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INFN/CHIPLX65 contributions to
RDS53: recent results and perspectives
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Requirements from HL_LHC experiments

Small pixels:  50x50um?

Large chips:  2cm x 2cm ( ~1 billion transistors) ONRzZIeT?
Pixel Hif rates:  up to 3 GHz/cm2 (200 P.U.) @G
Radiation: 1Grad, 10 n/cm? (unprecedented)
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Trigger: up to TMHz with 12.8us latency

(~100x buffering and readout)
Low power - Low mass systems

Data readout : up to 4-5 Gbs/s
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C H I P IX65 Web-site: http://chipix65.t0.infn.it

CALL Project CSN5 approved in October 2013

Development of an innovative CHIP for a PIXel detector, using a CMOS 65nm

technology for the first time in HEP community, for experiments with extreme particle
rates and radiation at future High Energy Physics colliders.

Principal Investigator : Natale Demaria - INEN/Torino
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Institutes:
Bari, Lecce, Milano, Padova, Pavia, Perugia, Pisa, Torino

People (~40 of which 50% ASIC designers; 12.4 FTE)

Work Packages:

‘ ; Radiation Hardness — A.Paccagnella (Padova)

i : Digital Electronics — R.Beccherle (Pisa)

ETL , e Analog Electronics - A.Rivetti (Torino)

Chip Integration - V.Re (Pavia/Bergamo),
V.Liberali (Milano)
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http://chipix65.to.infn.it

CHIPIX65 Project

Institutes:

Bari, Lecce, Milano, Padova, Pavia, Perugia, Pisa,
Torino

People (44 of which 50% ASIC designers):

N.Demaria, G.Dellacasa, G.Mazza, A.Rivetti, M.D.Da Rocha Rolo,
E.Monteil, L.Pacher, F.Ciciriello, F.Corsi, C.Marzocca, G.De Robertis,
F.Loddo, C.Tamma, M.Bagatin, D.Bisello, S.Gerardin, S.Mattiazzo,
L.Ding, P.Giubilato, A.Paccagnella, F.De Canio, L.Gaioni,
M.Manghisoni, V.Re, G.Traversi, E.Riceputi, L.Ratti, C.Vacchi,
R.Beccherle, G.Magazzu, M.Minuti, F.Morsani, F.Palla, V.Liberali
S.Shojaii, A.Stabile , G.M.Bilei , M.Menichelli , S.Marconi, D.Passeri,
P.Placidi, S.D’Amico, C.Veri, A.Donno.
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RD-53 Organization

Institute Board
Lino Demaria, chair  |~.| SPOkespersons Management Group
Jorgen Chrsliansen (CMS; WG leaders
Iaurice Garcia-Sciveras (ATLAS)
| I l I l
Rad. Tolerance | | Simulation Analag Top lavel IP Block 10 RD53A
Workgroup Workgroup Workgroup | | Warkgroup Workgroup Workgroup FLoddo
Marlon Barbero | | Temasz Valerio Re M G-Seneres J. Chrislansen R. Beccherle T Hemperek
Hemperek nterim nlerim
Country Town Institute Inst.
Representative
! | Czech Republic | Prague FNSPE.CTUAP-ASCR Miroslav Havranck
2 | France Marseille CPPM Alexandre Rozanov
3 | France Pans LPNHE Giovanni Caldenini
4 | Germany Bonn Bonn University Hans Kriiger
5 | Traly Bari INFN and Politecnico Flavio Loddo
& | Iraly Milano INFN and University Valentino Liberali
7 | ltaly Padova INFN and Politecnico Alessandro Paccagnella
8| Italy Pavia INFN and University Valerio Re
¥ | Ttaly Perugia INFN and University Gian Mario Bilei
0] Italy Pisa INFN and Universaty Fabrizio Palla
1 Italy Tornno INFN and Universaty Natale Demaria
12 | Netherlands Amsterdam NIKHEF Nigel Hessey
13 | Spain Sevilla Sevilla University Rogclio Palomo
14 | Switzerland Geneva CERN Jorgen Christiansen
151 UK Didcot Sc.&Tech Facilities Council | Mark Prydderch
16 | USA Chicago Fermilab David Christian
17| USA Berkeley University of Califormia Beate Heinemann
I8 | USA Albuquerque | Univ of New Mexico Sally Seidel
191 USA Santa Cruz U.C. Santa Cruz Alex Grillo
Institutes:

8 CMS, 2 CMS/ATLAS, 9 ATLAS
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RD53 Collaboration

is a real and effective synergy
among CMS-ATLAS communities
with a specific and focused goal
with a real main deliverable:

a LARGE scale FRONT-END ASIC
prototype for Pixel-Phase 2
detectors

Personal comment:

quite unique experience
challenging when going to decision
EXCELLENT melting pot!

INFN: 7 groups,
30% of RD53 members

Web-site: http://rd53.web.cern.ch/rd53/
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defined in RD53

A. Development of Building blocks

» |P-Block
« Analog Very Front Ends

B. Development of Digital Architecture
C. Verification environment

D. Complex Chi
successful A

Integration : modern tools to secure a
C submission

E. Radiation characterization: try mitigation strategy

Small DEMONSTRATORS :
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64x64 pixel matrix

RDS3A large scale pr
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Synchronous Design

e Rad-Hard (6-800 MRad)
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e Compact: 35x35 um2,Low power (<5uW)
e | ow Noise (<100e"), Fast ToT (~150ns),

Asynchronous designn
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Radiation Characterisation
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CHIPIX65

Design Submissions

Rad.
2014 2015 2016
DESIGN TEAM m‘ﬂ"‘;m
Qi1 | Q2 Q3 | Q4 |Q1 Q2 (a3 Q4 | Q1 Q2

SER Pisa vl vl V1
DES Pisa vl vl
SLVS-TX/RX Pisa vl v2 vl
SLVS-TX/RX Pavia vl vl
BandGap Pavia vl v2 v2
DualRail Dig Milano vl
DICE RAM Milano vl v2
DAC-curr Bari vl vl
ADC Bari vl v2
PLL Torino vl
DC-DC Lecce vl
VFE-synch Torino vl v2 v2
VFE-async Pavia vl v2 v2
CHIPIX_DEMO .__X.‘.
(64x64) ALL
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CHIPIX65-FEO
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3,460 mm
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Full INFN development (about 1 year work):

- Two Analog Very Front Ends

- IP-block (DAC,ADC, I/O, BandGap, sLVS-TX/Rx, Serialiser)

- Digital design, digital-on-top, chip integration

~3 Millions digital standard cells

(400 each pixel)
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CHIPIX65-FEO layout

1. 64 X 64 Pixel Array

a Synchronous Front-End VFE-Torino
Architecture

b Asynchronous Front-End VFE-BQ/ Pv
Architecture

2. Column Bias Cells with current
mirrors (Analog)

3. End of Column and SER/(Digital)
4. Global DACs, BGR and ADC
5. SLVS TX/RX and I/O cells

EEESESESEEESESIEIEaii:
EEEEEEEIEE[IEEESEEES
EEESEEESESl T IEEESESEE
EEESEEISIEEESERESsiiiE
EEEsEEEIEiESEiiisiiiis

O FIFE(+-based readout architecture, SPI-based chip configuration

O integration of available silicon-proven IP-blocks designed for RDy3:
o Bandgap Vollage Reference (Pavia [INFN)
o SLVS transmitters/receivers (Pisa INFN)
o High-speed SER (Pisa INFN)
o 10-bit biasing DAC (Bari INEN)
o 12-bit monitoring ADC (Bari INFN)

O modified CERN rad-hard 1/0 library

ATy 1 b ’hase-2 CMS-Italia , Spoleto, Dec.2016
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ASIC design methodology

Design Flow: Top Level Integration

10 FRAME

An. Chlp Bottom
(Virtuoso/ADE-XL)

MACROCOL _BIAS
(Virtuoso/ADE-XL)

(Virtuoso/ADE-XL)

Analog FE
(Virtuoso/ADE-XL) o o Additional tools
om = > . ]
3 £ & for verification:
v 9 - Voltus
PIXEL CORE (8x8) - Tempus
(RTL/Innovus/Verilog) v v Dig. Chip Bottom
ASIC Top Level )}}, (RTL/Verilog)
(RTL/Innovus/Verilog)
PIXEL CORE (8x8) .
(Virtuoso/ADE-XL) S o5
(DRC/LVS) =
AN

Simulation = VEPIX53 | Calibre DRC/LVS
* UVM "
* System Verilog ?ol
» Verilog AMS (Wreal)
* HSIM Tapeout

CMS-Italia , Spoleto, Dec.2016 11
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CHIPIX65-FEOQO Design Team

CHIPIX Integration and Floor Planning
L.Pacher(*)

Digital Young researchers
A.Paterno(*), L.Pacher are strongly contributing
(in bold).

Analog Front Ends

E.Monteil(*), L.Gaioni(*), L.Ratti

IP-Blocks
F.De Canio(*), G.Traversi, F.Loddo(*), G.Magazzu, C.Marzocca, F.Liciulli, F.Ciciriello

Analog Bias and Monitoring
F.Loddo

Architecture Simulation and Verification
S.Marconi(*), E.Conti(*), G.Mazza, G.Dellacasa

(*) : also part of RD53A
design team

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-ltalidSpoteto; Bec2646



Testing of
CHIPILX65-FEO:
First Results



chips received back from the foundry: eno OF

SEPTEMBER, 2016

preliminary tests started in Turin: Two wEeeks AGo
full-digital ASIC/FPGA|interface (FMC)
prototype wire-bonded on a custom test board

a few test points for global bias voltages/currents
FPGA Xilinx Virtex 7 board

LabView data acquisition test interface
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Chip Performance summary

CHIP-configuration works correctly
« DAC /EoC / Pixel configuration via SP!

Bias distribution works correctly
Regional digital architecture tested
e triggerless, triggered, binary / 5-bit digitization, debug-mode

Readout works fine
* EoC, Data output at 320 MHz with 8b10b encoding

ALL IP-block work:
 BandGap, DAC, ADC, sLVS-Tx/Rx, Serialiser
Analog VFE work fine

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016
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Charge Injection: DAC setting

12— ]
B —J40
i — — . .
go N 0 o the calibration
E= = . 20 : :
S osl— = b= S|gnql IS sent to
g [ — CAD simulation 17 = the pixel.
= B - S
= 06— m data s .q‘i.
S B :10 =
0.4l o
; - o o 2o e Q= Cin Vcal
DAC code

1 DAC count= 48e-

IIIII lII IIlI III i L) A I.lll I 1A | SRRNLINARS IRy

SP '—\i ETTUNETISS NS R 1SSkl T l..l XLI ll...\l Ll e I..l !-.II

Total of 16 DAC:
- 9VFE-TO

R S - 6 VFE-BG/PV
R Fﬂ#uﬁﬁ#ﬁ&hﬂ?&%%&f’ VCAL

1SS S 1 — - l| 1 llll l ! — HH HIY HY il Bl — -
ALl LA

[N}

ek gy 2y =eEEE vﬁzzm
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ADC - monitoring

i jected charge [ ke

0 5 10 15 20 25
v ' S ' o ' S S
40000 :— -
500 :— .
- R We can monitor
S 3000 : :
= via an internal
% 2500 CAD simmulataon ADC a”
2000 = data - Bias currents
1500 - Bias Voltage
i - Cal Voltage

Hl IR e

FEED ?. FESIEEES . l[?QJB

2
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Measurement of Threshold and noise
S-Curve: Charge scan

A
[—
-
(%

[
lIl

08

06

hit efficiency

llllllllllll

)

-~

7,

|~__)

()

08

06

01

hit efficiency

0 > 20 90

o6 100 0 ;
calibration voltage [DAC counts]

0 )
calibration voltage [DAC counts]

all pixels tested and fully working

aulozeroing performed each 200 us

effective mwoise and tHresHOLD values determined by means of S-curves
measurements performed with CHARGE scans and Fixep THRESHOLD

HIT FFFICTENCY recorded for 100 charge-injection pulses

measured points fitted using an error function (sigmoid)

noise and threshold values extracted from means and variances distributions
L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016
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VFE-TO
Looking for lowest threshold

T I T 1 T I T 1 T I 1 T 1 I T T 1 ] ‘

—

VFE-design without need of
Threshold trimming
(auto-zero technique)
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lllllllllllllllllllllll Illll

40 60 80 100 120 140 160 180 200 220 240
global threshold [DAC counts]

(]
@)

Vth=60 DAC-counts corresponds to 250 e- (see next slide)

auto-zero : 75ns every 100 usec

Calibration signal sent with random time distance from auto-zeroing

e no pixel has been excluded
L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 19
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60 DAC counts
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voltage difference at the
discriminator

Charge threshold is linear with
CMS-ltalia , Spoleto, Dec.2016
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DAC counts
no pixel excludead

<threshold>=250e- achieved
Dispersion of around 120e-




VFE-TO
Noise measurement

ENC [e]
20 40 o0 80 100 120 140 160 180 200 220 240 3
180_] | l || I LI I LI I LI I | I l LI I LI I | | I LI I L I LI I : —140
1601~ [T Vth = 65 DAC counts 25 120
- [ Vth = 80 DAC counts = -
140 . . A -
= [ Vth =120 DAC counts z { oo
120 [ Vth — 160 DAC counts 3 ° { { =
= ) — } )
w B SRS — 30 —
& 100 TN % 15 1 ©
E F SN a o &
S 80— N — [ —50 =
- { - o L7) 1: :
OE N W E 1o
0: 1 0317 —20
20— U - -
- \ 'k‘ 0_ | P P IR TR T R | TR
=W S (AR WP PP PP B B 60 80 100 120 140 160
0 ) 1 25 3 35 A1 A5 5

DAC connts global threshold [DAC counts]

O ENC measured for different values of fixed global threshold

O constant behavior with threshold values as expected
O

ENC ~ go e RMS in good agreement with CAD simulalions

—
_—

very low-noise performnnce assured despite intense latch and regi(m-logic
switching activity
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Analog - ol counting

Analog signal (oscilloscope)  VFE-TO A clocked counter counts when

= — .
B o[ Ifeed = 10NA signal above threshold :
E, ... Ifaed = 40NA - easy-small
_ - done per pixel
2.32 ]
) 3:_ 10ke Cal Slgnal - low power
R - Cons: dead-time
0 PR — z
.24 ’
aF — Needed :
L Coa t ot Je ' o' <o =>FastLinear Discharge
. e Shorter signall
- 10T=400ns for slow discharge . —> Fast Counting
TO get enough resolution
3.50€-02
3.(0€-02
& | 20602 IO OBTAIN <1% inefficiency from Analog pile-up
GCJ 2.008-02 w——clux = 3 GHz/em2
O | 1c0e 02 e 2Orfem2 1.<ToT_pix> should be <135ns
@ |ree 1% ineff i
£ | scoc0s 2. For 4-bit (600e-) ToT counter @ > 60 MHz
0.00£+00 Pice Area
) 00 200 300 400 500 TOT (HS)

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 22



VFE-TO
Fast Tol counting

- — TESTP
ANALOG SIGNAL
—v—( T | [ T IT
P - wog ’ ’ VERTICAL: 100 mV/div
‘m..'.‘ -”"“-,'.'.'3 HORIZONTAL: 50 ns/div

A signal above discriminator threshold start a local oscillator
(rough VCO) with a frequency controlled by a 10-b DAC.

The increase of power is of around 5% (0,2 uW/pix) at 3 GHz/
cm2

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016
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ToT counts

VFE-TO

e Good ToT Linearity - 5 bit ToT

Fast-Tol measurements

e Here shown measurement with 320MHz Fast ToT
e Fast-Tot-clock frequency can be varied via a 10-bit DAC

e Slope dispersion of about 12% expected from mismatch in

I-Feed
injected charge [ke]

1 2 3 4 5 6
I I I I I I I I I | I I I | | I I I | | I I —
80—
32 counts=100ns JoF-
@ 503—
£ F
5
30;—
Charge res= 200e- 20
105—
| I | | | I | | | l | | | I | | I | | | I 0: !

Entries 372
Mean 0.06207
RMS 0.00804

QO 101/ TOT=12%

l"'f'l'"ff"f'f

60 0 nn n 140 160
calibration voltage [DAC counts]

0. 0.06 008 0.1 0.12 014

ToT counts / DAC counts
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hit efficiency
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100

=3
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15

0

VFE-BG/PV
Threshold and noise

Jireshold [ke]
2 25 3 35 4 45 5
I|I I|III|II |III|IIIII
Intries 2048
Mean 3673
RMS 44 69
S
No threshold
trimming

11

._..\:‘:\-...:._.:..-‘.{.l \“'1"\l" S

250 30 330 40 4350
DAC comnts

00 5% 600

L.Demaria: Pixel ROC for PIXEL Phase-2

230

180

t—
9
-
o

all pixels tested and fully working
untrimmed threshold dispersion
preliminary results indicate ~400 e~
threshold dispersion, in agreement with
CAD simulations

aulomaled calibration algorithm nol vel
supported by DAQ interface

ENC ~85 ¢~
ENC [e]
20 10 el &0 100 120 140 180 180
T T T T T T T T ]
Entries 2048
Mean 8 661
RMS 1122

:

3 10 12 12 16 18 ™
DAC connts
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VFES are rad-hard

Peaking time vs radiation

- 0.1z

VFE-Ba/Pv E sal_ | —e— Test durlng Imadiation
g/ : VFE-TO
0. by AL B had a Test 70h after irradiation
e £ *E sl 9 sl sl Y
- ir- S00M e — @ sl 25 aller irradislion
TR — i ADIM é
E 34
5 006 - 1 -
o - 39 = [
= ' - PMOS fb
g 0.04 - high gainoap ap—
g ) - low r@cgvery current — e
- -G =130 IF ]
& 0.02 K ) 24
a -G =10 ke ~
N J — ™
0- 1 26 * -
0.02 [
[ ]
«0.04 P PR Ll ,1.:‘ PR Y N
D 'G 10. 3? 1"‘ 48 10" )‘) - I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1
. Q 100 200 300 400 200 GOO
Time [s] 1D [ L)

Noise vs Cinput

22 T nal 0277471

« No major worry: analog-architectures §2405_ Ay + VFE-TO
tested under radiation and no E [ T #
serious problem seen LB __osisoten
w7 jmems| S 7 } ----- |
L e - Sy
1605_ ...........
600 Rac
120;_ — 55— Tast after wradiation
100} 9,.:-'{' —®— Tast 25d after iradiabon
Py - —e— Peinadiation
e e e e e e

Cinput [IF)
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CHIPILX6S digital

architecture



CHIPIX65 Regional architecture
extended to (4x4) pixels

Pixel region provides :
- pixel configuration register
- ToT counting
- Local storage waiting trigger
- Trigger matching (zero-suppr)
- Readout to end-of-column

Analog VFE in four (2x2) islands

Digital architecture logic distributed
T in the (4x4) Region

AREA for digital is tight: idea is to make real use of sharing digital resources

among more pixel
e FE14 architecture NOT convenient for regions larger than (2x2)

e NEW architecture developed by CHIPIX65 based on (4x4)

L.Demaria et al. CHIPIX65 demo First Results. TKUpWeek , Dec.2016 28



CHIPIX65
Novel digital architecture

| Pixel Pixel Pixel
it Hit Disc & Hit Disc & Hit Disc &
_| ToT counter ToT counter c o ToT counter
BX clock i
Deadtime Deadtime (X16 Plxels) Deadtime
counter counter counter See also TWEPP
/
region hit region hit region hit and NSS tal KS
Hit Mapper & memory address count
i Aﬂtch llatch th‘:h '
read [Hitmap (pix addr)| [ToT mem | | | | Timestamp mem e T!mestamp count
mem | | | | | | | | Trigger |« Timestamp + Lat
I | | | 6 | | | | I match Trigger
| T | | | XS, |3x16 | | I 16 | Trigger : Trigger Id
[ e e oy | 9K Triggerd Req
| | | | | | | | | Arbitration | Token In
l ‘
. . . L v
Pixel Region Data (6 4-bit ToT, 16-bit hit map) Token Out

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 29



CHIPIX65 architecture
performance @ 3GHz/cm

; i 2x2 PR architecture
Metrics 4x4 PR architecture (1x4) Tod ay
it oss Gue to desd time () |_JOMHZFE_ | 128MHz FE | domMmzFE | 128MAzFE | Statys
3.19 ! 0.94 0.72 ! 0.42
: : 8loc.: 0.74 . 8 loc.: 0.76
fo) . | . |
Hit loss due to buffer overflow (%) 16 loc.: 0.24 : 16 loc.: 0.29 (0.57) : (0.57)
| ToT loss due to limited ToTs (%) | 0.10 [ A el
. ' ‘ 8 loc.: 1.19
Total hit loss (%) (ToT loss excl.) | 16 loc.: 3.44 ’
| - (0.99)
Low Power and area saving .. .NOW moving to better efficiency
CHIPIX65 architecture : ;
Power Power with gailn of 15% in area
Analog 3GHz/cm2, |0 GHz/cm2, CHIPIXE5 architecture - VFE-TO FastToT
Tr=1 MGHz |No Trigger |AREA AREA Power
uW/pix uW/pix um2 % #hit ii’l’;:gfz AREA
VFE-asynch 4,51 4,05 876 68% uW/pix %
Z-bit ToT 4,73 €8%
VFE-TO (synch) 40MHz ToT | 4,52 4,25 860 68% T 106 7%
VFE-TO (synch) Fast ToT 4,73 4,25 idem idem 6-bit ToT 562  79%

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 30



Next Steps



Alignment

11.8 mm

Ppel

RDS3A

Alignment +

2l Pixel
1 (400,192)

ATLAS chip

Spring 2017

1 Pixel

................

Finl 20 mm

Large Design team:
e coordination: F.Loddo (INFN-Ba)

e deputy: T.Hemperek (Bonn)

e about 13 designers - (7 from INFN)
o

[

Weekly meeting
from middle January ALL at CERN for finalisation

and verification work

L.Demaria: Pixel ROC for PIXEL Phase-2

‘: ™ [400'0)

e | arge size prototype chip
e Base-line for CMS and

Submission foreseen:

We just had 1-day design review
(Tuesday) with external reviewer:
==> very positive outcome

Parameter Tvp. Max.
Core direet supply vollage 1.2V 132V
Shul.DO input vollage LSV 20V
Per pixel analog current 4uA LN (RN
Per pixel digital current ApA GuA
RNS3A Periphery analog current J0mA  B0OmA
RD33A Periphery diaital current 0OmA 60OmA
Output drivers (each) 20mA 30mA
Total RDS3A current (4 outpuls) 0754  1.3A
400x384 chip periphery analog current  S0mA 100 mA
400x 384 chip periphery digital current  60mA  120mA
Total 400x384 chip current (4 oulpuls) T4 A 25A

Table 1: Power supply limils
CMS-Italia , Spoleto, Dec.2016
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FROM SMALL demonstrators
towards RD53A)

Characteristics

“FE65P2

~ CHIPIX65-FE0

RD33A

Pixel Matrix

64x64

64x64

400x192

Matrix Organization

(2x2) analog islands
Pixel Regions

(4x64) COREs

(2x2) analog islands
Pixel Regions

(4x4) COREs

(2x2) analog islands
Pixel Regions
(8x8) COR

Pixel Regions

(2x2) pixels
distributed data buffer
trigger matching

(4x4) pixels
centralized data buffer
trigger matching

(2x2) & (4x4) pixels
thc

trigger matching

VEFE

VEE-1

VEE-2
VEE-3

VFE-3Z

Analog-Digital

Analog triple well.

Analog triple well

Analog triple well
Digital triple well

4 or 8 bits

[solation Digital triple well
Signal Digitisation 4-bi;s binary or 5-bits
. . BandGap, DAC, ADC
Building Blocks few not RD53 SER, sLVS-Tx/Rx.

< BaIGIEDACADC

Ana-Bufter, PON-reset, Sh-LDO

Cable Driver,
PLL-CDR, Temp Sensor

Bias-Distribution

Single stage mirroring

Double stage mirroring

C gouble stage mirroring >

Radiation hard design Analog Analog Analogand Digital
Powering Standard Standard Serial-Powering

L.Demaria et al.

CHIPIX65 demo First Results.

TKUpWeek , Dec.2016 33




Conclusions

« A CMOS 65nm FE ASIC is the only viable solution for inner layers of
Phase 2 pixel detectors and it is also a preferable solution for the
other layers overall.

o CHIPIX65 project has boosted the INFN towards the use of CMOS
65nm and to work a real application for a Pixel Phase 2 readout ASIC.
High level, effective and innovative contributions to all the aspects
and measured in the framework of RD53 international collaboration

o A CHIPIX65_FEO first results are VERY promising: works low
threshold (250e-), Fast-ToT, 2 VFE, |IP-blocks

e jrradiation test in early 2017; bump-bonding foreseen to planar / 3D

* INFN /CHIPIX65 is essential for the RD53A design and test

« Now we have matured enough experience in INFN to continue after
RD53A to design the future ASIC tor the Phase-2 Pixel detector

CMS, CMS

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016




Radiation Effects

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 35



29 Total Dose effects

TID has no effects on 10°* e

* Vth does not change - gate oxide is rad-
hard < 10

* CMOS leakage current (Ids) - STI stop
current flowing

TID HAS effects on small gates (L or W)

 RINCE (small W) and RISCE (small L)
effects

* Max current (l,,) decreases
* Transconductance decrease (G,)

* Effects mainly on small size CMOS,
impact on minimum size digital circuits

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-lItalia , Spoleto, Dec.2016 36



Modeling radiation
damage

All data measured by RD53 on CMOS are fitted using a simple model.
Very power tools to verify all the design of IP-block, VFE and digital
circuitry

The mobility factor kuOn is defined as py0 rad/u0 prerad
P-MOS modeling fitting data

kpOp parameter

1,00

C,80

o
-
o

(]
0
o

| -

C.Co

200Mrad - FIT : kpOp parameter vesus W for different L

N-MOS modeling fitting data

i ,_——" h 4
//'/- 1 'Q A-J
X e ‘- L)
P Q \’7) | o : - 3‘ ) ‘
,/{4_ T ’ a L=0.06
?,/ B 0 Q) e - 1 x [ " X 2 L'Ol;‘.
r~ A S T B L S ) o
@ . . T — ® =, 10,24
R S T T ol -
i A7 L-0.36
v 4 |
' " k ¢ 1-0,98
. o 1-0,3
A e .
(l_- L=
- L=10
e | =270
Data from msesasuremsenis
g,1 1 10

pmoes device width {um)
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kuOn parameter

-

(]
(o

)
()]

]
-
e

(]
~

o

200Mrad- kpOn parameter varsus \WV for different L

,
3
o
3
>
)

e_s_ioe

Increase of L

o
ot

1 10
nmos cevice width (um)
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DRAD : first results & F

Awverage delay increase per library %

Average increase of delay per library after 200MRads

- .

130%

-
N
WV
-4

* Repeat tests with cooling:
* 200 MRads with cooling.
= 1000 MRads with
cooling.
* Radiation campaign up to
500MRads.
* Continue with the current

v
annealing testing and
. annealing at 100°C.
ST_NVIR 127T_N\T 12T_MHVT 12T_LVT 12T_NVT_R LET_LVT
. Test structure

120%

115%

3

105%

100%

ST_NVT

e OT is the digital library for Pixel-Matrix (/T cannot be
7 Track: | .4 uM used)

9 Track: |.8 uM

* 30 far results in agreement with simulation models
|2 Track: 2.4 uM derived from single MOS radiation characterisation

18 Track: 3.6 uM results

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-ltalia , Spoleto, Dec.2016 38



% Frequency decrease

209  Average decrease of the frequency in different libraries. 200MRads with cooling

18%
16%
14%
12%
10%
8%
6%
4%
2%
0%

Ring Oscillator frequencies 9T _NVT

8.E+07

7.E407

6.E+07

5.E+07

=o=Simulation Pre-rad

mmAVERAGE after
iradiation
AVERAGE after
annealing room T
I average after
annealing 60°C
——MAX after
irradadiation
——MAX after
annealing room T

——MAX after
annealing 60°C

ANNEALING
NOT INCLUDED

—+=Experimental Pre-rad IN THE

MODELS

T arior —o=Experimental 200MRads
T
3.E+07
26407 =+=Simulation 200MRads
1 E+07
0.E+00 —a—Experimental 500MRads
> g Q Qo Q Q" Q” Q&
& & S ¢ & § & v
) N s & £ ® N —+—Simulation 500MRads

Test Structure

L.emaria: FiXel RUCU 10r FIAEL Fhase-£ CIVio-ITtalla , SPO0oIeto, becC.£ZuU 1o
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Radiation-Induced Narrow Channel Effect (RINCE)

Radiation-Induced Short Channel Effect (RISCE)

PMOS W array

T 9

PMOS L array

BB i || —+—P tp/60mm e
- [—+—P 24CnmEOnm { P W20 | - i
| | == 3ECnmEOnm oo ol | F 240w |
L —.— 4E8CnmVEONM 3 | =P hwr360wn | ;-
| [ —+—P 60CnmveOnm ¥V ol P wrMsom |
L P 1 umyS0rm i L | =P wrs00mn | § i
| i —* P ELT 1um/30nm 381 o} - =P lwr/ wm _

o ; ; : : & | =——F s Our £

" A AAo Al, H l) H 09‘0(' A H 1. A A i' H lo

Fre Rad 10 10 10 107 Pra.Rad 10 10 10
TID [rad]

RINCE:

narrow PMQOS do
not work above
500 MRad

I

here L=1um,
W=120nm

L.Demaria: Pixel ROC for PIXEL Phase-2

PMOS

NMOS L array

Alon [%] y T —————————
T ' 10 - - - v———— -
b
=N 1mSHnm
F N Tumy1.20nm
——N 1un2400m
—+—N 1um350nm . e M 200 S0
] ——N 1m120nm 250 —e—N 240rmye0sm
+=N 1|| mRNNnm : > ;‘ j-’:‘)l‘ YE0em
t —— N 4R0rm/E0em
=N Tamfigm : - =) =4
= - ‘*L) b —— - -
—+—N 110 : : ?"")' bl‘ll‘.\'rna.-lm
WY
——NELT 1m&0nm
“ - " .(‘0 - e
Pro-Roc 10 0N 0 10" PyaRag 10" 10 12° 1°
TD[rad]
-
10
:5
> —Cread
RISCE: =
| 4 My ad
e 300 M2
short PMOS . |—ns
700 Mrad
1Grad

more affected
than NMOS, but
not a big o
problem

here L=60nm,
W=1um

CMS-Italia , Spoleto, Dec.2016 40



—————

.Area Comparison ©)AIDA

11

1

09 - s Foundry 130nm, Strk, WP>280nm
= GSNM xtra W, L, 12rk, WP>700nm
w— G5nM xtra W, 12trk, WP>700nm
w— G5NM Wp+, Strk, WP>300nm
= Foundry 65nm, 9trk, WP>150nm

08 -
0.7 -
06 °

05 -

Relative Area

04
03
02 -

01~
CKBD16 DFCNQD1LHCNQD1 NR4D1 XOR2D1 CKBD4 INVD4 ND4D1 CKBD1 ND2D1 NR2D1 INVD

— —
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Hit losses from Latency buffer depth

#L.OC=15:0,16%

#L.0C=16¢0,06% >

10!

107

—
<
w

buffer-overflow probability

[—
o
L

N I I Y ) N I I
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

wn

number of memory locations per region (4x4)

* Depth of memory butfer =16 provide negligible losses

* We could implement ‘double’ locations for low rate /
higher resolution ? (low priority work)
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Binary INFO due to limitation in QI}A

KX
A

NN latency buffer width 63
— 6 PIX: 0,4% binary info
s oL j 4 PIX: 1,1% binary info
EIO“EE ?E
;10“;— = |
g - s
8 10°E =
2 ; _____
T T SN S S

number of pixels per region with the ToT saved (4x4)

e Thisis NOT a hit loss: binary info STILL available

» Possible to ‘compress’ saturated channels (to be studied)

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016



Asynch Analog FE .2

IN £

P

I,/2
y _recovery
mmmm== - fime sel

injection
_ enable

Lj_ Q)
L1

dilscriminator

\
2 versions: global & local

]
PMOS & MIM —_— Hime so| = thresold L] 9 bit
counter

TolT
« Single ampli stage for minimum power dissipation (~5 uW)  clock I TTT1

* Krummenacher feedback to comply with the expected large | I I l I | |

increase in the detector leakage current (up to ~10 nA)
« 30000 electron maximum input charge expected, ~450 mV preampli output dynamic range
« Selectable gain, recovery current and detector emulating capacitance
« 40 MHz clock, 5 bit dual edge counter, 400 ns maximum ToT

Dual Edge]
|_counter |

L.Demaria: Pixel ROC for PIXEL Phase-2 CMS-Italia , Spoleto, Dec.2016 44



TEETCAL

BUMP FAD

PREAMPLIFIER
One stage CSA with Krummenacher feedback
Synchronous DISCRIMINATOR
e (AC coupled to CSA)

e Off-set compensated diff.amplif. + latch;
FAST Time-over-Threshold

* |ocal oscillator strobing Latch (to 800MHz
Calibration circuit
 digital signal + DC calibration leve

L.Demaria: Pixel ROC for PIXEL Phase-2

Synchronous Analog FE "

8x8 pixel matrix submitted and tested
Analog readout of CSA and Discriminator (via buffers)

Performance SUMMARY

Compact: < 35um x 35 um
Low power: < 5.5 uW (with ToT logic)
Low noise: ENC=100e @C =100 fF
Leakage compensation: up to 50nA/pixel
Fast Charge measurement:
e 10ke in: 90/360 ns (Fast / Slow recovery current)
e can achieve up to 7-8bit (125-250e /ADC) - no ext clock
NO Threshold-Trimming:
» autozeroing made by hardware

m—

CMS-Italia , Spoleto, Dec.2016 45



‘(4x4) Pixel Regions with four (2x2) analog island on digital see

‘{'::‘

T _':_‘:- IT sl RS g UL U0 Digital architecture:
| ’ ' 2 olpierg || DitReeds memoryDatatatvalues e Hitlocal storage + Local Trigger-Matching
- REGION D& TAL hd Organised into (4x4) Pixel Region
M PICCL L ncGlon | mermenyload | NEL e central latency buffer
- 7 ¢ inefficiency<0.2%
v i ‘_:“,rwa_ - Yy °
: lm TE g J-/f“' .'-.h
| Y = < LA M A
: teiCourter l a g & 3 .
PIXELLS | yvaue e 5, 3| z .
. ﬁ/{;‘/ J,‘-/ gllé‘/ = ¥
hilRessl. 2l e E 2 ! .
7 = & ) | —
(ER LOTimestare l el Bl BN B Clustla charihs
trigas: o RECION DIGITAL -
Lgpertimestar | TAIGGER MATCHER Running mode:
Trigger (Coneral, Mep, Values) 4 ouT e Triggered / triggerless / debug
fegion buiy | reovoeml 75 e BinaryOnly/5-bit ToT
TR fuior le EOC scan-chain
Dusw CUT
32
‘ = Input / Output:
i e 2 Very Front End (each 32x64 pixels) ° FU”Y_diQi’[a.I .
Configuration via SPI

e 16 DAC (10bit current steering), 1 BandGap, 1 monitoring ADC (12bit)
e 8 xsLVS-RX, 2 x sLVS-TX, 1 Serializer

[ ]
e serial readout@320 MHz
e 8b10b encoding

3 ¥ | Bias and monitoring = P PN
| AN currents are mirrored and canbe montored § -'.-: § g % .:o_
Mietribaty unitagec bo 62 plesls Int. v {from EGR) —_— = 1
S e g | | L0 [ =
3 I'I vi
T i B T ' u = ~ +
- li“,) mer | Lo moriicrine AOC :;"_. . _ Sapethar SO I
-y - A 4l -
371 lobl Crliuraton Fapinns [€€R 7 ADC ot el @Iﬂ ™ MS-1t _’M“““m.




e List of required ~20 IP
blocks: assigned to various
groups

* [nitial specs review done In
June 2014

e 2014: 7 first prototypes
submitted

* 2015: remaining prototypes
« 2016: versions for RD53A

o |P-block for RD53A have to
be prototyped,
characterised and tested
before / after irradiation up
to at least 500 Mrad.

L.Demaria: Pixel ROC for PIXEL Phase-2

P DlOCKS

BIAS

In/Out

Power Monitor

* Band Gap : CPPM, Pavia, CERN
e DAC : Bari, Prague
e]/OPAD : CERN, LBNL

e SL.VDS driver : Pavia, Pisa

¢ SLVDS receiver : Pavia,Pisa

e PLL : Bonn

e SER : Bonn, Pisa

e DES : Pisa

e CDR : Bonn

e Cable Driver : Bonn

o Monitoring ADC : CPPM, Bari, CERN

* Temperature Sensor: CPPM

e Radiation Sensor : CPPM

e Analog Buff RtoR :RAL

e Power-ON Reset : Sevilla

¢ Shunt LDO : Dortmund
e Config. Memories : CPPM

e SRAM EOC

: CERN, Milano

e Others : VCO, EFUSE, DC-DC....

CMS-Italia , Spoleto, Dec.2016
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An innovative

L.Demaria: Pixel ROC for PIXEL Phase-2

fora

detector

technology
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