High Speed CMOS Imaging: Four Years Later
(INVITED)

Edoardo Charbon'?
'EPFL, Switzerland
2TU Delft, The Netherlands

*Email: edoardo.charbon@epftl.ch

Abstract— Four years ago [I] we assessed the status of
CMOS imaging for high-speed applications. We also gave an
outlook of the near future in high-speed imaging. In this paper
we revisit the topic of high speed imaging in a slightly different
angle and make the point of recent developments in the field,
with emphasis to bioimaging applications.

Introduction

In recent years, the pressure on imagers to become
faster and better performing has further accelerated.
Well-known techniques, such as TCSPC, requiring
sub-nanosecond photon detection resolutions have
registered an important growth. Other applications, such
as time-of-flight (TOF) based 3D vision, have become

more mature and very promising.
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Fig. 1. Time scales for various bio-processes (Source: [2]).

In the field of bioimaging in particular, speed and
sensitivity have become the main differentiator in
analyses that were simply not possible until a few years

ago. Fig. 1 shows the time scales for some of the most
important biological processes today [2]. Not all the
processes in Fig. | can be captured with an optical
system, at least directly, however, many of them are
characterized today with optical means.

Even when the process is inherently slow, optical
techniques, lifetime imaging
microscopy (FLIM). Forster resonance energy transfer

such as fluorescence

(FRET), and fluorescence correlation spectroscopy (FCS),
make use of photon counting imagers, possibly with
femto and picosecond accuracies [3],[4],[5].[6].[7].
Among the applications for high-speed imaging
reviewed in [1], we listed high-speed video, free-space
communications, geo surveying, face recognition, in vivo
brain analysis, transillumination, in addition to FLIM,
FRET, and FCS. Today, fluorescence based imaging is
arguably the dominant force behind the development of
fast imagers, while other applications, such as brain
analysis, face recognition, and telecommunications have
faded. Emerging applications,
gaining traction, are 3D imaging based on TOF. particle
image velocimetry (PIV),
imaging, internal combustion engine optimization, and

somewhat currently

molecular and medical
high-speed video for consumer uses.

3D imagers have reached considerable maturity with
the establishment of entire lines of commercial products
and their announced use in automotive safety, security,
and monitoring applications [8].

PIV systems [9]. thanks to novel computer vision
algorithms, are now increasingly used in geo surveying
and weather pattern analysis, as well as in natural
phenomena monitoring and hazard warning systems.

The field of optical
resolution and optical molecular imaging are two of the

imaging with nanometer

fastest growing fields of research today, often interacting
with medical imaging disciplines. Medical imaging is
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currently expanding beyond digital X-ray imaging [10],
into new fields whereby optical, ultrasound, and
magnetic resonance imaging intersect.

Energy efficiency is field where
unconventionally fast and robust imagers might become
an important ingredient. In [11] for example the authors
advocate the use of a high-speed camera to monitor
internal combustion. Computer vision techniques could
in principle enable the creation of a feedback loop for the
optimization of the combustion parameters.

High-speed video for consumer applications is
especially used in optical computer mouse devices and
gaming interfaces. In this context, it is likely that future
demands of the videogame industry will have an impact
on the requirements of imager speed.

New human-computer interfaces (HCIs) based on
conventional 2D cameras, and that could easily be
extended to 3D cameras, have recently moved from the
research arena to mainstream. However, the preferred

another

user interfaces are still keyboards, albeit based on a
touch-screen. Hence it is not clear whether 3D cameras
will be used to solve HCI specific problems.

In the remainder of the paper we look at a type of
detectors, known as single-photon avalanche diodes
(SPADs), where significant advances have recently been
made to enable high speed operation and high resolution
timing resolution at the pixel basis. In this context we
focus on labs-on-chip (LoCs) and micro total analysis
systems (UTAS).

SPAD Imagers

LoC and uTAS applications require not only a high
level of miniaturization but also high reliability, high
sensitivity, and low power. We have advocated the
importance of high speed as well and this is why system
integration is often used to achieve these goals.

In [1] SPAD technology was presented as a potential
replacement for micro- or multi-channel plates (MCPs)
[12] for time-correlated sensing platforms, especially in
LoCs and uTASs, whereby miniaturization and low
power consumption are the most important goals. While
the use of SPADs as time-correlated detectors with
picosecond uncertainty was recognized decades ago [13],
it was the introduction of SPADs fabricated in CMOS,
that made it feasible to build large imaging devices

[14],[15].

Since 2004 several developments made SPADs even
more attractive to achieve high levels of miniaturization
while exhibiting low photon timing uncertainty and
excellent noise performance. Several research groups are
now active in the field of CMOS SPAD design. The
intense research effort has resulted in pitch reduction,
density increase, and detection cycle reduction. We were
the first to propose large arrays of SPADs [16],[17]. We
also proposed the first SPADs implemented in deep
submicron CMOS processes [18],[19].

Effort has also been devoted to the design of imagers,
with emphasis to readout architectures aimed at the
minimization of dead time and the maximization of
dynamic range [20],[21],[22]. The first fully integrated
SPAD sensor with time discrimination circuitry was
recently introduced [23]. This design is currently the
largest SPAD array in any technology and the one with
the highest SPAD density ever achieved.

SPAD arrays have been used by other authors for a
variety of applications, including 3D imaging,
bioimaging, micro-assays, etc., in several CMOS
processes [24],[25],[26],[27],[28]. Other authors have
proposed the use of dedicated technologies to optimize
SPAD noise performance. The literature on the subject is
extensive, see [29] for a review. Hybrid solutions have
also been proposed to take advantage of the best
technology for the detector and ancillary electronic
circuits, such as the time discriminator. An example of
this approach can be found in [30].

Tab. 2 shows a summary of the performance
measurements relevant for SPADs and SPAD imagers.
The data reported here are obtained from published and
accepted material.

Measurement Min Typ Max Unit
Fill factor 1 10 %
Timing uncertainty 50 145 ps
DCR 5 780 Hz
Pixel pitch 20 58 um
Vop 10 23 \Y
Dead time 40 ns
PDP @ 550nm 41 %
EM spectrum 380 900 nm
Saturation count 25 MHz

Tab. 2. Typical performance of currently available SPADs.
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Imager Miniaturization for LoC and pTAS

The first SPAD implementations in 0.35um CMOS
technology have demonstrated fully scalable pixels at a
pitch of 25um. Pixel miniaturization has other benefits
too. For example, due to a reduced number of charges
involved in the avalanche effect, electrical and optical
crosstalk may be reduced. Afterpulsing probability may
also be reduced for the same reasons, thus possibly
enabling designers to trade it off for dead time.

Fig. 3. SPAD implementation in CMOS: SEM micrograph.

Fig. 3 shows a possible implementation of a SPAD
that ensures compatibility with conventional CMOS
processes thanks to a properly biased quenching
transistor and an inverter used for pulse shaping [17].

SPAD arrays can also be used for multi-photon
detection when connected as an N-to-1 OR gate or a
current summing device. This configuration can be
achieved effectively, for example, with the schematic
shown in Fig. 4.

Fig. 4. Integrated avalanche photodiode array in common
anode configuration, known as silicon photomultiplier
(Courtesy of SensL).

When the SPAD array operates as an imager, the main
challenge is readout. Since SPADs may generate a digital
pulse for each absorbed photon, to avoid missing photon
counts, a counter can be used in each pixel [31].
However, large counters are not desirable due to the fill
factor loss and/or extra time required to perform a
complete readout of the contents of the chip. A partial

solution to this problem is the reduction of the counter
resolution (ultimately 1 bit), requiring more frequent
readouts and/or lower saturation.

Another
independently but sequentially using a digital random
access scheme [17]. In low-light-level (LLL) applications,
such as in bioluminescence setups, one can use an
event-driven readout, where the detector initiates and
drives a column-wise detection process directly [18],[20].

An alternative approach for non-LLL situations is the
use of a latchless pipeline scheme [21]. In this approach,
the absorption of a photon causes the SPAD to inject a
digital signal onto a delay line that is then read
externally.

Combining optical detection and other functionalities
on the same substrate for LoC and pTAS applications is
also being researched quite extensively. Among the most
promising developments, Lehmann et al. have proposed
the use of SPADs integrated on the same substrate with
magnetic actuation devices [32]. In this
single-photon detectors were selected due to their high
dynamic range, necessary to detect small particles in a
condition of high In addition, the
insensitivity of in situ SPADs to magnetic fields and
humidity made them ideal for use in wet environments
with magnetically actuated bio-material. More recently,
Brae et al. have proposed a uTAS whereas a micro LED
array operating in near UV is bump-bonded to a CMOS
SPAD array [33]. In this work, a time-correlated
single-photon counting (TCSPC) based setup is used
without dichroic filters to measure the lifetime of
quantum dots for uses in bioimaging applications.

solution is to access every pixel

work,

illumination.

Acknowledgements

The author is grateful to his graduate students and
post-doctoral fellows, and to Pierre-André Besse, Dmitri
Boiko, Claudio Bruschini, Jean-Daniel Ganiére, Martin
Gijs, Martin Lanz, Cristiano Niclass, Giovanni Nicoletti,
Radivoje Popovic, and Alexis Rochas.

References

[1] E. Charbon, “Will CMOS Imagers Ever Need Ultra-High
Speed?”, IEEE International Conference on Solid-State
and IC Technology, Vol. 3, pp. 1975-1980, Oct. 2004.

[2] D. T. Clark, “A Fourth Generation Light Source that for
the Biomedical Scientist is More than Laser and More than

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on January 14, 2009 at 08:35 from IEEE Xplore. Restrictions apply.



a Storage Ring”, Proc. SPIE, 2003.

[3]1 J. R. Lakowicz, “Principles of Fluorescence Spectroscopy”,
2™ edition, Kluwer Academic/Plenum Publishers, 1999.

[4] W. Denk, J.H. Stricker, and W.W.Webb, “2-Photon Laser
Scanning Fluorescence Microscopy”, Science, Vol. 248,
pp- 73-76, 1990

[5] E.A. Jares-Erijman, and T. M. Jovin, "FRET Imaging,"
Nat. Biotechnol., Vol. 21, pp. 1387-1395, 2003.

[6] W. Becker, “Advanced time-correlated single photon
counting techniques”, Springer Series in Chemical Physics,
2005.

[71 A. V. Agronskaia, L. Tertoolen, H. C. Gerritsen, “Fast
Fluorescence Lifetime Imaging of Calcium in Living
Cells”, Journal of Biomedical Optics, Vol. 9, N. 6, pp.
1230-1237, Nov./Dec. 2004.

[8] Canesta Inc. products, WWWw.canesta.com.

[9] S. Eisenberg et al., “Visualization and PIV Measurements
of High-Speed Flows and Other Phenomena with Novel
Ultra-High-Speed CCD Camera”, Proc. of SPIE, Vol.
4948, pp. 671-676, 2002.

[10] S. V. Tipinis ef al., “High-Speed X-ray Imaging Camera
for Time-Resolved Diffraction Studies”, IEEE Trans. on
Nuclear Science, Vol. 49, N. 5, Oct. 2002.

[11] W. Reckers et al., “Investigation of Flame Propagation and
Cyclic Combustion Variations in a DISI Engine using
Synchronous High-Speed Visualization and Cylinder
Pressure  Analysis”, International ~ Symposium  fiir
Verbrennungdiagnostik, pp. 27-32, 2002.

[12] J. McPhate, J. Vallerga, A. Tremsin, O. Siegmund, B.
Mikulec, A. Clark, “Noiseless Kilohertz-frame-rate
Imaging Detector based on Microchannel Plates Readout
with Medipix2 CMOS Pixel Chip”, Proc. SPIE, Vol. 5881,
pp- 88-97, 2004.

[13] S. Cova, A. Longoni, and A. Andreoni, “Towards
Picosecond Resolution with Single-Photon Avalanche
Diodes”, Rev. Sci. Instr., Vol. 52, N. 3, pp. 408-412, 1981.

[14] A. Rochas et al., “Single Photon Detector Fabricated in a
Complementary Metal-oxide-Semiconductor High-voltage
Technology”, Rev. Sci. Instr., Vol. 74, N. 7, pp. 3263-3270,
July 2003.

[15] A. Rochas, “Single Photon Avalanche Diodes in CMOS
Technology”, Ph.D. Thesis, Lausanne, 2003.

[16] C. Niclass and E. Charbon, “A Single Photon Detector
Array with 64x64 Resolution and Millimetric Depth
Accuracy for 3D Imaging”, IEEE International Solid-State
Circuits Conference (ISSCC), pp. 364-365, Feb. 2005.

[17] C. Niclass A. Rochas, P.A. Besse, and E. Charbon,
“Design and Characterization of a CMOS 3-D Image
Sensor Based on Single Photon Avalanche Diodes”, IEEE
J. of Solid-State Circuits, Vol. 40, N. 9, Sep. 2005.

[18] C. Niclass, M. Sergio, and E. Charbon, “A Single Photon
Avalanche Diode Array Fabricated in Deep-Submicron
CMOS Technology”, Design Automation & Test in
Europe (DATE), Mar. 2006.

[19] C. Niclass, M. Gersbach, R. Henderson, L. Grant, and E.

Charbon, “A  Single Photon Avalanche Diode
Implemented in 130-nm CMOS Technology”, IEEE
Journal of Selected Topics in Quantum Electronics, Vol.
13, N. 4, pp. 863-869, Jul./Aug. 2007.

[20] C. Niclass, M. Sergio, E. Charbon, “A 64x48 Single
Photon Avalanche Diode Array with Event-Driven
Readout”, IEEE ESSCIRC, Sep. 2006.

[21] M. Sergio, C. Niclass, E. Charbon, “A 128x2 CMOS
Single Photon Streak Camera with Time-Preserving
Latchless Pipeline Readout”, Intl. Solid-State Circuits
Conference (ISSCC), pp. 120-121, Feb. 2007.

[22] C. Niclass, M. Sergio, E. Charbon, “A Single Photon
Avalanche Diode Array Fabricated in 0.35 um CMOS and
based on an Event-driven Readout for TCSPC
Experiments”, SPIE Optics East, 2006.

[23] C. Niclass, C. Favi, T. Kluter, M. Gersbach, E. Charbon,
“A  128x128 Single-Photon Imager with on-Chip
Column-Level 10b Time-to-Digital Converter Array
Capable of 97ps Resolution”, International Solid-State
Circuits Conference (ISSCC), Feb. 2008.

[24] D. Mosconi et al., “A CMOS Sensor based on Single
Photon Avalanche Diode for Fluorescence Lifetime
Measurements”,  Instrumentation and  Measurement
Technology Conference (IMTS), Apr. 2006.

[25] D. Mosconi, D. Stoppa, L. Pacheri, L. Gonzo, A. Simoni,
“CMOS Single-Photon Avalanche Diode Array for
Time-Resolved Fluorescence Detection”, IEEE ESSCIRC,
Sept. 2006.

[26] D. Stoppa ef al, “A CMS 3-D Imager Based on Single
Photon Avalanche Diodes”, IEEE Trans. Circuits and
Systems I, Vol. 54, N. 1, pp. 4-12, Jan. 2007.

[271 F. Zappa et al, “Integrated Array of Avalanche
Photodiodes  for  Single-Photon  Counting”, IEEE
ESSDERC, pp. 600-603, 1997.

[28] J. Richardson, R. Henderson, and D. Renshaw, “Dynamic
Quenching for Single Photon Avalanche Diode Arrays”,
Intl. Image Sensor Workshop, June 2007.

[29] S. Cova, M. Ghioni, A. Lacaita, C. Samori, F. Zappa,
“Avalanche Photodiodes Quenching Circuits  for
Single-Photon Detection”, Applied Optics, Vol. 35, N. 12,
pp. 1956-1976, 1996.

[30] B. Aull et al., “Geiger-Mode Avalanche Photodiodes for
Three-Dimensional Imaging”, Lincoln Laboratory Journal,
Vol. 13, N. 2, pp. 335-50, 2002.

[31]1 E. Charbon, “Techniques for CMOS Single Photon
Imaging and Processing”, IEEE ASICON, Oct. 2005.

[32] U. Lehmann ef al., “Particle Shadow Tracking —
Combining Magnetic Manipulation with In-Situ Optical
Detection in a CMOS Microsystem”, u7A4S, 2007.

[33] B. Rae et al, “A Microsystem for Time-resolved
Fluorescence Analysis using CMOS Single-Photon
Avalanche Diodes and Micro-LEDs”, International
Solid-State Circuits Conference (ISSCC), Feb. 2008.

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on January 14, 2009 at 08:35 from IEEE Xplore. Restrictions apply.



