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Pixel Level Integration

Precise time of detection for each pixel in the Photon-to-Digital Converter
* Quantum Key Distribution (QKD)
« Time-of-Flight Positron Emission Tomography (ToF-PET)

« Time-of-Flight Computed Tomography (ToF-CT)
« Targeted precision < 10 ps FWHM
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The Cascaded Vernier TDC
Architecture




The Vernier TDC - Schematic
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Ring Oscillators Vernier-based TDC

Period LSB Count Total
Reference car 5s +5s 1 5s
Fast car 4s +1s 4 4s
Vernier 1 9s

1-Vernier with 0.2 s LSB

Period LSB Count Total
Reference car 5s +5s 1 5s
Fast car 48s +0.2s 18 3.6s
1-Vernier 19 8.6s
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Cascaded Ring Oscillators Vernier-based TDC

START STOP
| | | | | [ >
| | | | | L
0 5 6 7 8 9
Period LSB Count Total
Reference car 5s +5s 1 5s
Fast car 4s +1s 4 4s
Slow car 5.2s -0.2s 3 -0.6s
Total 8 8.4s

1-Vernier equivalent

Period LSB Count Total
Reference car 5s +5s 1 5s
Fast car 48s +0.2s 18 3.6s
1-Vernier 19 8.6s
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The Cascaded Vernier TDC - Schematic
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Patent: F. Nolet, N. Roy, J.-F. Pratte et F. Dubois, «Time to Digital Conversion», dec. 2021, publication
number: WO/2021/243451.: https://patentscope.wipo.int/search/en/detail.jsf?docld=W02021243451
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Uncorrelated Measurement — Conversion Time at LSB = 50 ps and Dynamic Range = 20 ns
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Relation Between Precision and Resolution (65 nmvs 180 nm)
30 arm (2023)

The precision of the 180 nm results is the averaged precision of 2 distinct TDCs. 1 \’ern‘ef 180
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TDC Integration in an Array in 65 nm

The Infamous Effect of Process, Voltage and Temperature
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The Control Levers of a Cascaded Vernier TDC

Timestamp
Tuning: Control of the ring oscillator frequency reconstruction

1

TDC

Timestamp reconstruction: Code-to-time conversion
» Based on the expected ring oscillator frequency
« Based on the measured frequency 17

R0|RO|RO

TimeStamp = NbCoarse X (TRol) + NbVernierl X (TR01 - TROZ) + NbVernierZ X (TR03 - TRol)
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LSB Variation Mitigation Techniques

Global Local
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The Simulation Setup UDS

3.0 Ring Oscillator Frequency as a Function of Voltage

1. Ring Oscillator model based on Monte-Carlo
simulations

2. Generated a pool of 20k TDCs made of
3 ROs with random process variation without
any jitter

Frequency (GHz)

3. Characterize the pool with each mitigation
techniques

0.4 0.5 0.6 0.8 0.9 1.0

0.7
Voltage (V)
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Impact of Process Variation on Precision (Simulation - No Jitter)

Global Tuning — Expected LSB
Equivalent to 1 PLL per ring

oscillator frequency
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Impact of Process Variation on Precision (Simulation - No Jitter)

Global Tuning — Measured LSB

Distribution of Precision Percentiles
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Impact of Process Variation on Precision (Simulation - No Jitter)

Local Tuning — Expected LSB

« Equivalent to 1 PLL per RO per
TDC
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Impact of Process Variation on Precision (Simulation - No Jitter)

Local Tuning — Measured LSB

Distribution of Precision Percentiles
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Our Proposal

2 Vernier-stages, 3 oscillators

Individually configurable TDC
« Digital configuration

« Custom tuning and correction scheme

1 TDC for 4 quench-SPAD pairs
« Sharing TDC frees up more space for other

circuits
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Conclusion

We developed a new TDC architecture that

improves
« Conversion time
* Precision

The PVT in an array adds some challenges

We propose a fully digitally controlled TDC

« Can be individually configured to
mitigate PVT variation

* The test campaign will begin this
summer

The next step is to design the 5 X5 mm? array
with 4096 quench-SPAD pairs and 1024 TDCs
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Uncorrelated Measurement (180 nm) - Histogram at LSB = 50 ps and Dynamic Range = 20 ns UbS

Normalised Histo
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Uncorrelated Measurement (180 nm) — Linearity at LSB = 50 ps and Dynamic Range = 20 ns
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Tile level integration

Precise time of detection for each Photon-to-Digital Converter

* Neutron imaging
- Particle physics experiments (nEXO, ARGO, etc.)
« Target resolution = 100 ps FWHM

Photon-to- Dlgltal Converters

T I T,
SPAD Array

2 x Optical fibers

Side view of the Photodetection Module

TDC HERE
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Combined LSB Variation Mitigation Techniques
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Precision for Different Tuning and Correction Schemes

Distribution of Precision
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Feedthrough Circuit Schematic
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Patent: F. Nolet, N. Roy, J.-F. Pratte et F. Dubois, «Time to Digital Conversion», dec. 2021, publication
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