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ÅPhoton-to-Digital Converter 

ÅConcept and fabrication

ÅEmbedding digital signal processing

ÅTowards 10 psTime-to-Digital Converters

ÅAligning, sorting, binning timestamps

ÅExemple: time binned quantum key distribution implementation

Outline
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The 
Photon-to-Digital Converter
Concept

How to turn a single photon into a digital pulse
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Single Photon Avalanche Diode Operation Cycle

1: Trigger

31

2

2: Quenching

3: Recharge

A C

1. Time precision

2. Sensitivity ï gain >105 ï single photon

3. Low cost
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3D Photon-to-Digital Converters

Å Digitally readout array of Single Photon Avalanche Diode (SPAD)

SPAD

QuenchQuench Digital
Signal
Proc.

Bias

Photon -to -Digital Converter

Å SPAD array and CMOS readout vertically stacked (3D) to form a single detector chip

in 2D: loosing sensitive area

ÅDirect digital conversion: 

ÅSingle photon resolution on the whole dynamic range

ÅCan lower power significantly consumption

ÅDisabling noisy SPADs: reducing noise

ÅProgrammable hold-off delay: mitigation of afterpulsing

ÅEmbedded signal processing: sum, dark count filters, 
 time-to-digital conversion, etc.

Pratte JF et al. "3D Photon-to-Digital Converter for Radiation Instrumentation: Motivation and 
Future Works" (2021) Sensors;21(2):598. doi: 10.3390/s21020598
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Development of the SPAD array layer
and low power PDC
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Thinned TSV-less Frontside Illuminated SPAD Array

1st fabrication run completed
(Octobre 2024)

Thin SPAD layer + CMOS readout

Å p+n SPAD [1]

Å 64 × 64 SPAD Array

Å 78 µm pitch

Å Al-Ge eutectic bonding

Å 5.85 × 5.25 mm2 die

1. Parent, Samuel, et al. "Single photon avalanche diodes and vertical integration process for a 3D digital SiPM using 

industrial semiconductor technologies." 2018 IEEE Nuclear Science Symposium and Medical Imaging Conference 

Proceedings (NSS/MIC). IEEE, 2018.
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Fabricated by Teledyne DALSA

High-end CCD process line 
--> excellent for SPAD R&D

- 150 mm process line

- low contaminant / gold free clean rooms

Status of the MEMS Industry 2018 

Market and technology Report

Yole Development (2018)

MEMS Foundry Rankings

 (2017 sales in US$M)

STMicroelectronics 174

Teledyne DALSA 60

Silex Microsystems 50

TSMC 47

X-Fab 42

TeledyneDALSA Semiconductor (est. 1980)

~ 500 employeeslocatedat Bromont nearMontreal, Canada

Courtesy of Teledyne DALSAThe Eyes of the Mars Curiosity Rover. Tech Briefs 

(2012)
Life on Mars: Rover landing gives 

boost to Canadian tech sector. The 

Globe and Mail (2012)

World top 5 MEMS Foundry

--> excellent for wafer level integration

- 150 mm and 200 mm process line

- Wafer thinning, deep etching, bonding, ...
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2×2 PDC

Adaptor

board

FPGA

Controller

Low power Photon-to-Digital Converter 
For details, see T. Rossignol et al., J. Inst., vol. 19, no. 09, p. P09017, Sep. 2024

https://doi.org/10.1088/1748-0221/19/09/P09017 

https://doi.org/10.1088/1748-0221/19/09/P09017
https://doi.org/10.1088/1748-0221/19/09/P09017
https://doi.org/10.1088/1748-0221/19/09/P09017
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Photo-to-Digital Converteur
designed for 
precise timing applications

Quantum key distribution,
 Wavefront sensing,
   Medical imaging ToF-PET, ToF-CT, 
   é



Overview of the Second 65nm ASIC: PET + CT + QKD

ÅTSMC 65 nm CMOS

Å16 ³ 16 pixels in 1.1 ³ 1.1 mm2 1 Sub-20 psTDC for 4 SPADs

Advanced digital signal 

processing:

Å Time windowing

Å TDC code to time 

conversion
Å Uniformity correction

Å Timestamp sorting

Å Dark count filtering

Å BLUE

And for QKD

Å Time categorization

Rev 2. 2021

QKD PET/CT
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Embedded SPADs

for test



Embedded Digital Signal Processing Example: Uniformity Correction

256 channels jitter Sum of all channels (array jitter)
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QSP-068 Wavefront sensing to improve quantum sensing 24 of 26
Raffaele Aaron Giampaolo

Raffaele Aaron Giampaolo

PDC ² Architecture 8-to-1

The future 5 × 5 mm2 65 nm PDC will feature:

o CMOS layer designed in TSMC 65 nm LP technology;

o 4096 SPADs designed in collaboration with Teledyne DALSA;

o SPAD pitch = 78 × 78 µm2;

o Individual quenching circuit (QC) per SPAD;

o Inverter FE with configurable threshold;

o Expected sub-10 ps QC timing jitter;

o Configurable holdoff and recharge duration; 

o 1 Time-to-Digital Converter (TDC) / 8 SPADs

o Large array split into 16 sub-arrays 
with local processing

SPAD

QC

TDC

ARBITER

Ĭ 8

ASIC

LAYER DIGITAL CORE

DAQ

SPAD

LAYER

Ĭ 512

16 SPADs, 2 TDCs
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QSP-068 Wavefront sensing to improve quantum sensing 26 of 26
Raffaele Aaron Giampaolo

Raffaele Aaron Giampaolo

PDC - test-chip implementation

o The TDC uses a patented multi-Vernier 
architecture 

o A single TDC is 35 × 43 µm2

o Individually configurable 
o A calibration step is required

o Test implementation includes 2 TDCs for 4 QCs
o Enables uncorrelated TDC analysis 

o Resolution (LSB) can be changed

Quenching circuit test structures

4 × 4 Array with rad-hard QCs4 × 4 Array with standard QCs

Rad-hard test structures
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Time-to-Digital Converter 65 nm implementation
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QSP-068 Wavefront sensing to improve quantum sensing 27 of 26
Raffaele Aaron Giampaolo

Raffaele Aaron Giampaolo

First results - Quenching circuit jitter

To measure the timing jitter we sent a steep pulse to the input of the QC and measured the 
propagation delay variability.

Pulse generator QC

OSCILLOSCOPE
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Probe jitter

Probe fit; ƺ = 2.2 ps

Prop. Delay Vth [00]

Prop. Delay Vth [00] fit; ƺ = 2.07 ps

Prop. Delay Vth [01]

Prop. Delay Vth [01] fit; ƺ = 2.01 ps

Prop. Delay Vth [10]

Prop. Delay Vth [10] fit; ƺ = 2.02 ps

Prop. Delay Vth [11]

Prop. Delay Vth [11] fit; ƺ = 1.98 ps
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New TDC Architecture



5 6 7 8 9

STOP

0

START
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Ring Oscillators Vernier-based TDC

Period LSB Count Total

Reference car 5 s + 5 s

Fast car 4 s + 1 s

Vernier 1

1 5 s

1234 3 s2 s4 s1 s

8 s7 s6 s5 s9 s

Guillaume.Theberge-Dupuis@USherbrooke.ca Period LSB Count Total

Reference car 5 s + 5 s 1 5 s

Fast car 4.8 s + 0.2 s 18 3.6 s

1-Vernier 19 8.6 s

1-Vernier with 0.2 LSB
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Cascaded Ring Oscillators Vernier-based TDC

Period LSB Count Total

Reference car 5 s + 5 s 1 5 s

Fast car 4 s + 1 s 4 4 s

Slow car 5.2 s - 0.2 s

Total

123 - 0.2 s- 0.4 s- 0.6 s

8.4 s8.6 s8.8 s9 s

Period LSB Count Total

Reference car 5 s + 5 s 1 5 s

Fast car 4.8 s + 0.2 s 18 3.6 s

1-Vernier 19 8.6 s

1-Vernier equivalent
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Quantization 

1 [4] N. Roy et al., "Low Power and Small Area, 6.9 ps RMS Time-to-Digital 

Converter for 3-D Digital SiPM," in IEEE Transactions on Radiation and Plasma 

Medical Sciences, vol. 1, no. 6, pp. 486-494, Nov. 2017, doi: 

10.1109/TRPMS.2017.2757444.

2 The precision of the 180 nm results is the averaged precision of 2 TDC. 

31

Less cycles = improved precision (65 nm
1 
vs 180 nm

2
)

Expected

results for 

DVTO in 65 nm
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Quantum Key Distribution



Time-bin Quantum Key Distribution

What our 

detectors readWhat is 

transmitted

The interferometer converts polarization states into time-of-arrival quantum states
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Time-stampclassification (Not single photon yeté)

Each photon is timestamped in the chip
Å ~20ps resolution and precision

Å Timestamps are transmitted to the computer

The histogram shows 3 modes to the 

distribution corresponding to the projection of 

the 4 states of the qubit onto the time base 

(center bin holds 2 states)

Timestamps are classified 

inside the chip into 5 bins
Å Two bins for out-of-range values

Å Programmable bins

This provides effective data compression, 

limiting the relevant information to only 2-3 bits 

for each qubit

The two graphs show different measurements. 

Time variations are due to slow tuning of polarizer/interferometer for the purpose of this demonstration.

Raw time stamp data Classifiedtime-bins
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Conclusion



Å3D Photon-to-Digital Converters in fabrication
ÅLow power readout

Å2 lots completed, more coming each 6 months to mature process

ÅExtended characterization underway

ÅDissemination of test platforms to collaborators

ÅHigh performance Photon-to-Digital Converter 
ÅNew quenching circuit, new TDC architecture 

ÅSmall array demonstrated: quenching s<5 ps, TDC s<10 ps

ÅCompleting design/validation of 5×5 mm2 array Ą 2026

ÅReadout prototyping Ą 2026

ÅWafer level 3D assembly with SPADs Ą 2027

ÅLooking for partners for co-development and applications

Conclusion

44
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A perfectsynergy
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PDC designedfor 
Time-of-Flight PET 

(and ToF-CT, 
and QKD, 

and wavefrontsensing,
and more )



A 256 Pixelated Readout ASIC with in-Pixel TDC and Embedded Digital Signal Processing for SPAD Array

With TDC

50



ASIC Overview (originally for PET)

ÅTSMC 65 nm CMOS (LP)

Å16 ³ 16 pixels in 1.1 ³ 1.1 mm2

ÅJitter: 18 ps RMS for 256 pixels

Rev 1. 2019

Rev 2. 2021
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Overview of the First 65nm ASIC : PET
ÅTSMC 65 nm CMOS (GP)

Å16 ³ 16 pixels in 1.1 ³ 1.1 mm2 (red box)

Jitter: 18 ps RMS for 256 pixels

256 Pixels

Nolet, Frédéric, et al. "A 256 pixelated SPAD readout ASIC with in-pixel TDC and embedded 
digital signal processing for uniformity and skew correction." NIMA, 949 (2020): 162891.

Lemaire, William, et al. "Embedded time of arrival estimation for digital silicon photomultipliers 
with in-pixel TDCs." NIMA, 959 (2020): 163538.
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Pixel electronics in TSMC 65 nm CMOS

QCVthreshold

3D 

bonding

 pad
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Quench Reset
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Ring Oscillators based Vernier Time-to-Digital Converter
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Time-to-Digital Converter Feedback

Dual Phase -Locked Loop System for TDC Resolution Calibration (#1182)

F. Nolet 1, F. Dubois1, N. Roy1, W. Lemaire1, S. A. Charlebois1, R. Fontaine1, J.- F. Pratte1

1 Université de Sherbrooke, 3IT and Department of Electrical and Computer, Sherbrooke, Québec, 

Canada

Frédéric Nolet, Ph.D.
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Embedded Digital Signal Processing: Improved Coincidence Timing Resolution and Lower Output Data Bandwidth 

Time conversion

Uniformity correction

Sorting

Dark Count Filter

Multi-timestamp 

estimator (BLUE) 
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Best Linear Unbiased Estimator

WITH CADENCE SIMULATIONS LAB MEASUREMENTS
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PET: Energy Discrimination using Timestamps

Å Use the first 5 ns timestamps at the beginning of 

the event 

Å The same data used previously with BLUE

Å Strategy based on timestamps

Å Error rate < 3% for threshold at 400 keV
ÅDark count rate up to Ò 100 cps/Õm2  

Å Time-to-digital converter resolution up to 50 ps

Å PDE: 10 % to 70 % 

kth photon
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Overview of the Second 65nm ASIC: PET + CT + QKD

ÅTSMC 65 nm CMOS

Å16 ³ 16 pixels in 1.1 ³ 1.1 mm2 1 Sub-20 psTDC for 4 SPADs

Advanced digital signal 

processing:

Å Time windowing

Å TDC code to time 

conversion
Å Uniformity correction

Å Timestamp sorting

Å Dark count filtering

Å BLUE

And for QKD

Å Time categorization

Rev 2. 2021

QKD PET/CT
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Embedded Digital Signal Processing Example: Uniformity Correction

256 channels jitter Sum of all channels (array jitter)
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ÅExploring the impact of the discriminator design on the SPTR

ÅTSMC 65 nm CMOS (general purpose)

Å6 designs

ÅAlso direct comparison between designs

ÅReal SPAD signal

ÅAll designs can provide < 10ps SPTR (FWHM)

Quenching Circuit Discriminator Architecture Impact SPTR

Å Comparator (open-loop opamp)

Å 1V unbalanced inverter 10:1

Å 1V balanced inverter

Å 3.3V unbalanced inverter 19:1

Å 3.3V balanced inverter

Nolet et al. Quenching Circuit Discriminator Architecture Impact on a Sub-10 ps FWHM 

Single-Photon Timing Resolution SPAD, Instruments 2023, 7, 16.

165 µW 

(static)
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ÅTo reduce conversion time (lower number of cycles for a given time interval)

ÅWhile improving (or at least maintaining) resolution and precision (jitter)

From single-vernier to multi-vernier TDC

START STOP

Coarse = 4 cycles

Vernier 1 = 16 cycles

STOP

Coarse = 4 cycles

Vernier 1 = 4 cycles

Vernier 2 = 3 cycles

START

Text is not SVG - cannot display

Single vernier TDC

START STOP

Coarse = 4 cycles

Vernier 1 = 16 cycles

STOP

Coarse = 4 cycles

Vernier 1 = 4 cycles

Vernier 2 = 3 cycles

START

Text is not SVG - cannot display

Multi-vernier TDC
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PDC technologydissemination:

Sharing a test platform
to allowcollaborators
to explore the technology





Front and back side of the 2x2 PDC tile

No components 

other than PDC 

on the front side

Protective housing 

for manipulation

Connectors for 

setup flexibility







2×2 PhotodetectionModule

Bottom

CMOS readout chip only
but contains 64 SPADS for testing

Ą Its a « functional » detector

2×2 PDCs
Top
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