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CMS Phase-Il Inner Tracker

High density interconnect
) £ R
o
Bonding
hybrid module Parylene-N

coating | Parylene-N

Giorgia Bonomelli j

"Performance and Design Validation CROC (RD53): e5nm cmos Asic;
of CMS Phase-2 Pixel Modules 50 X 50um?; hit rate 3.5 GHz/cm? ; radiation tolerance up

to 1 Grad; power < 1 \/\//cmz; up to 4x1.28 Gbps output
inks.
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Thierry Harte

"Evaluation of pixel sensors produced with a
commercial 150nm CMOS process for the
CMS Phase-2 Upgrade”
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https://indico.in2p3.fr/event/32425/contributions/142718/
https://indico.in2p3.fr/event/32425/contributions/142718/
https://indico.in2p3.fr/event/32425/contributions/142719/attachments/88880/134488/20241120_PIXEL24_LFoundry.pdf
https://indico.in2p3.fr/event/32425/contributions/142719/attachments/88880/134488/20241120_PIXEL24_LFoundry.pdf
https://indico.in2p3.fr/event/32425/contributions/142719/attachments/88880/134488/20241120_PIXEL24_LFoundry.pdf
https://indico.in2p3.fr/event/32425/contributions/142719/attachments/88880/134488/20241120_PIXEL24_LFoundry.pdf
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Tracker Barrel PiXel Detector

CMS Ph-Il Inner Tracker System Tests N

Tst layer serial power

® 4 |layers per quarter (4 quarters)
® modules arranged In ladders
@ 3D sensors for 1st layer

@ planar sensor double chip
modules for 2nd layer

@ planar sensor quad chip
modules for layers 3 and 4

[racker subsystems design
TFPX

Tracker Forward PiXel Detector

® 2X/ double disks split In halves

® 26 double chip modules per

® 28 quad chip modules per ha

alt
f

TEPX

Tracker Endcap PiXel Detector

® 2x4 double disks split In ha
® 88 quad chip modules per

VES

nalt



Iracker subsystems serial power chains
TBPX TFPX TEPX
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3 or 10 modules by 2 half ladders rng 1-3 rng 2-4 rng 1-3-5
5, 6, 8 modules by ring power flex 5-11 modules by power lines on PCB
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racker subsystems readout chain
TBPX

longest:
49 cm
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backend
board
(FC7)

10 Gbps

portcard

Ozl EHE

back side




1. Threshold and noise N A~

TEPX_wDj
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Module ID
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CMS Ph-ll Inner Tracker System Tests

TBPX: threshold and noise with electrical vs optical readout
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serial power chain assembled at ETHZ

@ 8 digital modules
® No thermal grease, just connected with screws
® COZ2 cooling
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portcard
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45pins e-links
paddle-board
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arridge - mechanical 7
structure with CF plate
and graphiteribs

optical readout

TBPX: threshold and noise with electrical vs optical readout

e-links
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1 Threshold of CROC-v1

CMS Ph-ll Inner Tracker System Tests

Teo, = —32°C 32 digital CROCV1

1100e7

hhhhhhhhhhhhh

=3

Noise of CROC-v1

85e¢

electrical readout

TBPX: threshold and noise with electrical vs optical readout

Teo, = —28°C 32 digital CROCV

(1 Threshold of CROC-v1

1100e77 -

=

Noise of CROC-v1

85e

hhhhhhhhhhhhh

optical readout

NO significant difference between electrical and optical readout
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TEPX: PCB tests - threshold and noise

PCB prototype in climate chamber at 7T = — 40°C

0 mssU. S — - E—— e —— » ’

S \

— |POpulated with digita\ and sensor (but no HVIII)

CMS Ph-ll Inner Tracker System Tests

\ backend

boards (FC7)
portcards hosting

IpGBT&VTRx+

low voltage
power supply
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@®: Digital Module
X: Sensor Module

Module Name

101
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105

107

§ P04 ! P03 i P107
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Disk Position ID
45
40
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TEPX: PCB tests - threshold and noise
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Module Name

® PO4 ® P03 % P107
@®: Digital Module PO7 % P105 % P108
X: Sensor Module ® P06 P106 % P109
@)
101 103 105 107 109 303 305 307 309 505 507 511

Disk Position ID
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TEPX: PCB tests - threshold and noise

for sensor modules
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2. Data chain tests N A~
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Signal pre-emphasis = TAPs

Can set pre-emphasis via three switches - TAPO (sets signal), TAP1, TAP2

TAPO

TAPT

e

1 l N
N .

00110001000

TAPO + TAP 1
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,,,,,

1 BPX: data chain

Max Frame (32 bit) Error Rate Test

10~7 <
1078 4§

1072 4

10—10 ‘

o000 —-——0——0——0-——0——0

-®-: CROC 1 from module DC18
Communication has errors

Communication has errors,
masked read-out channels

i Too many errors, full matrix masked
No communication

NO errors were detected

'

|

400 600 800 1000

TAPO [0-1000]
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1 BPX: data chain

Requirement: Bit Error Rate < 10712 no pre-emphasis

i SER of ROCS with olectrical road-out 16 1 J mum BER of CROCs-v1 with 1.6m e-link
— e OO W R cal Ta 00 @ BER of CROCs-v1 with 1m e-link
14 - = Max Frame Error Rate

mi 32-bit frame

CMS Ph-ll Inner Tracker System Tests

h TN . 32-bit frame
1S TAPO =1000 o] S TAPO = 1000
IS s
oE = =
@ ‘18 &  3/27 ROCs failing

4..
5 -
2-.

0 Ll L L} L) L) L) L) L L] ' Ll L) L} L) L) Ll L) o - L4 A J A v A v

10-10 10~9 10-10 1077
Frame Error Rate Frame Error Rate

electrical readout optical readout
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Frame Error Rate (Error Frames / Total Sent Frames)

\ saturation: no-errors|were detected

10‘8; \
\ \ , |
N v \ \ defined by the duratjon of test
10 1 ® ‘\‘ \\ “ ‘
10-10 - % \ .
W B TR ———— - ———— &
0 20 40 60 80 TAP O



Chip 15 (ROC 0)

Chip 14 (ROC 1)
Chip 13 (ROC 2)
Chip 12 (ROC 3)
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Chip 15 (ROC 0)

Chip 14 (ROC 1)
Chip 13 (ROC 2)
Chip 12 (ROC 3)
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TEPX: PCB tests

3 links

2 lInks

4 [Inks

2 lINnks

1 link
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TFPX: data chain tests
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CMS Ph-ll Inner Tracker System Tests

portcard}

2-chip digital module p

setup at Rice University

Frame Errors over 10 seconds
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| 2-chip TBPX digital module
40 cm elink
ROCO
%O f@mgs
60 80 100 120 140
TAPO




3. Thermal tests A~
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TEPX: mechanical Dee prototype

high thermal . high thermal
PCB conductivity Carbon cooling conductivity PCB

carbon fiber  foam filler loops carbon fiber

mechanical half-disk



TEPX: mechanical Dee prototype

multiple external
temperature sensors

P

thermal dummy module

Back side: ring 2 - 4
with thermal dummies

modules lay on carbon fibre and # P fet ) B
are attached by a spider-lock | oo Wi L

o 1o
%10,y |A-v’;.‘.;:.?3‘

oS Pl (Toal®) : ‘ T

Unaver sty of 2urich

ty of Zurich
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451 —— Baseline: Full K9 Foam, New Pipe
simulation ~.
40 (%'5
" l 3 i
TEPX: mechanical Dee thermal tests :.
From simulation with a conservative TCO2 = — 27°C in the evaporator about 7 °C safety margin from Em 30 TC02 =T 2iC c_éj
thermal runaway =
25" rar

r

20+

—35.0 —32.5 —30.0 —27.5 —25.0 —22.5 —20.0 —17.5 —15.0

02.2W 95.9 W+104.7/W
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1FPX: mechanical Dee thermal tests

Carbon Cooling Carbon Carbon
filber loop foam filoer

(

CMS Ph-ll Inner Tracker System Tests

N

Jig base
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TFPX: mechanical Dee thermal tests
P fr\qnt Module 0 100 200 300 4(1)0

o thermal
—30 dummy

/

CMS Ph-ll Inner Tracker System Tests

Bt -

15

-18
400 -

distance in pixels
RTDs for camera calibration

module # heater
hot spots match simulation
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TBPX: ladder thermal tests

HDI
epoxy
sensor

CROGC

CMS Ph-ll Inner Tracker System Tests

epoxy + diamond

final structure

ceramic plate
moresco + diamond

carbon fiber
epoxy + diamond

carbon foam

- Y& moresco + diamond
A 3
cooling pipe

<
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TBPX: ladder thermal tests

HDI

epoxy

Sensor

External Ladder

CROGC

CMS Ph-ll Inner Tracker System Tests

epoxy + diamond

final structure

ceramic plate

moresco + diamond

epoxy + diamond

carbon foam

| , - Y& moresco + diagfond
/L experimental setup
cooling pipe
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1BPX: thermal tests

Investigating Layer 3: small thermal margin
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thermal tests

1BPX

From left to right: approaching more
and more real layer 3 mechanics

p

setup?Z

------------

simulation

--------------------

NQQrN _ Agcgww&vk@s

S1S9| WB1SAgG Jayoel| Jaull ||-Ud SIND

} changes step by step

-9 Simulations delta-T

Setup 2
2 ladders + tube inside

\ Setup 1
" Single ladder + tube
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4 [BPX: thermal tests

% 32 -;

g QQ? 30 1 \

O | - |

|: ~ 28 1

= S | |

g § 24 1 max(TsenSOr) _ TCOQ‘Sim ~25.5°C s WlthS C
% | .~ J simulation 3°

= 2 | maX(TsenSOr) o TCOJmeas ~23°C

> 5 'y : : : : :
% % % 2 % % critical layers identified in simulation

o8 A S D .
3 %Y Y B o B % % nd confirmed in
2, ‘(:)g;f;a‘xo)‘,(\( -t-t
. % % 5 Y B 8 %Y and confirmed in tests
. % A s o o o, 5 S 2 92
6. 23 T 9 % v o v 4 2 2.
? o © B3 B ¢ ©o 9o L 3 % B
S © 92 © 2 o e e 9 B 27 v
o < @ 7z ¢ < <« o 9 -
e 3 3, © 2 B 2 o %
. 2 2 @ 2> 2 T e %
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2 2 v
2
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Setup 1 Setup 2

“% Single ladder + tube 2 ladders + tube inside o Simulations delta-T



Conclusions

® Systems tests are ramping up. In advanced state for all three subsystems.
@ NO surprises : expected noise, bit error rate and thermal performance

® Jests with CROCv1 - waiting for mass CROCVZ2 arrival to repeat the tests

36



BaCKUp slides
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TFPX+TEPX: Eye diagrams

Eye diagram is open. No indication of strong cross-talk or noise

LeCroy

Shortest Trace:

- Length: 85mm

- Module: 53

- Speed: 1.25Gbps

Measure Pl.eampl(Eye) P2.ehght(Eye) P3.eppj(Eye) P4 ewdth(Eye) PS--- P Plee- P8---
value 837 mV 432 mV 850ps 7384 ps

Longest Trace:

- Length: 492mm

- Module: 15

- Speed: 1.25Gbps

Measure Pl.eampi(Eye) P2.ehght(Eye) P3.eppj(Eye) P4 ewdth(Eye) PSS -- PG - - P7--- P8.---
434 mv 278 mV 15830 ps 6934 ps

TEPX

38



TEPX: mechanical half-disk thermal tests

Cooling loops
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1BPX: thermal simulation

S

IMu

lation

40

Tmax sensor TCOZ [oc]

Tmau sensor TCO? [.c]

40

TR

TBPX - LAYER3 - Full cooling plate

®T,,, =-20.2°C

\
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20

55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 3524 33 - 3130 29 22w 22
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w— Full coo ling plete

Irradiated Silicon sensor @ -3.7C

P D N S VT S SO DU S WU SN VD W N S O

| @uum————(

| 3.0°C

NN SN -

Teoz [°Cl

TBPX - LAYER3

+1.3°C

.,

— Case0_Starting Model » S5 WINDOWS

Casel_full cooling plate

Case2_parylene

25.5°C

i1 1.1
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1BPX: extra tests

TC02 —_— 32°C

[ 1 Threshold Width for CROC-v1

35

40

45 50 55 60 65 70 75
Threshold width le-1

32 digital CROCv1

(1 Masked channels for CROC-v1

out of 145152

L] 1

0 100 200 300 400 500 600 700 800
Masked Channels [#]

electrical readout

41

Tc02 —_ 28°C

1 Threshold Width for CROC-v1

30 40 50 60 70 80

Threshold width [e-]

32 digital CROCv1

(1 Masked channels for CROC-v1

out of 145152

0

100

[

200 300 400 500 600 700 800
Masked Channels [#]

optical readout
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TFPX: data chain tests @ 3 Tesla

LY
4-sensor module

w

CERN M1 Magnet

Marginal increase in BER, but threshold & noise the same




