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I G “ I I"E " Istituto Nazionale di Fisica Nucleare
| v

National Project for 4Dtracking
developments, as followup of the INFN
TimeSPOT and Falaphel projects

INFNfunded, 20222027

Pl A. Lai INFN Cagliari

13 labs/sites across Italy involved
~70 researchers involved
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IGNITE. &7 | 4D-Tracking in vertex detectors

INFN Ground-up iNiTiative for | Electronics ' evelopments

(our) definition andsscope

1. Charged particle tracking technique whergme and position of the crossing particle aresimultaneously
measuredin each pixel (hit)

2. To be effective in tracking, it must be high-resolution measurement:.< 10 unfor position, < 50ps(on the
full timing chain*) for time, and efficiency ~ 99%

3. 4D-Tracking inside vertex detectors is needed to timgice extremely crowded events (pileip effect). It
comes along withhigh-intensity environments

\V

4. High intensity comes along witlextreme fluence and doseyour sensor and electronics are required to have
superior radiation hardnesskluence=1G°+ 13"1MeVn,,/cm?, Dose > 1 Grad

5. Huge amount of information generated on the F/E and High data rates (sof{®Gbps/cn?)

Mandatory for Hi-Lumi (>2030), neutrino tagging (>2030pnd Future hadron colliders (20XX, next frontier?)

A 4Dtracker is an enablingnew Instrument to be conceived, designed, and implemented

VCI 202% A. Laiz IGNITResults& Perspectives 18/02/2025

A R&D on fast, rad hard sensors and electronics

*Full chain: sensof, AmplifierA discriminatorA TDC (+reference clock jitter) 3
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iGNi'I'E INFN ' Sensors for 4Xracking
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3Dtrench siliconssensorsve gotit!
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See also the dedicated talk on Thursday 2@bout first results at 1381 MeV g,/cm?

[1] Characterisation of highly irradiated 3D trench silicon pixel sensors for 4D tracking watimi@g accuracy Frontiers in Phys. 12 (2024)
[2] Characterisation of 3D trench silicon pixel sensors irradiated at’ll: eV neq cm, Frontiers in Phys. 12 (2024) . 4



Timing, speed,-.consumption
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180| Prob 0.443
Constant 1461+ 1.8 _ 2 2
160| Mean 25¢-08 + 1.3e-14 %= \/ Tiaser + Tdetector
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1-ps barrier crashed at 10 -MIP-equivalent
deposit on a 3D -trench pixel

TransimpedanceAmplifier
HBT lownoise SiGe,0 EmV@@er channel
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All details in: GM Cossu, A. LErontend Electronics for Timing with piegcond precision using 3D Trench Silicon Sen:
2023 JINST 18 P01039 5




I 4D-Tracking and CMOS 28m technology
IGNITE, <" ' The challenge has moved on the  readout electronics side

INFN Ground-up iNiTiative for | Electronics ' evelopments

Target specs (HLumi)

PrevioudavailableLarge AreaASICYpixel Spaceres 10 pm Pitch, clustering
with timing) are a factor 273 far from specs Time res 20ps Sensomnly
30ps Electronics (AFE+TFC)
TDCpix (NAB2GigaTrackey 130nmCMOS . System includingclock jtter,
300 pmpitch P IR-drop effectsetc.)
System Ti lution ~130ps, : :
: _ system Timaesolition s Powerdens  1.5W/cm? Slightlyincreasabl@ 2W/cn¥?
Timepix4 65nmCMOS
55 um pitch Rate/pixel 50-300 kHz Dependingon pitch
System Timeaesolution ~200ps Radiation 5x106°1 MeVng,cms  sensor
> 1Grad electronics

Isthe node-changethe solution?

A CMOS 28nntechnology comeswith important advantages

(higher integration capabilities,higher doseresistance higher speed) The challengds at the

A anddisadvantages higher IR-drop, heaviereffect of parasiticsA systemlevel

VCI 202% A. Laiz IGNITResults& Perspectives 18/02/2025

Justmigrating from 65nm to 28 nm carevenworsentiming performance
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Fractal series:stegd: the Ignite0 miniASIC

ot ot e s Pixel desigrz Results -on' AFE measurements
'P’ -
Measured TA jitter in Measured TA jitter in nominal conditions
nominal conditions versus Input Capacitance
180.0 120.0
] Nominal: _ =
160.0 | 4+ Qinh=1x0.1fC —_—
] |~ Power=100 +02 pw 10004 % O =2%02fC | —lp—
140.0 ] Max Current & Over voltage: ]
_1200- — Power =30.0 +0.3 W 8004
£ 100.0- | 2 ' gl
2 80.0- i g 0001 =
= 60_0_: Ll TimeSPOBensor = 4004 == _*E
20.04 | 3¢ ¥ I
0.0 — e £.0 A O
00 1.0 20 3.0 40 50 60 7.0 0 25 50 75 100 125 150 175 200
Oin [fC] Cin [fF] :
Jitter Vs Capacitance eyaluated with: Ignite0 test ASIC
Q.= 1fC and 2fC (nominal), Power= 10pW (2023)
A, 8 wmV Power Density = 8 7481 for 55um pitch sensor
) l gnd 10 pW Power Density = 8 7481 for 45um pitch sensor

VCI 202% A. Laiz IGNITResults& Perspectives 18/02/2025

The time resolution becomes] == @ 2fC with a power density 3x higheH p ¢ Fas
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Trequency

Fractal series:ste: the Ignite0 miniASIC
TDC resulits

TDC Histograms

2500

2000 4

1500 A

1000

500

Measured TDC time
resolution ranges
from 18 to 23 ps r.m.s
Averages; ~ 20ps

T T T T
450 500 550 600
Time Difference from Expected Value (ps)

Distributions of (True tim@&measurgchgfor
different TDCs (500 pulses each)

TDCO0O0 sigma = 18.31 ps

TDCO1 sigma = 23.31 ps Consu mptlon

TDCO2 sigma = 20.49 ps
TDCO3 sigma = 19.93 ps TDC status Current
TDCO04 sigma = 21.64 ps OFF 05 LIA

TDCO5 sigma = 20.94 ps
TDCO6 sigma = 19.81 ps IDLE 1.3 YA
TDCO7 sigma = 23.32 ps
TDCO8 sigma = 17.78 ps
TDCO09 sigma = 17.81 ps
TDC10 sigma = 19.19 ps

Calib. DCO {Istant. @1.12GHz} | 98pA

TDCL1 sigma = 20.23 ps RUN (4.5 MHz) 28.3 pA

TDC12 sigma = 20.20 ps

TDC13 sigma = 17.81 ps RUN (10 MHZ) 7.5 UA

TDC14 sigma = 18.42 ps RUN (500 kHz) 3.9 A

TDC15 sigma = 18.83 ps RUN (333 kHZ} 3.0 UA
RUN (200 kHz) 2.3 YA

A Both in the AFE and TDC, at the level of a few tens of
pixels, the requirements of resolution and
consumption are met.

A How can we maintain unaltered performance on a ~ 2
cm?area ?

A Keep control of accuracy in clock distribution and

power integrity
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Modular design (FractalDesig
OKllargearea blkeep it local !

A The idea FractalDesighis to build the Large AreaASICH1+2 cn?) asrepetion of a smallstructure,
small enoughto be fully simulated, produced, andtested in areliable way.
A This sets the possible implementation of a series of scalable ASICs, using the same replica circuit

Ignite-0
2023
Test of pixel and

other structures
(1 mn?)

Mattonella Block uadrant -

Repetition Element 1616 Q 39%32 |9n't26624400re
8x8 plx_els pixels pixels :
45um pitch 64x64 pixels

+ RDL to 55 um pitch isensor ASIC
Fractalseries
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A The idea FractalDesighis to build the Large AreaASICH1+2 cn?) asrepetion of a smallstructure,
small enoughto be fully simulated, produced, andtested in areliable way.
A This sets the possible implementation of a series of scalable ASICs, using the same replica circuit

Ignite-0 =it =k sasEs, - Mg | i [
2023 =iie B e B8 B8 st o i b -
Test of pixel and e S —— ‘
other structures Ma_-Ftone”a Block
(1 mmi) Repetition Element 16x16 Quadrant Ignite-64 core
' 8x8 plxgls pixels 32x32 2024
45um pitch pixels 64x64 pixels

+ RDL to 55 pm pitch isensor ASIC

VCI 202% A. Laiz IGNITResults& Perspectivesz 18/02/20

Fractalseries
10




Mattonella Module
8x8 pixels 45 pum pitch

A Elementarylayout module

A Elementaryfunctional unit for digital
part

A Contents AFE, TDC (1 per pixel),
Triplicated Configuration Registers
Clock mesh forreference clock (40
MHz), Data output toreadout flow.

A Finetune DACdor discriminator
threshold tuning

A Chargeinjector for AFE test

A RDL to 55 pnsensorpitch (APlayer)

» CustomIDCs

» Quad2x2 pixels. AFEsn triple NW

11



Mattonella Module
8x8 pixels 45 pum pitch

A Elementarylayout module

A Elementaryfunctional unit for digital
part

A Contents AFE, TDC (1 per pixel),
TriplicatedConfiguration Registers
Clock mesh foreferenceclock (40
MHz), Data output toreadout flow.

A FinetuneDACdor discriminator
threshold tuning

A Chargeinjector for AFE test

A RDL to 55 pnsensorpitch (APlayer)

» CustomIDCs

» Quad2x2 pixels. AFEsn triple NW
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Quad2x2 pixels. AFE®nd 4TDCs

AFE& TDC
Characteristics

Polarity Both
ENC 80 e
Charge-to-voltage gain 150 T—é’
Charge-to-time gain 2317 -33%
Nominal delay 0.5ns

Nominal TA jitter

27 ps rms (2fC)

Minimum TA jitter

25 ps rms, q;, > 4fC

Minimum ToT jitter 0.150 ns rms
Amplifier output DC range 300 mV - 600 mV
Maximum tolerable leakage current 200 nA

Static power consumption

2.7pW - 18.0pW

Power density (45um pitch)

0.13 ﬁg - 0.9%2

Threshold calibration

fine-tune DAC (per pixel), automatic

Time Walk correction

TA-vs-ToT curve

Delay equalization

TA-vs-ToT curve

Operating modes

measure, test pulse, loop-back ,turn-off

Igniteb4 AFE characteristics in nominal conditions.

Measures TS, TA, ToT
TS range 0 - 511 40 MHz clock cycles
TA range 0 - 25 ns (full-range)
TA LSB 30 ps
TA resolution 16 ps
ToT range 0 - 200 ns
ToT LSB 0.90 ns
ToT resolution 0.26 ns
Dead time 50 - 150 ns
Maximum event-rate 6 MHz
Static power consumption 1.2 yW
Dynamic power consumption 2.5 W at 200 kHz
Calibration Manual
Operating modes measure (both signal polarity), test pulse, masked

Igniteb4 TDC characteristics.

13
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Analog Block Module
16x16 pixels

A Elementaryfunctional unit
for analog

A 4 Mattonellas + 1Biascolumn

A Power Selfconsistent

A DACsbiasgeneration for
AFE, LDO and power
distribution with high
Voltage integrity
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| e e e e e e —————— . _ Analog Block Module
| i i [f = ioxaopiels

df - A LDO and power
H” distribution with high
e Voltage integrity
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= A Asingle (low size:
= =3 - . = 27x59 pnd) LDO limits
voltage drop to max
0.4 mV
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A Powerlntegrity isan
issuein 28nm (high IR
drop for parasiticyg and
IS crucialfor timing
performance
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32-Quadrant (ASIC)
32x32 pixels

A 4 ABlocks 16Mattonellas
A Fullyfunctional ASIQgnite32
A Size: 25x25mAj OAT OEOEOA AO
mm?)
A Purpose
A Front-end test andcharacterization
A Mattonella and ABlock pias) test
A Hybridizationand timingsensor
characterizationonto AIDAInnova
sensors(FBK 3BTrench and TLGAD,
CNM 3BDScolumns CNM ILGAD)
A Slowread-out (1.28 Gbps), a lat#stbeam
device
A Test of DBIstructures (seenext slides)

Submittedon 5thJanuary2025
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64-Matrix (ASIC) 4x
64x64 pixels

Obtained by doublemirroring the Quadrant(4
totally independentQuadrantg

16 ABlocks 64 Mattonellas

Fullyfunctional ASICignite64

pd P ~ pe un

Purpose
A Front-end test andcharacterization
A Mattonella and ABlock pias) test
A Hybridizationand timingsensor
characterizationonto AIDAInnovasensors
(FBK 3BTrench and TLGAD, CNM 3DS
columns CNM {LGAD)
Slow read-out 4x(1.28 Gbps), a lat#stbeam
device
Test of DBIstructures (seenext slides)

Submittedon 5th January2025
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i(;"i“ (NN 3Dtrench TimeSRPOZTAIDAInnovaby FBK
—— Under test.on dgnite32/64 this year

2024

SEMHV:30.0KkV | WD: 13.41 mm VEGA3 TESCAN ==
Det: SE 50 um =
Date(m/dly): 06/21/24 ’ Stage Tilt: -15.0° FBK Micro-nano Facility R =

3D_Aida_T6
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