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About Me:
10+ years into ASIC design for HEP
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CMS upgrade for High-Lumi LHC:
A new Silicon Tracker
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200 pile-up event 

Outer Tracker is required to participate in the L1 trigger

→ Need to reduce data for the Level-1 trigger. How?

Quick & On-Chip Particle Discrimination
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Phase-II CMS Outer Tracker upgrade:
pT module concept

D. Abbaneo and A. Marchioro, A hybrid module architecture for a prompt momentum discriminating tracker at HL-LHC, Journal of Instrumentation, Volume 7, September 2012

B



Phase-II CMS Outer Tracker upgrade:
PS and 2S modules
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# of Modules: 13296

# of channels: 44M strip + 174M pixels

Silicon Area ~ 200 m2

2S module

INNER TRACKER (CROC - RD53 collaboration)



ASIC Development:
A designer’s point of view
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System-Level Studies:
Module concept
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System-Level Studies:
Stub Finding Logic definition
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Clustering:

• Grouping of adjacent hits

• Filtering of large clusters

• Extraction of the centroid

Coincidence:

• Centroid position offset

• Bending calculation

• Filtering of large bending



Readout Architecture: MPA+SSA
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Readout Architecture: Module readout
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Readout Architecture: Verification Environment
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System-Level Studies:
Detector-level Efficiency
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System-Level Studies:
Detector layout

PS modules section



ASIC Development:
A designer’s point of view

13 January 2026Davide Ceresa | ASICs at CMS: Phase II Outer Tracker Upgrade 14

System-Level

Studies

Prototyping

& Testing

Volume

Production

Path toward production



ASIC implementation: 
Analog vs Digital flow
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ASIC implementation:
Analog vs Digital flow
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Mixed-Signal ASICs:
Analog and Digital domain
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Analog accuracy drives performance, while digital logic drives system 

behavior and integration.
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Mixed-Signal Readout ASIC

Digitizers enable a fully digital readout:

• Robust to Noise

• High Bandwidth 

• On-chip data compression and selection

• Multi-chip data aggregation



Bring the advantages of the digital domain to the chip-level! 

• Top-level RTL description for full-chip verification and system-level simulation

• Automated flow, easy to modify and respin

• Chip-level timing and power analysis

Mixed-Signal ASICs:
Digital-on-Top (DoT) methodology
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ASIC implementation:
Digital-on-Top flow
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First Prototype:
Full size and full* functionalities

13 January 2026Davide Ceresa | ASICs at CMS: Phase II Outer Tracker Upgrade 20

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

System-level studies 

First prototypes
ProductionTest

Final version 

design
Test

2024 2025

Shared Engineering run

MPA + SSA + RD53A

*including Single Event Effect Tolerance technique



ASIC characterization:
Functional Testing
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• Noise < 200 e-

• Peaking time ~ 25 ns

• SNR >> 20

• Time walk < 15 ns 

• Minimum Threshold < 0.5 fC ~ 3120 e-

Analog FE results

Configured w/o activity:

• MPA: 184 mW

• SSA: 67 mW

Increase w/ activity:

• MPA: < +10 mW

• SSA: < +2 mW

Power Consumption

FRONTSIDE

BACKSIDE

STRIP DATA

STUB

1

2

STUB FINDING

Demonstrated Quick & 

On-chip pT selection



ASIC characterization:
TID and SEE testing
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SSA SEU cross section with Heavy ion

MPA TID results

Total Ionization Dose (TID):  degradation induced by low-energy 
electrons and photons. Tested with the in-house X-ray machine or 
sources (e.g., Co-60). Dominant degradation in 65 nm technology

Displacement Damage (DD): degradation induced by neutrons, high-
energy protons, and other particles.

Single Event Effects (SEE): Glitches or bit-flips caused by deposited 
charge. Tested with heavy ions, protons, or laser beams.
Control is protected; data is not.

Implementation flow issue

…one line of P&R code fix…

SEE estimation in HL-LHC Tracker

https://lhcb-elec.web.cern.ch/papers/seu_cms.pdf


ASIC characterization:
Scan and stress test
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Failure at the Analog/Digital 

boundary

V–T–F Scan: Sweep voltage, temperature, and clock 
frequency beyond nominal to identify functional limits 
and failure points.

Stress to Failure: Apply accelerated 
voltage/temperature/frequency stress to determine 
robustness and margins.

Process Coverage: Test across lots and process 
corners to capture variability.

SRAM BLOCK
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Large internal

capacitance

Ideal buffer

Characterization setup

Time-consuming investigation

→ Lack of observability and testability

Wrong timing 

margin in the 

model 



ASIC Key Concept: 
Non-Digital Block Integration
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ASIC Key Concept: 
Non-Digital Block Integration
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ASIC characterization:
Stress test (up to failure)
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IR-drop issue on CIC2 

Large activity and low voltage may cause output data 

corruption.

At 1V/PU300 no error observed - BER <2.4x10-14

needs several concurrent factors to appear:

• High activity (>PU250)

• Low core  voltage (<1V)

• High frequency (640MHz)

• Large wire-bonding inductance 

Double wire-bonding for power 

pads to lower inductance

Data corrupted



ASIC Key Concept:
What is an Analysis?
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Example: Static Timing Analysis

Analytical calculation based on the gate library:

Setup/Hold/Propagation Delay/…/ for a certain corner  

Checking compliance

under static assumptions for 

Process-Voltage-Temperature



In ASICs with a large digital component, current consumption is highly dynamic.

Specifications typically define current consumption in terms of average values.

The Power Delivery Network (PDN) is designed based on these specifications, considering 
factors such as bonding approach (Wire vs Bump), package type, and module design

ASIC Key Concept:
Dynamic vs Static current consumption
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ASIC Development:
A designer’s point of view
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ASIC Production:
What was the strategy?
Wafer-level testing

• Bare-die testing is uncommon and can be very expensive

• Assembly testing in multi-chip assembly is too risky

Testing at test house
• Large volume (~1000 wafers) 

• Limited expertise in-house on wafer-level probing

• Limited in-house probe-card reliability

Automatic Test Equipment-based

• ASICs include Design-For-Testability features

• The existing test system was DAQ-oriented

• Difficult to optimize for production testing

• Limited hardware reliability

21 June 2024Davide Ceresa & Pedro Vicente Leitao | ASICs Production Testing in the ME section 30



ASIC Production:
How long does it take?
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ASIC Production:
How long does it take?
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2021 2022 2023 2024
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Threshold equalization range per

pixel position across 200 wafers

Bandgap values for 4 different lots 

(25 wafers per lot)

Per pixel Noise and Threshold 

spread measurement ~ 5 secs

External multimeter measurement

~ 1 sec for ~50 test points

MPA Test routine

• Power test

• Configuration (I2C) test

• Digital test

• Design-For-Testability

• Pixel test, Tx-Rx test

• Analog test

• Bias measurement

• S-Curve 

• ADC & Monitoring

• E-Fuse

ASIC Production:
What can you test?



ASIC Production:
Testing time and yield results
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Results across 100 MPA2 wafers (4 lots)

• Test routine time ~ 16 secs 

• 4 chips in parallel

• Test time per chip ~ 4 secs

• Test time per wafer ~ 20 mins

• Test time per lot: ~10 hours 

Total time per chip ~ 8 secs

Overall yield: 90 %

• 3% Analog performance cut

• 3% Digital failures

• 3% Contact, i.e., Short or Opens

CONTACT
3%

CONFIGURATION
2%

SCURVE
3%

SRAM
1%

OTHERS < 1%

FAILURE TYPES



ASIC Production: 
How much does it cost?

Production

Bumping

Testing

Thinning

& Dicing

65 nm (12“ wafers)

NRE Cost ~650 k€ / Cost per wafer: ~3 k€

C4 bumping

NRE Cost ~5-10 k€ / Cost  per wafer: ~250-500 €

Wafer-level probing

NRE Cost ~100-200 k€ / Cost per wafer: ~100-300 €

Blade-dicing w/ laser grooving

NRE Cost ~ 5-10 k€ / Cost per wafer: ~100-300 €

Production
76%

Bumping
7%

Testing
11%

Dicing
6%

COST FOR 1K WAFERS ~5M€
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Pixel-Strip (PS) module: 
In Production

Power < 10 W

< 200 mW /cm2

5 cm 10 cm

Optical communication

Up to 10 Gbps

Φ resolution: 100 um

Z resolution: 1500 um

Radiation-tolerant up to 100 Mrad level



Pixel-Strip (PS) module:
Test Beam Performance
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Reference: Salimbeni, Performance evaluation of a CMS Outer Tracker PS module before and after irradiation, Trento Workshop 2025

Half of the PS module was irradiated with 400 MeV 

protons, targeting a fluence of 1.4×1015 1 MeV neq/cm2.

Value comparable to the one expected during the 

lifetime of the experiment in the HL-LHC ultimate

performance scenario.

https://indico.cern.ch/event/1455346/contributions/6323074/attachments/3008774/5304609/nicolo_salimbeni_tredi2025.pdf


🔑 Non-replicable systems

🔑 System-level complexity

🔑 Longevity and reliability

🔑 Limited resources

🔑 Long design and testing cycles

Designing ASICs for HEP Experiments: 
Key Challenges
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Aspect
CERN HL-LHC 

ASICs

Big Semi (Qualcomm, 

Broadcom,…)

Engineers per 

ASIC
~2–10 50–1000

Total ASIC 

designers
~150–200 2000–10,000+

Timescale 5–10 years 1.5–2 years

Unique ASIC / 

cycle

~50–60 across 4 

experiments

50+ across product 

families



🔑 Non-replicable systems

🔑 System-level complexity

🔑 Longevity and reliability

🔑 Limited resources

🔑 Long design and testing cycles

Designing ASICs for HEP Experiments: 
Key Challenges
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Each design cycle introduces new 

technologies, methodologies, and 

challenges. 

Edge-AI might be the next one!
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