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The Large Hadron Collider


CERN’s accelerator complexCMS LHCb


ALICE ATLAS


CERN’s accelerator complex to study the basic constituents of matter and the forces acting between 
them
Protons are extracted from H atoms, accelerated and injected in the LHC in two counter rotating 
beams
The beams are colliding in 4 locations of the accelerator ring
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Imaging in High Energy Physics (HEP)


The “cameras” are large detector systems  
ATLAS Detector
25m diameter, 64 m long, 7000 tonnes (similar to the Eiffel Tower)
100M electronic channels
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Imaging in High Energy Physics (HEP)


In High Energy Physics, the “objects to be imaged” are the interactions (events) between 
particles, which result in other outgoing particles*.


*E.H.M. Heijne et al., The Silicon Micropattern Detector: A Dream?, Nucl. Instrum. Meth. A 273 (1988) 615.


H     ee 


Event Run2 (2018)


Challenge: interesting events are rare! (e.g. 1 candidate Higgs event in 1013 collisions i.e. 
one every 3 hours)







Tracking detectors


Requirements for HEP tracking
• Signal processing on an event-by-event basis
• Tagging of ‘hits’ to single bunch crossings (25ns/40MHz) 
• The ability to distinguish 2 closely separated tracks in space 
• Minimal mass
• Minimal power consumption
• Radiation tolerant detectors and readout electronics.


Technology: Hybrid Pixel Detectors
Today, they are in operation in 3 vertex detectors of the Large Hadron Collider 
experiments, making important contributions to LHC physics programme







Outline


• Hybrid Pixel Detectors


• The Medipix Collaborations


• The Timepix Chips (focus on technical innovations)
– Timepix1 (Demo)


– Timepix2 (sub-pixel spatial resolution)


– Timepix3 (single layer gamma camera)


– Timepix4


• Applications in Space


• Summary and conclusions
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Hybrid Pixel Detectors
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• A hybrid pixel detector is a 2-dimensional matrix of microscopic 
sensitive elements each of which is connected to its own pulse 
processing electronics 


• The sensor element and the readout electronics are implemented 
in different substrates i.e. can be optimized separately


• Si, Ge, GaAs, CdTe or CdZnTe 8


Hybrid pixel detector







Micro-channel plate readout


Visible light photons and soft X-rays can be detected with a photocathode coupled 
to an MCP


The amplified signal from the MCP induces a current in the pixel collection 
electrodes


Electrons, ions or neutrons can be detected using MCP (doped with e.g. B)


9
J. Vallerga et al. https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055
M. Fiorini et al. https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf



https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055

https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf





• The number of particles deposited during a 
given exposure time (counting mode)


• The energy deposited by a particle


• The time of arrival


• The incoming type of particle
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Information from the incoming particle 
beam







11


Measurements on different types of particles


~270m


Timepix data, 55m pixels


~1.3mm


~2mm


Photons


Electrons


Alpha
Muons


The high segmentation of Timepix (55um pixels) and its capability 
to measure energy allowed to (1) identify different particles and 
(2) their deposited energy in the sensor


“Noise hit free”







• The angle of incidence of the incoming charged particle can be measured 
based on the difference of time of arrival of the drifting charge in the 
different pixels
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𝑣 = 𝜇𝐸


Information from the incoming particle 
beam


60 deg
p+ in n Si sensor, Timepix3 
500m thick
Vbias = 130V
Colour (and diameter) indicate charge
Measured z resolution ~50m


Measurement B. Bergmann, S. Pospisil, IEAP, CTU, Prague







The Medipix Collaborations
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Motivation for Medipix/Timepix 
Developments 


• The Medipix collaborations were created to disseminate the same technology 
developed for HEP to other applications. We design two families of chips:
– The Medipix family aims primarily at spectroscopic X-ray imaging 


– The Timepix family is better suited to detecting single particles


• Science-driven!


• The chip design is led by CERN's microelectronics section


• Once chips become available, collaboration members have a time for their 
initial R&D and publication of scientific results


• When the ASICs are well characterized, commercialization licenses can be 
granted (spin-off)


• The experience gathered has led to innovative solutions for the LHC machine 
and experiments (spin-back) (e.g. VELOpix development)







Medipix2 collaboration


Albert-Ludwig Universität Freiburg (Germany), CEA (France), CERN (Switzerland), Czech Academy of Sciences (Czech 
Republic), ESRF (France), IEAP, Czech Technical University (Czech Republic), IFAE (Spain), Mid Sweden University 
(Sweden), MRC-LMB Cambridge (UK), NIKHEF (The Netherlands), University of California (USA), Universität Erlangen-
Nurnberg (Germany), University of Glasgow (UK), University of Houston (USA), University and INFN Section of Cagliari 
(Italy), University and INFN Section of Pisa (Italy), University and INFN Section of Napoli (Italy)







Medipix3 collaboration


Albert-Ludwig Universität Freiburg (Germany), AMOLF (The Netherlands), Brazilian Light Source (Brazil), CEA (France), 
CERN (Switzerland), DESY-Hamburg (Germany), Diamond Light Source (UK), ESRF (France), IEAP, Czech Technical 
University (Czech Republic), KIT/ANKA, Forschungszentrum Karlsruhe (Germany), Mid Sweden University (Sweden), 
NIKHEF (The Netherlands), Universidad de los Andes (Colombia), University of Bonn (Germany), University of California 
(USA), University of Canterbury (New Zealand), Universität Erlangen-Nurnberg (Germany), University of Glasgow (UK), 
University of Houston (USA), University of Leiden (The Netherlands), Technical University of Munich (Germany), VTT 
Information Technology (Finland)







Medipix4 collaboration


CEA (France), CERN (Switzerland), DESY (Germany), Diamond Light Source (UK), Czech Academy of Sciences (Czech 
Republic), IEAP, Czech Technical University (Czech Republic), IFAE (Spain), JINR (Russian Federation), NIKHEF (The 
Netherlands), University of California (USA), University of Canterbury (New Zealand), University of Geneva 
(Switzerland), University of Glasgow (UK), University of Houston (USA), University of Maastricht (The Netherlands), 
University of Oxford (UK), INFN (Italy), LNLS (Brazil), CSNS (China), PNRI (Philippines), University of Tennessee (USA)







ASICs developed by the Medipix 
Collaborations


Collaboration ASICs
CMOS 


Technology
Main Characteristics


Medipix2


Medipix2 
(2002)


250nm
256x256 55μm photon counting improved energy resolution and 
efficiency


Timepix1 
(2007)


250nm
Based on Medipix2, adds modes for measuring particle arrival time and 
energy


Dosepix
(2012)


130nm
16x16 220um pixels, energy binning mode with ToT measurement and 16 
per pixel energy bins


Timepix2 
(2016)


130nm
Improved time resolution and lower power consumption compared to 
Timepix1


Medipix3


Medipix3 
(2011)


130nm
Up to 4 simultaneous energy measurement per pixel with charge sharing 
compensation


Timepix3 
(2013)


130nm
Event-by-event data in both time-of-arrival and energy deposition modes
1.56 ns time binning, faster data readout


Medipix4


Timepix4 
(2019)


65nm
10x Particle flux Timepix3, 512x448 array, 4-side buttable and 200ps time 
binning


Medipx4 
(2023)


130nm
320x320 75μm, Up tp 8 simultaneous energy measurement per pixel 
with charge sharing compensation and 4-side buttable







Medipix Collaborations Commercial 
R&D Partners


Collaboration Name Medipix2 Medipix3 Medipix4


ASICs Medipix2 Timepix Timepix2 Medipix3 Timepix3 Timepix4*


ADVACAM s.r.o., Czech Republic X X X X X X


Amsterdam Scientific 
Instruments, The Netherlands


X X X X X X


Kromek, UK X X X X


Malvern-Panalytical, The 
Netherlands


X X X X


MARS Bio Imaging, New Zealand X


PITEC, Brazil X X X


Quantum Detectors, UK X X X


Sequent Logic, USA


Sydor Technologies, USA X


Thermo Fisher Scientific, Czech 
Republic


X


X-ray Imaging Europe, Germany X X


X-spectrum, Germany X X


*R&D licenses for Timepix4







The Timepix Chips
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Timepix1 pixel (55m)
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Medipix2: X. Llopart, et al., "Medipix2, a 64k pixel read out chip with 55m square elements working in single photon counting mode," 2001 
doi: 10.1109/NSSMIC.2001.1008618.
Timepix: X. Llopart et al. "Timepix, a 65k programmable pixel readout chip for arrival time, energy and/or photon counting measurements" Nuclear Instruments and
Methods in Physics Research A 581 (2007) 485–494


Single 
threshold


100MHz Clock 
distribution 
(10ns bin)


Logic: PC or 
ToT (Energy) 
or ToA (Time)


14 bit counter
(Frame based 
readout)
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X. Llopart et al. "Timepix, a 65k programmable pixel readout chip for arrival time, energy and/or photon counting measurements" Nuclear Instruments 
and Methods in Physics Research A 581 (2007) 485–494


thr


vCSA


Photon Counting (PC)
N hits/pixel/unit time


Time of Arrival (ToA)
Time


Time over Threshold (ToT)
Energy


acquisition time


vCOUNT


time


Timepix1 pixel


The data is read out following the acquisition time


Acquisition waveforms:







Demonstration
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Timepix1 Timepix2


Year 2006 2018


Pixel pitch (m) 55 55


Technology (nm) 250 130


Matrix size 256 x 256 256 x 256


Readout architecture
Frame based, 


sequential RW


Frame based  (zero-
column suppression, 


ROI readout)


Number of thresholds 1 1


ToT/ToA
ToT (14 bit) OR ToA


(14 bit, 10ns bin)
ToT (14 bits) AND ToA


(18 bits)


ToA bin 10ns 10ns


Front end noise (e- 
r.m.s.) 100 50
Minimum threshold 
(e-) ~600 380


Peaking time (ns) 100


Number of sides 
available for tiling 3 3


Power (W/ASIC) 0.9 0.9


Output data
100 Mbps (serial), 3.2 


Gbps (parallel)
100 Mbps (serial), 3.2 


Gbps (parallel)


From Timepix1 to Timepix2
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W. Wong et al. "Introducing Timepix2, a frame-based pixel detector readout ASIC measuring energy deposition and arrival time" Radiation 
Measurements 131 (2020) 106230.


Timepix2: General purpose ASIC


Enhanced for operation in mixed 
radiation fields with highly energetic 
particles such as space







From Timepix1 to Timepix2
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W. Wong et al. "Introducing Timepix2, a frame-based pixel detector readout ASIC measuring energy deposition and arrival time" Radiation 
Measurements 131 (2020) 106230.


Extension of front-end dynamic range (Adaptive Gain Mode) ToT linear up to ~1Me-)







From Timepix1 to Timepix2
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W. Wong et al. "Introducing Timepix2, a frame-based pixel detector readout ASIC measuring energy deposition and arrival time" Radiation 
Measurements 131 (2020) 106230.


Simultaneous ToT and ToA measurement from Timepix2 with 500m thick Si sensor in a 
mixed radiation field (Sr90 (beta) and Am241 (alpha and photons))







27Slide: J. Jakubek, Advacam


Timepix2: sub-pixel resolution


1mm CdTe bump bonded to 55m pixels
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Slide: J. Jakubek, Advacam


Timepix2: sub-pixel resolution


• 1mm CdTe bump bonded to 55m pixels
• Charge sharing can be used to calculate the position of the energy deposition of the 


incoming photon achieving subpixel resolution (equivalent pixel size of 9.2m)







Timepix3 chip (130nm CMOS)
• No frames but continuous data stream. Every event consists of 


• 16 bits address
• 18 bits Time (1.56ns resolution)
• 10 bits Energy 


• Maximum hit rate of 0.4 106 hits/s/mm2


• Impact of charge diffusion/fluorescence can be compensated by offline processing


T. Poikela et al. "Timepix3: a 65K channel hybrid pixel readout chip with simultaneous ToA/ToT and sparse readout" 
JINST 9 C05013, 2014.
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cos 𝜃 = 1 − 𝑚𝑒𝑐
2


𝐸1
𝐸0 𝐸0 − 𝐸1


𝐸0 = 𝐸1 + 𝐸2


Single Layer Compton Camera with MiniPIX
Timepix3


Courtesy of D. Turecek, Advacam s.r.o
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D. Turecek et al. "Single layer Compton camera based on Timepix3 technology" (D. Turecek et al 2020 JINST 15 C01014)


The principle


1. To measure, in the same layer (1) the position of 


the initial interaction and the energy of the recoil 


electron and (2) the position of the deposition of 


the scattered photon and its energy.


2. Reconstruct the cones for multiple events to 


calculate the source
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Reconstruction of position of three 131I gamma 
sources (364 keV)


131Iodine gamma source


- 3 different Iodine solution in small bottles positioned in a room at different positions


- Distance from detector 3.5 m (activity 10’s of MBq)


- Mapped on photograph of the room


- Sources located correctly within minutes


- Image took hours to collect


Single Layer Compton Camera with MiniPIX
TPX3


Energy Spectrum of 131I 


Courtesy of D. Turecek, Advacam s.r.o


D. Turecek et al. "Single layer Compton camera based on Timepix3 technology" (D. Turecek et al 2020 JINST 15 C01014)


The certification of the ThyroPIX medical device is ongoing for 
Thyroid cancer diagnostics and treatment monitoring







From Timepix3 to Timepix4
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Timepix3 Timepix4


Year 2014 2020


Pixel pitch (m) 55 55


Technology (nm) 130 65


Matrix size
256 x 256 (1.98 cm2


sensitive area)
448 x 512 (6.94 cm2


sensitive area)


Readout architecture Frame based / Data drivenFrame based / Data driven


Number of thresholds 1 1


ToT/ToA
ToT (10 bit) AND ToA 


(18bit, 1.56 ns bin)
ToT (21 bits (LSB=1.56ns), 
ToA (29 bits (LSB=195ps)


ToA bin 1.56ns 200ps


Front end noise (e- r.m.s.) 62 65


Minimum threshold (e-)
500 (ToA and ToT), 400 


(Event count mode) 450


Peaking time (ns) 30 10


Max count rate 
(Mc/mm2/s)


0.43 (data driven), 820 
(frame based, zero 


suppressed) 3.58 (data driven), 5000


Number of sides available 
for tiling 3 4


Power (W/ASIC) 1 4.85


Output data 5.12 Gbps 164 Gbps


2.4cm







Towards 4-side buttable design
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Sensor 500m


(edgeless)


Chip thinned 


to 120m


BGA connections
Wirebond for sensor 


HV bias


Sensor 200m
Chip (original 


thickness 750m)
Wirebonds for sensor HV bias ASIC wirebonds


w.b. extenders


Area for chip periphery


Active area
Dead area w.b.


Dead area t.s.v.







Timepix4 picture
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Timepix4 Bottom left detail
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Timepix4 TSV processed chips







Timepix4v1 with 300 µm Si Sensor Full sensor
[CRW 16-bit Frame Based mode, Thr ~1 ke-]


• 2s acquisition X-ray source, Cu target @30kVp
• 20 Flatfield acquisition used for correction
• Excellent bumping! Only 6 unconnected pixels (99.997% good pixels)
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Timepix Applications in Space
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Radiation monitor for spacecraft/satellites
• Space Application of Timepix Radiation Monitor (SATRAM), ESA Proba-V satellite, 


launched to LEO orbit May 2013 (First Timepix in space)
• Data for mapping fluxes of electrons and protons in the Van Allen radiation belts by 


in orbit maps of the dose rate.
Radiation dosimetry of space crews
• ISS/Orion (Artemis) – NASA program
Science instrument, X-ray and gamma ray telescope/astrophysics
• VZLUSAT Cubesats, LEO orbit 500 km
Space radiobiology
• BioSentinel, Cubesat NASA, deep space, sun-orbit (between Earth-Venus)
Space/planetary exploration
• LEIA ARES –NASA, Radiation environment studies foreseen on Moon’s surface
Astroparticle physics 
• Penetrating particle analyzer (PAN) which is a compact magnetic spectrometer to 


precisely measure and monitor the flux, composition, and direction of highly penetrating 
particles (>100 MeV/nucleon) in deep space


• covers cosmic ray physics, solar physics, space weather and space travel


Timepix applications in Space







Timepix features for space applications


• Miniaturized (Low weight/low power) 
• Room temperature operation
• Highly segmented parallelized pulse processing 


electronics with energy measurement allows for 
1. Single quantum sensitivity (zero dark current noise level)
2. Particle identification based on pattern recognition
3. Energy deposition measurement 
4. Trajectory measurement without collimators
5. Event count rates up to 106 counts/cm2 s for detailed 


event by event analysis, large dynamic range spectral 
(energy loss measurement) and counting


6. The availability of different sensors (e.g., silicon, 
CdTe/CZT, or GaAs) and thicknesses (∼100 µm to 5 mm) 
allows for the optimization of detection efficiency


• Large field of view, directional sensitivity







Space Application of Timepix Radiation Monitor (SATRAM) 
on ESA Proba-V satellite
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16 May 2017


SATRAM payload
(arrow) onboard 
ESA Proba-V 
satellite attached to 
ESA Vega-2 
launcher rocket


Granja C., Polansky S., Vykydal Z., Owens A., et al., The SATRAM Timepix spacecraft payload in open space on board the Proba-V satellite for wide range radiation 
monitoring in LEO orbit, Planetary and Space Science 125 (2016) 114-129
http://dx.doi.org/10.1016/j.pss.2016.03.009 


❑ SATRAM payload 
(arrow) onboard ESA 
Proba-V satellite. 


❑ ESA Vega-2 launcher 
rocket upper stage


Proba-V







Space Application of Timepix Radiation Monitor 
(SATRAM)


• Proba-V satellite (LEO, 820 km) in orbit since May 2013


• SATRAM instrument provides data for mapping the fluxes of electrons 
and protons trapped in the Van Allen radiation belt


20s frame of the SATRAM response to the radiation field as measured in 
space and cluster classification
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B. Bergmann et al. Instruments 2024, 8, 17. https://doi.org/10.3390/instruments8010017
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Space Application of Timepix Radiation Monitor 
(SATRAM)


Highly energetic high-Z ion
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Dose rate map


Data shown for 19 days 
(1-19 Oct 2014)


SATRAM/Timepix 
on board Proba-V


Map: Particle Flux 
(all particles)


Map: Particle Flux 
(protons)   


Particle count rate shown in color in 
log scale spanning over 6 orders of 
magnitude.


SATRAM on board Proba-V (Mapping of Space Radiation along 
Proba-V Orbit )
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The dynamic range provided by SATRAM is 
essentially unlimited starting at the single particle 
dose level (pGy) up to over ten orders of magnitude


C. Granja et al."The SATRAM Timepix spacecraft payload in open space on board the Proba-V satellite for wide range radiation monitoring


in LEO orbit", Planetary and Space Science 125 (2016) 114-129.
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MPX RADIATION MONITOR


JoeySat FLIGHT MODEL MOUNTED EXTERNALLY (Mx PANEL)


MPX Radiation Monitor


MiniPIX-Timepix3 Space


UART/LVDS interface


Control/DAQ/interface computer


Telecommunication satellite Joeysat
Launched to LEO 600 km (May 2023)


+ transfer to 1200 km (2024 3Q)


on board JoeySat MPX radmon payload 
(ADV) + Computer (OC) + SOCAN bus (OW)


L. Marek, J. Jakubek, C. Granja, ADV, 2024







One day data
11.5.2024


Solar storm


Particle flux


2D track visualization


OneWeb JoeySat MPX


C. Granja


1.4 s


all particles
14.1 s


25 s


9.4 s


25 s


10 s1.5 s


14.2 s


5.5s


3.8 s


6.0 s


46


Quantum-imaging 
detection and track 
visualization of space 
radiation in LEO orbit / 
600 km: Timepix3 Si 
sensor


One day data (11th May 2024)
Frames measured at different positions of the orbit of JoeySat
Particle discrimination can be done. Differences in flux varies orders of magnitude 
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MPX radiation monitor on JoeySat in LEO 600 km
Space radiation decomposition: particle-event types


particle flux: all, protons, electrons/X rays  4 days


Carlos,ADV, July 2024


Preliminary:


space radiation LEO 600 km


Timepix3 
Si 500 µm


solar storm: 2024 May 11


all particles


protons


electrons


X rays


24 h interval







International Space Station (ISS)


• In 2012 the first set of 5 REM detectors (IEAP 
Minipix) flew to ISS


• These detectors were plugged into space 
station laptops with acquisition software


• Laptop software would load configs into units, 
take frames, apply calibration and display 
dose rate


• All other data analysis done on the ground


REM Hardware (Radiation 
Environment Monitor)


http://dx.doi.org/10.1016/j.nima.2015.02.016







SAA (South Atlantic Anomaly) - Van 
Allen Particle Belt (protons) dipping 
down to ISS altitude South “Polar” Region - Precipitating electrons during 


geomagnetic storms, protons during solar particle events


North “Polar” Region - Precipitating electrons during geomagnetic 
storms, protons during solar particle events


Measured ISS Dose Rates from Timepix - 2014


S. George, NASA







Orion flight for the NASA Artemis I 
mission
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Orion flight for the uncrewed NASA Artemis I 
mission


Orion flight profile with respect to radiation for the NASA Artemis I mission.
After launch Orion passed the inner and outer Earth radiation belts
Went to interplanetary space (dominated by GCR)
Passed around the moon twice (~130km)
Reentered Earth atmosphere over the south pole and landed on the Pacific


S. George, NASA







Radiation instrumentation and phantoms 
inside Orion


Placement of the instrumentation and hardware inside 
the Orion spacecraft
HERA (Hybrid Electronic Radiation Assessor) HSU2 is in 
the crew cabin
HERA HSU1 is in the storm shelter


Orion flight for the NASA Artemis I mission


S. George, NASA







Inner belt pass 
(proton dominated)


Outer belt pass (electron 
dominated)


Differences in dose rate between 
instruments due to local shielding 
environments


Dose rate measurements on Artemis I


Timepix-based instrument unique features: (1) simplicity and compactness/low power, (2) 
Measurement of dE/dx, (3) dynamic range of the response (flux, energy), (4) measurement, per 
track, of the angle (directional sensitivity), (5) clustering for particle ID


S. George, NASA







Summary and conclusions


55







Summary and conclusions


• Timepix chips developed by 
Medipix Collaborations


– Science based


– Disseminated the technology to 
HEP and other fields of science


• They allow to “visualize” 
radiation and extract information 
from individual particles in a 
compact, low power device


• The chips have features that 
make them unique for 
applications in space (radiation 
monitoring, radiation dosimetry)
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Data driven 
architecture


Frame based
ToA or ToT


Simultaneous ToA
and ToT
measurement


DLL clock 
distribution 
network


4-side abuttable
design


On-pixel clustering


On chip corrections


Adaptive gain 
mode


250nm 130nm 65nm 28nm
10


100


1000


10000


100000


2005 2010 2015 2020 2025 2030


Ti
m


e 
b


in
 [


p
s]


Year


Timepix1
55m
256x256


LA-Picopix
45-55m
256x256


Timepix4
55m
448x512


Velopix
55m
256x256


Timepix2
55m
256x256


Timepix3
55m
256x256


Innovations in 
microelectronics and in 
architecture were required 
to improve the performance 
of the detectors







Summary and conclusions


• Collaboration and multidisciplinary teams are 
essential


• Acknowledgments to the Medipix
Collaborations
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Outline


• Introduction 
• LIROC architecture 
• Hardware choice and Data Acquisition development
• Measurement results
• Conclusion
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Introduction


• Weeroc is a fabless IC design company
– Spin-off CNRS-IN2P3 in 2012
– Based in Villebon-sur-Yvette, France
– Off-the-shelf ICs and Turnkey solution
– Photodetection and Aerospace sectors


• Off-the-shelf ROIC for Silicon Photomultiplier (SiPM)
• Targeted applications : Scientific instrumentation, Medical Imaging, Nuclear Industry and LIDAR
• Solid states detectors (e.g. SiPM) are making foray into LIDAR market 
 à Excellent timing resolution, Photon counting capability 
• A proof-of-concept of Atmospheric sounding UV LIDAR receiver based on Weeroc chip has been 


commissioned in 2023 à Supported by CNES R&T contract
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Photodetection Hi-Rel Aerospace 







Weeroc IC products : Photodetection


Petiroc 2A
Time of Flight measurement


Citiroc 1A
Scientific instrumentation


Triroc 1A
PET read-out


Liroc


Lidar, photon counting, ToF


Radioroc 2


Dual modality read-out


Temporoc
Mixed signal, digital read-out


SiPM


Maroc 3A
Multi-anode PMT


Catiroc 1
PM matrices, large areas


Poproc
Fast photon counting, ToF


Photomultiplier – MA-PMT Silicon and Gaseous


Skiroc 2A
PIN diodes, silicon strips, 
APDs


Gemroc 1
GEMs, micromegas


Psiroc
PIN diodes, silicon strips, 
APDs GEMs, micromegas
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LIROC Architecture
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• Fast amplifier with pole zero 
cancellation


• Dual polarity input signal
• Differential trigger outputs
• SPE operation, high counting 


rate
• Suitable for Photon Counting 


Lidar with TOF capability


FPGA,
PicoTDC,
etc..







Liroc and PicoTDC readout system
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• Measurements: Time-of-Arrival and Time-over-Threshold
• Carrier board : Liroc + PicoTDC
• SiPM array adaptation boards
• FMC connectors : Compatibility with Zynq 7000 SOC : ZC706, 


ZCU102,..
• Data via Ethernet
• Python GUI


Generic IC – Pin-to-Pin compatibility


SIPM boards & Carrier board







Data Acquisition Gui


7


LIROC Settings


PicoTDC Settings







WAVEFORM GENERATOR MEASUREMENT







LIROC Timing Measurement Results


• Measurements : Jitter floor vs input capacitance and counting rate
• Input signal : Fast rise time waveform generator (<1ns)
• DUT : LIROC ASIC
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LIROC Jitter floor is about 20 ps LIROC Counting rate is about 310 MHz







LIROC Double Pulse separation - waveform generator
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• Measurement :  ToA (Time stamp)
• DUT : Waveform generator, Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


Waveform pulse  (~1ns FWHM) split and delayed in order 
to emulate back-to-back SiPM signal


ToA (time stamp) readout through picoTDC in order to validate 
double pulse separation


2.66 ns







LIROC trigger Timestamp and ToT - waveform generator
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• Measurement :  Trigger Efficiency (S-curve), Staircase
• DUT : Waveform generator, Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


Example of charge injection waveform,
Signal edge ~1ns in order to emulate SiPM


ToT readout from picoTDC for various input charges
ToT and ToA explanation for various input charges







SENSOR AND DAQ MEASUREMENT







Photodetection Testbench at Weeroc


• Light tight box with instruments:
– High-resolution digital oscilloscope (Lecroy),
– Pico-second pulsed laser (NKT),
– Keithley power supply, Picometer, 
– Optical components, 
– Thermal and HV control, automated data 


acquisition,..
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Vendor Reference Type
Cell size 
(mm2) Notes


Broadcom AFBR-
S4K11P6425B


Array 
8x8 1x1 Ketek Array


Hamamatsu S13361-2569 Array 
8x8 1x1


Proposed by vendor, better fit than S13361-
1350AE-08. Not on catalog but commercially


available


Hamamatsu S13361-2050NE-
08


Array 
8x8 2x2 Sensor used in house for test & validation







Sensor - Electrical test
• Measurement :  I-V curve & gain
• DUT : Broadcom AFBR-S4K11P6425B & Hamamatsu S13361-2569
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Sensor - Optical test
• Measurement :  PDE, DCR
• DUT : Broadcom AFBR-S4K11P6425B & Hamamatsu S13361-2569
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PDE


PDE Staircase


Staircase DCR


DCR







Sensor - Timing
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• Measurement :  SPTR
• DUT : Broadcom AFBR-S4K11P6425B & Hamamatsu S13361-2569
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à An experimental setup using pico-pulsed laser with optical filters and diffuser at room temperature. 


à The SPTR of the two SiPMs has been evaluated. The best SPTR: BRCM 170 ps at 11 OV, HPK 240 ps at
2 OV. 







DAQ - Multihit on multiple channels
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• Measurement :  ToA and ToT
• DUT : HPK S13361-2050NE-08, Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


Laser  (5.1010 – 1.51011 photons/s) illuminating whole sensors. Readout is done through picoTDC


à Calibration of the 16 channels of the same readout port
à Time measurement done on the laser pulse using the Trigger Matching function
à ToT and ToA value of the different channels can be correlated to 1,2,3 distinct pe







DAQ – End-to-end timing
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• Measurement :  SPTR
• DUT : HPK S13361-2569, HPK S13361-2050NE-08, Mezzanine board Liroc + picoTDC & 


AMD(Xilinx) ZC706 eval board
TOA Distribution SPTR vs. Threshold SPTR vs. Bias Voltage
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à End-to-End TOA measurement: best SPTR HPK S13361-2569 is 191 ps (FWHM) at 57 V. 


à Improved SPTR for a standard HPK S13361-2050NE-08: 58 ps (FWHM). 







DAQ - Double pulse separation through laser beam splitting
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• Measurement :  Double pulse separation
• DUT : HPK S13361-2569, Liroc evaluation board (Artix 7)


Laser split & delay setup


à The laser beam split and delayed by 94 cm
à Selecting the double trigger events in a 20 ns window 
à Time difference between back to back pulse ~3ns







DAQ - Detection chain - End-to-end dynamic range
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• Measurement :  ToT, Counting
• DUT : HPK S13361-2569, Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


- Laser pulse (40 ps FWHM, 405nm, 100kHz), incident photon rate  : 3.1010 – 3.5.1012 photons/s
- SiPM operational voltage 57 V, Discriminator Threshold (1 pe level)


We can recognize two behaviors:
à Linear for incident photon rate : 3.1010 to 1.1012 photons/s 
à Saturation behavior for incident photon rate higher than 1.1012 photons/s







Conclusion


• Sensor arrays have been measured :
– Hamamatsu S13361-2569 is overall better performances in term of gain, noise and single 


photoelectron response


• Data Acquisition system characterization 
– Hardware available and have been fully characterized : Liroc + PicoTDC & ZC706
– End-to-end tests have been performed : SPTR, double pulse separation, dynamic range …
– LIDAR Detection system POC is fully functional


• Next Steps : 
– Liroc and Generic IC qualification in TID and SEE
– Integration of TDC or FPGA based TDC
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Backup
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Generic IC and PicoTDC system readout
• Family Analog ROIC : Liroc, Radioroc, Psiroc, Poproc,…


– Pin-to-pin compatible


• Electrically compatible with PicoTDC
– Direct connections between Generic IC <> PicoTDC
– Low overhead, similar power supply, easy components swap


• SiPM array adaptation board for various manufacturers
• Carrier board with Generic IC <> PicoTDC


– Connectors to SIPM adaptation boards
– FMC connectors for  Xilinx Zynq 7000 SOC


• Liroc and PicoTDC à Study for fast timing and double pulse separation
– In collaboration with Omega lab, Ecole Polytechnique


• Radioroc and PicoTDCà Study on charge measurement, SiPM timing 
resolution
– In collaboration with INFN Bari
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Generic IC – Pin-to-Pin compatibility


SIPM boards & Carrier board


Carrier board & ZC706







Electronic Data Acquisition (DAQ) development
A detection chain composed of Weeroc’s designed hardware and commercial solution has been 
realised. DAQ firmware and software are also developed internally.
• In house Adaptation boards for sensors : HPK S13361-2569 & AFBR-S4K11P6425B
• In house mezzanine board : Liroc + PicoTDC
• Commercial Backend board :  AMD (Xilinx) Zynq 7000 SoC ZC706 Evaluation Kit
• Commercial HV Module : CAEN A7585D/DU - 85 V/10 mA Digital Controlled SiPM Power Supply 


(with USB)
• GUI : QT with python (internal development)
• PC connectivity : UART(via USB) & Ethernet
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Compliance matrix
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Req [AD-1] Description Compliance Test Plan


REQ-1


The Detection Chain shall be operated by a maximum of 4 
power supplies. Each power supply shall be in the [-10V; 
10V] range, with accuracy below +/-5% and maximum 
ripple voltage (peak-to-peak) of 20 mVrms in the [0;100] 
MHz frequency range.


Partial Compliance. Front-end boards 
(ZCU706) are powered with 5V-2A. Backend 
board is commercial board with using power 
sector. To be replaced with custom made 
PDM board powered by 5V.


N/A (By 
design)


REQ-2
The ground of the DETECTION CHAIN electronics and the 
return of mass towards the DETECTION CHAIN power 
supply unit shall be referenced together.


Compliance. Single reference return of mass 
hardware design


N/A 
(Design)


REQ-3


Using the DETECTION CHAIN power supplies, the 
DETECTION CHAIN shall generate the SiPM array supply 
voltages in the range [20 – 80 V] with accuracy below +/-1 
mV and maximum ripple voltage (peak-to-peak) of 
1mVrms in the [0;100] MHz frequency range.


Compliance. Specifications covered by CAEN 
power supply module (AD7585)


N/A 
(Design)


REQ-4


The supply voltage of each pixel of the SiPM array shall be 
independently adjustable between 20V and 80V, by steps 
of 1mV. The adjustment method will be detailed by the 
subcontractor.


Partial Compliance. Liroc input DAC is able to 
adjust finely the high voltage of each 
channel (Anode). The high voltage is 
common (Cathode) for all channels.


N/A (ASIC 
Measureme
nt report)


REQ-5


The DETECTION CHAIN shall convert photon flux at its input 
into an amount of event per sampling period at its output 
either by counting or by measurement of the integrated 
charges.


Compliance. The detection is able to provide 
count data and also measurement of the 
integrated charge via Time over Threshold


TP8


REQ-6 SiPM array shall feature at least 8x8 Pixels.
Compliance. Recommended SIPM  : S13361-
2569, 64ch, 1mm x 1mm WP2


REQ-7 SiPM main performances shall be as described in Tableau 9 Compliance. TP2


REQ-8


The DETECTION CHAIN shall be able to generate an 
adjustable threshold voltage that starts from 0V and can go 
up to the voltage amplitude resulting from the conversion 
of a photon with an accuracy below +/-1 mV and maximum 
ripple voltage (peak-to-peak) of 50 μVrms in the [0;100] 
MHz frequency range.


Compliance. ASIC is able to provide threshold 
with step of  400uV over 10-bit


N/A (ASIC 
Measureme
nt report)


REQ-9


Each pixel of the SiPM array shall be able to receive an 
exterior threshold selection signal (format to be proposed by 
the subcontractor) that allows adjusting the threshold 
voltage level of the counting electronics.


Compliance. Calibration DAC is available 
channel per channel for signal detection.


N/A (ASIC 
Measureme
nt report)


REQ-10
The DETECTION CHAIN shall withstand without any 
degradation or damage a photon flux of 5.1012 photons/s 
within a pulse width of 30 ns at DETECTION CHAIN input.


Compliance. The detection chain is able to 
work up to 6.4.1012 photons/s without any 
damage.


TP8, TP11


Req [AD-
1] Description Compliance


Test 
Plan


REQ-11 The DETECTION CHAIN shall count all voltage pulses whose amplitude is 
larger than the selected threshold voltage level. Compliance. TP5,TP6


REQ-12


The DETECTION CHAIN shall deliver the number of counts, with respect to 
REQ-9, at its output. The digital output interface shall be proposed by the 
subcontractor, taking into consideration the number of counts is acquired 
at the other end of a 3-meter long harness at DETECTION CHAIN output.


Compliance. TP8


REQ-13


The DETECTION CHAIN shall be able to count all pulses summed over the 
NxN SiPM array outputs and accumulated over a time duration Ts, at a 
period Ts, with Ts in the range [50 ns; 80ns], with counting capability from 
0 counts up to 256 counts (i.e. counting on 8 bits).


Partial compliance. Integrated count 
over NxN SiPM pixels is available 
directly by picoTDC. The counting 
period is only available for every 25 ns 
step, e.g. 50 ns and 75ns. Finer step is
not implemented yet. 


TP8


REQ-14
The DETECTION CHAIN shall be able to receive an exterior reset signal that 
allows resetting the number of counts delivered at DETECTION CHAIN 
output to 0 counts at reception of the signal.


Compliance. Reset signal is available 
for PicoTDC and FPGA. NA 


REQ-15
The uncertainty on the arrival time of a photon at DETECTION CHAIN input 
due to detection chain processing shall remain below 3 ns.


Compliance. Measured dispersion of 
single photon time of arrival is about 
58ps FWHM.


TP9


REQ-16
The DETECTION CHAIN shall be able to discriminate 2 events time-
separated by 500 ps with a 90% probability.


Compliance. With two separate 
channels, 2 events can be separated 
with less than 100ps. On the same 
channel, the system could discriminate 
events separated by 2.66ns. 


TP7-TP8


REQ-17
The DETECTION CHAIN shall be able to continuously count at a sustained 
rate of 2.5E9 counts/s assuming an output count reset every N ns where N 
in the [50; 80] range.


Compliance. Sustained rate is over 
9.109 counts/s. TP8


REQ-18


The duration of reset dead time shall be below 1 ns (goal 0.5 ns). Reset 
dead time is defined as the duration associated to DETECTION CHAIN 
output count resetting to 0 counts, during which the incoming pulses at 
DETECTION CHAIN input level are not counted.


Compliance. The reset dead time in the 
chips is most likely less than 1 ns. The 
system is capable of giving counting  
data of each programmable window


NA 


REQ-19


The DETECTION CHAIN electronics (i.e. no SiPM coupling) shall count below 
30 counts per second counts with a threshold level adjusted to 50% of the 
voltage amplitude resulting from a single photon detection. The 
dependency of output counts for the DETECTION CHAIN electronics shall 
be provided by the subcontractor as a function of the threshold voltage 
level.


Compliance. Zero counting detected at 
0.5 photon threshold TP5







Compliance matrix
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Req [AD-
1] Description Compliance


Test 
Plan


REQ-20
Signal-to –noise ratio of the photon flux measurement at the output of the 
counting process shall be less than 10 % degraded from the SNR resulting 
of shot noise of the SiPM.


Compliance. Signal degradation from 
shot noise is minimal and SNR > 10. TP5


REQ-21


The DETECTION CHAIN shall implement a measurement of the amount of 
integrated charges via Time-Over –Threshold function for a limited number 
of pixels of the SiPM array (not less than 4) , for photon fluxes higher than 
1.109 photons/s.


Partial Compliance. Integrated Time-
Over-Threshold available offline. 
Integrated counting rate is given by 
picoTDC for every 16 channels. 


N/A


REQ-22
Linearity of photon flux measurement shall be better than 99 % in the 
range [1.109 ; 5.1012] photons/s


Partial compliance. 
Linearity is about 98 % for counting 
and 94% for ToT


TP11


REQ-23
Signal-to –noise ratio of the photon flux measurement at the output of the 
analog process shall be less than 10 % degraded from the SNR resulting of 
shot and excess noise of the SiPM.


Compliance. The SNR for single 
photoelectron signal is over 30 (RMS 
noise is about 2mV).


REQ-24
In case of failure of the TOT function to the above requirements, an 
alternative analog function shall be proposed by the subcontractor, with 
compliance to linearity and SNR.


Compliant. Alternative readout is not 
required as the readout system is able 
to provide both measurement 
simultaneously


N/A


REQ-25
Performance and test of the detection chain shall be assessed at 355 nm 
(+/- 5 nm) and 532 nm (+/- 5nm).


Partial compliance. Laser wavelength 
used : 405nm


N/A 
(Testbenc
h)







Updated test plan
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ID Category Test plan Description


TP1 Sensor Electrical test plan IV measurement, Gain, and SiPM recovery


TP2 Sensor Optical test PDE, Crosstalk and DCR


TP3 Sensor Timing SPTR with Laser and/or Cherenkov radiation


TP4 Electronic Data Acquisition 
(DAQ)


Communication with Liroc and PicoTDC Establishing communication through I2C to Liroc ASIC and PicoTDC


TP5 Electronic Data Acquisition 
(DAQ)


Liroc trigger Scurve measurement via PicoTDC Liroc Scurve measurement with PicoTDC connected


TP6 Electronic Data Acquisition 
(DAQ)


Liroc trigger Timestamp and ToT with input from waveform 
generator


Timestamp and ToT will be provided by PicoTDC. Stimuli sent through 
waveform generator in order to establish the dynamic range


TP7 Electronic Data Acquisition 
(DAQ)


Double pulse separation test on single channel through 
waveform generator


Waveform generator will send two consecutives SPE signal (separated by 
2-3ns), the readout will be done by PicoTDC


TP8 Electronic Data Acquisition 
(DAQ)


Multihit on multiple Liroc channels readout through PicoTDC All channels will be activated and receiving continuous stimuli in order to 
establish high rate readout system stability


TP9 Detection chain
(end-to-end)


Timing measurement on single channel End-to-end SPTR measurement with Laser and/or Cherenkov radiation


TP10 Detection chain
(end-to-end)


Double pulse separation through laser beam splitting End-to-end double pulse separation using laser beam splitting and 
separated by 2-3 ns


TP11 Detection chain
(end-to-end)


End-to-end dynamic range Dynamic range measurement with sensor and Laser beam







TP 4 - DAQ - Communication with Liroc and PicoTDC
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• Measurement :  I2C read à write à read
• DUT : Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


LIROC picoTDC


à Validation of the USB (UART) for configuration of both ASICs
à Validate the programming part of the FPGA







TP 5 - DAQ - Liroc trigger Scurve measurement via PicoTDC
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• Measurement :  Trigger Efficiency (S-curve), Staircase
• DUT : HPK S13361-2050NE-08, Mezzanine board Liroc + picoTDC & AMD(Xilinx) ZC706 eval board


S-curve on channel 62 (readout through FPGA)
-> Scurve through PicoTDC : noise level of each channels.
Can be used for calibration


Staircase on channel 27 (readout through picoTDC)


Tr
ig


ge
r C


ou
nt


Trigger Threshold (DACu)


à Useful tools for calibration 
à Staircase with SiPM







Sensors under Test
• The following SiPM arrays have been characterized
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Vendor Reference Type Cell size 
(mm2)


Notes


Broadcom AFBR-S4K11P6425B Array 8x8 1x1 -
Hamamatsu S13361-2569 Array 8x8 1x1 Proposed by vendor, better fit 


than S13361-1350AE-08. Not 
on catalog but commercially


available
Hamamatsu S13361-2050NE-08 Array 8x8 2x2 Sensor used in house for test & 


validation







TP 2 - Sensor - Optical test
• Measurement :  Afterpulse, Crosstalk
• DUT : Hamamatsu S13361-2569
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Crosstalk Afterpulse


- Crosstalk probability increases at higher overvoltage: 34% at 8 over-voltage


- The afterpulse time of arrival is around 50 ns after the main pulse. The percentage of 
AP events is about 3%
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FLAMES: A Flash LidAr iMagE


Sensor chip for Rendez-vous and Landing
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Outline


 Introduction 


 FLAMES architecture


 Electro-optical performance


 Way forward


© 2024 Caeleste – CNES Detector Workshop







Introduction


 Flash LIDAR is becoming an interesting alternative for 
scanning LIDAR use in:
 Rendez-Vous


 Docking


 Landing


 Rovers


 There are no moving parts – fully static solution


 Faster updates rates can be achieved


 No motion artefacts are present


© 2024 Caeleste – CNES Detector Workshop







TOF LIDAR 


 Measure distance to object by return time 
of light pulse


 Time gating sharpness determines depth 
resolution


© 2024 Caeleste – CNES Detector Workshop


Source: SINTEF







FLAMES: the follow-up of the LUPA sensor


 Presently, SINTEF is using a LUPA sensor in UTOFIA Flash Lidar demonstrator


 This sensor is based on a 6T pixel (4T + in-pixel S&H)


 LUPA achieves 500 fps for 1.3 Mpixel


 Noise is 30 e-
rms and is limiting the ranging capability


 Gating time can be controlled internally and externally


 The external control allows to shift the Start and End of the Integration time 
accurately and hence to make precise ToF measurements


© 2024 Caeleste – CNES Detector Workshop







Outline


 Introduction 


 FLAMES architecture


 Electro-optical performance


 Way forward


© 2024 Caeleste – CNES Detector Workshop







FLAMES: Main features


 Format: 1280 * 1024 pixels


 Pixel size: 14 µm 


 Full well: 15 ke-


 Pre-ADC gain: *1, *2, *4 and *8


 ADC: 12 bit SAR ADC @ 43 Msps or 516 Mbps


 No of outputs: 16 ADC’s


 Frame rate: 525 fps


 BSI implementation


 Noise: depending on operating mode


© 2024 Caeleste – CNES Detector Workshop







FLAMES: floorplan







Analog chain
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Pixel architecture


 RM1:
 Fast readout w/o CDS
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Pixel architecture


 RM2:
 Accurate with CDS
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Pixel architecture


 RM3:
 Detection area modulation


for sharp gating
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Package design
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Test configuration: CoB with protection
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Present status


 Testing and functional optimization still in early stage


 All register and DAC settings are proven to work


 ADC’s fault free with slowed clocks


 RM2 and RM3 are initially tested


© 2024 Caeleste – CNES Detector Workshop







RM2: first image
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RM2: first image
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Corner diode Voltage behavior







RM2: first image
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Corner diode modulation effect







RM2: dual integration time
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Tint = 500 µs


Tint = 1000 µs







RM3: Timing window sensitivity
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Future plans and road maps


 FLAMES detector is operating in or close to spec from the 
first design cycle


 Further operational optimization is ongoing


 TID and SEE are planned for Q1/2025


 Certain in-field tests will be performed by SINTEF


 ADC update needed for full speed operation to avoid 
glitches in the change of the 3 MSB


© 2024 Caeleste – CNES Detector Workshop







Questions


ESA Contract:  4000138083/22/NL/AR







Pixel architecture


 RM1:
 Fast readout w/o CDS


 RM2:
 Accurate with CDS


 RM3:
 Detection area 


modulation
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E V E N T - B A S E D T E C H N O L O G Y


Background, invisible


Me walking, visible


Neuromorphic Cameras







Event-based vision


4


Frame: matrix of intensities


Event: array [position, time, polarity] = [x, y, t, p] Lightning (and sprites) 
observation, from ground ...


E V E N T - B A S E D T E C H N O L O G Y


• Suppress data temporal 


redundancy


• Improve temporal 


resolution


• Limit energy consumption


Space situational awareness
Star tracking


...and/or  from space.


Event-Based Object 
Detection and 
Tracking for Space 
Situational 
Awareness, Saeed 
Afshar et al.


Observations of Naturally 
Occuring Lightning with 
Event-based Vision 
Sensors, Imogen Jones et 
al.


Falcon Neuro space-
based observations of 
lightning using 
event-based sensors, 
Matthew G. McHarg 
et al.
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E V E N T - B A S E D T E C H N O L O G Y


Pixel block diagram


Two key blocks: 


logarithmic photoreceptor 


and comparators  
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E V E N T - B A S E D C H A R A C T E R I Z A T I O N


Event-based Characterization


4 key characterization parameters:


• Background rate (noise under stable illumination)


• Response Probability (sensitivity of the sensor)


• Number of events


• Latency
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E V E N T - B A S E D C H A R A C T E R I Z A T I O N


Number of events


The number of events 


generated by a pixel 


depends on the light 


contrast applied







E V E N T - B A S E D C H A R A C T E R I Z A T I O N


Latency


Latency: time between a relative 


light change and the response of 


the sensor
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(%)


E V E N T - B A S E D C H A R A C T E R I Z A T I O N


Spatial Contrast


90%


The higher the light contrast, the 


higher the response probability


30%
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S P A T I A L  C O N T R A S T T R A N S F E R


Modulation Transfer Function


The Modulation Transfer Function of a 


conventional imaging system characterizes 


its ability to transfer contrast at a given 


spatial frequency
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S P A T I A L  C O N T R A S T T R A N S F E R


Spatial Contrast Transfer Characterization bench
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S P A T I A L  C O N T R A S T T R A N S F E R


Map of number of events


The map is generating by counting the number of events per pixels over a certain number of light cycles 12
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S P A T I A L  C O N T R A S T T R A N S F E R


Contrast of number of events


At each frequency, the 


contrast in number of 


events is calculated
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S P A T I A L  C O N T R A S T T R A N S F E R


Contrast evolution at 0.1 lux


Spatial frequency (lp/mm)


C
o


n
tr


a
st


 r
at


io


The contrast ratio decreases as 


the spatial frequency increases


Spatial contrast transfer
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Conclusion & Future work


• First attempt to characterizing spatial contrast transfer in an EB camera, inspired by the 
MTF of FB cameras, but with a Square Siemens Star.


• Question the measuring conditions and results
• Try another parameter, the Latency.







Thank you for your attention !


Louise Baehr – ISAE-SUPAERO, Université de Toulouse, Prophesee


Damien Joubert – Prophesee
Magali Estribeau – ISAE-SUPAERO, Université de Toulouse
Florian Le Goff – Prophesee
Vincent Goiffon – ISAE-SUPAERO, Université de Toulouse


Space & Scientific CMOS Image Sensors
CNES Workshop 27th November 2024
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A P P E N D I C E S


Observations of Naturally Occuring Lightning with Event-
based Vision Sensors, Imogen Jones et al.
ICNS, Western Sydney University


They validate the use of EB cameras by comparing the results 
to model and high-speed FB cameras data and then 
commented: 


"The benefits of the EBVS, demonstrated in this paper include 
the ability to record a storm from beginning to end, capturing 
orders of magnitude less data than a comparable high-speed 
camera, high temporal resolution, portability, and alternative 
methods of presenting and analyzing the data. The high 
temporal resolution combined with the sensor’s high dynamic 
range provides opportunities to visualize features of lighting 
previously unresolved and provide complementary data to 
high-speed camera observations."


https://d197for5662m48.cloudfront.net/documents/publicatio
nstatus/197840/preprint_pdf/397db1389be0275f47a313a606d
9d972.pdf 



https://d197for5662m48.cloudfront.net/documents/publicationstatus/197840/preprint_pdf/397db1389be0275f47a313a606d9d972.pdf

https://d197for5662m48.cloudfront.net/documents/publicationstatus/197840/preprint_pdf/397db1389be0275f47a313a606d9d972.pdf

https://d197for5662m48.cloudfront.net/documents/publicationstatus/197840/preprint_pdf/397db1389be0275f47a313a606d9d972.pdf
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A P P E N D I C E S


Falcon Neuro space-based observations of lightning using event-based sensors, 
Matthew G. McHarg et al.
US Air Force Academy, Western Sydney University


The observation of lightning from space can have several advantages, including views of 
the tops of clouds, that can facilitate the study of in-cloud lightning as well as the world-
wide access provided by the orbital parameters of a satellite. Given the brief duration of 
lightning, current space-based lighting monitors are necessarily complex in order to 
resolve both the spatial and temporal features of lighting discharges. Event-based 
sensors provide a new low-cost way of using a commercial camera to study 
lightning from space. The Falcon Neuro mission comprises two event-based vision 
sensors attached to the Columbus Module of the International Space Station. Its mission 
is to detect lightning and related electrical discharges in the Earth’s atmosphere.


Falcon Neuro: an event-based sensor on the International Space Station, Matthew G. 
McHarg et al.
US Air Force Academy, Western Sydney University


EBSs are attractive for space-based high-speed optical observations of events such as 
lightning and sprites. The Falcon Neuro instrument currently operating on the ISS is 
designed to observe lightning and sprite events in the mesosphere with characteristic 
timescales as low as 100μs. Temporal response dynamics were tested in a laboratory 
setting to predict expected camera results. Initial on-orbit results are extremely 
promising and future work will compare these results with those of both ground and 
other space-based experiments.
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A P P E N D I C E S


Event-Based Object Detection and Tracking for Space Situational Awareness, Saeed Afshar et al.


Currently, the majority of SSA data originates from dedicated radar installations operated by the United States Air Force. However, radars are an expensive technology to install 
and operate and there is an increased focus on looking toward optical telescopes to provide a more flexible, cost-effective and responsive means of obtaining accurate SSA data. In 
our previous work, we have demonstrated that event-based neuromorphic cameras offer a novel means of performing SSA tasks and provide capabilities that cannot be achieved 
using conventional astronomy cameras. This work builds upon those findings and presents two methods for tracking objects in the spatiotemporal output of an event-based 
camera. There exist many event-based trackers, such as those for long-term object tracking, real-time particle tracking, micro-particle tracking, corner detectors and more complex 
kernel tracking algorithms. These methods are all very specific to both their specific application and data, but do not generalize well and are not easily applicable to event-based 
space imaging.
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A P P E N D I C E S
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Design and characterisation of a full-frame low-
noise HDR 8μm, 12Mpixel, 34fps CMOS image
sensor for industrial, medical, space and 


scientific applications


Michele Sannino, C. Bauza-Alcover, A. Font-Garcia, R. Gifreu-Pons, M. Gargallo, M. Giulioni, K. Latif
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IMA300 sensor family


3
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Reticle


IMA302


IMA304


Noise and Dynamic range
• 2 in-pixel gains: High Gain (HG) and Low gain (LG)
• Low Noise: 1.5 e- rms @HG
• High Dynamic Range: 93.5dB (15.5 bits)


Applications
• IMA302 is the first of a family of 
stitched sensors for industrial, medical, 
space and scientific applications.


• The lead application is dental 
radiography


Technology
• 8µm Pixel: 6T proprietary design
• BSI and FSI
• Anti Reflecting Coating: visible-
optimised and DUV-optimized


ARC


PPD FD PPD FD PPD FD


Silicon


BSI


ARC


PPDFDPPDFDPPDFD


Silicon


FSI


photon


photon


Sensor Array size
(cols x rows)


Frame 
rate 


(fps)*


IMA302
Full-frame 


format


3000 
x 3864 30


IMA304 
Medium 
format


9000 
x 7728 12


Format


Intra-oral


Extra-oral
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Floorplan


5


PGA and HDR logicT sens


I-V Bias


Sequencer


I2C


Focal Plane Array
3000 x 3864 (cols x rows)


Ro
w


de
co


de
r/


dr
iv


er


PLL


S/H


Column-parallel ADCs


Data serialiser


Data out Clock out


5 LVDS channels @1.2 Gbps


On-chip biasing


Control signals for FPA, 
analog and digital blocks


Clocks for sequencer, 
ADC, LVDS


Configuration via I2C


Readout chain
• Programmable Gain 
Amplifier


• Sigma-Delta ADC
• 12-bits
• Configurable up to 
13 bits


• LVDS output
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Pixel


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


• 4T structure à CDS
• 1T: Lateral over-flow MOS for HDR
• 1T: Anti-Blooming for Global Reset


Lateral OF 
for HDR


= Vlow


Vlow-Vt


6T architecture
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6T architecture


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


7


Shutter modes


AB


Global Reset


Pixel 
Row 
address


All rows 
selected


ROLLING PHASE


Row address stepped All rows 
selected


ROLLING PHASE


Row address stepped


GLOBAL PHASE GLOBAL PHASE


Integration time: 3rd row


Integration time: Last row


TX


TX


Global Shutter


All rows 
selected


ROLLING PHASE


Row address stepped All rows 
selected


ROLLING PHASE


Row address stepped


Pixel 
Row 
address


GLOBAL PHASE GLOBAL PHASE


Integration time: 3rd row


Integration time: Last row


AB (off) (off)


AB


Rolling Shutter


Pixel 
Row 
address


ROLLING PHASE


Row address stepped


ROLLING PHASE


Row address stepped


GLOBAL PHASE GLOBAL PHASE


TX
(off) (off)


Integration time: 3rd row


Integration time: Last row
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6T architecture


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


High line capacitance for 
large array 2 lines per column; pre-charging to voltage ~Vrst


Lateral OF 
for HDR


Pre-charged to ~Vrst Pixel value read-out


VPCHG Vrst
Vsig_HG


Vsig_LG


SEL<rowN>


SEL<rowN+1>


SEL<rowN+2>


OUTSEL_A


OUTSEL_B


PIXOUT_A


PIXOUT_B
Vrst


Vsig_HG
Vsig_LG


Analog Readout Chain (1)


S/H + ADCPGA
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6T architecture


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


Analog CDS with PGA


S/H + ADC


Automatic gain selection 
during readout


Analog Readout Chain (2)
VPGA_out


RST


GS


TX


SEL


PIXOUT_A


VPGA_out


VPCHG Vrst
Vsig_HG


Vsig_LG


PGA_GAIN


PGA_CDS


GAIN_HG GAIN_LG GAIN_HG


CDS and 
PGA gain
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6T architecture


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


Analog CDS with PGA


S/H + ADC


Automatic gain selection 
during readout


Analog Readout Chain (3)
VPGA_out


RST


GS


TX


SEL


PIXOUT_A


VPGA_out


VPCHG Vrst
Vsig_HG


Vsig_LG


PGA_GAIN


PGA_CDS


GAIN_HG GAIN_LG GAIN_HG


CDS and 
PGA gain


∆V=Vrst-Vsig_HG







imasenic© 202411 PROPRIETARY AND CONFIDENTIAL


6T architecture


VDDPIX


Msf


MrstC0


Mgs


Mab Mtx


FD MselPPD


AB TX


GS


RST


SEL


VRST


PIXOUT


HDR logic decides if HG or LG sample is kept
Corresponding GBIT registered by ADC and incorporated in its output


Analog Readout Chain (3)
VPGA_out VSH1_out


HDR logic


VPGA_out
(High signal/ Low signal)


PGA_GAIN GAIN_HG GAIN_LG


Vthreshold_HDR


SH1


GBIT


VSH1_out (High signal/ Low signal)
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• 𝐷𝑁: average digital nº of whole image stack
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Characterisation Summary
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Configuration
Shutter Mode Rolling Shutter Global Shutter
CDS Yes No


Results


Read Noise [e-
rms]


HG


LG


1.5 e-rms


47.7 e-rms


17.2 e-rms


46.8 e-rms


Noise @30 fps 
[e-rms]


HG


LG


1.8 e-rms


47.7 e-rms


17.2 e-rms


46.8 e-rms


FW linear


HG


LG


5.6 ke-


71 ke-


5.6 ke-


73 ke-


FW saturation


HG


LG


3.0 ke-


87 ke-


7.0 ke-


93 ke-
Dynamic 
Range HDR 93.5 dB 72.6 dB
Fixed Pattern 
Noise FPN (un-
corrected)


HG


LG


9 e-rms


500 e-rms


130 e-rms


550 e-rms


Dark current


30 e-/(sec*pixel)


7 pA/cm2
Linearity error 
(EMVA4)


HG 
LG


0.7%
0.1%


0.2 %
0.2 %


Technology 180nm CIS
Number of pixels (X x Y) 3000 x 3864
Effective focal plane size 24.0mm x 30.9mm
Die size 25.5mm x 37.1mm
Pixel pitch 8 μm
Nº bits per pixel
HDR / Fixed Gain 13 bits / 12 bits
HDR supported Yes
Nº LVDS output channels 5
Maximum LVDS channel output 
data-rate 1.2 Gbps
Maximum frame rate at full frame
HDR / Fixed Gain 34 fps / 36 fps
Stitching Yes
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Conclusions
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• Low Noise: 1.5 e- rms @HG


• HDR operation: 93.5dB (15.5 bits)


• High sensitivity: Back-Side Illuminated available Q1_2025


• Multiple shutter options: Rolling Shutter, Global Shutter, Global Reset
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Thank you!
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CMOS TDI Product Family for Earth Observation
Product # bands Pixel size [µm] #pixels #TDI Stages Line Rate [kHz] FWC [ke-] FSI BSI


IC-49 2x PAN
4x MS 


7 X 7
28 X 28


12,288
3,072


128
32


40
10


70
280


YES YES


IC-51 2x PAN
6x MS 


7 X 7
14 X 14


12,288
6,144


128
64


53
26.5


80 - 120
240 - 360


YES YES


IC-52 12x MS 7 X 7 12,288 64 13 – 39* 100 YES YES


IC-49 IC-51 IC-52


*BASED ON OPERATING MODE 







IC-51 Sensor Architecture & Features


• 6 Multispectral Bands (MS) and 2 Panchromatic 
bands (PAN, with half pixel offset)


• Horizontal resolution:


▪ PAN: 12,288 pixels each


▪ MS: 6,144 pixels each


• User selectable output taps:


▪ 16 taps or 8 with reduced line rate


• Output data stream:  2.4Gb/s via CML interface 
- high speed allows for fewer cables


• Low on-chip power dissipation: 7.5W 
(compared to ~20W on chip for comparable 
CCD)


• Technology Readiness Level 9







IC-51 Additional Features 


• Selectable TDI Stages 


▪ PAN: 1, 4, 8, 16, 32, 48, 64, 96, 128 


▪ MS: 1, 2, 4, 8, 16, 24, 32, 48, 64


• 12-bit column parallel ADCs


• Lateral Antiblooming


• TMR for select digital blocks 


• Custom integrated multispectral filters 


• Radiation environment tested


▪ TID Gamma - 60Co source (20 krad)


▪ Protons - 63MeV (1x1011 p/cm2)


▪ Heavy Ion 8.2 to 71.4 MeV/mg/cm2 (1x105 to 2x108 ions/cm2 (depending on LET))


120 mm


54.4 mm







Full Well Capacity & Charge Transfer Efficiency  
Typical Measured FWC across IC-51 variants 


Band 80k [e-] 100k [e-] 120k [e-] 150k [e-]
 (R&D - in build)


P 88k 115k 132k Expected > 150k


MS 293k 326k 367k Expected > 450k
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Dark Current, Noise, & Signal-to-Noise Ratio


Typical Measured Read Noise across IC-51 variants   


Band 80k [e-] 100k [e-] 120k [e-]


P 28 35 38


MS 74 84 94
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DARK SIGNAL VS LINE RATE


Band 80k 100k 120k


P 239 266 289


MS 418 464 493


SNR @ 50% SAT for IC-51 variants   


Band 80k [e-] 100k [e-] 120k [e-]


P 27 34 42


MS 68 79 90


FSI


BSI


• Improved SNR from 80ke- to 120ke- at a given signal level 


• Dynamic range > 70dB for all variants


Dark Current for IC-51 (FSI & BSI) variants:


• P: 2.5 - 5 nA/cm2


• MS: 2.7 – 5.5 nA/cm2







Modulation Transfer Function (MTF)


Parameter @ Nyquist 
frequency


Measured FSI 
PAN (@657nm)


Measured BSI 
PAN (@657nm)


Cross track MTF 0.601 0.539


Along track MTF 0.537 0.536


Solar Weighted 
MTF 


(463nm-894nm)


Measured FSI 
PAN


Measured BSI 
PAN


Cross track MTF 0.59
0.53


Along track MTF 0.53


Measured static MTF at 50% SAT for FSI and BSI sensors


0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1


0 0.2 0.4 0.6 0.8 1 1.2 1.4


M
T


F
 


Spatial Frequency (lp/pixel)


IC-51 BSI MTF at 657nm


Along track


Cross track


Nyquist







MTF / QE vs Epi Thickness
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QE vs EPI THICKNESS 
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• Epitaxial (Epi) layer thickness has a tradeoff between MTF and QE 


• Thinner epi allows for improved MTF at lower wavelengths related to 
the charge collection efficiency in the pixel region


• Optimal thickness of the epitaxial layer can depend on the specific 
application and the wavelengths of light that are most important for 
the sensor’s intended use







Power Consumption
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LINE RATE vs POWER CONSUMPTION


Full Tap Mode Half Tap Mode


• IC-51 maximum LR with all 16 outputs active simultaneously 


▪ PAN: 53kHz


▪ MS: 26.5kHz


• For low line rate applications, the sensor has the option to read the 
full 12k pixels with 8 outputs ONLY - Half Tap Mode


▪ Max PAN LR: 26.5kHz


▪ Max MS LR: 13.25kHz


•  Power dissipation reduction by 20.6% to ~5.77 watts from ~7.27 
watts in Half tap mode (Equivalent power measured  at 26.5kHz with 
all outputs active)


• Further activities in progress to qualify IC-51 for higher line rates 







TDI Focal Plan Arrays From Teledyne DALSA


IC-43-24100  (TDI CCD)


Two dies on one sensor 
package, stagger butted


Technology Readiness Level 9, 
with Flight Models launched in 
March 2021


IC-48-36200 (TDI CCD)


Three individual sensors with 
proximity electronics stagger 
butted onto common carrier


Technology Readiness Level 9, 
with flight models launched in 
December 2023


SM-49-12K2F (TDI CMOS)


Sensor Module with thermal 
integration and proximity 
electronics. This design is the 
technology building block for 
the current generation multi-
sensor FPAs


Technology Readiness Level 8, 
with Flight Models expected to 
launch in Q2 2025


SM-51-60K2F (TDI CMOS) 


Five IC-51 sensors stagger 
butted onto a common carrier


Technology Readiness Level 6 
and is expected to achieve TRL 
8 by the end of Q1 2025







IC-49 and IC-51 Focal Plan Arrays


60k FPA


FPA with sensor boards 


• TDI CMOS FPAs for VHR Earth observation


• Modular design – the sensors and boards are replaceable 


• Customizable mounting holes for customer integration 


• Space-qualified proximity electronics


• Customizable high-speed connector for high-speed outputs


• PAN pixels: 60k, 36k, 24k


• MS pixels: 30k, 18k, 12k


• FPA with/without proximity electronics


• Flight models available 







60k FPA Alignment Accuracy 
Sensor Relative to Sensor C


A 0.0049 deg 16 arcsec


B 0.0042 deg 8 arcsec


C (Reference) 0 deg 0 arcsec


D 0.0013 deg 5 arcsec


E 0.0053 deg 19 arcsec


Measured 60k FPA Rotational Alignment 


A


B


C


D


E


Measured 60k FPA Flatness (pk-pk)- 34 µm


Teledyne’s FPA development efforts are focused on:


• Improving the FPA Image Region Flatness


• Improving the Sensor-to-Sensor Rotational Alignment


• Ensuring FPAs are qualified to meet environmental test requirements







FPA Environmental Test Conditions
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Teledyne FPA’s are qualified for the following based on heritage:


• Random Vibration as per MIL-STD-883L, Method 2026, Test Condition I, Condition letter E


• Sinusoidal Vibration 39.5g (Quasi-static test, 35Hz, 60 sec)


• Mechanical Shock 6g @ 100Hz, 225g @ 1515Hz, 225g @ 10000Hz SRS


Custom environmental tests are performed upon request







Camera (49-HS and 51-HS)


49-HS (TRL 8)
51-HS (TRL 9)


• Teledyne’s IC-49 and IC-51 CMOS TDI sensor based camera


• Rugged design rated for high shock and vibration loads


• Key Features/Specifications:


▪ Instant ON 


▪ Camera Link HS (3 lanes @ 10Gbps)


▪ Sensor power ON/OFF control 


▪ Critical voltage and temperature monitoring 


▪ Measure sensor and CLHS bit errors 


▪ Fixed Pattern Noise and Photo Response Non-Uniformity correction 
coefficients for forward/reverse TDI direction can be uploaded


▪ Customer defined algorithms can be added


▪ Size: 140 X 140 X 47 mm


▪ Weight: 1.5 kg


▪ Power Dissipation: 15 W


▪ Radiation Tolerance 


▪ TID > 10 krad (Si)


▪ SEL > 36 ± 10% MeV.cm2/mg







On-Chip Multispectral Filters Development  


IC-49 BSI On-chip Multispectral Wafer 0%
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• Teledyne has deposited multispectral color coatings on our IC-51 and IC-49 
CMOS FSI and BSI wafers/dies


• High average in-band transmittance of ≥ 90% 


• Color coating homogeneity is excellent, with a variation of ~ 0.5% of 
wavelength at 50% transmittance within a band


• Edge tolerance for 50% transmission points is ≤ ±0.8% of wavelength


• Sensor characterization in progress with more activities in pipeline to 
qualify this technology for space imaging applications







Summary 
• Teledyne DALSA has a family of charge domain CMOS TDI image sensors for Earth observation 


• Our CMOS TDI detectors offer FWC anywhere between 70ke- - 120ke- for the 7µm pixel and line rates up to 53kHz


• Solar weighted MTF ≥0.5 in both along track and cross track directions 


• Customizable design to meet QE/MTF requirements based on the wavelengths of interest


• Proven heritage in Camera and Focal Plane Array development with space-grade components and meeting 
environmental requirements 


• New developments in progress to meet the growing needs for space imaging applications 







THANK YOU 
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IR FPA Readout System 
with the NIRCA MkII ASIC


2024-11-27


Workshop, Toulouse 
2024-11-26 and 27


Amir.Hasanbegovic@ideas.no
On behalf of IDEAS team


Space & Scientific CMOS Image Sensors
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A.Fagerland Haavik, T. Ostmoe, A. Hasanbegovic, D. Meier, B. Samadpoor 
Rikan, T. Nesjo, HK. Otnes Berge, A. Dadashi, S. Azman, J. Talebi, JE. 


Holter, P. Oya, G. Maehlum – IDEAS, Oslo, Norway 







Outline


NIRCA MkII Development
• ASIC Overview 
• Qualification
• Flight Package Performance
• Radiation Tolerance


IR FPA Readout System (devkit)
• Typical usecase 


• Way forward – Space-grade IR FPA Readout System
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NIRCA MkII – what and why?


• Near Infrared Readout Controller ASIC for IR Detector Readout
• Single-chip I/F between an analog output imager and a master controller, e.g., an FPGA
• Integrates many functions:


• Analog readout and digitization
• Clocks and control
• Reference, biases and supply


• … thereby facilitate to reduce
size, weight, and power (SWaP)


2024-11-27


(Sentinel 2-A, MultiSpectral Instrument, front-end electronics)


Cost-effective through packing multiple functions in a single qualified solution.
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2024-11-27


NIRCA MkII Infrared-FPA Controller Readout


A single-chip solution to bias, read out and control a focal 
plane array (FPA). 


Programmable Sequencer 
Custom instruction set
16× Digital outputs 
8× Digital inputs
2048 instructions (ECC-RAM)
8 nested loops
Interfaces
SPI serial peripheral interface
9×480 Mbps upstream LVDS (8b/10b) 
IRQ for exception, sequencer messages


Analog Acquisition 
16× 16-bit, 12 Msps ADCs
Programmable gain
- x1, x1.14, x1.33, x1.6, x2, x2.67, x4, x8 
Analog input configurations:
- Fully differential, 
- Pseudo differential


Analog monitoring
1× 16-bit, 12 Msps ADC
3× analog inputs (muxed),
Internal temperature sensor


Bias and supply outputs
8× Ext. Vbias (10-bit DACs)


Environment
SEL LETth > 118 MeV cm2/mg
Good SEU tolerance
-40°C to +85°C
Power
Less than 2W (flexible power-


down scheme)
Applications
Earth observation missions
Hybrid image sensors, IRFPA
Astronomical science
Space instrumentation
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Packaging of NIRCA MkII


2024-11-27


• IDE8420X


• Ceramic package for terrestrial 
applications


• Size: 29 x 29 mm


• IDE8420E/S


• Ceramic package for space 
applications


• Custom package design


• Size: 32 x 32 mm


• IDE8420, Chip-on-board


• Aluminum lid, or


• Molded


• Size: 18 x 18 mm


Other package options possible, e.g., plastic packages.
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Next EM batch
December 2024







NIRCA MkII ASIC product roadmap


2024-11-27


ASIC design
(Completed)


Validation
(Completed)


ASIC respin
(Completed)


Radiation 
testing


(Completed)


Space grade 
packaging


(Completed)


Qualification
(In progress)


2018


CERQUAD Oct 2024
EMs from Dec 2024
FMs in Q3/Q4 2025
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Qualification activities


• Radiation testing (SEE and TID)
• Wafer testing
• Process control


Wafer lot acceptance


• Assembly and screening
• Initial electrical tests, SEM, ESD, construction analysis, extended 


thermal cycling, operating life 1000h at 150°C
Evaluation


• Coupling and readout of MCT detectorsDetector readout


• HTSB, temperature cycling, PIND, burn-in, seal, solderability
• High/low temperature measurementsScreening


• Mechanical: mechanical shock, vibration, acceleration, seal
• Environmental: thermal shock, temperature cycling, moisture
• Endurance: operating life 2000h at 125°C, seal
• Assembly capability: Internal gas, terminal strength, bond strength…


Qualification


2024-11-27


In progress
Completion: January 2025


In progress
Completion: February 2025


In progress
Completion: TBD


Planned: January 2025
Completion: Q3/Q4 2025


Planned: January 2025
Completion: Q3/Q4 2025
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Qualification – Electrical Tests


• Environmental test conditions:
• [VTYP -10%, VTYP, VTYP +10%], [-40°C, 25°C, 85°C]


• Test parameters:
• Input range, DNL, INL, Gain, Digital 


functionality, IO-tests, References, Current 
consumption, Rates ….


• Data collection
• Test result database, PDF report generation
• Channel offset and gain tuning parameters


• Tuning EMs and FMs for target applications
• E.g., temperature range, input range, gain, offset


2024-11-27 www.ideas.no 8







Test results – in Flight Package


• Package design and assembly successful
• ADC input noise 2.9 LSBRMS – 3.2 LSBRMS


• DNL < ± 0.5 LSB , INL < ± 2 LSB 
• Max sampling frequency: 12 Msps
• Reference output noise: 10 µVRMS – 30 µVRMS


• Power 2W (16 ADCs @ 12 Msps)


2024-11-27 www.ideas.no 9







Test results – ADC channel equalization 


Preliminary channel equalizations using on-chip 
offset- and gain calibration


2024-11-27 www.ideas.no 10


±1 LSB offset mismatch


±10 LSB gain mismatch


Ongoing work to further improve gain mismatch
Target is ±1 LSB gain mismatch


Vin = +1.5 V


Vin = -1.5 V







Radiation Tolerance


• SEE
• Heavy ions, UCL: 


• 3.3 and 72.17 MeVcm2/mg 


• 3 devices
• => SEE rates =============>
• => No SEL detected


• TID 
• Co-60, ESTEC


• LDR to 76 krad (Si)


• 5 biased, 5 unbiased, 1 reference
• => 5% drift in current consumption
• => No performance parameter drift


2024-11-27 www.ideas.no 11


Considering 1k x 1k @ 180 fps, that is 
1 ±40 LSB error every 530 frames 


Considering 1k x 1k @ 180 fps, that is 
1 ±150 LSB error every 25600 frames 


Shielding: 1 mm Al equivalent, 
CREME96 (peak 5-minutes) solar particles (H – U)
AP-8 MIN trapped protons







IR FPA Readout System (devkit)
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• Purpose
• Evaluation of the NIRCA MkII ASIC
• Development with sensor
• Technology demonstration


• Goals
• Flexibility
• Efficiency
• Performance


[System + ASIC config] Python
[Frame grabber] Python, DCF
[ASIC sequencer] NIRCA MkII assembler
Output .avi







IR FPA Readout System (devkit)
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Supplied with frame grabber
www.ideas.no 13







IR FPA Readout System (devkit) – Typical usecase


2024-11-27 www.ideas.no


Step 1 (A): Make a harness to interface to the sensor







IR FPA Readout System (devkit) – Typical usecase


2024-11-27 www.ideas.no 15


Step 1 (A): Make a harness to interface to the sensor
Step 1 (B): Make a proximity electronics board to interface to the sensor







IR FPA Readout System (devkit) – Typical usecase
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Step 1 (A): Make a harness to interface to the sensor
Step 1 (B): Make a proximity electronics board to interface to the sensor
Step 2: Use one of the provided examples as baseline for 


sensor power and bias sequencing
control
readout
frame size, frame segmentation, number of frames 







IR FPA Readout System (devkit) – Typical usecase
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Step 1 (A): Make a harness to interface to the sensor
Step 1 (B): Make a proximity electronics board to interface to the sensor
Step 2: Use one of the provided examples as baseline for 


sensor power and bias sequencing
control
readout
frame size, frame segmentation, number of frames 


Step 3: Connect your monitoring devices to observe response







IR FPA Readout System (devkit) – Typical usecase
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Step 1 (A): Make a harness to interface to the sensor
Step 1 (B): Make a proximity electronics board to interface to the sensor
Step 2: Use one of the provided examples as baseline for 


sensor power and bias sequencing 
control
readout
frame size, frame segmentation, number of frames 


Step 3: Connect your monitoring devices to observe response
Step 4: Perform the image acquisition







IR FPA Readout System (devkit) – Typical usecase
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ROIC test in room temperature MCT detector test in cryo with a light source @ ESTEC
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NGP ROIC
by Lynred







Way forward – Space-grade IR FPA Readout System
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2012 NGRM ASIC
• Next Generation Radiation 


Monitor
• ESA R&D
• Outcome IDE3465 ASIC


2017 RADEM for JUICE
• RADiation hard Electron 


Monitor for Jupiter Icy 
Moons Explorer


• ESA R&D
• Outcome: IDE3466 ASIC


2020 NORM for ASBM
• Norwegian Radiation 


Monitor for Arctic 
Broadband Satellite Mission


• ESA R&D
• Outcome: Qualified 


instrument, first data 
received from orbit.


2023 Galileo RMU
• Radiation monitoring Unit 


for Galileo Second 
Generation


• Outcome: 6 qualified 
instruments


• Open competition







Way forward – Space-grade IR FPA Readout System
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2023 NIRCA MkII


Bare chip


2024 Development kit


2025 Space 
qualified NIRCA 
MkII available


2026 Detector Front 
End Electronics 
(FEE)


2027 Space 
qualified optical 
payload


ESA projects kicked off Q4 2024: 
BBM FEE with NIRCA MkII on EO 
program
EM FEE with NIRCA MkII on GSTP 2 







Way forward – Space-grade IR FPA Readout System


• IDEAS is developing FEE to meet 
the current and future demands 
for high resolution and high frame 
rate infrared detector readout


• We invite community members to 
get in touch and influence the 
development


• Contact:
Amir.Hasanbegovic@ideas.no
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Thank you!


• … to ESA for 
• supporting the NIRCA MkII related activities
• granting access to the radiation test facilities, for assisting with TID tests and for guidance 


related to radiation analysis


• … to SERMA for assembly and qualification
• … to UCL for assistance during heavy ion tests
• … to industry partners for the collaboration
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5µm Pixel and Column ADC for 1MGy 
Radiation Tolerant CMOS Image Sensor


Idham Hafizh, Pedro Santos, Paul Leroux, Guy Meynants
Advanced Integrated Sensing (ADVISE) research group
Faculty of Engineering Technology, KU Leuven Campus Geel


Space and Scientific CMOS Image Sensors Workshop – Toulouse, 26-27 November 2024







Radiation tolerant CMOS image sensor (CIS) with
TID tolerance beyond 1MGy applications: long-
term deep space exploration, monitoring and
remote handling in particle accelerators,
synchrotrons, fission, or fusion reactors.


Advanced Integrated Sensing (ADVISE) research group2


Motivation


Pixel array • Increased dark current
• Voltage level shift due to VT shift
• Increased mismatch (DSNU and PRNU)


Column 
readout


• Reduced CM range due to threshold voltage shift
• Leakage on analog storage nodes
• Counter failure at high clock frequency
• Increased mismatch (column FPN)


Peripheral 
compo-
nents


• Bias current and voltage reference shift
• Change of ramp slope (ADC gain) or failure
• Clock generator frequency shift or failure


Ref: G. Borghello, CERN


Possible point of failure in CMOS image sensor due to TID
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Challenges: TID effects on CMOS devices


STI 
sidewall


Gate 
oxide


Spacers


Ref: Dewitte, ISAE, Borghello, CERN


(on narrow channel)


(on short channel)


ELT (without outer 
guard ring)Butterfly [6]


(oxide ch.) (int. traps)


TID effects on the oxide surrounding MOS structure Radiation hardening by design (RHBD) layout


180nm-node CMOS suffers from TID effects beyond 1MGy, even
when using enclosed layout transistors (ELT) or butterfly layout [1, 6]:
▪ VT shift on NMOS (+0.15V) and PMOS (-1V)
▪ Mobility degradation up to 40% on devices with L<0.44µm
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Challenges: TID effects on CIS photodiode


radiation tolerant 4T pixel for space <1kGy 
using ELT as transfer gate [2]


Reduced CTE in 4T >10kGy [3]


pinned-PD cross section from [4]


4T pixel design is preferred in 
commercial CIS because it has
• Lower read noise (kTC noise due to 


RST is cancelled)
• Low dark current (because of the 


‘buried’ PD)


3T PD cross section from [4]


Dark current in 3T pixel should be 
limited to remain functional and 
maintain sufficient dynamic range


new SRH generation centers = 
dark current source


high TID


high TID
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3T pixel design


Partially pinned PD [4], i.e.
p+ implant placed on top of 
the n- PD implant


Beside passivated by p-type 
doping, STI trenches are 
also recessed [7] from the 
PD region, marked by the 
distance d. 


Butterfly and ‘dog-bone’ NMOS layout [5] solves the STI-
induced leakage and RINCE at high TID while allowing the pixel 
to fit in 5µm pitch


Our 3T pixel design combines three different RHBD features:
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TCAD study


Pre-rad
VR = 3.3V


After 1MGy, 
modelled by fixed 
positive charge 
and amphoteric 
traps placed at the 
Si/SiO2 interface


• Avoid merging depletion regions 
with sufficient distance d


• Avoid depletion around PMD 
using ‘pinning’ implant


The results highly depend on 
doping profile and actual 
concentration of TID-induced oxide 
charge and interface traps


Electrostatic potential of an ‘inverted’ partially pinned PD


increasing d


bottom


topSTI STI


bottom


topSTI STI
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Column ADC design


The column ADC design employs single slope 
single ramp column ADC with digital double 
sampling (DDS) [9]


Each comparator performs 2 steps:


1st step: ramp is compared with
the common reference level, VREF.


2nd step: ramp is compared with
the pixel signal level Vcol,S or pixel
reset level Vcol,R.


Final step: offset variation before the ADC, e.g.
pixel offset, are then cancelled by final DDS
(INS – INR)


And at the column level:


Starts the
counter


Stops the
counter
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Column ADC advantages


• Pre-rad advantages of converting both signal
and reset level using one global ramp: speed,
simple ramp generation and timing
implementation, and immune to ramp offset and
initialization level uncertainty [9]


• On each step, each continuous-time comparator
performs its own double sampling; both samples
are affected by the same offset (delay).
Therefore, the comparator delay mismatch,
including TID-induced mismatch, are
canceled.
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Results - pixel


Irradiation settings: sample in acquisition mode, 10keV X-ray machine, dose rate =
4.5kGy/h up to 1.3MGy, followed by high temperature annealing (HTA) for 132h at 125oC.
Dark frames are captured during irradiation from the same sample and dark current was
estimated from those dark frames subtracted by background X-ray signal
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• Column readout array can be tested
independent of the pixel array, using external
voltage vtest applied at the source follower
connected to the column


• Due to the shift in bias current, voltage
references, and column mismatch, some
S/H circuits and comparators are working
out of it correct operating range


• After recalibration and higher bias current for
comparator, the column uniformity is
recovered


Results – column


Irradiation settings: sample in acquisition mode, 10keV X-ray machine, dose rate =
4.5kGy/h up to 1.3MGy, followed by high temperature annealing (HTA) for 132h at 125oC


Advanced Integrated Sensing (ADVISE) research group
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Parameter Pre-rad Post-rad 1.3MGy + 
HTA 125oC 132h


Conversion gain 10.5 µV/e- 8.9 µV/e-


Column voltage range 1.3V 1V


Eff. full well charge 125700 e- 94900 e-


Read noise 90 e-RMS 129 e-RMS


Dark current 0.06 fA (402 e-/s) 39.5 fA (246 ke-/s)


Dynamic range 62.4 dB 57.1 dB


Results – PTC


• Butterfly transistor and thin p+/n- junction on the top side contributes to high gate capacitance for
higher effective full well of 3T pixel


• After 1.3MGy TID and HTA, read noise increases due to dark current shot noise
• Effective full well charge decreases mainly due to VT shift of NMOS pixel transistor


Irradiation settings: sample in acquisition mode, 10keV X-ray machine, dose rate =
4.5kGy/h up to 1.3MGy, followed by high temperature annealing (HTA) for 132h at 125oC







• 5µm-pitch 3T pixel and column ADC design withstanding
up to high levels of TID are presented.


• Preliminary test (1.3MGy X-ray irradiation + HTA) shows
that:
▪ TID-induced dark current increase is comparable with


another state-of-the-art 3T pixel and real scene
capture remains possible


▪ After irradiation and HTA, the combination of read
noise increase and effective full well reduction
reduces the dynamic range, but still within an
acceptable level


Advanced Integrated Sensing (ADVISE) research group12


Conclusion and future work


• Comparison with the results from 𝛾 -ray irradiation
campaign


• Transient effects that happened during irradiation, e.g.
dependence with dose rate


• Radiation tolerant voltage-domain 3T global-shutter
pixel to remove motion artifact


Future work


(P. Santos, et.al. PIXEL 2024)







Thank you


Advanced Integrated Sensing (ADVISE) research group13
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CMOS X-ray Sensors for future Space Telescopes


Andrew Holland, Thomas Buggey, James Ivory, Konstantin Stefanov, 


Charles Townsend-Rose, Chiaki Crews, Lawrence Jones, Julian Heymes


November 2024 – CMOS detector workshop
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• X-ray absorption in silicon liberates electron-hole pairs


• Number of carriers generated 


n = E/


where E is the photon energy in eV, and 


3.65eV/e-h pair is the mean ionisation energy


• Variance on carriers generated


v = FE/


where F~0.12 is the Fano Factor in silicon


X-ray Signal Generation in Silicon


Theoretical best 
FWHM = 2.35  (2 + FE/)0.5


e.g. for Mn-K from Fe-55 with 3e- 
noise
at 5.9 keV, FWHM = 120 eV


E/E ~ 50
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X-ray Photon Events in Pixel Detectors


• Absorption in depletion 
region leads to be isolated 
single/double events


• Absorption in field-free 
region  or close to pixel 
boundaries leads to multi-
pixel spread events 


Charge contained in single 
pixels gives the best 
spectroscopy (but can reduce 
the QE)
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XMM - Developed from 1989   


          - Launched in 1999 


3 co-aligned X-ray telescopes


- 2 telescopes+RGS+EPIC/MOS


- 1 telescope EPIC/pn


XMM Imaging & Dispersive Spectrometer Cameras


XMM EPIC


XMM RGS


Energy 


By 


position


Energy 


By 


Pulse 


height
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• Of the large X-ray observatories 


XMM has been most successful 


in retaining X-ray spectroscopic 


performance


• Due to a combination of:


– Heavy shielding


– “deep cooling” to cryogenic 


temperatures (-130oC)


• Degradation has still occurred


• E.g. Mn-K FWHM resolution 


Year  MOS      pn


2000  130 eV      155 eV


2023  155 eV   190 eV


XMM Radiation Damage – 23 Years in Orbit
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• Micrometeoroids can scatter off the mirrors & generate spallation products


• These particles can create damage to the silicon sensors


– Can create column defects


– Can destroy sensors


Micrometeoroids
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• Reduction in counts in soft X-ray band 
over time


• Worse in MOS2 than MOS1, but even 
worse in RGS


• Linked to the buildup of Carbon on the 
cold CCD surface (possibly also Oxygen)


• 10-20% effect over the 20 years


• Must build the instruments
and spacecraft CLEAN


• Note 4000 revolutions 
equates to 21 years


Buildup of Hydrocarbons


Ratio of counts
in 0.1-0.75 and 
0.98-3.0 keV 
bands
for 1E 0102-72.3 
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• Lessons learned from past developments


– QE for soft X-rays in the 0.2-3 keV band


– Large pixel size for good charge collection (e.g. 40 m)


– Instrumental background from charged particles


– Focal plane arrays to give redundancy against micrometeoriods


– Contamination build-up – higher operation temperature is better


– Radiation damage is a key concern


• Technology development activities required into improved QE, energy resolution and light rejection (OBF)


Future Instruments – SMILE & Theseus SXIs
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THESEUS Soft X-ray Imager


Transient High Energy Sky and Early Universe Surveyor
Proposed ESA Cosmic Vision M7.


Discover, localise and study long/short GRBs.
Multi-messenger astrophysics, time-domain astronomy.


• SXI (0.3 - 5 keV)• XGIS (2 keV - 10 MeV)• IRT (0.7 - 1.8 µm)


(Amati, L. et al, 2021) (O’Brien, P. et al, 2020)


Soft X-ray Imager (SXI)
A wide angle, broad energy sky 
monitor.


Lobster eye MPO, 0.25 sr FOV.
16x16cm2 focal plane.


Sensitive to 0.3 - 5 keV.
<5 e- RMS system noise.
LEO, 5.4 °, 550km – 640 km.
Operated at ~-30/-40 °C.
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Key Considerations  - CCD vs CMOS (©2018/19)


   CCDs   CMOS


• Large area   OK, 2x2 array CCD273s Needs demonstration, low TRL


• 3-sides buttable  OK   OK 


• Large Pixels   OK (binning)  Needs development, low TRL


• Low Noise (<4e- rms)  OK   OK


• X-ray QE (BI + 40m thick) OK   BI OK, High energy QE needs TRL development


• Light blocking filter  OK   OK


• CTE/Lag   CTE OK, Lag N/A  CTE N/A, Image lag ~2%, needs development


• Energy Resolution (pre-launch) OK   Some demos, needs development, low TRL


• X-ray Throughput  OK?   OK on paper, needs demonstration


• Manufacturing   OK   OK, needs demonstrator


• Lifetime/Radiation  Known CTE issues, OK – but needs qualification


• Latchup/SEE   N/A   Needs design+testing, low TRL


• Operating temperature  Large resource impact Possibility of operation at higher temperatures


    + condensation issues
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• Conventional CMOS sensors would have a leakage path to substrate


• OU developed a patent & assigned to e2v for technology toward very 


thick, “high rho” CMOS


• OU had demonstrated the principle in silicon, and devices are being 


funded by both ESA GSTP and Teledyne Anafocus (targeting optical 


applications


• ESA technology funding used to develop an X-ray version for Theseus


 Structure        Potentials         Current Flow


Toward Fully Depleted CMOS
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• Small area test structures used for technology 


development


• Noise 4e- rms


• Demonstrated path to “high-rho” which 


blocks substrate current


• Initial X-ray response is also promising


(although small pixels not optimised for X-rays)


OU Deep Depletion CMOS Test Structures


FSI BSI
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The CIS221-X Development for Theseus SXI


4T PPD CMOS Image Sensor.
Based on CIS120 Capella readout architecture/CIS220 (DDE).


• 35 µm thick, 1000 Ωcm, fully/over-depletable substrate.
• 3-side buttable.
• 2x2 cm2 format, split into 4 equally sized variants.
• Additional pinning implant.
• Optical Blocking Filter (OBF).


(Stefanov, K. et al, 2022)
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• Device architecture based on the CIS120/220 platform


• ¼ of the sensor retains the 10 m pixel variant


• ¾ of the sensor have experimental 40 m pixels in 3 variants


• Only 1 in 4 row/columns are connected in the 40 micron pixels 


Testing the 40 m pixels


13
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


BSI CIS221-X 40 μm variant #3, -40 °C
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


Readout Noise <2.8 e- RMS (Vtra = 0 V)


BSI CIS221-X 40 μm variant #3, -40 °C
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


Readout Noise <2.8 e- RMS (Vtra = 0 V)


Dark Current
12.4 e-/pixel/s (OBF50x50)


 35.2 e-/pixel/s (Non-
OBF50x50)


BSI CIS221-X 40 μm variant #3, -40 °C


OBF Non-OBFOBF
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


Readout Noise <2.8 e- RMS (Vtra = 0 V)


Dark Current
12.4 e-/pixel/s (OBF50x50)


 35.2 e-/pixel/s (Non-
OBF50x50)


Non-linearity < 1% for 0.3 – 5 keV


Image Lag < 0.1%


BSI CIS221-X 40 μm variant #3, -40 °C
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


Readout Noise <2.8 e- RMS (Vtra = 0 V)


Dark Current
12.4 e-/pixel/s (OBF50x50)


 35.2 e-/pixel/s (Non-
OBF50x50)


Non-linearity < 1% for 0.3 – 5 keV


Image Lag < 0.1%


Gain Variation 0.64% (OBF50x50)
 0.67% (Non-OBF50x50)


Energy 
Resolution 125 eV FWHM at 5898 eV


BSI CIS221-X 40 μm variant #3, -40 °C


(Wu, Q. et al, 2023)
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CIS221-X Characterisation


Measurement Result


Conversion Gain 10.41 eV/ADU


Readout Noise <2.8 e- RMS (Vtra = 0 V)


Dark Current
12.4 e-/pixel/s (OBF50x50)


 35.2 e-/pixel/s (Non-
OBF50x50)


Non-linearity < 1% for 0.3 – 5 keV


Image Lag < 0.1%


Gain Variation 0.64% (OBF50x50)
 0.67% (Non-OBF50x50)


Energy 
Resolution 125 eV FWHM at 5898 eV


Quantum 
Efficiency


> 70% for 0.5 – 1.8 keV 
(OBF)
 > 80% for 0.3 – 1.8 keV (Non-
OBF)


BSI CIS221-X 40 μm variant #3, -40 °C
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Beam testing with X-ray Optic


• Significant testing done in the lab and at 


external facilities:


– X-ray fluorescence of Mn, Al targets @ -40 °C


– BESSY monochromatic X-ray data for soft 


X-ray QE


– PANTER X-ray data with optic imaging tests


– PANTER X-ray data (flat-field) hard X-ray QE


Campaign 3: July 2023, 


PANTER X-ray testing
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Large area prototype developed using the CIS300 platform


       (Slide components from Georgios Tsiolis)


Phase 2 Development for Theseus – Full Prototype


CIS221-X (Based on CIS220) CIS321-X (Based on CIS300)


384x512 40 m pixels 2200x2100, 40 m pixels


15x20 mm2 90x45 mm2


40 fps 16-120 fps (design dependant)


Power <0.35W Power ~3W, options as low as <1W


Master clock (130MHz) Master clock (50MHz)


Outputs 130MHz 6x Outputs 1GHz


CIS301 in PCB package 9 × 9 


cm (10 µm pixels)







Export Uncontrolled22


Phase 2: Large-format CIS30X Array


• CIS300 format will be utilised:


– Stitching allows for a 4.5 × 9 cm detector


– Single pixel design variant (only FSI this phase)


• Next phase is December 2024 – May 2026:


– Pixel design late 2024/early 2025


– Manufacture 2025


– Delivery of 3 × FSI CIS30X Nov 2025


– Characterisation by Dec 2025 (M7 down 


selection)


• Possibility of a BSI version in another CCN 


(wafers held back from this phase)


• CIS221-X can be used as imaging/spectroscopy 


device with area 15x20 mm2. Being used for 


AXIS instrument with India


THESEUS SXI FPA concept


45x90 mm2
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CIS221-X Electro-optical Characterisation:


• Results of the test device very good:


- Supporting the use of CMOS for soft X-ray


- Motivating further technology development


CIS221-X Radiation Testing:


• Ionising & proton damage results support operation


at -30 to -40oC for EOL performance


CIS221-X can be used as imaging/spectroscopy device


with area 15x20 mm2. Being used for AXIS instrument


with ISRO, India


Design and development of the next-generation device


is about to start with results over next 18 months


• 4.5x9 cm2, 40 m pixels, up to 120 fps


• Theseus array will be ~10x larger than XMM/EPIC


X-Ray CMOS Summary and Further Work


45x90 mm2


Theseus SXI Array
18x18 cm2
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CMOS Sensors for Scientific Imaging at the CEI
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Holland, James Ivory, Manish Patel, Martin Prest, Jesper Skottfelt, Phillipa 
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Introduction to the Centre of Electronic Imaging (CEI)


• A collaboration between the Open University and 
Teledyne e2v (UK), established in 2004  


• Areas of expertise: 


– CMOS image sensors and CCDs for science and space


– Image sensor characterisation and radiation damage 
effects


– Device simulation and design, semiconductor 
physics 


• Part of JUICE, Euclid, Gaia and many other space missions
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Our image sensor R&D


CIS221-X


• EMCCD in 5V CMOS 
process, column-parallel


• Double the gain per stage 
of normal EMCCDs


• Uses ≈11 V high voltage 
clocks


• World’s first 4T reverse-biased 
CMOS imager


• Adopted by Teledyne e2v and 
Anafocus, patented


• Technology used in CIS220, 
CIS30x, CIS221-X


• 1024×1024 10 µm pixels
• High dynamic range 


(HDR) and single photon 
test pixels


• HDR pixel patented 


• CIS221-X
• Innovative 40 µm pixels 


with low lag and low noise 
for X-ray imaging


• Pixels designed at the CEI
• Placed into the CIS220 


architecture by Te2v
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Characterisation of CIS120 for ARRAKIHS


• ARRAKIHS (Analysis of Resolved Remnants of Accreted galaxies as a Key Instrument for Halo 
Surveys):


– ESA astronomy mission for imaging faint galaxies in the nearby Universe


– Small telescopes to image nearby galaxies and their surroundings to characterize the 
number and nature of low-mass dwarf galaxies and stellar streams in their vicinity


– Spacecraft launch in early 2030’s


– ARRAKIHS has a choice between a CCD (from Euclid VIS) and a CMOS image sensor (Te2v 
CIS300 series)


• Objective: establish whether a CMOS image sensor is viable for this mission


• Our work: 


– Characterise the dark current in CIS220 (close match for CIS300 series) down to -60 °C, at 
long integration times (> 600 seconds)


– Investigate the image glow and ways to reduce it


• Use non-irradiated reference, gamma- and proton-irradiated CIS220 devices
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Initial optimisation


Device serial # Epi thickness Irradiation


20184-08-03 17.5 µm None


20194-11-04 33 µm Gamma: 50 krad (60Co)


20194-11-05 33 µm Proton: 5×1010 protons/cm2 at 60 MeV


20194-11-08 33 µm Proton: 5×1010 protons/cm2 at 60 MeV


• Operating conditions optimised for lowest dark 
current and lag


• Chosen Vref = 2.8 V


• Irradiations performed by Te2v


• All irradiated devices have been annealed at 100 °C 
for 168 hours
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Image glow
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33 minutes integration!
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Row 50


Image glow – bias current switch-off


• Turning off 3 of the 4 bias currents during 
integration (at -60 °C)


• Reducing the 4th bias current 
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Dark current maps at -60 °C, full image


Gamma-irradiated Proton-irradiated
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Dark current measured in all pixels at -60 °C. Gamma 
tail now shorter than proton.


Non-irradiated


Gamma


Proton


Dark current maps at -60 °C, ROI
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Dark current summary
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Temperature (°C)


20184-08-03 (non-irradiated) OU


20194-11-04 (gamma) Te2v


20194-11-04 (gamma) OU


20194-11-05 (proton) Te2v


20194-11-05 (proton) OU


20194-11-08 (proton) Te2v


20194-11-08 (proton) OU


CIS115 non-irradiated


CIS115 gamma 100 krads post anneal


CIS115 gamma 6.6 krads


CIS115 proton 2x10^10 post anneal


CIS115 proton 5x10^9 post anneal
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Dark current - summary


Sensor # Irradiation type Temperature (°C) Unit


20.0 3.5 0.0 -20.0 -40.0 -50 -60.0


20184-08-03 non-irradiated
54.94 6.33 4.01 0.39 0.077 0.040 0.028 e-/pixel/s


8.79 1.01 0.64 0.062 0.012 0.006 0.004 pA/cm2


20194-11-04 gamma
1788.75 387.40 268.98 33.35 3.05 0.88 0.26 e-/pixel/s


286.187 61.981 43.035 5.336 0.489 0.141 0.041 pA/cm2


20194-11-05 proton
14816.25 2616.49 1769.57 160.94 10.22 2.29 0.47 e-/pixel/s


2370.49 418.62 283.12 25.75 1.636 0.366 0.075 pA/cm2


20194-11-08 proton
12293.4 2650.4 1823.5 164.10 9.76 2.29 0.51 e-/pixel/s


1966.85 424.04 291.75 26.25 1.56 0.37 0.081 pA/cm2
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Noise


• Noise measured at -60 °C


• Two peaks – the left- and right-hand side of the sensors have different noise


• “Transfer gate off” eliminates the dark current shot noise
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CIS120 for VenSpec-U (EnVision)


• CIS120 to be used in the VenSpec-U spectrometer on 
EnVision


– Study of the atmospheric chemistry of Venus


• Dual channel spectrometer


– 190-380 nm wavelength range


• CIS120:


– BSI with UV anti-reflective coating


– Built-in Peltier cooler 


– Hermetic package


• Our role:


– Electro-optical characterisation


– QE


– Radiation damage effects – gamma and proton  







16 Konstantin Stefanov


CASTOR – an UV space telescope


• Three UV BSI versions in CIS120


– Implant 


– Delta-doping (Berkeley/JPL)


– Black silicon (Elfys)


                  


• QE will be measured below 200 nm


• CIS301 will be evaluated too


– 10μm, 9,000 × 8,600 pixels


– BSI


– Low noise < 2 e⁻


• Cooling below -60 °C
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Conclusions


• Dark current measured pre- and post-irradiation in CIS220 devices, from +20 to -60 °C


• Image glow does not depend significantly on sensor bias during integration. Glow confined 
to the area near the readout. 


• Dark current at -60 °C, away from the image glow: 


• Non-irradiated = 0.028 e⁻/pixel/s


• Gamma (50 krad) = 0.26 e⁻/pixel/s 


• Proton (5×1010 cm-2 at 60 MeV) ≈ 0.5 e⁻/pixel/s   


• Noise does not change significantly, but is high to begin with


• Present work focused on the UV:  


• CIS120 for EnVision


• CIS120 and CIS301 for CASTOR
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X-ray characterization and imaging applications


Space and Scientific CMOS Image Sensors Workshop
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ARCADIA R&D at INFN 


Advanced Readout CMOS Architectures with Depleted Integrated sensor Arrays
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• CMOS sensor design and fabrication platform on LF 110nm technology


• Scalable FDMAPS architecture with very low power


• Custom BSI process allow to develop fully-depleted thick sensors (400 μm) for X-ray imaging


[1]


Different R&D in the same platform


• MAPS and test structures


• MATISSE Low-Power 


• Pixel and strip test structures down to 10um pitch


• MADPIX multi-pixel active demonstrator chip for fast timing
• ARCADIA MD3 main demonstrator full-chip FDMAPS for:


o medical (CT)


o future leptonic colliders 


o space applications







Compton scattering


M


X-rays detection


In X-ray energy range (10 - 200 keV), photons interacting with matter create electrons.  


These two processes are the most probable:


Photoelectric effect


[2]
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Silicon wafer
Sensor: matrix of pixels


Monolithic Active Pixel Sensor


Silicon die hosts both collection 


electrode and front-end electronics


e/h pairs produced after photon/charge particle interaction are collected by the diode via drift or diffusion inducing a signal.


• Fabricated with CMOS technology from industrial process: cheap


• Excellent spatial resolution (pixel pitch 25 μm) 


• Low material budget 


• Low power consumption: target 10 mW/cm-2 (node capacitance fF)


• Extremely robust for harsh environment (single piece detector) 


NWELL


Drift


Diffusion


[3]







Drift


ionization particle


photon


 



 






𝑬


e/h pairs collected by drift improving 


detector’s performances:


• charge collection efficiency


• time resolution: 1ns possible, 


target 40 ps with special 


modification under development


between 50 to 400 μm 


depleted thickness


mid-to-high resistivity substrate added to enable fully depletion of the substrate


D-MAPS = Depleted Monolithic Active Pixel Sensors 


[4]


DMAPS: a new frontier of MAPS
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Example of DMAPS: 
ARCADIAMatrix 512 × 512 pixels


divided in 16 sectors of 32 pixels


sparsified readout


Pixel pitch 25 μm


Thickness 200 μm fully depleted


Output Digital 
info of pass/not pass


1.28 cm


1.28 cm


[5,6,7]


FDMAPS: a new frontier of MAPS
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group of four 


digital pixel


digital column


p+ substrate on back (backside process) 


depletion starts from the back


Fully depleted







Pre Post


Response unifomity: 55Fe source


Fine tuning of sensor response with 55Fe source (5.89 keV)


Tunable threshold of each sector (16 digital column each): 


• high rate mode → sectors are read in parallel 


• low rate mode → all sectors are read by one transceiver 


→ low power consumption


Goal: reach a uniform response over the entire area  


high rate mode low rate mode


[1]
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Measurements with laboratory* W X-ray tube (8.40 keV and 9.67 keV)


Cluster rate as function of current of the tube


X-ray characterization: X-ray tube


• Data acquired in a submatrix 16x16 pixel


• 40kV tube voltage


• 2mm Al filter used to attenuate photon flux


*at Department of Physics 


and Astronomy, Padova. 


• Increase of ~7 MHz ∙ cm-2 per 


mA step from linear fit 


• no saturation occurred up to 


~270 MHz ∙ cm-2


Linear behaviour verified up to 


~170 MHz ∙ cm-2
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ARCADIA


Sample


• Metal


• Plastic


• Glass


• Wood


Samples directly placed upon backside of ARCADIA


X-ray tube parameters 40kV – 2mA - Cu absorber
Several material tested:


X-ray imaging


11.1 mm


Example of a non homogeneous 


multi-material object : Light bulb8/15
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Profile plot in the white rectangle


in
te


n
s
it
y


distance (pixels)


X-ray imaging: intensity analysis
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in
te


n
s
it
y


distance (pixels)


Profile plot in the white rectangle


glass ≈ 20% 


contrast


X-ray imaging: intensity analysis
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in
te


n
s
it
y


distance (pixels)


glass ≈ 20% 


contrast


glass and metal 


recognisable from the 


intensity 
metal ≈ 55% 


contrast


Profile plot in the white rectangle


X-ray imaging: intensity analysis


8/13


To
ulo


us
e, 


26
-2


7 
No


v. 
20


24
    


Sp
ac


e a
nd


 Sc
ien


tif
ic 


CM
OS


 Im
ag


e S
en


so
rs


 W
or


ks
ho


p
Sa


br
in


a C
iar


la
nt


in
i


9/15







Cu absorber


X-Ray tube 


ARCADIASample


X-ray tube parameters


• 40kV – 2mA 


• Cu absorber


Stepper motor


X-ray imaging: Computed Tomography 


Stepper motor rotates the sample 


Discrete CT image made of 50 radiographs


step 0


5.8 x 8.0 mm


0.5 mm


step 1


step 2 step n


3.6 degree of rotation for each step 


(total of 180 degree rotation) 10/15
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3D reconstruction 


of a screw 


(ImageJ*)


*Java based software 


for image processing


X-ray imaging: Computed Tomography 
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• Test Beam at FNAL, 120 GeV proton beam. Analysis still ongoing


• 3 ARCADIA telescope: external planes for tracking and central plane as DUT


• Threshold and HV scan and incidence angle parametrization


• Deposit of released energy for MIP 70 e-h pairs ∙ μm-1


Particle tracking


INFN-PD Test-Beam Team:


Patrizia Azzi, Chiara Bonini, Davide Chiappara, 
Sabrina Ciarlantini, Piero Giubilato, Serena Mattiazzo, 
Devis Pantano, Rosario Turrisi, Jeffery Wyss, 


Alessandra Zingaretti
At FNAL:


Pierce Affleck, Arthur Apresyan, Nicola Bacchetta, 
Aram Hayrapetyan, Irene Zoi
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Spatial resolution


• Angle of tilt = 0°


• Residuals plots @ VCASN = 5


• Results from data with 1 cluster per plane, excluding clusters with multiplicity above 20


12/13


Preliminary efficiency results
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Spatial resolution


• Angle of tilt = 0°


• Residuals plots @ VCASN = 5


• Results from data with 1 cluster per plane, excluding clusters with multiplicity above 20


Resolution ~4.7 μm *
*Still including contribution 


from tracking planes 13/13


Preliminary spatial resolution results
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Conclusion


X-ray characterization and imaging application 


• Linearity of rate verified up to 170 MHz ∙ cm-2


• Discrimination of different materials from intensity profile plot


• Complete CT image of metal screw and 3D reconstruction of the volume


Preliminary results from particle tracking 


• Spatial resolution better than 5 μm


• Efficiency better than 99%


Future prospects


• Ongoing R&D for the implementation of monolithic CMOS sensors with gain layer for fast timing 


(20-30 of ps)


• Development of a thicker sensor (600-800 um) specific for X-ray application


• Target of even low power consumption
• Space application: near UV detection from backside (40 nm thick backside entrance window)


[8]
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ARCADIA schematic


Back up







40kV 


data


Multiplicity = number of pixels forming a cluster


mostly single pixel or 2 pixels’ clusters


Back up







2.0 


mm


0.5 


mmCopper cable


Plastic sheath


Back up


Example of a non homogeneous multi-material object: Cable 







≈200 μm 


thickness


200 μm resolved with 8 pixel 


of 25 μm pitch


Resolution of 25 μm 


Back up


Example of a homogeneous object: Metallic wire







9.2 mm


thickness 1.3 mm


Wood is too light, not 


enough contrast to spot it on 


the image


Back up


Example of a homogeneous object: Wood stick







Back up


Distribution of all clusters with 


multiplicity < 20 (used for tracking, 


99.7% of total clusters) found on all 


three ARCADIA chips


93.57% of all clusters have 


multiplicity ≤ 4


~96% clusters are within a 


2×2 pixel box


average multiplicity increases 


with incidence angle of the beam 
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1 Martin M. Roth   – Deutsches Zentrum für AstrophysikSpace & Scientific CMOS Imagers – 27 November 2024


Fast & low read noise CMOS camera 
for Earth & planetary science and astrophysics


Martin M. Roth


Deutsches Zentrum für Astrophysik


Leibniz Institute for Astrophysics Potsdam (AIP)


University of Potsdam
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Outline


(1)     High Cadence Time Domain Observations


(2)     qCMOS


(3)     Simulations


(4)     The ORCA-TWIN Experiment
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(1)     High Cadence Time Domain Observations


Burton et al. 2016


Fast Radio Bursts (radio flux)


log (characteristic Timescale [sec])
106 counts/sec


log (characteristic Timescale [day])


High EnergyTransients
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(1)     High Cadence Time Domain Observations


Credit: Francisco Förster


High EnergyTransients
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(1)     High Cadence Time Domain Observations Flare Stars


Kepler TESS


aperture ∅ 0.95 m four apertures ∅ 10 cm 
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(1)     High Cadence Time Domain Observations Flare Stars
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(1)     High Cadence Time Domain Observations Flare Stars


GJ 1243 


Kepler lightcurve 


1 min resolution
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(1)     High Cadence Time Domain Observations Flare Stars


TIC 197829751 


TESS lightcurve 


20 sec / 2 min / 10 min resolution
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(1)     High Cadence Time Domain Observations Flare Stars
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Rotation Period 4.9 d


TESS 2 min cadence


(1)     High Cadence Time Domain Observations Flare Stars
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Rotation Period 4.9 d


TESS 2 min cadence


(1)     High Cadence Time Domain Observations Flare Stars


AU MIC B
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(1)     High Cadence Time Domain Observations Solar System/Earth







13 Martin M. Roth   –   Deutsches Zentrum für AstrophysikSpace & Scientific CMOS Imagers –  27 November 2024


(1)     High Cadence Time Domain Observations Solar System/Earth


LEOstreak


𝜀 Aql @ NOT


© Bob Tubbs
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ESO VLT 8.2m FORS


Paranal


[OIII] narrow-band


29 Sep 2004


Asteroid (4179) 


Toutatis
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(1)     High Cadence Time Domain Observations Primordial Black Holes


arXiv:2312.14520v1
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(1)     High Cadence Time Domain Observations Primordial Black Holes


arXiv:2312.14520v1


arXiv:2312.17217v2
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(1)     High Cadence Time Domain Observations Primordial Black Holes


arXiv:2312.14520v1


arXiv:2312.17217v2


arXiv:2409.04518v2
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(1)     High Cadence Time Domain Observations Primordial Black Holes


3.3 x 1026 g


4.9 x 1027 g


6.0 x 1027 g


6.4 x 1026 g


1.0 x 1021 g


Tran et al. 2024


Asteroid  1.0 x 1021 g
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(2)     qCMOS
Parameter Value


Number of pixels 4096 x 2304


Pixel size 4.6 𝜇m x 4.6 𝜇m 


Effective area 18.841 mm x 10.598 mm


QE @ 350 nm 67 %


QE @ 450 nm 85 %


QE @ 650 nm 64 %


QE @ 900 nm 30 %


Full well 7 000 electrons


Readout noise (standard) 0.43 electrons


Readout noise (ultra quiet) 0.30 electrons


Dynamic range 23 000


DC @ -20 C 0.016 electrons/pixel/s


DC @ -35 C 0.006 electrons/pixel/s


DC non-uniformity 0.06 electrons


Frame rate (standard) 120 fps (2.265 TB/s)


Frame rate (ultra quiet) 25.4 fps (0.480 TB/s)


Hamamatsu


qCMOS


C15550-22UP


Orca-Quest2


Camera
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(2)     qCMOS


Time Series Observations:


5 sec


3.4 1.6


5 sec 5 sec 5 sec 5 sec 5 sec 5 sec


. . . . .


5 sec


4.962


5 sec 5 sec 5 sec 5 sec 5 sec 5 sec


. . . . .


CCD


qCMOS







ANDOR iKon-L CCD


Hamamatsu ORCA-Quest 2 CMOS


(3)     Simulations
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(3)     Simulations


• coded in IDL


• simulated image with plate scale of 1m telescope, f/8


• pixel size selectable


• physical star and sky fluxes in broadband filters


• Gaussian PSF with seeing FWHM selectable


• Moon phases selectable


• exposure time selectable


• Poissonian + Gaussian noise model


• aperture photometry with DAOPHOT (Stetson 1987) 







CMOS CCD


S/N = 32 S/N = 17







CMOS CCD


S/N = 74 S/N =  58







CMOS CCD


S/N = 62 S/N = 45 







CMOS CCD


S/N = 60 S/N = 44







CMOS CCD


S/N = 44 S/N = 27







CMOS CCD


S/N = 36 S/N = 21







CMOS CCD


S/N = 11 S/N = 3







CMOS CCD


marginal < limit
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(2)     Simulations
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(2)     Simulations
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(2)     Simulations
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(2)     Simulations
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(4)     The ORCA-TWIN Experiment
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ESO VLT 8.2m FORS


Paranal


[OIII] narrow-band


29 Sep 2004


Asteroid (4179) 


Toutatis
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ESO/MPIA 2.2m WFI


La Silla


R band


29 Sep 2004


40 arcsec


Asteroid (4179) 


Toutatis
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513 km
d = 1 607 900 km


Asteroid (4179) 


Toutatis


September 29, 2004


Credit: ESO


https://www.eso.org/public/images/eso0430e/



https://www.eso.org/public/images/eso0430e/

https://www.eso.org/public/images/eso0430e/
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(4)     The ORCA-TWIN Experiment


1800 km
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Research Note


published at AAS
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Conclusion:


qCMOS very suitable for high cadence time domain astronomy


• High energy transients


• M star exoplanets


• Cataclysmic variables


• Asteroseismology


• Asteroids, NEO


• Search for hypothetical primordial BHs in the Solar system


• Satellite tracking


• Space debris


•  …
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