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CMS upgrade for High-Lumi LHC:

&Y
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Tracker )
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Electromagnetic .,
Calorimeter

Hadron
Calorimeter Superconducting
Solenoid Iren return yoke interspersed
with muen chambers
Muon Electron Charged hadron (e.g. pion)
- ==.Neutral hadron (e.g. neutron) «---. Photon

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

CERN
\\
N7
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Phase-Il CMS Outer Tracker upgrade:

Level-1 trigger

. 1 MHz rate
Pass Fail l Stores all the information

Search window

7 from the two layers
yy Full event
100 pm few mm @ L1 rate
Stu b Stub
@ B .. in real time
Particle A Particle B Finding 40 MHz rate
High-p; Low-p; Extracts real time information for event
>20cm reconstruction
v

Tracker modules require the “intelligence” to
‘ - discriminate particles locally and send only

: : the interesting particle hits to the back-end.
Interaction point

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
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Phase-ll CMS Outer Tracker upgrade:

PS and 2S modules

2S module

2S module

~ 2 x 90 cm? active area

2 x 1016 strips:
2 x 1016 strips:

~5em x 90 pm
~5em x 90 pym

Front-end power ~ 5 W
Sensor power (—20°C) ~ 1.0W

pr—

r [mm

N——%0
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(200! I / / / ~ - - _ 16
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200 _ ' : 20
E | Il Il i ~2.2
F— T W Y I ::” II|| I'_ I 2.4
o : I I, [
4[}[.] il T%PS\ WooHm W ) W : :::: II:: I'_ | .__, %%
P ] R R S S S S | ECH TEDD o
0 -/ INNER TRACKER (CROC - RD53 collaboration) 4'-](1
O 500 1000 1500 2000 2500z [mml]
# of Modules: 13296
———— # of channels: 44M strip + 174M pixels

~ 2 x 45 cm? active area

32 x 960 macro-pixels:

2 % 960 strips:  ~ 2.4 cm x 100 ym

~ 1.5 mm x 100 ym

Front-end power ~ 8 W
Sensor power (—20°C) ~ 14 W

Silicon Area ~ 200 m?

CERN i?
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ASIC Development:

2

Path toward production

System-Level
Studies
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System-Level Studies:

SSA

Strip SSA SSA SSA

ROC o0 o0

¥ ¥ $ ¥

MPA

pixel MPA MPA MPA

ROC |e @ o0

\ 2 \ 4 \ 4 2
CIC — data cIc
aggregator

¥

¥

LpGBT — Optical Transciver

Optical

W

Short Strip ASIC x 8

Concentrator IC (CIC) :
Data aggregation ;

LP-GBT and VTRx+ m
Data transmission through the optical link da\_ed

STRIP SENSOR /\ 0
! FRONT-END

FRONT-END
HYBRID PE)EEIS%IE&&SEBROOO Q000000 LVERID

CERN
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System-Level Studies:

Clustering:
 Grouping of adjacent hits ) High-p-
« Filtering of large clusters

Low-
« Extraction of the centroid %/ / Pr
centroid <~ << '
Coincidence: [ x
o
- Centroid position offset __ ////z;‘g;//
 Bending calculation .
_ _ _ © TT— Bending
 Filtering of large bending B
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Readout Architecture:

Pixels Level-1 accept

MPA+SSA

N

Pixel Zero
SRAM -'

Suppression

320 Mbps

Pixel Clustering
& Coincidence

MPA

Strips 2.56 Gbps [§ ~ SSA-o-MPA 320 Mbps

communication

Clustering SRAM

ST T T T
pe
o

Full frame @ L1 trigger
1 MHz rate

40 MHz rate for high-p; particles

with very low latency:
~ 500 ns

High p; particle

/ [ STRIP SENSOR Strip Centroid
@ BX rate
\_ MPA MPA
SSA FRONT-END HYERID QIO 000 O00@RO00 Stubs
COOLING @ BX rate
| Level-1 accept .
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Readout Architecture: Module readout

x8 x8

Binary RO Strip SSA SSA SSA
ROC |®® X
¢ ¢ ¢ ¥ 40.96 Gbps
x8 x8
MPA 1 R »
1.2 Thps gl();% MPA vea || vea
Binary RO o0 o
\ 2 \ 4 \ 4 ¥ 30.72 Gbps
CIC — data clc
Provides space and time averaging aggregator
up to 80 stubs every 8 events ¥ ¥ 8.96 Ghps
(70 including curvature estimation)
LpGBT — Optical Transciver

Optical 10 Gbps

Link
-\ / Add Forward Error Correction (FEC)
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Readout Architecture:

Stub data path: Continuous transmission of high-pT
information (BX rate)

vManager: Test handling + GUI interface

L1 data path: Triggered transmission of raw
— information (L1 rate)

Test cases library \
Configuration Monte Carlo gen. » ‘_‘ MPA Stub
€ | | T1 commands and Combinatorial and noise Reference \ MPA L1
w . v . &
E | | Litrigger gen. Stub and | b model Scoreboards |, | $SA Stub | cic stub
2 equencelé={ Confi tub and low-pT p ' '
g particle gen + M SSA L1 nl CiC L1
S [ Sequencer | | | - Sequence 1 | Ssequence
£ || Canver ] [monitor] Parameters |
2 evaluation
£ T monitor | [
v : +
Assertion based SEU iniection |
verification ) | parser |
_ - - b w ry *
~ rinterface Hinterface|—linterface|—linterface —interface| 1 1 Iinte:iace Hinte:tace }—{inte:aceHinte:acel—
'_I: L
N I |, [ Analog FE , SSA ASIC x16
Model || (strip readout ASIC) 2
E - : 1 1 T - CIC ASIC x2
] : (data concentrator)
| | Analog FE , ' MPA ASIC x16 ' \
HH Model ||| (pixel readout and correlation) i
Y Y
1 Assertion based
| LpGBT | LpGBT verification
- T 1 T
LpGBT-FPGA |
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System-Level Studies:
Detector-level Efficiency

Recovered
v/ " Module B

Module A

1
. ESrs s * e S e . .
T L « % 1, with tilted module
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E * %%% * ok . .
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o FF “x_ only barrel
*
0.4E * +. module
) |
0 20 40 60 80 100 120
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|
|
FRONT-END ONONONONONOIOLEONONONONONON0 FRONT-END
HYBRID PIXEL SENSOR I HYBRID
I
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System-Level Studies:

PS modules section
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ASIC Development:

Path t__owa_'rd_prOduction

Prototyping
& Testing

<C\ERNS§? Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade
N7
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ASIC implementation:

Analog Domain

Transistor model Schematic design

Full-Custom Layout

Gate—d# Gatc—l

Drain Drain

Block description

Implementation

— Analysis

Digital Domain

RTL design

Synthesis + P&R

Signoff Analysis

Transistor model

Gate Library

D DB D

BUFFER XOR

[ > = Do ) >

\ 4
. . NAND NOR NOT XNOR
Digital block
JV V‘
Digital simulation
C\ERN Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026 15
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ASIC implementation: e huge

—_— based
: . : e-
Analog Domain automated flOW Digital Domain V- Cod
Transistor model Schematic design Block descriptio

Full-Custom Layout Implementation

— Analysis

Digital simulation  ESug§ DiSCrete

(C\ERNjii Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026 16
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Mixed-Signal ASICs:
Analog and Digital domain

Analog accuracy drives performance, while digital logic drives system
behavior and integration.

Mixed-Signhal Readout ASIC

A
% )
— 8. Serializer
Front — Digitizer =
End —~

Sensor

C Digitizers enable a fully digital readout:
 Robust to Noise
 High Bandwidth
* On-chip data compression and selection
« Multi-chip data aggregation

@ERNX? Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026



Mixed-Signal ASICs:

Digital-on-Top Mixed-Sighal Readout ASIC
— | Serializer *[Z
— Digitizer

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

nopeay

C\ERN Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
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ASIC implementation:

Analog Domain

Transistor model Schematic design

Full-Custom Layout

Digital Domai

RTL design Transistor model

Synthesis + P&R Gate Library

Signoff Analysis

Chip Implementation

»
>

v
Digital simulation

C\ERN Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade
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First Prototype:

TRt I

UITIOTIReseeTl

&

*including Single Event Effect Tolerance technique i
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Shared Engineering run
MPA + SSA + RD53A

v

System-level studies Final version

Production

First prototypes design

02013 2014 2015 2016 €201/ e 2018 e 2019 2020 e 2021 e 2022 e 2023 ® 2024 e 2025
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ASIC characterization:

o m———m—m—m - Analog FE results -----
* Noise <200 e- |
. . . ~ . ca e
Peaking time ~ 25 ns Fu“‘s'ze S

« Time walk < 15 ns

'+ SNR >> 20 @ |
'+ Minimum Threshold < 0.5 fC ~ 3120 e- |
——————————————————————— Power Consumption --

Configured w/o activity:

« MPA: 184 mW

e SSA: 67 mW er 2

Increase w/ activity: M AX poW

« MPA:<+10 mW

« SSA <+2mW

or 51 Q¢
BACKSIDE

LA A AT AR R R AR AR

Demonstrated Quick &
On-chip pT selection

<C\ERN3§% Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
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ASIC characterization:

Total lonization 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.

MPA TID results

SSA SEU cross section with Heavy ion

0

LET[MeVmg~lcm~2]
10 20 30 40 50 60 70

1074

olcm

10774

1084

Implementation flow issue
...one line of P&R code fix...

e stub_data
e |ldata
® sequential

0.0

v‘v SEE estimation in HL-LHC Tracker

0.0010

2.5 5.0 7.5 10.0 12.5 15.0 17.5
Epep[MeV]

/
+2 .., | S 6 . \
¢ . 0 se e (K~ O\o . L oo \cl.... s 0.0008 1 / \ J\\ W \

0l 8 o e mateet et I S T et S . — e
l""aﬁ $ o e .“‘.3: [} ‘t'dfi." . n
O\ wn . 2. .9—_

- O . S 0.0006
- < 3 ]
< o 37 ) :". :
£ £ 2
3 o 2. E 0.0004 {
U -6 * Digital Current g 1 g \\\VM,/J

8 e Analog Current Z >

- e 10 Current 0 0.0002 1 v

e . r= 220
|0¢ 107 |08 0 20 40 60 80 100 120 140 \_/ :: :gg
0.0000 : ‘ ‘ : | ‘ —
—600 —400 —200 0 200 400 600
Dose [Mrﬂd] Dose [Mrad] z [cm]
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https://lhcb-elec.web.cern.ch/papers/seu_cms.pdf

ASIC characterization: RadTol SRAM failures

Voltage

0,9 0,95 1 1,05 11 1,15 1,2
-25 X X S S S \ \Y
-20 X X S S S Vv \Y
-15 X X S S S Vv \Y
V-T-F Scan: Sweep voltage, temperature, and clock 0 X xS s V. vV v
frequency beyond nominal to identify functional limits s § § 2 : z z x
and failure points. E s x x s s vV
Stress to Failure: Apply accelerated 5 12 § i 2 Z X x x
voltage/temperature/frequency stress to determine § 2 x x s sV | X=failure
robustness and margins. = - e
4318 i )s( 2 \S/ z V = working
Process Coverage: Test across lots and process = . I v—
corners to capture variability. 60
r Time-consuming investigation
s ~N - Lack of observability and testability
/ SRAM BLOCK
Wrong timin e CLK : .
ong timing | | Failure at the Analog/Digital
margin in the Lo | Largeinternal
model —T- capacitance bO un d ary
|ldeal buffer =
N _/

Characterization setup

<C\ERN3§% Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026 23
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ASIC Key Con

Analog Domain

Schematic design

Full-Custom Layout

A 4

Model
Analog block

cept:

Digital Domain

RTL design

P&R flow design

Signoff Analysis

\ 4

Chip Implementation

v

mmmma Digital simulation

/

Integration

N\O . 63{\0‘\ N
X\
Qe‘\. | I|
—— f— ——
Vi S 4 N { \

<C\ERNS§? Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade
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ASIC Key Concept:

Analog Domain Digital Domain

Transistor model Schematic design

RTL design Transistor model

Full-Custom Layout

P&R flow design Gate Library

TEH Signoff Analysis
Characterization

&
Validation

P
«

| Block

Accurate,
transistor-level,

continuous signal
-

a

<C\ERN3§% Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026 25
S



ASIC characterization:

Data corrupted

-
bl
@

— Core power

..
3
1
°
°
S

-— Derivative (a.u.)

IR-drop issue on CIC2

Power (in mw)

Large activity and low voltage may cause output data

corruption. 8
At 1V/PU300 no error observed - BER <2.4x10-14 6
needs several concurrent factors to appear: ezl

* High activity (>PU250)
* Low core voltage (<1V)
« High frequency (640MHz)

» Large wire-bonding inductance

=
=
=

Double wire-bonding for power
pads to lower inductance

C\E?W Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
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ASIC Key Concept:

Example: Static Timing Analysis

Analytical calculation based on the gate library:

eE————

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

——————

Checking compliance ‘)

under static assumptions for
Process-Voltage-Temperature

Launch

CLKM Jr\ Lk
UFFO

flip-flop flip-flop
Combinational
Hig \Tn
Tiqunch JE by P) Tsenp

ck2,
! = CK

Capture

UFF1

™

|
' T, cycle
CLEM ‘

Tclqpmm

T launci
aunch

' Latmch edge

—— {T

UFF1/D | Data must be stable
' during the setup time

' T capture
UFF1/CK ‘

| Setup limit,
Tsemp

—

Capture edge

27
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ASIC Key Concept:

Current
Average current

N\

T T,

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

13 January 2026 28
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ASIC Development:

Path toward production

Volume
Production

(C\ERNjii Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
S
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ASIC Production:

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

<C\ERNS§? Davide Ceresa & Pedro Vicente Leitao | ASICs Production Testing in the ME section
N7

21 June 2024
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ASIC Production:
How long does It take?

® 2021 ® 2022 ® 2023 © 2024

Production testing timeline

L

System-level studies Final version :
: ) Production
First prototypes design

02013 2014 2015 2016 €201/ e 2018 e 2019 2020 e 2021 e 2022 e 2023 ® 2024 e 2025
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ASIC Production:

@‘ PROCUREMENT LIFECYCLE
/Y INVITATION TO TENDER PROCEDURE
FOR CONTRACTS BETWEEN
200 kCHF AND 750 kCHF

LC ~» Lowest Compliant
BVFM -+ BestValue for Money

Contract
follow up TN
) °Fv
<> d % - Contract
"\ "4 Start Date
. . ‘\ Sending to
for Service 3 Contractor
ontracts onIyN
,\ incl. EDH
circulation

: Bipg,
> % . ”‘ Contract
A\‘&“\/ if BVFM®~_if LC* %nm (% % g “’l:l“ e
S W ‘\sx’ e,
5 %k (. %@ Closmg date for IT
N g h
< I "% "‘"‘ 2R,
& i % Ts %S ‘\Tender Form
Q.E 0 Olher documents such as : Annexes, DQE, Drawings, ...
@ ,/‘// Closing date TechmcaIAnnex to the Tender Form
i fo/MS wll Technical Specification
ST ‘3&" g
%65' = ifLC* o 10 firms max
\§" 3 (." w &Assessmem
D %otgri?iga!‘g(’dders
.‘F 2 \
| AQ Cligy Out of CERN % )
the, Ot database on Edirod/nrenaned by
‘1‘2\;&& r"‘lﬂgk i{"nl ?)‘tlfa)‘prl 5051 ’(‘:[s‘ s Y \Qualiﬁcation Questionnaire Edited/prepared by

Prip emy 0 from Conuau lb \
| hh"e pyafi:-""lu Start Date Eklln Technical Description ‘ Procurement
s"ltn (G O ¥ gued / | Officer
~ Syeg, e gy, V- T'% | )

He gy aph b o

o) Jue ), % n | Technical ¢

; I R Mandatory Start-up meeting with Procurement Service t0
: * Acronyms: Departmental Request -+ EDH form

® 2023 ® 2024

Production testing timeline

L

Production

® 2022 ® 2023 ® 2024 & 2025

Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade
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ASIC Production:

 Power test

« Configuration (12C) test i
Bandgap values for 4 different lots

- Digital test (25 wafers per lot)

* Design-For-Testability

* Pixel test, Tx-Rx test External multimeter measurement
~ 1 sec for ~50 test points

- Analog test .|"” I!":, it "!”'|
« Bias measurement/

- S-Curve ______ Per pixel Noise and Threshold

. ADC & Monitoring |\ oosurement =5 sees ~_ ........lhI|.ni|I'I|II|||||i|"I||||I“|H I||||.......| I

Threshold equalization range per
e E-Fuse pixel position across 200 wafers

<C\ERN3§% Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
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ASIC Production:

Testing time and yield results

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

FAILURE TYPES

OTHERS < 1%
CONTACT

3%

SCURVE

3%
CONFIGURATION

2%

(C;ERNX? Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade
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ASIC Production:
How much does It cost? COST FOR 1K WAFERS ~5Mé€

Production

Testing
11%

Bumping
65 nm (12" wafers) 7%

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

C4 bumping
NRE Cost ~5-10 k€ / Cost per wafer: ~250-500 €

Production
76%

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

Testing

Thinnin 0 Blade-dicing w/ laser grooving
& Dici ng NRE Cost ~ 5-10 k€ / Cost per wafer: ~100-300 €

CERN i?
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Pixel-Strip (PS) module:
In Production

Optical communication
@ Up to 10 Gbps

Power <10 W m==) - S
@ resolution;: 100 um

Z resolution: 1500 um

< 200 mW /cm?

Radiation-tolerant up to 100 Mrad level

@\ Davide Ceresa | ASICs at CMS: Phase Il Outer Tracker Upgrade 13 January 2026
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Pixel-Strip (PS) module:

Bias =800V, Thrm_mi =2643 ¢ and Thr, = 3816 e, irradiated side

strips

1.2
g} 1 } window 2 } window 3 } window 4
L : = —
Half of the PS module was irradiated with 400 MeV &
protons, targeting a fluence of 1.4x10% 1 MeV neg/cm?2. = sl
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Reference: Salimbeni, Performance evaluation of a CMS Outer Tracker PS module before and after irradiation, Trento Workshop 2025
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https://indico.cern.ch/event/1455346/contributions/6323074/attachments/3008774/5304609/nicolo_salimbeni_tredi2025.pdf

Designing ASICs for HEP Experiments:

Q, Non-replicable systems
Q, System-level complexity

Q, Longevity and reliability

CERN HL-LHC
ASICs

~2-10

~150-200

5—10 years

~50-60 across 4
experiments

Big Semi (Qualcomm,

Broadcom,...)

50-1000

2000-10,000+

1.5-2 years

50+ across product
families

Q, Limited resources

~_

Q, Long design and testing cycles
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Designing ASICs for HEP Experiments:

Q, Non-replicable systems

Q, System-level complexity
Q, Longevity and reliability
Q, Limited resources

Q, Long design and testing cycles

Each design cycle introduces new
technologies, methodologies, and
challenges.

¢

Edge-Al might be the next one!
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Davide Ceresa — Davide.Ceresa@cern.ch
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