
Advancing the Pixelated Resistive 
Silicon Readout and Charge Collection 

Techniques  

1

Gaetano Baronea, Gabriele Giacominib, Ulrich Heintza, Anna Macchioloc, Ben 
Kilminsterc,  Daniel Lia, Jingyu Luoa, Matias Sengerc, Alessandro Tricolib 

aBrown University  
b Brookhaven National Laboratory  

cZurich University  

Characterization of FBK TI-LGAD and 
pixelated BNL AC-LGAD 

with laser TCT and beam tests 

Giovanni Paternoster

Maurizio Boscardin

Matteo Centis Vignali

FBK TI-LGAD 

Matias Senger
Anna Macchiolo

Ben Kilminster

AIDAinnova WP6 
test-beam group

Gaetano Barone

Gabriele Giacomini

Alessandro Tricoli

BNL AC-LGADs 

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme 
under Grant Agreement No 101004761.

Characterization of FBK TI-LGAD and 
pixelated BNL AC-LGAD 

with laser TCT and beam tests 

Giovanni Paternoster

Maurizio Boscardin

Matteo Centis Vignali

FBK TI-LGAD 

Matias Senger
Anna Macchiolo

Ben Kilminster

AIDAinnova WP6 
test-beam group

Gaetano Barone

Gabriele Giacomini

Alessandro Tricoli

BNL AC-LGADs 

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme 
under Grant Agreement No 101004761.



G. Barone
June-24

Introduction
• Low Gain Avalanche Diodes (LGADs) and AC-coupled Low Gain Avalanche Diodes (AC-LGADs):

‣ AC-pad coupled to the resistive n+ layer via dielectric coupling 

‣ Not segmented gain layer: 100% fill factor  

• Good spatial resolution with a relaxed pitch

‣ O(30) ps timing performance and 4D extension with O(10) m spatial resolution in RSD variant

• Applications: 

‣ Electron-Ion Collider, LHCb Velo Upgrade,  CMS tracker Phase-3 upgrade, FCC-ee.

‣ Time of Flight Applications 
‣ Medical applications. 

μ
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• High Energy Physics Applications in low to moderate radiation regimes: FCC-ee and LHC upgrades: 

• High-Luminosity LHC: 

‣ LHCb Velo Upgrade, CMS tracker Phase-3 upgrade:

✦ Extension of CMS timing capabilities in the forward region (currently ETL) 

✦ Higher rapidity coverage

✦ Replace one or two disks, instrumenting them with (AC)LGADs

• FCC-ee: 

‣ Timing capabilities in the outermost silicon 
‣ Enhance particle identification 
‣ Reduce the systematic uncertainty on beam energy . 

Introduction
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Charge sharing
• Increased charge-sharing is an intrinsic property of RSD/AC-LGADs.

‣ With   the area of each pad  and  for  the distance between the 
true hit and the pad , the signal seen by each pad:  

‣ Waveforms from all pads coupled   problem.  

αi i ri
i

→ n × n
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the complexity of readout electronics.
The successful application of this technology to HEP experiments hinges on specific

challenges associated with the electronic readout. When ionizing radiation hits these devices,
the collected charge spreads well beyond the two adjacent pixels or strips. As shown in
Fig. 2, the collected signal spreads well beyond the two nearest neighbors of the true particle
hit. For example and as shown in Fig. 3, during test-beam measurements with Minimum Ionizing
Particles (MIPs) at the CERN’s facility 1 AC-LGADs show that typical amounts of charge-sharing in
a region of interest of 500 µm ⇥ 500 µm in the ranges of 70% for cluster sizes of three or more [11]
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Characterized devices
● 2 identical devices
● Manuÿactured at BNL
● Active thickness: 30 µm
● Pad size: 200 µm
● Pitch: 500 µm
● 2×2 pads readout
● Unused pads to GND
● Non irradiated
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CharĀe sharinĀ in action

30

ROI=500×500 µm²

Within ROI: Majority oÿ events have larĀe cluster size (desirable in this technoloĀy)  ✅

Figure 3: Charge-sharing representation among pixels of an AC-LGAD sensor fabricated at BNL.
On the right is the layout of AC-LGAD pixels. On the left, the analog signal readout from all four
pixels is shown [11]

The complex charge collection associated with the readout challenges the devices’
readout due to the increased signal sharing and the noise in readout electronics. The
underlying governing laws of the shared signal depend on the geometrical arrangement of the
readout pads in the sensor. Typically, the charge falls inversely with the distance from the true
particle hit. For an angle ↵i representing the area of each pad i in the view from the true hit and
for ri the distance between the true hit and the pad i, the faction of the signal seen by each pad,
Si, is typical Si =

↵i/lnri
⌃n

i ↵i/lnri
. This makes the parametrization of the charge-sharing dependent on

both the arrangement of the pads and their geometrical characteristics.
Although advances in current Application Specific Integrated Circuits (ASICs) in Front End

Electronics (FEE), in the context of the application of this technology for the Electron-Ion Collider
and R&D, make the position and time digital readout of these devices possible [12, 13, 14], sig-
nificant challenges associated with the readout remain. The true underlying hit position can be
known by inverting the matrix that determines the relationship between the particle’s true position
and the amount of signal collected by each electrode. For ill-conditioned matrices, this can lead to
instabilities and biases in the determination of the position from one side. This can happen with
large off-diagonal elements induced by increased signal sharing beyond the immediate neighbors
of the hit’s position or due to noise in the electronics. Position information can still be inferred from
higher-level quantities and after digitization. From Fig 4, it can further be seen that the information

1Several charge-sharing characterizations from different facilities exist in the literature, the specific choice here is
motivated by the use of the same sensor in what follows.
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(charge sharing)

• Study of the amplitude as a function of the distance to the pad center in TB data

• Three different regimes are recognizable 
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hit. For example and as shown in Fig. 3, during test-beam measurements with Minimum Ionizing
Particles (MIPs) at the CERN’s facility 1 AC-LGADs show that typical amounts of charge-sharing in
a region of interest of 500 µm ⇥ 500 µm in the ranges of 70% for cluster sizes of three or more [11]

 M
. S

en
Āe

r (
U

ZH
) · 

N
ov

  2
02

3 
· C

ER
N

 · 
43

rd
 (l

as
t) 

RD
50

 W
or

ks
ho

p

Characterized devices
● 2 identical devices
● Manuÿactured at BNL
● Active thickness: 30 µm
● Pad size: 200 µm
● Pitch: 500 µm
● 2×2 pads readout
● Unused pads to GND
● Non irradiated
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nificant challenges associated with the readout remain. The true underlying hit position can be
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• Noise threshold traditionally puts a limit on the amount of useful information in the sharing. 

‣ How much more information can be recovered?
‣ Multiple correlated signals, matrix inversion for position determination: 

✦ Computationally challenging. 

✦ Off-diagonal noise leads to large fluctuations and biases.  

• Use Machine Learning to regularise the process and extract maximal information. 
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ML
• Use Machine Learning to regularise the process and extract maximal information. 

‣ Independent of pad arrangement    optimal geometry maximizes position resolution. 
‣ Full waveform processing  harness shape correlations between leading and all pads. 
‣ Harness all the information from all the pads, including correlations   improvement of the position resolution.

→
→

→
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Daniel’s Talk  
Seizable 

improvement 
when using the 
full waveform 
information 

• Preliminary studies using the full digitized amplitude instead of relative amplitude fractions 

‣ On lasers indicate a potential resolution of ~ 10  from pixels with 500  x 500 
‣ Previous studies using relative amplitude fractions on less advanced networks: 

✦ ~ 20  on same sensor with laser and ~ 44  on MIPs 

μm μm μm

μm μm

https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
https://indico.cern.ch/event/1402825/timetable/#102-ml-processed-silicon-devic
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Challenges
• Callenges: 

• Landau fluctuations: 
➡ Use laser-assisted test beam (MIP) training. 
➡ Parametrization as a function of deposited charge.  

• Degradation in performance with radiation damage
➡ Parametrization as a function of given fluences. 

• ASIC/readout electronics limitation: 
➡ Implement processing in off-detector electronics, FPGA 
➡ Wave-form rasterization in training/evaluation: preliminary still 10-15  resolution on 500  x 500  pixels.  μm μm μm

6

Proof of concept 
implementation of application 
on FPGAs with h4lml yields 

similar performance 
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Deliverables
• Our goal: 

‣ Combining the response from infra-red laser measurements and the responses from 
test-beam operations as a function of the irradiation dose of the sensors to construct a 
laser-assisted ML map capable of weighting out the proportion of intrinsic noise. 

• O1: Sensor Fabrication And Analog-Based ML Development 

‣ Study BNL-fabricated sensors with varying gain layer doses from 2.8 1012 cm-2  to 2.25 1012 cm-2

‣ Study different how behaviors as a function of different pad patterns 

‣ Training based on both TCTs and test beams 
‣ Investigate noise mitigation techniques with attention mechanisms and/or adversarial training. 
‣ Optimize geometry based on application. 
‣ Study performance as a function of sensor irradiation 

• O2: Digital Readout And Firmware Development 

‣ Transition from proof-of-concept to FPGA implementation
‣ Study the amount of compression needed for maintaining targeted spatial precision  
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Future plans
● FBK AIDAinnova TI-LGAD production is presently being tested at the AIDAinnova TB in DESY

○ Addition of carbon co-implantation for enhanced radiation hardness: structures irradiated at 1e15, 1.5e15, 2.5e15

○ Interconnect TI-LGAD sensors to Timespot, Picopix and Timepix4 chips

à See presentation of A. Bisht in this workshop

23
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○ New geometries: square and triangular pad arrays

○ Varying pitch between 200 and 500 µm

○ Some of these samples already irradiated, to be mounted on 16 channel boards

DUT
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Conclusion/Collaborations 
• Optimizing the information contained in the charge collection of RSD will:

‣  Accelerate the goals of achieving improved spatial resolution with current production technologies. 
‣ Drive future technologies toward optimized designs, 
‣ Output of this effort in the context of RG 2.3 area. 

• Participants:

‣ Brown University: sensor characterization, ML implementation, and readout development. 
‣ Brookhaven National Laboratory: sensor fabrication and readout development. 
‣ University of Zurich: FEE design, sensor, and hybrid characterization, test beam setup.  

• Resources: 

‣ Personpower:  staggered approach for O1 and O2. 
✦ 2 to 4 FTE of personpower to reach its targets:
✦ ~1 FTE of project guidance: 0.4 from Brown University and 0.2 and 0.2 from UZH and Brookhaven National 

Laboratory,
✦ 1 to 2 transient appointments 

‣ Characterization facilities in UZH, Brown, and BNL and  Sensor fabrication at BNL. 
‣ Further resources (inc. personpower) are envisioned through future funding requests. 

• Collaborations and coactions within the DRD3 Collaboration at CERN:

‣ Open to collaboration with facilities (WG5).  
‣ Benefit from shared resources and joining of new persons in the team. 
‣ Coactions with TCAD simulations are used to emulate RSDs' response. 
‣ Collaboration with further readout experts towards full testing in complete hybrids. 
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Additional material.
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Bonding scheme
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Characterized devices
● 2 identical devices
● Manuÿactured at BNL
● Active thickness: 30 µm
● Pad size: 200 µm
● Pitch: 500 µm
● 2×2 pads readout
● Unused pads to GND
● Non irradiated
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