speed.

— Triplication in digital circuits, use of radiation-hard design techniques

One example: The CMS HGCAL
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The Phase Il Challenge

Arguably most complex ASIC project of the Phase Il upgrades —
joint ATLAS & CMS development, organized in the RD53 collaboration

= mixed-signal ASIC in 65 nm technology, high rate, high radiation
tolerance.

= Slight variations for ATLAS and CMS - different front-ends.
= A collaboration of 24 institutes, ~ 100 involved people over 10 years.

Collaboration formed 2013 — originally foreseen for a 3 year R&D
program. Collaboration ended in 2024.

C
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RD53B-CMS (CROCv1) RDS53C-ATLAS (ITkPixv2)
¢ June 2021 * March 2023

RD53C-CMS (CROCv2)
*  October 2023

RD53A RD53B-ATLAS (ITkPixv1)

*  August 2017 *  March 2020

Value (CVIS/ATLAS )

Technology

Max. hit rate

Trigger rate

Trigger latency

Pixel size (chip)

Pixel size (sensor)
Pixel array

Chip dimensions
Detector capacitance
Detector leakage
Min. threshold
Threshold spread
Calibration pulse resolution
Noise

Charge measurement
Radiation tolerance
SEE tolerance

Power

Readout data rate

Temperature range

65 nm CMOS
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< 1W/cm?, Serial powering

1-4 links @ 1.28Gbits/s = max 5.12 Gbits/s
-40°C + 40°C (Nominal operation=-20°C + -10°C)
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Delivering Phase Il ASICs

Now on the home stretch: Designs (almost) finished, many produced or in production.

But:

= At the point of the TDR effort, the start of HL-LHC was foreseen for mid-2026.
Today, it is 4 years later.

= Almost all more complex ASICs required one or more prototyping iteration more than foreseen and
were delayed by several years compared to the original planning. In some cases, versions used in
production have some minor bugs.

Typical issues:
= Design bugs that render ASIC inoperable in specific conditions.

Use of a library item that turned out to be buggy or poorly documented.

Subtle mistakes that result in problems on the percent level (for example randomly on startup).

Issues that appear under certain radiation and temperature conditions.
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Delivering Phase Il ASICs

A main driver of the delays: Lack of critical mass of
experienced personnel

= ASIC engineering experts, in particular with
experience in complex projects using the full tool
sets incl. modern verification tools and workflows

= Loss of personnel in participating institutes:
Contracts running out, shift to other projects,
changing academic interests, ...

CERN’s response: The CERN-HEP IC design
Platform and Services (CHIPS) initiative.

= Began operations in 2020, following discussions in
the LHCC, SPC.

= Recently extended.

= Has been instrumental to bring Phase Il ASICs to
the stage where they no longer drive the critical
path of the upgrades
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Limits of the HEP Model

A change in design paradigm for mixed-signal ASICs with increasing complexity:
From analog-on-top to digital-on-top. Consequences:

=  System-on-chip design, requiring significantly more simulation and
verification in design process. Different skill set than “classical”
analog design, and generally more resources.
But: strong mitigation of risk if followed consistently

| Analog Block Creation | Top-level Chip Assembly |

i e s

Common HEP approach with small groups at universities hits limits: - '
= Conflict of academic interest (focus on designing new features) with -

project needs (adherence to schedule, mitigation or risks)

= Reliance on students: Thesis needs satisfied with implementation of
new features, project needs with bug fixing. New features frequently
turn into the next bug.

= Desire (and external pressure) for ownership — several solutions
for similar problems — fragmentation of overall effort in the
community, duplication.

= Changing personnel driven by short-term contracts.
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Common Submissions, Tools and Frameworks

Mask Set Charges per Node

Pooling resources — coordinating common submissions:

=  Offset cost in most technologies prohibitively high for R&D projects:
Multi-project wafers to enable R&D projects.

— Requires coordination and advance planning, development of

roadmap for future submissions. 2
Q
S
1,000,000 USD - l ;
: : : N —_— ee = BB B , §
Access to professional state-of-the-art design tools, software licences, il aaae——
°
PDKS ® Series5 fg
. . Paul Malisse, TWEPP ‘23
= Europractice as low-cost framework for purely academic
development == = Establish Commercial Contracts with silicon vendors

" Commercial licenses ato enable other activities Z || = Establish NDAs that allow for collaborative work.

"""" Example: HEP-specific 3-way NDA for 28 nm technology

Access to foundries, supporting legal framework = Organize prototyping Multi Project Wafer runs, for sharing
= CERN foundry access service fabrication costs

= Coordinate silicon fabrication: MPW, Engineering &
Production runs

AT



Bringing Experts together

Concept being developed in the DRD7 Collaboration to address the challenges of ASIC development in HEP.
Main motivation:

= Effective support of technologies and tools for the HEP community is both essential and demanding.
= Models adopted in the past might not allow to keep pace with current and future technologies and requirements.

Key Goals of a hub-based structure:
= Establish and maintain access to cutting-edge technologies and EDA software tools through regional collaboration.

= Ensure a professional approach to prototyping and fabrication cycles, including best practices in design, verification,
and foundry submissions.

= Facilitate collaborative work across distributed teams and enable IP block sharing.
= Implement rigorous project review and submission processes to manage risks and control changes.

First step:
A task force has been established to discuss new cooperative models. Process driven by lessons learned from LHC and
HL-LHC ASIC projects — recognizing the need for enhanced design and verification support in future ASIC projects.
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MediPix/TimePix

An example of an HEP-driven development that evolved into much
broader applications

| HEP requirements |
KT Vertex tracking@LHC Rand D
/ e.g. VELOpix (funded by HEP)

New technologies/Approaches | I New technologies/Approaches
triggerless readout e.g. Timepix/Timepix3 Hybrid pixels e.g. Alice SPD
R D ST J KT/Collaboration
and | Other scientific fields/Applications | 2

(funded by Collaboration/KT partners)

synchrotrons/biology/medicine/industry
e.g. Medipix2/Medipix3

= Further generalizing activities can add additional dynamics,
new ways of funding developments: Fewer developments
with higher volumes — involving communities well outside of
HEP.

ESPPU input #161: “Call for a new approach to detector
developments involving microelectronics”
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Interconnect & Packaging Technologies

It's not just silicon: Packaging and interconnect technologies.
Modern technologies such as through-silicon vias,
redistribution layers, ... extend possibilities further.

= Turning chips into systems:
— Today: connections with sensors

— Next: Full integration of data transmission (silicon
photonics), programmable on-detector intelligence
(“eFPGAS”)

= Chiplet technology: Combining small “chiplets” into larger
ASICs — each potentially produced in a different
technologies, optimised for requirements, cost and

availability, increasing flexibility in re-use of existing designs.

Active/passive sensors On-detector processing by Silicon Photonic

Front—enKA bare-silicon FPGA/ RISC V / Chip
0 H& : < @) .

H H >
Optical link

Active/passive silicon interposer or organic/polymer flex-hybrid

Detector module active region Detector module periphery

=" — Interface

eeeeeee ct:

Fraunhofe; S
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Personnel: Development, Engineering, Testing...

A highly specialized field of electronics — driven by industry, growing rapidly.
= Finding and retaining expert personnel is a massive challenge: Cannot compete
in terms of salary
= Need a spectrum of expertise and type of personnel
— Design / IP development
— Verification
— Testing

To address the needs of the field, we need to maintain, and in some cases build, an
environment that attracts top experts

= Requires career paths fitting to the sub-field, recognition of technical
contributions, ...
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Conclusions

= ASICs are essential elements of HEP detector systems
— No detectors without them: all throughout the readout and control chain.
— Sensors.
— Intelligence on the front-end.

= The field has fallen behind industry in terms of technology nodes, driven by increasing cost and complexity.
= ASICs were a major factor in Phase Il delays: Development model of HEP hitting its limits.

As a community, we need to rethink and change our approach to ASICs.
There is scope for disruptive functionalities revolutionizing detectors
- but only if the community is able to reorganize.
= Need to adopt new strategies to keep up / catch up:
— Modern approach for design and verification.
— Common designs, coordination and collaboration across experiments, and across fields:
Forming new partnerships.

= Personnel is essential: Highly specialized (and sought-after) skills required:
Need an inspiring environment, recognition and attractive career paths
— and appropriate structures in the community.
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