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« ATLAS (A Toroidal LHC Apparatu§) » | Calorimétrie a tuiles Argon Calorimeter

\
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Sensor « irradiation

Profiles de dopages

Anneau de garde

l.~
Reduction des zones mortes de détection - £
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Slim edge n-in-n planar sensor Conservative n-in-n planar sensor

Final design VTT Edgless pixel matrix

Concentration (atoms/cm’)

(R&D ligne de champs)

PLANAR o "ﬂ |
. BN
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Secondary lon Mass Spectrometry ' ) dwh[rjm]
. Spreading Resistance Profiling
(concentration de dopants vs profondeur) )
(concentration de porteurs vs profondeur)
Active edge - dp . . .
= '}—| I—ﬂ—-—-{" ATLAS Pixel Module
end chip (65 nm) ! _: ! ! li--l_ TSV
s
(R&D amplification)
«LGAD » (RD50) _

) ) S AIDA
Instead of wire or bump bonding,
TSV could be considered in chip periphery for improved the time transit.
(Collaboration with the LETI-Grenoble)




Caractérisation au LAL
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3 dimensions

Omeégapix2
(130nm)
Pitch : 35 pm x 200 pm
96 x 24 = 2304 pixels

2 D I Digital tier I

Global Foundries
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2 Disaues pixels

Present beam pi

FE-14

Fréquence collision 40 MHz = 25 ns

FEI4 compared to its predecessor FEI3

LHC-HL« Upgrad» (2025)

FEI4B FEI3
Year| 2011 2003
Technology | 130nm 250nm
Chip size 20x19mm? 7.6x10.8mm?
i | Activearea [ 89% 74%
| | Array 80x336 18x160
(26'880) (2'880)
Pixel size 50x250um? 50x400pm?
Number of | 87M 3.5M
transistors
Data rate 320 Mb/s 40Mb/s
| | Wafer yield | 60% 80%

Liaison-sérien,

7

5 (7?) couches de pixels ~ 180 m pixel

(cEbut production 2022) .
Array : = 134,400 pixels
pitch : 50um x 50pum

Puce ® 20 mm x 20 mm  (~10° transistors)

400 colonnes x 400 lignes

Hit ~ 2(3) GHz / cm?
3 Gb /s /chip

1 Watt / cm?

L1 Latence ~ 10.5 ps

Trigger: 1MHz

Luminosité 7x LHC = HL-LHC
10 protons par paquet
~ 190 événements (interactions) par Beam Cross

=7.10**cm2s?

Radiation 10MGy = 1 GRad
106 neq/cm2



RD 53 Collaboration:

Development of pixel readout integrated circuits for extrem

Design the next generation of pixel readout chip
for futur HEP experiment (ATLAS & CMS phase 2, ...)

Challenges : smaller pixel size (density), higher hit rates, radiation tolerence, faster readout.

-

Low power consumption \ “:700MRad
65 nm technology “

Analogue & digital / / metep,

Long term availability
Access by the community

PFDDI]SEH accepté sept.14

(Jan 15)
W B St
o i il ) X “\.‘
WGL1 : Radiation (Marfon Barbero) : \ 5
WG2 : Top Level Design (Maurice Garcia) e Ny I:D
Bow Lol 1k |:|:| 192 x 400 pixels
Y . Integration of full pixel chip
Working WGS3 : Simulation Test Bench (Tomasz Hemperek) I:I:I s demonstrator
Group ) UV.M.
WG4 : 1/0 (Roberto Beccherle) S—__ T™
own [ """..-—Tm"hmy I x\\“‘\\\ ];E:SELARIO
. Hit Find =
WGS5 : Analog Design (Valerio Re) e
WGS6 : IP Blocks (Jorgen Christiansen) :
fin 2016

Design Under Test (DUT) IA%PDULE

Service d'Electronique, Recherche
on Détectaurs et In tion



LU I1VUL = L/ LOUNIIINIVIL AUV T IALLWD

1 mmx1mm aupasde 50um x 50um

(design |4 x 14 + 4 cells chained ) [0]: output enable (hit-en)
[1:5]:Threshold_DAC

/—\/ m /\/ ﬂ Configurations|— [6]:large injection capacitor
[7]:small injection capacitor
13 14 41 42 69 70 97 98 125 126 153 154 181 1 [8:11]: TOT_DAC

12 15 A;lo 43 68 71 96 99 124 127 152 155 18 183
16 9 44 67 72 95 100 123 128 151 156 179 184

serpent

17 38 45 66 73 94 101 122 129 150 157 178 185 CPPM latch A A
18 37 46 65 74 93 102 12y 130 149 158 177 186 < normal »

19 36 47 64 75 92 103 Ai 131 148 qsg 176 187 (k- 1) 14 4
20 35 48 63 76 91 104 L9 132 147 .

SRIN_A
SRIN_B

22 33 50 61 78 89 106 117 134 145 162 173 190
23 32 51 60 v9 88 107 116 135 144 163 172 191
24 31 52 59 V80 87 108 115 136 143 164 171 192 CPPM Latch
25 30 53 58 81 8 109 114 137 142 165 170 193 « enclosed »
26 29 54 57 8 8 110 113 138 141 166 169 194

SR_A[K]
SR_BIK]

SROUT_A
SROUT_B

—_
~
~—

11
10
9
8
7 6 175 188
6 21 34 49 62 77 90 105 118 133 146 1€A 174 189
5
4
3
2
1
0

55 56 83 84 111 112 139 140 167 68 195

NN IS S

srin_B
199
T’Itlk_A
\/ / Cclk B CPPM recommandation :
\
eI(AouB) g, b . 5 —rD. . e 5 LI
N > N i X i+1 . s
2
Rl Ml Bl v B B
=> i+1 capture afteri !
i L = E o I

mux mux fort 0 0 ° P 0 °
i

‘;> ’—> ’—> -\-‘—> i+1 —b ?L> -

=> i+1 capture beforei !




One pixel configuration

(HitLD=0) S0 IN2P3
Collaboration avec CPPM 0 0 SRNA
Marseille ( - oct.15) A Rd_backout
Moshine Menouni & Denis Fougeron 1 o 0
Meeting (vidéo) réguliers J_D MR I Er—— nt
MonHit
. II::B} S1
hit_en @ A‘_I;iji"'('}ﬁi:POr
MonHit 2
bt B)
@\— EN (bit0)
{:> AnHit a
(| GPLUSE aan |
Dighit SRCLR_A
Dig, EnNGR bit) (H’ltLD-O)‘.‘
SROUT_A<
(HitLD=1 :
Legture des hit) SROUT_B¢———
DigiHitEN = SR_Q_A | SR_Q_B< -~~~ DN
| \l/ SR_Q_B
_________ : \‘ D q|
- BRI | SR_CK_B
S~ : SRCK_B
/ N . —>) g QN et
S SR_IN_B
‘\\ [
o - ) SRCLR_B DigiHitEN LD[11]
el | “. DigiHitN ©
:I' Ltz : LDJQ:H] 12 / Latch-dice_C
(From GPLUSE)
3_ Latch3 ‘, » I.D ENABLE _I_.I_
precin |




CPPM

Config one pixel (12 bit)
LAL

m et
s

65 nm
9 layers stacks :
(for routing)
1.2v

Supply Voltage

Vth

0.450V

encombrement

u

303.5 um?

1 Radhard latch 12 bits = 10.35 x 29.32

404.2 um?

Configurateur : 20.73 x 19.5



Optimisation buffers & lines pour 1 column de 400 pixels M‘

LAYOUT = 20 LIGNES X 20 COLONNES = 400 PIXELS 1 mmx 1 mm pitch 50um x 50um

Y 2y oY ay N Clock : length line
. 400 x 50 pm =20 mm |

A v Correction cellule dans le code synthétisé

L skew = 2 nsec (extraction totale)«r

Optimized under Virtuoso -
Do not use higher metals

(too width)

Optimum found : 01
buffer each 40 pixels

(The buffers are inside the pixel) 11

IN2P3 03

| 02

Isstmr Namosar oe Prvsigue NvcuEsme
et ok Puvsigue oes Parnicones 0.1

Simulation apres extraction (partielle)
@ A T LA S . v “ ¥ e s 80 70 0 . PR 120 13.0 149 150 160 170 180 190 0

EXPERIMENT 10




la Faeanew el

I | - B = 125 LS
Ny :

encapsuled pixel

LD_STROBE é S n_Reset
«n_PoOnRe

12
ecs_pxl <o
nSs
Column_cohfig
Do €<®sci«

8
«MOuSIn
adresses

<7’ > —>  MInSOu

- INTERFAGE DISI COLUMN (Code, synthése, simul, schéma, design, vérification, importation]

Basé sur un SPI GpuLsE S SN : : =t

=
. : B I N L E
(triple voting) : LD_EN" ] > . S \ o =
- > LD_EN _|_L I.DENABLE 0
: : : : : I fosi O
: 5 : : : : / /o Alimente: v p
- BLOCK_SELL, 2V - . e . / A .
: BLOCK_SEL N : M LS WR-BLOCK MASK- : s : . 12 x 336 2 %
: Wiﬁi —C T : : : : : . portes : S
i ) . ’ . . . -~ R1 N . . . . " (-
ks X . . . - . . SR_B_SEL . Alimente | = - S
Wik O g : R‘E_N ‘— : : : : : : : | 336x1 \ (=] U
. Rend le pulse invalide (durant lirradiaticn) | - [y .- SRCLR_A portes w =]
. o SRCLR —— B 5]
|
SR_CLR [} GPULSE 1 {actif haut) EI_-SRiE_’ G;
» B
Tous les latch sont inv E Alimente N
LD_STROBE | -
"Ra_N - 121 1D -{2 . i 12x 336x 2 portes - 2| g
. . . . . . o132 LD{o:11] . i
' o[ R2_N p |7 ' ' N
g : : — e Ve o . (1K) -
o . . T e ey g | Alments @
o > 12x335x2 por tes
. . : WR_SR —WR_SR_CG - : : : _ 50 GR# - c-
o e ——— ] | SRCK_LG Alimente
: : : : : P ©o12%3226x1 )o tes ‘ ﬁ
"WR_SR (-1 2criture série) : —den : / : l : : —
LN F == ....:.........:.............:..W?.E.n.fefd:?....:... ...... P~
SR_CK : g : ; : [
. . . - Alimente - -
iv : ©o3s b
. : : portes -

SR B_SEL & WR BLOCK_MASK &SRCK.CG — SRCK B# _>

.ESR.cK.#___FLI'I_I'L______;__.... “SR_B_SEL & WR_BLOCK_MASK & SRCK_CG > SREK A i | 0

- SR B SEL — : : . SP B_SEL

) '_ER IN A
SR_IN Ex)> _SRIN _ :IE_IN_BA

t z ... .SR_OUT[0,27,55,199,240,319,360] ' : : C SR B SEL
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CoI/ur?n_config Conf Column Chip

Block diagram

Lignes statiques

&=>] n_Reset
4€—>»] n_PoOnRe
ECS_pxl AR
o> n_Ss o
Logique de commande

» Sclk basée sur un SPI standard
€—>] Mousin 5

—| MinSOu LD_STROBE

— >

SR_In H

WR_SR@—> — \

ST >
SR_CK_BC
| cK
40 MHz
GPULSE I |

>

4—> R1_N

94— R2_N -

VDD | GND VDD_io | GND_jo

12

Logique Interface

1,0

12 bits Latch

S€U_MEM woshines

UFFER DESIGNES

o

1/2 Colonne

1

19// y/

IN2P3

L
Insmoror Namosae oe Puvsigue Nuciiame
ET vE Puvsioue pes Pakticuies

SR_Out_Hi

SR_Out_Lo




Blocks périphériques

1.2 Volt

Logique d’interface

PADs

Top level integration :

« Génération matrice automatique »
Blocks simulation : spectre

Top level simulation : AMS & behaviour




Co

e MPW — Multi-Project Wafer

(RD53-A) —> 20 mMm x 12mm ~ 500 k€

price ~ 90% engineering run (Full Maskset)

Mini ASIC 2mm x 2mm = 17 000€ + 1 000€

(C3) =1 mmx 1mm =% (18 000) =5 150 €

* MLM — Multi Layer Mask (Reticle)

NRE (Non-Recurring Engineering) \ wafer price /

* Engineering Run

(RD53-A) —> 2012 mm2=~1 M€

(RD53) —> 400 mmZ2=2,2 M€

14

220 kS / mm?

Service dElectronique, Recherche
en Détecteurs et Instrumentation

Full MaskSet

ut

32mm

Available
for RD53 CMS SSA

or other

project

20.0 mm
X | cMsMPA

12 mm

RD53-A

14.8 mm
X
12 mm

RD53-A | |,

MLM

15mm

Reserved by foundry

24mm
(fin 2016)

MLR

—

(~ 6 wafers) / ]

Back-up solution

(Shuttle Run)
CompanyB  Company C

Company A
DEFG
HIJKLMN

CPAQRST U

A

AT T T



Conf Column Chip (

Layout « top level »

RITHIT
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| i:l}E:ie L
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Nt ARLE
. Il

| Tl
gl II:.'u

e Sizelmmx1lmm

(pitch a0pm x alum)

il

L

e PADs on 2 sides

14 x 14 + 4 pixels

(AL LT W RO T "II

TR L T ] &

1 1 I
|
|

Submitted
on 23 march

L
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Futur développements €EDI

Reprendre le Rad Hard Latch A0 \3\053"\
ec
Reprendre la cellule (cPPM & RD53-A) cation au
, . ssel
Implémentation Triple Module Redundancy 116" pre>
6 a\ﬁ\\

Implémentation cellule dans RD53-A

Universal Verification Methodology Verification Environment for RD53 P1Xel chips
Simulation consommation et SEU de la configuration d’une colonne

Cartes de test

Firmware, software

Test irradiation

(Set-up, hardware, software, formation, suivi médical, acces)

Zone controlée



Backup slides

SEDI

Service d'Electronique, Recherche
en Détecteurs et Instrumentation
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ATLAS

EXPERIMENT

IN 2P 3

INSTITUT NATIONAL DE PHYSIQUE NUCLEAIRE
ET DE PHYSIQUE DES PARTICULES

@) AIDA
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IN2P3 dans ATLAS tracker Phase-Il Upgrade

Pixels:

CPPM(Marseille), LAL(Orsay),
LAPP( Annecy), LPC(Grenable), LPNHE( Paris)

FaSt TraC ker Mécanique Tests détecteurs
LPNHE(Paris)

B} Tests modules

Pixel microélectronique :
CPPM(Marseille), LAL(Orsay), 3.

— > Réunion des 3 laboratoires

Représentation dans RD53 : LBNL, SiLab, CERN, INFN, ,

IN2P3

19



Pourquoi le développement des détecteurs

pixels ?

e Micro-bandes (double faces)
22

e Bl
[ ol f—— >
e Il

X L _ o p— >
e Il
e Il

The silicon micropattern detector : a dream ?
(1987)

ABSTRACT

The present use of silicon microstrip detectors in elementary particle physics
experiments is described and future needs are evaluated. Possibilities and problems
to be encountered in the development of a true two-dimensional detector with
intelligent data collection are discussed. This paper serves as an introduction to
various other contributions to the conference proceedings, either dealing with
futuristic device designs or with cautious steps on the road of technology

development.

particules

ymet No.~..

.
'Q-.(.-o-'

Y

AnD

a7l
nsl_|
As[ |
aal |
as[|
IV
ALl |
Aol |

[ 1po
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Principe ITK

®§ H->Z7Z->2e+2u

L1:

Inner tracker (SCT 7 micro—pistes)

Calorimeter
=> Haute granularité Muon detector

pattern Bus_layer<0>  Bus_Laver<l>  Bus Layer<2> Bus_Layer<7>

| HUH 1Ll
attarn 0 layer 0-{g3 : @ 1= eri

R TREE
louteuT BUS

FF FF
Tt

nnnnn

T
T3

< FISHE

Strip module

T e e
L/ P e 7 - - - -
; ; Gl B Tl -1 - 1 —= -
) 5 pixels touchés r<20cm : e Y e e P = == o -
Cl = R = — —= — = — = =4.(
assigue TID ~ 1 Grad #i.«fl_.era-tL.-—l:'u—-r.—ﬂﬂ'é__EigE;t:til::‘:—_F:-—l___'.___._@a:_'

5 couches de pixels

Interaction point

Sensor =
. e g\.— . O S

----- / T T
e h 6

Me|IIeurcl.p;:)[:iczdl‘z|sorrr11 ::&tasp;;trﬁn des hits 21 Single particles Jets Loopers N Mzchine ;
ackgroun
[Marconi et al., J. Instrum., 2014] 9

1 pixel touché

Bl




Le trigger

high pT
L1 gnp

1MHz (100 kHz actuellement)

Latence ~ 10 pus

(3 s actuellement)

38T
L2 (including tracking)
400 kHz (10 kHz actuellement)
Latence ~ 30—60 ps
Bco [ UL UL Lty urdyl
latence
L1 (f) ]
Nbe de période
10“.5 / 25nS Interaction point
400 5 L/Sensor

Single particles

[Marconi et al., J. Instrum., 2014]

L1:

Inner tracker (SCT)
Calorimeter
Muon detector

up
link

Région
touchée

‘\Ll

O") ."'.’. -

Loopers

Machine
background






Test d’Irradiation du Circuit Omegapix2
(130nm)

LPNHE )

PARIS

Proton Facility, PS East Hall (building 157) Test of the analog pipline memory

ZONE 2 (IRRAD 9) I ZONE 4 1 SALLE DE CONTROLE

S .

Faisceau
‘ ‘ Zone N
() moins
a

exposée

i ETHERNET —
~10 m PC de monitoring
T Q¢ Soft Labview ou
Logique o SN 7 Appli (Labview
- = I/0 | e ipees ' Application
sy som ~301/0 \( i i
e o + Alim arte-Pilote Builder),
- ! Carte Irradiée FPGA+Interface Possibilité
= OMEGAPIX2_IRRAD L
1 v A 3 d'éteindre et
2 cai?IF;a;:éags == allumer la
1 cable Alim LV Fetab-Daslas barrette 220V

1 cable Ethernet

2m ~7m 2m

Irradiation @ CERN (24 GeV p)
Integrated Fluence 3.5%1015 p/cm2

run mai 2015

diit




Innovation dans les Interconnections des modules D L/ACCELERATEUR

Module ~170 SFr/cm?

Problématique : Réduction du codt total systeme
des pixels (~32MSFr) dont (18 MSFr) Modules hybrides

Super-Contacts

Cr;ri%:aed _ silicon
',‘p - Dielectric(Si0O2/SiN)
’ ﬂ Gate Poly

" Backside aluminum (ohmic contact)

STl (Shallow Trench Isolation)
W (Tungsten contact & vias)

Electrons

High-resistivity Sensor |

n-type silicon bias ——

voltage T .

=
I cuinterconnect (M1 -MS5)
- Cu Bondpoints (M6, Top Metal)

o YN _HErE_NRE___ ETE_EAN
p+ type implantation - Al Padout | ey

'Devica'ta.\!r‘er T80 TIRE TORE. OMA EM. B BIR. BRR. B

Charged
1 particle

Cross-sectional cut

M Interconnect ™ FE Chips & Sensors

Partenariat CERN, MPI, Glasgow, LAL

e . 0
avec leCEA/LETi Grenoble Objectif : réduire le colt de 40%

25




Sigmatone L
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New 50 m2 cleanroom with acquisition of
semi-automatic testing system machine.

For medium or large scale testing, such as

for the HL-LHC.
SEMI AUTOMATIC PROBE STATION

o bl rrins Cumpan ¥
Test de semi conducteur

| - V (Floating Guard Ring + Bias Rail)

406421

306421 W

Capacitance (F?)

208421
——50mV, 50kHz - Front Side Biasing
50mV, 100kHz - Front Side Biasing

1.06421 100mV, 50kHz - Front Side Biasing

12000 100.00 80.00 60.00

Bias Voltage (V)

Test, caractérisation & appariement



Technologies

Omegapix_1 130 nm Chartered Semiconductor
64 x 24 pixels, pas : 50um x 50 um

Omegapix_2 (3D) 130 nm Global Foundries
96 x 24 pixels, pas : 35um x 200 um

FE-13 (2003) 250 nm IBM
18 x 160 pixels, pas:50um x 400 um

FE-14-B (2011) 130 nm IBM
80 x 336 pixels, pas:50um x 250 um

RD53-A (2016) 65 nm TSMC
400 x 200 pixels pas:50pum x 50 pm



Digital Pixel: Regional Architecture

4-Pixel Reqgion

Neighbor

Read & Trigger hit proc.: TS/sm/big/ToT
Token /
// ]
= vV L I l o L;, =t
Elly = N | B=
— <\ || _—1 5ToT memory /pixel
g

nd Memory Managment

Latency counter & Trigger Managment

low traffic | _»

Triggered data
readout

on DC bus

Store hits locally in region until L1T.
Only 0.25% of pixel hits are shipped to EoC | *

- DC bus traffic “low”.

Each pixel is tied to its neighbors -time info-
(clustered nature of real hits). Small hits are | .
close to large hits! To record small hits, use
position instead of time. Handle on TW.

Hit processing
[ 1 ToT Counter and ToT Memory managment

local storage

5 latency counter / region

Summary:

Physics simulation=>Efficient architecture.

« Spatial association of digital hit to recover
lower analog performance.

Shared resources & hit not moved around
-> Lowers digital power consumption.

28




WG1 : Radiation

20,
2 £
5 5
5 ©
E —
> S
2
g S
T -60 —
@
E | & '-o-NMOS: 120n/60n L
8 -e-PMOS: 120n/60n = —EI—NMOS: 240n/60
g0, ~=PMOS: 240n/60n 3 80 - n/obin
| <o~ PMOS: 480n/80n - —-©—NMOS: 480n/60n
|~ PMOS: 1000n/60n |~=-NMOS: 1000n/60n
5 -e’h-:En:cI-::-ge:g:gMO..“::: :1-:15E:lr:1{§0n; = 100 —£—Enclosed NMOS: 800n/60n

10" 10° 10° w o w0 10 10* 10° 10° 10 10° 10°
Dose Level (rad) Dose Level (rad)

Recommandations analog block :

—PMOS W2300nm, L2120nm ; NMOS L>120nm =2 puissance, surface, performance
—Travail présent : Modélisation (extraction de parametres “Radiation corner”).

. Pre-rad | After irradiation and/or annealing T RL »
| with delays
‘ : SEU Error rate
Number of errors/ spill
area Oto1 1to 0 All

DFF for shift register 14.4 ym?* 58 29 42

TRL for configuration 40 ym? 0.082 0.04 0.08

TRL + delay 54 pm? 0.084 0.015 0.04 29

Which defect? Which charge trapped? Where? - L 1 -




WGS5 : Analog Front-End Design

INFN-Pavia design

1 % NI T A

=gt R o
gL “
S R ® Py

UL
Single stage with current comparator and ToT counter

i FNAL design

Synchronous: resets every bunch crossin. Flash ADC

T é 7 Chip-wide
l g reComparator
b T 7k L@“ = ; G! :

LBNL design

44 [ ” i
e = - . . #% i
_m| = ™ | o / S 5d '.. |
™ 5 o g1 E ‘

| ¥ a
. -

_{,_“_ CFD.

1 of 4 in quad “analog island” of FE65_P2

INFN-Torino design

-
* |
[+ et
- |
L]
|

Single stage with SAR-like ToT counter
using synchronous comparator .



B I OCk I P : WG 6 ﬁf;- T

ADCs, DACs, sensors (temp, current,

radiation), Bandgap references, analog |
buffers, specialized storage cells, PLL, W 5
programmable delay, serializer, '
differential inputs/outputs, shunt-LDO,

'ﬂl!!ﬂ!l!ll‘l‘h.ﬂ |ll l!‘!!! B
etc' .J!'ll“

T ———

ﬂﬂ

f
b
BRESEETENED = lemmsss
STITINITINID =

:'Eau.rumuth.mmm:n
] UL

Schéma band gap

31




Top Level Integration (WG2

|_Specification Value Comment or Test Conditions

Input polarity Negative
Interior pixel capacitance <100fF this applies to most pixels N-bit wide
Edge pixel capacitance <200fF see subsection on edge pixels Qroup of - Local shift register
Interior pixel leakage current <10nA plXElS mem_ory
Edge” pixel leakage current <20mA *see Sec. 5.2 for details & wait

With 50 fF load. 4pt A/pixel analog. counters
Min. stable threshold setting 600e— E;:: I;ee r;lnlning discriminated pixel. Integration Of fU" pixel Chlp

c. 3.

Min. charge above threshold With 50 fF load. 4 Afpixel analog. demonstrator
resulting in <23 ns time walk 600e For free running discriminated pixel. RD53A 100

See Sec. 3.1 e 250 kHz
Min. in-time threshold With 301F load, 41 A/pixel analog. . ~—— 300 kHz
with free-running front end 1200e- Simply the sum of IheF:wo above lines 192 X 400 plxels 5 —— 350 kHz
Min. in-time threshold if With 501F load, 41 A/pixel analog. g 1
using synchronous reset T50e See Sec. 3.1 =]
Hit loss from in-pixel pileup <1% at 75 kHz avg. hit rate. See Sec. 3.2 &
Recovery from saturation <l pus See Sec. 3.2 for discussion % 1
Trigger rate 1 MHz 1g
Trigger latency 125us =
Noise occupancy per pixel < 10°° 50 fF load; in a 25 ns interval
Single pixel noise (ENC) design-dependent | See Sec. 3.1 01 1 . 5 .3 = P s T p
Radiation dose 500 Mrad delivered at -15 C. Room T annealing only Row Number
Temperature range -40C to +40C e
Current consumption, analog 4 1 Afpixel periphery consumption not included Hit Finder
Current consumption, digital <4 pAdpinel periphery consumption not included
Current consumption, Total <500 mAJcm® Note this is 1 ‘!:\":fcm2 at 2V input ooooo
SEU upset rate, full chip <0.05/Mhr in 1.5 GHz/cm” particle flux ooooo
SEU upset rate affecting ) ooOooo
single pixel configuration <100/hr in 1.5 GHz/cm™ particle flux ooooo

RD53-A Doooo

1S PR IR A

.:.wm\l\-r..-w.\

]

50 x 50 um?
65 nm
Type RD53

50 x 250 pum?
130 nm analog
Type FEI-4

Pixel region with digital sea and
analog islands



VEPI1X53: Verification Environment for RD53 PI1Xel chips

(SystemVerilog/U. V.M., available: git.cern.ch/reps/VEPIX53)

—= \
_____ --"" Test library TTeea L TEST
____——"' \\~~~§§ SCENARIO
Virtual
sequencer
/ Analysis UVC
Hit UVC Reference
0»0 Scoreboard TESTBENCH
uvC | [ ____]
S Subscribt i
I equencer” ubscri erl (optional)
I Driver I I Monitor I I Driver I I Monitor I I Subscribers I
i i £ i
hit_if trigger if analysis_if output_if
Design Under Test (DUT 1oP
esign Under Test (| ) MODULE

Number of active pixels per chip per event

8 F Entries 19200
s [ Mean 3054
5 L RMS 1181
2

2
1w
z =

10

big tails...
1 /
e 1 | (R |58
0 2000 4000 6000 8000 10000 12000
< 2683 > bits / chip / event

WG3 : Modélisation & Simulations

verifications

Interaction point
Sensor
i~ K 0 A A
""" — C ) [][53 ) = -
Single particles Jets Loopers Machine
background

[Marconi et al., J. Instrum., 2014]

—hit generation and injection

—monitoring of pixel chip input and output
—conformity checks and statistics collection
—-S.E.U.

Hit: ~2 GHz/cm2
Readout rate (~ 4.8 Gbits/s per chip for 1MHz L1 trigger rate)

Number of entries
N
o

Entries 19200
1271
49.02

Mean
RMS

320 MHz working clock
320 clock cycles to the compression

0 50

100 150 200 250 300 350 400 450
Number of pixels / chip / event
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|/O :WG 4 (Roberto Beccherle)
00000 8x8 Configuration & Read Out
oooond (min)
ooooad _ .
ooooo |160 000 pixels Futur ATLAS chip RD53
oo pixels
régions | 400 rows x 400 columns
configuration) to reduce data 1 stave = 13 modules
5\ & EOC ? ~ (zomm X zomm) (modules : 2 x 12 chips)
Columns addresged @ From other detector
/
1N oNr:Cll\égr NN 1,20r2,1,2.5 Gbls physical regions
Merge or multlplex (uu (different timing)
2 980 Mz ) 1.6,3.2,5Gbls?
- adresses EOC Chip Id | BLOCK
Upli
" Seria] oHVbs concentrator Optic fibre
S Doy, link 160 MHz (DC balanced 8 bit ofe |
MW ¢ o s 5 1paeT |
2 subLVDS =
<. 4omH: = [ Clock recovery
- PLL (160, MH
oo S L+ (160, MHz) <——  10/(or20) Gb/s
data Systéme lock (40MHz) N
__"WR_SR < 40 m
Phase lock ;
2 adressing
Déserialiseur ~ <——— Radlatlons 1GRad
shielded
Serialiseur ———> @W\
e Décodeur 8-10 bits <— Encoded Hamming 4 ou 8 bits
_ (the bandwith must increased)
i Décodeur Hamming <—— Bit error (SEU)
Phase shift
E ey Calibration (latence, ...) <———
_ 5 Configuration <——— Experiment
SCADLSES_V1 Architecture SCADLSES_V1 Layout Trigger 34




1,0 interface Pixel_ARRAY
(PDR+DDC+EODCL+DOB+EOCHL+CNFGREE}721[0:335] hit—>1 [0:79][0:335] AnHit (FEI-2)
cnfg_reg.ColAddrsel —+{> [5:0] BLOCK_SEL
CNFGREG N
[enfgreg_mem_t] \ cnfg_reg.Cm‘gMode’/’> [2] MODE
[16]cnfg_reg[22]
cnfg.SrClr > | SR_CLR (dupliqué 40 fois)
I | GPULSE[40]

——>R1b rst [16]cnfg_reg[27] Cnfg'LatChEn —> LD_EN[0] \ (dupliqué 40 fois) LDEN_I_L
J LD_EN(0] #+-7‘ = c
“R2b DG_INJECT

J_ [16]cnfg_reg[21] - (DIGHITIN[40]) (dupliqué 40 fms) Manquejun
DG_HIT_EN 40 bubble
‘ ‘ cnfg_reg[13]
mem o) HITLD(=0) ~R1_N
= T (duplique 40 fois 1) :
WE ¥ s cnfg.p s1 S0 car 40 DC
| < % 8 XSt Obes
1 \ 5 [12] LD_STROBE STRO
: LD_STROBE
v LD[0:11]
i~ WrRegData[16] RD2bar
E R RAbar2 — . 7
o eI | >CAL (dupliqué 12 foist) 7 12
Rlear RD1har triplication
RStB > CAL ( I ) (DIGHITIN[40])
pHeS triplication WR_SR WR_S R_CG
]:}h md < ™ PulseCmd SRCK_CG _ ==
 te— “W‘“‘j Y > [ GPULSE (->DIGIHITIN, LDEN, cIr) . ) 7/ [
— SR_CK {eN_n l_ 40 I
Sreg cmd. sy M SR_IN _|_|_|—|_|—|_|—|_|—I_|—|_|—U—|-| | v
2 CmMa_S ‘
- J} WR_SR (-1 écriijure série, asynchrone)
mim | [ >WrFE _WrfEcmd B SRCK_A =~SR_B_SEL[40] & SRCK_CG[40]
WrFE_int !
e . SRCK_B= SR_B_SEL[40] & SRCK_CG[40]
Digital_array [ [0:79][0:335] hit
os  clk| be CMD (Decoder) DDC —> [0:39][0:1][0:335] hitEn = hitEn_reord 40 woks
—D > [sR_cK SRCK B[40] #——-> /f
l—- 40 o, SR_OUT_A
ReadOut EOCHL_IP ¢g | EOCHL ! .7/_ ->
Controller  [16]CqnfR®¥ita_Out ) S | " input_ | SR OUT SRCK_A [40]
p—mlp isolation < s <__ - SR IN | /1 I
n Re‘F\etIn o ______——Hitor e e = = /= - —
: . . (dupliqué 40 fois) 0%5
RZENb.ar_> RD2bar | . mbal S RIN SR_B_SEL [40] .
[PORy > > = R2_N




40 double-columns

- b 20 mm d
FrontEnd Integrated—4 1|0 OO O|O O|C OO o O 4-pixel region
O oo olo olo olo oo o///
Overview & 0|0 Olo 0lo OO clo O
O OO OO OO OO ok:k
e, ' O analog 1-pix
H Analog Front End Digital Pixe! Region Analog Front End
M it Processin Hit Pracessin J}/ (FEND)
H q | g k—’ O
- BRI | S e— 5 /\ [0]: output enable (hit-en)
§ . - : . [1:5]:Threshold_DAC
K : t [ s i -ope . j j : O Configurations| [g]:large injection capacitor
. ) L Hit Pracessing | Hit Pracessing & [7]:small injection capacitor
g;xglg(r)ray. | O [8:11]: TOT_DAC
*oU pixels QAlO Olo olo oo /|| o7 m<d - -
7 igital 4-pix
o0 ok |[ oo olo | ol” | ol o\\\.igg p
2o [f old |[olo |[ole |[[oe [ 2l |[o (PDR)
ol |0 |[\O[o\]] O[O olo @0 |70 O
»| O 5o V| oo ol W, 0lo & ok O
o oo ol 1ol Worlob 1
o | oo [~olo | oo A ol | ok 1 o DDC & DC
gl 1O olo M| o olg’ § OO oo O
Ello olc fh QIO ol Lr olo ok O
CNFGREG "o olo |1*Olo Olo,711 olo oo O EODCL
+|O O SO Ol@ ][ O O /
DACs N Token e i lumns Logic_ EOCHL
L1T, Token Read Pixel Config i
CREF B nd o Data Output |€—| DOB
Ha?nm'qg Data Fohwgl/ [Hamming Hamming Block
Power Decoder \Q}mprtﬁ\\mwder EIFG) Decoder 3b10b - CMD DCD
P ~ Engoder™]|
i Current Bias Configuration I o
peripher E et e <|DACS Register  |E-Y Serializer || _— 10Mux+ Bypass
E ;
e, Ypass . = Data 10
Voltage | Shunt|DC-DC | 5 |[ Command £ TIP [ L CLKGEN
Ref. | LDO | Conv. Decodelr OMux | PLL | Pads
IPad Frame X ﬁﬁ RN SN N,
il | [ | 7 ] T 36
Data Sel In Out Aux Ref Data

-In [3]1 4] [3] Clock Clock -Out



7.rep* IND MD.DN.11L.M7°7 —

ANT_CONF_COLUMN CHIP 20160331 132¢.g2 WD DI -
aNT oo VCJLEE}B&SEEQ@@QTIF@%? ﬁob |g!afrer) DRC_CONF_COLUMN_CHIP? 20160331 1326.g9z WD.gds.gds IND_MD.DN.

ANT CONF COLUMN CHIP 20160331 1326.gz_WD.gds.sum DRC_CONF_COLUMN_CHIP 20160331 1326.gz_WD.gds.log IND MD.DN.

ANT_cewE_coLyNQ PABIEwse WA rnmng ada:syﬁtthesre{r:ezpreﬂdme JecodeNérilos, options.de compﬂlammnr)

AL\T_CCI\E_VCJUI\'IB CHIP 20160331 1326.gz WD.gds.txt* DRC_CONF_COLUMN_CHIP 20160 ds.aum IND MD.D

LP.DN.1H.dens1 DRC_CONF_COLUMN CHIP 20160331 1326.gz WD.gd IND MD.

LP.DN.1L. Eg . . o 20 31 1326.gz WD.gds IND MD. gdz.g
i ow Wizard (organisatior],fes %Eh‘fﬂé?ﬂterﬂgp - a &

APlRIlp G:Q B&Maj.?nl'ﬂ (org i JNMOS . £ IND_MD.

A.R.11 R.R.13.2AP.rep* E3D.17g.FMOS. rep IND MD.DN. pt

L.R.1.PCLY.rep* SD.1g.hv_n.rep¥ IND MD.DN.7.MB. aum

L.R.2.EOLY.rep*

S Llcéﬁcﬁg p@rf?fettant d'utiliser les librairies AKMQEeDTgI\@C

L.R.4 Z2.R.7. “IAFrOblﬁme de version 11.1et 14.1 IND.DN.1H.m1.d IND MD.DN.8.M3.

L.R.4.VIZ2.rep* IND.DN.1H.MZ2.d IND MD.DN.8.M4.

L.R.4.VIZ3.rep* IND.DN.1H.M3.d IND MD.DN.8.M5.

L.R.4.VIZ4.rep* . , it\ 1-[€ den 1 IND MD.DN.8.M6.

574 .7TAS. rept EFTEUN cellule d’ajustement fit pas iltr es s gs“t ﬁ ! IND MD.DN. 8 .07,

A.P..-%.;mE.rep* IND.DN.1H.M IND MD.DN.8.M8.

L.R.4.VIZT. p" IND.DN.1H.M7.density® IND MD.DN.S.ML.

L.R.4.VIZS. E EDI IND.DN.1H.M2.dens IND MD.DN.5.M2.

L.R.E_B.R. 8 11 I\égnflcatlon ta pes IND.DN.1H.M9.denaity* IND MD.DN.5.M3.

A.R.6%.R.E.M2.Tep* floating gate (D & S INE.DN.LE»D.FéfaJIfe et refaire; rails d’alim! ; ...;/@y.ow. s e

L.R.6 _A.R.8.M3.rep* IND.DN.1L.M2.density* IND MD.DN.5.M5.

Apﬁsla§k e - IND.DN.1L.M3.d IND_MD.DN.3.ME

B.R.6 A.R.0.M5 El:y Incisive 12.10 IND.DN.1L.14.d IND_MD.DN.3.

A. P_. E A. F_. E.D‘IE. rep& INE_ DN. 1'4.1\,15 . ol WALILLILY D DAUALLIY L :H.U\.H.__"{l.__fS'_dL_'\S [T D) J.L:iu,l'.

i, _ . . 1t e Yarnming: Floating net "stout_gr D' =t (9.0000, 0.0000). e
A.R.E A-f‘-- 8.M7. rep IND.DN.1L.M INFO (SCH-1172): There were 0 errors and 12 warnings found in "CONF_MEM sim mux_out schematic”
A.E. ﬂ}p g.M8. rep" IND.DN.1L.M7.d: INFO (SCH-1181): “CONF_MEM sim_mux_out schematic® sawved

A N X NP0 (SCH-1170) © Extracting "sim_mu=_out schematic"

A.R.&.M3.zep D bl IND. Dl:\ll.n-l"lﬂ-“ Ecroc: (DB-270004) Illegal bus refefence - Can't fap "<=acd>>" from net "sacls>"

. v . T . L Error: (DBE-270004): Illegal bus reference — Can't tap "<sacdy»" from net "sacl»"

B E I.?-',i rep*SImUIatlon AMS Ou e pa r][net\_ i us Error: (DB-270004): Illegal bus reference - Can't tap "<sacd»»” from net "gacly”
o N E. de

Erroc: (DE-270004) : Illegal bus refersnce - Can't tap "<sacd>»® from nst "sacds"

. . INFO (SOH-1172) . There were 4 errors and 0 warnings found in "CONF_MEM sin_muwe_out schematic"
------ X INFO (SCH-1181): "CONF_MEM sim mx_out schematic® saved

INFO (SCH-1170): Extracting "sim mux_out schematic®

reing: Bin "SROUT GR_S5" on instamce “I1": fleating ouktput.

aﬁﬂﬁ "SROUT OR_1E8" on inmstance "I1": Eloating cubput TTTE
loating output. _ratio.log*

Warning: Pin "SROUT GR 139" on instance "Il

______ MZ.DH. viaZ_tri_tier inner ratio.log*
M2.DN. Y:La2__r1__ler_m'"_ra_lo log*
M2.DN. viaZ tri_ tier outer_ratio.log*
CIOCk tree M2.DN. viad_single ratio.log¥

M2.DN. viad stagger inner ratio.

Q
M2.DN. via3 staco€dliREenotbe JIL@ensed sufficiently

MZ.DN. via3 tri_ tier inner ratio.log*
W2 T 1 d BRnAAT . v pover oom TRE Radh Wi LR rstia Taek

. . . srrors: 0, warmings: 0
simvision ne se lance pas | [« wmnocy veazs - 16 3 progran + 10,61 data - 27 5x eotal
novlog: CPU Jsage - 0 0s opsten + 075 user = 0. 8s total (0 #s, 93 6% cpu)

Successtully compiled (' COTF_MEM' ‘LatchDice! VCAD_14h' 'module')
Compilation successful
. . neelab: 14.11-2056. (¢} Cooyright 1005-201C Cadence Design Systsms, ne.
Extraction ecspixl T obocating the fes g merarchy

neelab: *W, CONOUK: Cannot find any unit wnder CONF_MEM LatchDice2 WCaD_12b:'mcdule in the design liboaries.

neelab: *E, UJUFUL: instance 'L113° of the unit 'LatchiliceZ wial 12h' -3 unresolved tn ' LJHE M. conf mem b LUZ:schenatic’
""" H . noelab: #W, CINOUK: Cannot Find any unit wnder CONF_MEM FEND PIX DIGT_wi_LVS_mrwa \I\Ddul= in the deslg‘r\ Lihraries
- il - nrrlahs *E, DINFUK: dinstancz2 'T1' af the wnit 'FEND PTY NTRT w3 _T¥S, _mnTA " dis nrresn wed in CRONF_NEM conf TR _ 1h TI'ID arhenatic'
neelab: *W, CINOUK: Cannot find any unit wnder CONE TMEM LatchDice2 WCAD 1%b:‘mcdule  in the dESlq‘n libraries.
necelab: *E, CICFUN: instanc: 3 of t.he \Jnlt 'Latchhice? _WCAD_ 12h' -8 unresolved o D]NF MEM cnr\f _iem_ lh LDZ:schenatic'

Seallng ring Ivl-‘l-.Eh'.‘l.l.:'.enai:

4.R. ¥ ViaS_aingle_ra:io.leg*

L.R.MIM.3.RAP.CTM. M4.DN.1l.density* via5 stagger inner ratio.log

L.R.MIM.3.M8.CEM. M4.DN.2.density* via5 stagger outer ratio.log* Texz.e
L.R.MIM.3.MB8.CTM. H < v

A.R.MIM.3.M3.CEM. ; Chlp Cordtéf\ StEEiSS Stress BEI ?f?ﬂﬂg Ulog RVE C i
L.R.MIM.3.M%.CTM. fech H .DN. & ty ri_tier outer ratio. o a [b
L.R.MIM.4. CEM. permission denle.d viaé_single ratio.log* GDS re
L.R.MIM.4.RV.CTM. PORET or PASYV first =ity viaé_stagger inner ratio.log*
A.R.MIM.4.VIAT.CEM. : Vad viaf_stagger outer ratio.log*
L.R.MIM.4.VIAT.CTM.

R 4 v gse resutts-frenTIvEC

A, R.MIM. ~’1.vIRS.UI‘M r via6_tri_tier outer ratio.log*



Competences outils

DIGIT AL @

Comportemental Verilog System

Simulation Incisive 12.1

Sythese RTL Compiler 12.1

Layout Encounter Digital I(mplementa)\tion 14.1

clock tree generation

ANALOGIQUE / /ifportation

Analogique Virtuoso

Simulation Spectre & AMS

Verification Calibre

« ANALOG ON TOP »
(Assemblage , vérification, simulation post layout)



In order to work on the RD53-A chip, have to be implemented.
® PLL, SerDes, Clk alignment, ...
e Command Decoder, Configuration Memory, event builder, data compression, ...

Foreseen manpower
Group Area of Interest (over 6 months) |
Bonn CDR, PLL, SER,CML TX 0.9
‘Torino  PLL 0.4
Pisa Command Decoder, SerDes, Channel 13
' Synchronization, SLVS Driver-Receiver | '
L BNL 5Gbps output, data compression 0.2
LPNHE  EoC Data Path 05

3.3

DATA
A S Serializer | -
el
[}
CML BIAS &
RE-EMPHASIS |O

TEST BENCH (VHDL) FOR THE CHANNEL SYNCHRONIZATION MODULE




Proposal ...

Eli;:ilﬂops d
| sparse scan readout
no hit |_}D
\| =
no hit — 0
X hit L__O} E:S;::Zr Pixel address
‘ —0}1 Extract a stack of addresses of pixels
no hit l%}o hit in time with L1
i . | :}o Building block

in
Output bus
ck
L1
- VHDL model 0K
- Cells library 65nm TSMC
- 1/0 locations file (x,y in microns) text file
- Dimensions (FIFO depth 16) 35 x 70 um?

FIFO depth 24

35x90 mm2
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AIDA

European project

Advanced European Infrastructures for
Detectors at Accelerators

TecHnology
Innovations for
INtelligent
TracKers

Projet phare p2io

(Labex retenus pour 2eme
lecture)

41



Schematic « top level » Final integration : Conf Column Chip ; C3

* « Génération automatique »
* Dimensions~1.0mmx 1.0 mm Blocks simulation : spectre
e 1.2 Volt Top level simulation : AMS & behaviour

-DESCRIFTIEN. -

© 1|load énable

rif_meq_b L3
FCLR_E SUFE

OFF_LO%eR ©

am_1b_LD2 -

- - FEMB _Intarta:

tDI




Schematic « top level » Final integration : Conf Column Chip ; C3

* « Génération automatique »

* Dimensions~1.0mmx 1.0 mm Blocks simulation : spectre
Top level simulation : AMS & behaviour

Rcarré (M1) : 0.16 Ohms
Rcarré (M9) : 0.0218 Ohms
capa (M1) : 0.16 Ohms
capa (M9) : 0.0218 Ohms

Métal (400fF / mm) 20 mm = 8pF ;
1 mm = 50 Q (pour la clk attention au jitter)
1ns = 1mA; invD24 : 3mA

Vth =0.450 V
Tox = 2.6 nm

(fast corner, 1.6V/-55C)

U3 metal stacks
L6+1 metals (“base metal stack”)
W4-thin, 1-thick, 1-UTM , RDL
Q7+1 metals (“CMS MPA metal stack”)

m5-thin, 1-thick, 1-UTM , RDL s W]
available on special request i I_ll_
L,\ﬁt_l ] mimcap
[ms]

9+1 metals (compatible with mini@sic)
W7-thin, 1-thick, 1-UTM , RDL
BNote: 220 k$ NRE price adder
with respect to base metal stack (!)
1-Ultra-Thick Metal. Last metal, redistribution layer (RDL)
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Juin 14 :
3 juillet 14:
5sept. 14 :

15 déc. 14 :

janv. 15 :

30 janv. 15:

Mai 15 :
15 juin 15:
Juillet 15 :
Ao(t 15 :
28 oct. 15 :
28 oct. 15 :

13 nov. 15:
11 janv. 16:

4 mars 16 :

10 mars 16 :

21 mars:

23 mars 16:
31 mars 16:

5 avril 16 :

13 avril 16:
26 avril 16 :

Quelques dates clés IN2P 3

Instirur Namional pe Prvsioue NUcLEAIRE
ET pE Puysioue npes Partic

Pré étude microélectronique pixel (t=0)

Non Disclosure Agreement Kit TSMIC 65nm pour signature
Proposal collaboration RD53 (soumission)

1¢re rencontre avec Jorgen Christiansen (responsable RD53)

Guest RD53 & 1¢™ rencontre avec R.Beccherle (responsable WG 10)
Access Repository FEI-4 (uvm , codes)

Etude code RTL chargement configuration FEI-4

NDA signé

Synthese, P&R d’une Double Colonne de chargement

Etude de la partie I/O du FEI4

Kit TSMC 65nm installé

Collaboration CPPM (officialisée) LABOEATOLE
Réception lere version des Latch CPPM i
Réception Latch CPPM (version finale)

Présentation puce C3 LAL a Jorgen Christiansen

Run Multi-Project Wafer (prix & réservation)

Correction des PADs (Bibliotheques PADs OK)

(1) soumission

envoi du GDS (2¢me soumission)

confirme le GDS (tape-out) -> fonderie.

entretien avec R. Beccherle (meeting RD53)
Participation au meeting RD53-A




