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CMOS SPAD Technology for Space LIDAR Systems
Outline

* Introduction to Fondazione Bruno Kessler (FBK)

« CMOS SPAD Arrays for Flash LIDAR in Space

« Current prototype: 64x64-pixel Flash LIDAR sensor

» Future perspectives and challenges
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Fondazione Bruno Kessler (FBK)
About us

FBK Is a research not-for-profit public interest ® 11 research centers
entity result of a history that is more than half a ® 410 researchers
century old.

® 2 specialized libraries

MISSION ® 7 laboratories

FBK aims to excellence In science and
technology with  particular emphasis on
interdisciplinary  approaches and to the
applicative dimension.
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Fondazione Bruno Kessler (FBK)
Center for Sensors & Devices

The Center focuses on the development of highly
Integrated sensors and devices based on MEMS,
CMQOS, photonics and surface functionalization
techniques and interfaces.

VAL U

DDA\DO [ ) 1\
We cover the entire development cycle, from feasibility
studies & architecture definition, design, testing &

characterization, prototyping and setup of a supply chain
with wafer-level tests.
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Fondazione Bruno Kessler (FBK)
Sensors & Devices for Space

=2 A
D

Radiation Detectors (SDD, microstrip & pixel, SiPM, LGAD, ...)
MEMS — RF (flow sensors, hydrogen peroxide microthrusters, ...)
Silicon Photonics (Integrated optical circuit for microwave filter)

VIU

Vision sensors

Monolithic active pixel sensors

Quantum random number generators
Single-photon imagers (incl. LIDAR sensors)
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CMOS SPAD Arrays for Flash LIDAR In Space
Single Photon Avalanche Diodes in CMOS

- Diode biased beyond SPAD Pixel Imager

breakdown - photon
triggers an avalanche

Cat-h' Ayode Cathode
», | !
N+ 4 N+ J
. . . N -Dopgd N-implan| e
* Direct photon to digital- |\ S04

. I dv— ’_
Edge conversion P-sus FEr(r)l?it ¢ | W %
|-. | Nrrlcalr, fealmmlicals \
» In-pixel / on-chip 222l ancssmaicsssnsid
processing of the On-chip electronics
signal .
5-30um 7-100um 1k — 1M+ pix

e.g{., counting, timestamping, event
detection, correlation

 Imaging configuration
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CMOS SPAD Arrays for Flash LIDAR In Space
Application to LIDAR — Direct Time-of-Flight (DToF)

Background
light (BG)

Pulsed N
Laser e
L | TX :_"“":"
{ Laser Driver }—[]—O ;,"I?A
T =) \Ig
SHEX
¥
Sync il
Target
« EEE d
3D Frame DToF
Sensor
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X

RX

Photon
timestamping
(integrated on-chip or in-pixel)
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CMOS SPAD Arrays for Flash LIDAR In Space
Challenges in image sensor technology

* Imaging technology - Pixel size and power matters
o The smaller, the better - High resolution images

o Typical values:
= Pixel pitch: 60 um > 7 um Depending on the level of in-pixel integration
= Pixel power: 50 yW -> 3 yW and technology node (typ. 40 nm — 180 nm)

* Flash - Flood illumination
o No scanning = no moving parts, simple control
o Parallel acquisition = no distortions, high data rate, high memory requirements

« Background light rejection
o False events = depth estimation from multiple acquisitions (histograms)
o Detector saturation (at SPAD, pixel, or chip level!) € TO BE AVOIDED!
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CMOS SPAD Arrays Flash LIDAR in Space
DToF acquisition process

Processing
4 )

i

- J

In-pixel

ToF Histogram

Freq. )

‘ 1 Echo ToF )
\

MXN ™
SPAD
Pixels ~ o
B Key blocks:

® Single Photon Avalanche Diode (SPAD)
® Processing Unit - Dark count & Background noise suppression
® Timestamping through Time to Digital Converters (TDC)
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CMOS SPAD Arrays Flash LIDAR in Space
FBK technology over the years — Funding

2 CSem

MILS MILA

Miniaturized Flash Imaging Miniaturized Imaging
Lidar for Space Robotic Laser Altimeter

Evaluation of CMOS 15t generation of Flash
SPAD technology for LIDAR imager based on
space LIDAR CMOQOS SPAD technology

]

-3 IRIS
INTEGRATED RADIATION
AND IMAGE SENSORS

SENSORS
AND DEVICES

14

FONDAZIONE
BRUNO KESSLER

WALLIE

Wide range high-
resolution LIDAR Imager

2"d generation of Flash
LIDAR imager based on
CMOQOS SPAD technology



CMOS SPAD Arrays Flash LIDAR in Space

CSEM sensor board

FBK technology over the years — Results based on 2¢2 MILA

csem

Short distance measurements

g distances in cm

De| pth Map [m]

1st generation of Flash
LIDAR imager based on g |
CMOS SPAD technology L

CSEM LIDAR system
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CMOS SPAD Arrays Flash LIDAR in Space
FBK technology over the years — Results

Main features
WALL' E Smart pixel architecture

_ _ —> Strong rejection of background
Wide range high- light
resolution LIDAR Imager

Small pixel pitch

2"d generation of Flash
LIDAR imager based on
CMOS SPAD technology

Specifically designed to
acquire depth maps of the
scene over long distances

even in presence of strong i asssasuuan
background light. Based on FBK patented
- @




Current prototype: 64x64-pixel Flash LIDAR sensor
In-pixel background rejection

Goal: develop an architecture
that avoids saturation and
turns difficult cases into easy
cases.

]

-> IRIS
INTEGRATED RADIATION
AND IMAGE SENSORS

Easy case @

signal Moderate background
Near target

background

Time bin

Difficult case
Moderate background
Fat target

background

Saturation @

Strong background
Far target

background
2?7 Signal ???




Current prototype: 64%x64-pixel Flash LIDAR sensor

Smart pixel architecture %
Distributed correlation [=its Y42
: * DISUriputed correlation | s<rer-—»s S ¥=P —> S
S| Saturation :
2 © mechanism i m
mmwm O Patented teChnOIOgy Uncorrelate photon  Correlated hotons
_ - Discarded - Recorded
??? Signal ???
CMQOS - In-pixel : e @
smaurt features ¢ AUtOmatlc SenSItIVIty ’ZCEVEXTnEnEOFI
R adJ u Stm e nt Wea; I)ac_k;;r_o-und Strong backgro_und
g Easy case (2 T e Lo eter

signal

y

« Multi-photon and last-
photon acquisition
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Current prototype: 64x64-pixel Flash LIDAR sensor

Sample images — Indoor & outdoor (based on a

Ow-cost system)

Correlation

First photon

always on

Z[m]
o @an

Auto-sensitivity off

0 500

Z[m)
)

Last photon
Auto-sensitivity off

Code

Last photon

Auto-sensitivity on

Ao

Main sensor parameters

Parameter Unit Value
Technology nm 110
Pixel Array pixel 64x64
Pixel Pitch um 48
Fill-factor % 12.9
PDP @ V., % 545@ 6.6V
Median DCR Hz 388@6.6 V
Timestamping resolution ps 250 — 10.000
Measurement range m 1536-12288

-X @

3D imaging performance

Parameter Unit Value
Wavelength nm 905
Avg optical power mwW 5.8-9.3
FoV deg 25.0x25.0
Max measured distance m 8.2
Accuracy m +0.15
Precision(o) m 0.03...0.27
Frame rate Hz 25
Power consumption mwW 205.7




Future perspectives and challenges
ESA project = Increase the TRL

s
&gesa Contract No. 4000126705/19/NL/AR/zk

— >
- : csem i® LEOUNSIY ThalesAlenia  SYDO*RAL

oooooooooooooo P
J a Thales ./ Leonarda company Sp a Ce

Fabrication of a large area prototype

Radiation tests

Integration into a complete LIDAR system

Validation over large distances
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Future perspectives and challenges
Challenges

3D stacking with FBK SPADs
& advanced CMOS processing

Optimized sensing + optimized readout ﬁ

\SPAD pixels

, s L !
@dout circuit =
Logic chip
(Bottom)

connection

« Higher sensitivity + smaller
pixels

* Microlenses
» Higher level of integration

(processing layer in 40 nm
tech. node or below)
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Pairing sensors

with Al processors
Reduced memory requirements
More efficient processing

Accurate statistical models of
the photon flux

Development of Al models for
the processing in real time of
the timestamps

Integration into FPGAs or
custom processors
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Thank you

The work is carried out under a program funded by the European Space Agency.
We thankfully acknowledge the Sensing & Control group at CSEM for the fruitful discussions.

=3¢ I



IRIS unit — Intregrated Readout ASICs and Image Sensors
Mission and value proposition

(-\:) Fully customized design of image sensors & readout ASICS
o iIn CMOS standard technology

Our mission is to leverage the potential of image sensors and the level of integration of
radiation detectors with highly optimized electronic design in CMOS standard technology.
We cover the entire set of development stages, including feasibility studies & architecture
definition, mixed-signal IC design, electro-optical testing & characterization, FPGA /
microcontroller-based prototyping and setup of a supply chain with wafer-level tests.

Architecture Definition & Manufacturing in Electro-optical Testing Prototyping &
Mixed Signal IC Design 350nm-40nm CMOS Std & Characterization Setup of a Supply Chain

8
researchers

1
PhD student

1
Technician

Laboratories for
functional verification,
electro-optical testing
& characterization.




IRIS — Intregrated Readout ASICs and Image Sensors

Research lines

4.3 mm

640 x 480
Pixel
Array

320 Amplifiers + ADCs

LBP B + 8b Readout
160 Processors

o
D
S
o
o
D
©
=
o
—

5.9mm

registers

Example of a low-power vision
sensor for battery-operated
surveillance systems.
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Single-photon Imagers

. They combine single-photon
detectors and high-speed
electronics to count photons
and measure their arrival time
in parallel for each pixel.

”

Low-Power Vision Sensors
They gather extra information

+]| ~
D '3 from the scene at chip- or
\ \ f/ pixel-level to perform complex
tasks using a small amount of
power.

Monolithic Active Pixel

MAPS exploit the interaction
of charged particles with
matter to measure their
energy, position and direction
with a low energy budget.

Multispectral, X-ray and THz

r7 They add the wavelength as
=] another variable capable of
increasing the information

g ' carried by an image, to see
things our eye cannot see.

Readout ASICs

They extract the useful signal
from custom detectors (SiPM,

SDD, strip detectors, 3D
SiPM, ...), minimizing noise
and distortions.




IRIS — Intregrated Readout ASICs and Image Sensors
Technology - Application matrix

Consumer
/10T

Industrial /
Automotive

Bio-/Medical
Food, Health

Science Security

Low-Power Star-tracker SLow-power || uon coeedvision|| Al-enhanced
Multispectral, Multi-spectral || X-ray imaging for THz / 4 Quality control
X-ray and THz (THz) imaging dental appl. MIR sensing with THz

1 Solid-State LiDAR 2Particle tracking for hadron theragy jLow-power video-surveillance [*Quality control with THz
Direct Time-of-Flight depth sensing |Direct detection of charged particles Surveillance of large areas Multi-spectral analysis
based on single-photon detectors with a low material budget with battery operated devices of packaged components

oping water bost i

abexoed e u
pajeas sjusuodwo

Protog

l  Detection of

Beam B particles

Ew0 »
= E ! ’
. g w
d | = g r 0
N N - irom a °°Sr source X
4 St )
-

Examples

Components

5-_

Smart motion detection insensitive to
standard background variations (sea |

waves, trees moving)

-3 @IRIS

INTEGRATED RADIATION
AND IMAGE SENSORS



Current prototype: 64x64-pixel Flash LIDAR sensor
DToF sensor as a smart device - High level of integration

* In-pixel logic
o Distributed correlation mechanism

= Background rejection without loss of spatial resolution
= Patent application publication US 2022/208825 Al

o Automatic sensitivity adjustment
= To prevent device saturation

o Multi-photon and last-photon acquisition
= High priority to late photons - improved measurement range

» Global features
o Region of Interest (ROI) based readout
o Fast serialized for data output in DDR on 8-bit LVDS

o SPI for sensor configuration and external sensitivity
programming

o PLL locked TDC for PVT compensation
* Implemented with Rad-Hard Techniques

- @ |




Current prototype: 64%x64-pixel Flash LIDAR sensor

Distributed correlation mechanism

|

Freq.

Saturation
Strong background
Far target

©

??? Signal ???

Freq.

4

Easy case
Strong background
Far target

CMQOS - In-pixel
smart features

©

signal
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« Background rejection without
loss of spatial resolution

« Patent application publication US
2022/208825 Al

S S
D i S
S «—P ——S &P —S
1 1
S S
Uncorrelated photon Correlated photons
- Discarded -> Recorded



Freq.

Current prototype: 64%x64-pixel Flash LIDAR sensor

Automatic sensitivity adjustment

©

??? Signal ???

A

Saturation
Strong background
Far target

|

Freq.

CMQOS - In-pixel
smart features

4

| Easy case @

Strong background
Far target

signal

-X @

« SPAD PDP is automatically tuned
depending on the triggering rate

* This prevents device saturation

/4
L

Activity monitor

___________

N

___________

Strong background
— PDP reduction
Low sensitivity

Weak background
- PDP enhancement
High sensitivity



Freq.

Current prototype: 64x64-pixel Flash LIDAR sensor
First-photon vs last-photon acquisition

: « Each channel can typ. record 1 or 2 photons
Saturation @ |
Strong background  Late photons are penalized

Far target A
background background
??? Signal ??? signal

[
» [
»

Freq.

—> First-photon acquisition gives priority to early photons

CMOS - In-pixel
smairt features

$

1 signal
A background
Easy case @

Strong background >

Far target signal ok q
e - Last-photon acquisition gives priority to late photons
(when signal is weaker = SNR advantage)

 Our chip supports both acquisitions
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