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AUsing photon tioElight information
to reduce radiation dose in medical imaging

ARequires measuring single photons
ATimestamping the detection of each photon

APhotoroDigital Converter
AConcept and fabrication

AEmbedding digital signal processing

ATowards 189sTimeto-Digital Converters
AAligning, sorting, binning timestamps



ToFComputed Tomography

Using timetflight to exclude noise from scatteaggoXotons




Physical interaction processes
How Is build an image?

No interaction

T namely here
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A The image is created by the contrast of the
photons that are absorbed byphotoelectric effect

H H H _ HFI =|= . and the ballistics.
3 A We measure the total attenuation which is the

sum of the attenuation from the photoelectric
0 effect, Compton and Rayleigh scattering.



Physical interaction processes
A scattering problem

Interact inside the
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Need for diagnostic quality
CNR high with low dose

tive impacts from scatters:

R degradation Siewerdsen et al. Med. Phys. (2001).
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Physical interaction processes
Scatter rejection principle : anti-scatter grid
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Try to reduce scatters as :
much as possible, and the T T e, )
solution adopted is to

install an antiscatter grid.

Detector
array




ToF Scatter Rejection Priciple Time-correlated

Detector array
How do that?
| o<t +1,
To do this we need: 0
A Synchronized pulsed Xray source PRI Q0
A Timeresolved detectors of very high to ................
precision (~10200psFWH™M) e e

source

Threshold for rejection:
ty, ~10-500 ps FWHM
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ToFScatter Rejection Principle

How do that? Time correlated
detector array
Scatteredx-raystake longerpath 1)
from the source to the detector. ety
A We canmeasurethe Source ) ‘ ?
Detector timeof-flight to _..u;{-.‘.'.‘-‘-:-:‘.“"“
discriminatescatteredx-raysfrom ey, enenenge Q
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ToF Scatter Rejection Principle

How do that? Time correlated
h I_|||= o [ HFI =|= C f(H||= ) =|=) detector array
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How to reduce the dose?
A new path is proposed at Sherbrooke for dose reduction

X-ray without anti-scatter grid

& Time of flight
Photon counting - scatter rejection

with energy measurement

Objective:
Reject scattered -xays without the use of an anficatter grid

A Larger fraction of Xay photons effectively used in the image
A Dosereduction at constant Contraso-Noise (CNR)
A Increase Contragb-Noiseat constant dose

A Can leado dose reduction factor of 2x



Dose reduction at equivalent image quality
CBCT vs ToF CBCT

A With a constant dose, CNR
improve with TOFCT threshold

A Dose reduction increase with
TOF CT Threshold at

TOF 5(s

Simulation = CNR at 100% photon (o =1) Dose reduction (at CNR, = 9.9)

Fan-beam

CB TOF 10 ps 12.4 35%

------------------------------- g oEI CB TOF 50 ps 11.7 28%
i CB TOF 100 ps 10.9 15%

CB TOF 200 ps 10.2 5%

.............. Fan Beam 11.5 25%

.................. TOF 20(ps CB with ASG 9.9 0%

CBCT wi/asg

No scatter rejection A Dose reduction depend on the grid it is compared with

40% 50% 60% 70% 80% 90% 100%
Radiationexposure

FromG. BelangerJ.Rossignal, Y. BerubelLauziere,
and R. Fontaine (2024)Not submitted at thistime



The
Photonto-Digital Converter
Concept

How to turn a single photon into a digital pulse
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AnalogBiPMVS Digit&iPM

SiPMo Silicon Photo Multiplier: anrayof SPADs

....pnalogspm - Digital SiPM
$—OHv ®—O HV
/\ SPAD/\ Recall:
The response of the ZA SPAD ZA
‘ SPAD is Boolean

Quench Quench Digital
| Amplifier, M Signal
r Shaper, ADC Processing |
L_¢ i L |
Analog current sum \ SiPMcapacitande electronic noise
The amplifier transforms charge into voltage Individual SPAD readout, no D/A+A/D
and then BACK to digital. conversion. Everything stays digital.
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3D PhotetoDigital Converters

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

Photon -to-Digital Converter A Direct digital conversion:
A Single photon resolution on the whole dynamic range

—O B; |
JS Blas A Can lower power significantly consumption
SPAD - A Disabling noisy SPADs: reducing noise
. A Programmable hoftidelay: mitigation of afterpulsing
Quench Quench D_|g|tal
' L SP'?O”C"’_" A Embedded signal processing: sum, dark count filters,
T timeto-digital conversion, etc.

Pratte JF et al. "3D Phadddigital Converter for Radiation Instrumentation: Motivation and
Future Works" (2021) Sensors;21(2pb98.3390/s21020598

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

BERN HEN

BERN- HEE-B

IRN-N -1 ‘ Iy =
ERN N M S TIER 2 - Electronics

in 2D: loosing sensitive area

(o)
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Development of the SPAD array lay:
and low power PDC




Thinned TS¥ss Frontside lllumin&BADArray

photons

cathode S S anode

1Stfabrication run complete
(Octobre024)

Thin SPAD layer + CMOS readout

A pmnSPAD [1]

A 64x64 SPAD Array

A 78 pm pitch

A AlGe eutectic bonding
A 5.85x5.25 mAdie

L1 111111111
B 111 O (11711111 sl | o (O
T8 NN XNNNXKNNX XN NNNNRNANNRNNNNNE RNR O ¥ ULN ¥ NNNNNE AK

3D SPAlRrray

(canadiat Ot forreferenge x1,500 Vace=10. DetectorsBED-C  ModemSEM WD=7.Sum =0.0

SEM cross section image

10um 10/15/2024

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

Highend CCD process line
-> excellent for SPAD R&D

- 150 mm proces®lin
- low contaminant / gold free clean rooms

World top 5 MEMS Foundry
--> excellent for wafer level integration

- 150 mm and 200 mm process line
- Wafer thinning, deep etching, bonding, ...

MEMS Foundry Rankings

(2017 sales in US$M)

Teledyne DALSA Semiconductor

MEMS FOUNDRY

Right and}eft
LEADERSHIP

Front Hazcams
(2 pairs) MARDI

STMicroelectronics
Teledyne DALSA
Silex Microsystems
TSMC

X-Fab

174
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50
47
42

Life on Mars Roverlandinggives CourtespfTeledyn®ALSA

boostto Canadianechsectar The
GlobeandMail(2012

TELEDYNE DALSA

Everywhereyoulook™

The Eyesof the MarsCuriosityRover Tech Briefs

“n"

Statusof the MEMSIndustry2018
Market and technology Report

YoleDevelopme(2013

Teledyn®ALSA Semiconductor (est. 1980)
~ 50 mployedscatect BromomeaMontrealCanada
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PDCdesignedor
Timeof-Flight PET

(andToFCT,
and QKD,
andwavefronsensing
and more )




ATSMC 65 nm CMOS
A16 3 16 pixelsin 1.13 1.1 mm?
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External
Synchronisation

250 MHz Clock

External Trigger

Reset

Data Output

Data Input

1) Micro-cell array (x196)

4 SPAD-QC per TDC
Bond x4
| 2 HC
1]
O] -
Counter
4 SPAD-QC per TDC
Bond ac x4
(D 24
]
O]a B
Counter
Trigger circuit — 2) Array readout

4

Rev 2. 2021

PET/CT

Serializer

Deserializer

Configuration

registers

~

3) Communication

Time conversion

Uniformity correction

Sorting

Multiplexer

Dark count filter

Multi-timestamp
estimator

4) Post-processing

1 Sul0psTDC for &PADs

Advanced digital signal
processing:

Time windowing
TDC code to time
conversion
Uniformity correction
Timestamp sorting
Dark count filtering
BLUE

o Po Po o I I

And for QKD

A Time categorization
32



Embedded Digital Signal Processing

1) Micro-cell array (x256)

nnnnnnn

Data Output le—-H serializer fm | [TT]  Timeconversion
osta nput || M e ] [ | 5 [ ontorm comecton
= e
egites oark count e
csimator
nnnnnnn tion 4) Post-processing
.
UNIVERSITE DE

SHERBROOKE
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From singleernier to mulernier TDC

A To reduce conversion time (lower number of cycles for a given time interval)

A While improving (or at least maintaining) resolution and precision (jitter)

Single vernier TDC

Coar=sde ycl es

START STOP

S e

A
Ver ni=elréc yc | s

A
>

—— Reference Osc
— Vernier 1 Osc

Start x

Y

;

End of
Prelogic Coincidence| _CONVersion
Circuit Circuit o
Stop g

2

Y

Multi-vernier TDC

Coarsde ycl es

>
START STOP

I /| I | R

| // | | I ||| L |

>

\% i=dcycl es
-«
Y, n2=e3rc y c |
Feedthrough
g Circuit ’
pipie
4
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I >
S - ” —— Vernier 1 Osc
Prelogic [Coincidence —— Vernier 2 Osc
Circuit Circuit
Stop aI
U .
- —> End of
Coincidence| conversion
Circuit r
A 4
Trigger 4 >
\ernier 2 Start L
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PDC?2 Architecture 8-to-1

| The future 5x 5 mm? 65 nm PDC will feature: | o | 1
SPAD O CMOS layer designed inTSMC 65 nm LPtechnology; 2 S 3 IEB]
HATER O 4096 SPADsdesigned in collaboration withTeledyne DALSA| 4 5
O SPAD pitch= 78 x 78 umz; 6 7
O Individual quenching circuit(QC) per SPAD,; \ v J

0 Inverter FE with configurable threshold; 16 SPADs 2 TDCs

0 Expectedsub-10 ps QC timing jitter,

0 Configurable holdoff and recharge duration

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

O Large array split into 16 subarrays
with local processing

- e e e e e e o] = = == -

Raffaele Aaron Giampaolo QSF68 Wavefront sensing to improve quantum sensing
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UDS PDC Floorplan

2D SPADs

O All analogcomponentsplaced (40% array area)
O Digital component areaknown (P&R)

O Top level architecture complete

O Reconfigurablefloorplan

Micropixel (basic block)

Raffaele Aaron Giampaolo QSF68 Wavefront sensing to improve quantum sensing
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PDC - test-chip implementation

R EEET

Rele Qvds

El 1L AE
“D‘,D AT B AL NS

Standalone TDC test structures

LICICIL]
DDDCI

Rad-hard test structures

0O
limimie a8 RS 0
D HE NN D 0
EEEEEEEE
0O
Quenching circuit test structures
0O

Time-to- Dlgltal Converter 65 nm |mplementat|on
4 x 4 Array with standard QCs 4 x 4 Array with radhard QCs N P

! ! ! ! ! ! W

The TDC uses apatented multl-Vernler
architecture

A single TDC is 35%x 43 pm?
Individually configurable

O A calibration step is required

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

Resolution (LSB) can be changed

Raffaele Aaron Giampaolo

QSF68 Wavefront sensing to improve quantum sensing
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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

_____ 1.4
/ )
Pulse generator ! C i
_ _ l {>8 : 19 X Probe jitter
Il\ ______ /l . ===Probe fit;3 = p2 . 2
1 % x  Prop. Delay Vth [00]
% ==Prop. Delay Vth [00] fit;3 = fs. O
— % 0.8 x  Prop. Delay Vth [01]
° —Prop. Delay Vth [01] fit;3 = g@s. O
OSCILLOSCOPE 3
N x Prop. Delay Vth [10]
g 0.6 = Prop. Delay Vth [10]fit;3 = @s. O
3.3V E Prop. Delay Vth [11]
: _ 0.4 its =
Input Time [S] ” Prop. Delay Vth [11] fit;z = fs. 9
1.2V . - 0.2 %g
OUtpUt Time [s] 0 st R, VYL RO ——
«—> f -20 -15 5 10 15 20
Propagation delay Propagation delay variability [ps]

Raffaele Aaron Giampaolo QSF68 Wavefront sensing to improve quantum sensing
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Conclusion




Conclusion

A3D Photeto-Digital Converters in fabricat

A Low power readout

A 2 lots completed, more coming each 6 months to mature proc ~r > i
A Extended characterization underway e T R | —

A Dissemination of test platforms to collaborators

AHigh performance Phatddigital Convert

A New quenching circuit, new TDC architecture
A Small array demonstrated: quersetipng TDG <10ps

A Completing design/validatiokbahBarrayd, 2026
A Readout prototypng2026

A Wafer level 3D assembly with SPADR7
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A 256 Pixelated Readout ASIC#RieilT DC and Embedded Digital Signal Processing for SBAD

instruments ml\D\Py

Article

Quenching Circuit and SPAD Integrated in CMOS
65 nm with 7.8 ps FWHM Single Photon
Timing Resolution

Frédéric Nolet * ', Samuel Parent, Nicolas Roy ", Marc-Olivier Mercier, Serge A. Charlebois ',
Réjean Fontaine * and Jean-Francois Pratte

Contents lists available at ScienceDirect z SE——
Nuclear Inst. and Methods in Physics Research, A SR

FI. SEVIER journal homepage: www.elsevier.com/locate/nima P

Digital SiPM channel integrated in CMOS 65 nm with 17.5 ps FWHM single
photon timing resolution

With TDC

Frédéric Nolet *, Frédérik Dubois, Nicolas Roy, Samuel Parent, William Lemaire,
Alexandre Massie-Godon, Serge A. Charlebois, Réjean Fontaine, Jean-Francois Prat

Interdisciplinary Institute for Technological Innovation and Department of Electrical and Computer Engineering, Université de Sherbrooke , Sherbrooke, Québec, Canada
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ASIC Overview (originally for PET)

C lists ilable at Sci Direet
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A 256 Pixelated SPAD readout ASIC with in-Pixel TDC and embedded digital
signal processing for uniformity and skew correction™
Frédéric Nolet ', William Lemaire, Frédérik Dubois, Nicolas Roy, Simon Carrier, Arnaud Samson,

Serge A. Charlebois, Réjean Fontaine, Jean-Francois Pratte

Interdisciplinary Institute for Technological Innovation and Department of Electrical and Computer Engineering, Université de A , QC, JIK
2R1, Canada

ATSMC 65 nm CMOS (LP)
A163 16 pixelsin 1.13 1.1 mm?
Alitter: 18 ps RMS for 256 pixels

v.-.‘

Rev 1. 2019

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

ELSEVIER journal homepage: www.elsevier.com/locate/nima

Embedded time of arrival estimation for digital silicon photomultipliers with
in-pixel TDCs"

William Lemaire ', Frédéric Nolet, Frédérik Dubois, Audrey C. Therrien, Jean-Francois Pratte,
Réjean Fontaine

Interdisciplinary Institute for Technological Innovation and Department of Electrical and Computer Engineering, Université de Sherbrooke, Sherbrooke, QC, J1K
2R1, Canada
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External
Synchronisation

250 MHz Clock |
External Trigger

Reset |

Data Output

1) Micro-cell array (x196)

4 SPAD-QC per TDC
Bond ac x4 act
Pad
| = TDC
| ac3 % !
(0@ aca | =
Counter
4 SPAD-QC per TDC
Bond ac x4 act
Pad
(el z e
ac3 % '
acs | =
Counter
Trigger circuit — 2) Array readout

Serializer

Data Input

Time conversion

Deserializer

Uniformity correction

Multiplexer

Configuration
registers

Sorting

Dark count filter

N

3) Communication

Multi-timestamp
estimator

4) Post-processing
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Overview of the First 65nm ASIC : P

A TSMC 65 nm CMOS (GP)
A 163 16 pixelsin 1.1 3 1.1 mm? (red box)
Jitter: 18 ps RMS for 256 pixels

B ——

| 256 Pixels !u

= HU””“H””

181
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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.

UNIVERSITE DE
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External
Synchronisation

250 MHz Clock
External Trigger

Reset

Data Output

Data Input

<

1) Micro-cell array (x256)

Bond

pad QC TDC

Bond

pag QC TDC

Trigger circuit

2) Array readout

-
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e
Serializer
. . p .
Deserializer g
4
g
5
Configuration S
registers
N
N

3) Communication

Time conversion

Uniformity correction

Sorting

Dark count filter

Multi-timestamp
estimator

4) RPost-processing




Pixel electronics iIn TSMC 65 nm CMOS

UNIVERSITE DE

SHERBROOKE
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Ring Oscillators based Verniettdibnptal Converter

486 IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES. VOL. 1. NO. 6, NOVEMBER 2017

Low Power and Small Area, 6.9 ps RMS
Time-to-Digital Converter for
3-D Digital SiPM

Nicolas Roy':‘?, Frédéric Nolet, Student Member, IEEE, Frédérik Dubois, Marc-Olivier Mercier,
Réjean Fontaine™ , Senior Member, IEEE, and Jean-Francois Pratte, Member, IEEE

150 - ¢ .
) Power (UW) X Oglopal (PS) X Area (mm?
£ 100 ¢ . FOM = (u global 1P (m)
8 e Calculated Events Rate (Mevents/s)
d 5.0 Frocolation /, _____ R quantization error | [PJ Jevent - pS,q - mmz]- (21)
at 15 ps’ —e— Measured TDC
d jitter
O'O ] ] 1 | ] | 1 1 ] ]
0 10 20 30 40 50

TDC Resolution (ps)

Fig. 11.  TDC timing accuracy as a function of the TDC resolution. The
optimal timing resolution is at 15 ps.
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Timeto-Digital Converter Feedback

Dual Phase -Locked Loop System for TDC Resolution Calibration (#1182)
F. Nolet?, F. Dubois?, N. Roy*, W. Lemairel, S. A. Charlebois!, R. Fontaine!, J.- F. Pratte?!
L Université de Sherbrooke, 3IT and Department of Electrical and Computer, Sherbrooke, Québec,
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PET: Energy Discrimination using Timestamps
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ATSMC 65 nm CMOS
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Embedded Digital Signal Processing
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Quenching Circuit Discriminator Architecture Impact SPTR

A Exploring the impact of the discriminator design on the SPTR
A TSMC 65 nm CMOS (general purpose)
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A Also direct comparison between designs
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From singleernier to mulernier TDC

A To reduce conversion time (lower number of cycles for a given time interval)
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PDCechnologydissemination

Sharing a test platform
to allowcollaborators
to explore théechnology
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Front and back side of the 2x2 PDC tile
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