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4D-Tracking in vertex detectors
(our) definition and scope

1. Charged particle tracking technique where time and position of the crossing particle are simultaneously 
measured in each pixel (hit)

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

3. 4D-Tracking inside vertex detectors is needed to time-slice extremely crowded events (pile-up effect). It 
comes along with high-intensity environments

4. High intensity comes along with extreme fluence and dose: your sensor and electronics are required to have 
superior radiation hardness (Fluence=1016 ÷ 10171MeV neq/cm2, Dose > 1 Grad)

5. Huge amount of information generated on the F/E and High data rates (some 102 Gbps/cm2)

*Full chain: sensorĄAmplifierĄ discriminatorĄTDC (+reference clock jitter)

Mandatory for Hi-Lumi (>2030), neutrino tagging  (>2030), and Future hadron colliders (20XX, next frontier?) 
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A 4D-tracker is an enabling new Instrument to be conceived, designed, and implemented

ĄR&D on fast, rad hard sensors and electronics
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Sensors for 4D-tracking
3D-trench silicon sensors: we got it!

2.5.1016 1 MeV neq/cm2

st Ғ мл Ǉǎ Ϫ ς150 Vbias [1]

5.1016 1 MeV neq/cm2

st Ғ мм Ǉǎ Ϫ ς250 Vbias [2]
1.1017 1 MeV neq/cm2

st Ғ ммΦр Ǉǎ Ϫ ς250 Vbias [2]

[1] Characterisation of highly irradiated 3D trench silicon pixel sensors for 4D tracking with 10 pstiming accuracy , Frontiers in Phys. 12 (2024) 

[2] Characterisation of 3D trench silicon pixel sensors irradiated at 1·1017 1 MeV neq cm-2 , Frontiers in Phys. 12 (2024) .
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See also the dedicated talk on Thursday 20th about first results at 10181 MeV neq/cm2
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Timing, speed, consumption
ÁÎÄ 6ÏÌÔÁÇÅ ÉÎÔÅÇÒÉÔÙȣ

All details in: GM Cossu, A. Lai, Front-end Electronics for Timing with pico-second precision using 3D Trench Silicon Sensors, 
2023 JINST 18 P01039

Trans-Impedance-Amplifier
HBT low-noise Si-Ge, 0 Ѐ ΩΡ mW per channel

1-ps barrier crashed at 10 -MIP-equivalent 

deposit on a 3D-trench pixel
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4D-Tracking and CMOS 28-nm technology
The challenge has moved on the  readout electronics side

TDCpix (NA62 GigaTracker) 130nm CMOS 

 300 µm pitch
 System Time resolution ~130 ps, 

Timepix4 65nm CMOS

      55 µm pitch
      System Time resolution ~200 ps 

Is the node-change the solution?

Å CMOS 28nm technology comes with important  advantages 
      (higher integration capabilities, higher dose resistance, higher speed)

Å and disadvantages: higher IR-drop, heavier effect of parasitics Ą
Just migrating from 65nm to 28 nm can even worsen timing performance

Previous/available Large Area ASICs (pixel 
with timing) are a factor  2ɀ3 far from specs

Target specs (Hi-Lumi)
Space res 10 µm Pitch, clustering

Time res 20 ps Sensor only

30 ps Electronics (AFE+TFC)

50 ps
System (including clock jitter, 
IR-drop effects etc.)

Power dens. 1.5 W/cm2 Slightly increasable? 2W/cm2?

Rate/pixel 50-300 kHz Depending on pitch

Radiation 5 x 1016 1 MeV neq cmς2 sensor

> 1Grad electronics

The challenge is at the 
system level
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Fractal series step-0: the Ignite0 miniASIC
Pixel design ɀResults on AFE measurements

Jitter Vs Capacitance evaluated with:
Qin= 1fC and 2fC (nominal), Power= 10µW

TimeSPOTSensor Cap

TimeSPOTSensor 
MPV

Ɑ▄▒ Ȣ▬▼

ͽ █╒and 10 µW Power Density =  Ȣ ╦Ⱦ╬□ for 45um pitch sensor

Power Density =  Ȣ ╦Ⱦ╬□ for 55um pitch sensor

The time resolution becomes Ɑ▄▒ ▬▼@ 2fC with a power density 3x higher HρὡȾὧά
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Timespot1 ASIC (2020)

Ignite0 test ASIC 
(2023)
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Fractal series step-0: the Ignite0 miniASIC
TDC results

Consumption

Distributions of (True time ð measured time) for 
different TDCs (500 pulses each) 

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

Å How can we maintain unaltered performance on a ~ 2 
cm2 area ?

ĄKeep control of accuracy in clock distribution and 
power integrity
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Measured TDC time 
resolution ranges 
from 18 to 23 ps r.m.s
Average st~20 ps



Modular design (FractalDesign)
OK large area but keep it local !!
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ÅThe idea (FractalDesign) is to build the Large Area ASICs (1÷2 cm2) as repetion of a small structure, 
small enough to be fully  simulated, produced, and tested in a reliable way.

ÅThis 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 mm2)

Mattonella
Repetition Element

8x8 pixels
45µm pitch 

+ RDL to 55 µm pitch in sensor

x4

Block
16x16
pixels

x4 x4

Ignite-64 core 
2024

64x64 pixels 
ASIC

Quadrant
32x32
pixels

Fractal seriesV
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Modular design (FractalDesign)
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Mattonella Module
8x8 pixels 45 µm pitch

11

Quad 2x2 pixels.  4 AFEs in triple NW

ÅElementary layout module
ÅElementary functional unit for digital 

part
ÅContents: AFE, TDC (1 per pixel), 

Triplicated Configuration Registers, 
Clock mesh for reference clock (40 
MHz), Data output to readout flow.

ÅFinetune DACs for discriminator 
threshold tuning 

ÅCharge injector for AFE test
ÅRDL to 55 µm sensor pitch (AP layer)

Custom TDCs
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Quad 2x2 pixels.  4 AFEs in triple NW
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AFE & TDC
Characteristics

13
Quad 2x2 pixels.  4 AFEs and 4 TDCs



Analog Block Module
16x16 pixels

14

ÅElementary functional unit 
for analog

Å4 Mattonellas + 1 Bias column
ÅPower Selfɀconsistent
ÅDACs, bias generation for 

AFE, LDO and power 
distribution  with high 
Voltage integrity

4x
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Analog Block Module
16x16 pixels

Å LDO and power 
distribution  with high 
Voltage integrity  

Å 1.2 V in, 0.9 V out

Å A single (low size: 
27x59 µm2) LDO limits 
voltage drop to max 
0.4 mV

Å Power Integrity is an 
issue in 28nm (high IR 
drop for parasitics) and 
is crucial for timing 
performance



32-Quadrant (ASIC)
32x32 pixels

16

V
C

I 
2

0
2
5

 ɀ
 A

. 
L

a
i ɀ

 I
G

N
IT

E R
e

s
u

lts
 &

 P
e

rs
p

e
c
tiv

e
s ɀ

 1
8
/0

2
/2

0
2
5

Å 4 A-Blocks, 16 Mattonellas
Å Fully functional ASIC Ignite32

Å Size: 2.5x2.5 mm2 ɉÓÅÎÓÉÔÉÖÅ ÁÒÅÁ Ѐ ΣȢΩΨØΣȢΩΨ 
mm2)

Å Purpose: 
Å Front-end test and characterization
Å Mattonella and A-Block (bias) test
Å Hybridization and timing sensor 

characterization onto AIDA-Innova 
sensors (FBK 3D-Trench and TI-LGAD, 
CNM 3D-DS columns, CNM I-LGAD) 

Å Slow read-out (1.28 Gbps), a lab/testbeam 
device

Å Test of DBI structures (see next slides)

Submitted on 5th January 2025

4x



64-Matrix (ASIC)
64x64 pixels
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Å Obtained by double-mirroring the Quadrant (4 
totally independent Quadrants)

Å 16 A-Blocks, 64 Mattonellas
Å Fully functional ASIC Ignite64

Å Size: 5x5 mm2 ɉÓÅÎÓÉÔÉÖÅ ÁÒÅÁ Ѐ ΥȢΧΤØΥȢΧΤ ÍÍ2)
Å Purpose: 
Å Front-end test and characterization
ÅMattonella and A-Block (bias) test
Å Hybridization and timing sensor 

characterization onto AIDA-Innova sensors 
(FBK 3D-Trench and TI-LGAD, CNM 3D-DS 
columns, CNM I-LGAD) 

Å Slow read-out 4x(1.28 Gbps), a lab/testbeam 
device

Å Test of DBI structures (see next slides)

Submitted on 5th January 2025

4x
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3D-trench TimeSPOTɀAIDAInnova by FBK
Under test on Ignite32/64 this year

2024


