Edinburgh Research Explorer
A 16.5 Giga Events/s 1024 × 8 SPAD Line Sensor with per-pixel
Zoomable 50ps-6.4ns/bin Histogramming TDC
Citation for published version:
Erdogan, A, Walker, R, Finlayson, N, Krstajic, N, Williams, GOS & Henderson, R 2017, A 16.5 Giga
Events/s 1024 × 8 SPAD Line Sensor with per-pixel Zoomable 50ps-6.4ns/bin Histogramming TDC. in VLSI
Symposium.

Link:
Link to publication record in Edinburgh Research Explorer

Published In:
VLSI Symposium

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 24. Jan. 2021

A 16.5 Giga Events/s 1024 × 8 SPAD Line Sensor with per-pixel Zoomable
50ps-6.4ns/bin Histogramming TDC

Ahmet T. Erdogan1, Richard Walker1, Neil Finlayson1, Nikola Krstajić1,2, Gareth O.S. Williams2,
Robert K. Henderson1
1 – CMOS Sensors and Systems Group, University of Edinburgh, UK
2 – EPSRC IRC Hub in Optical Molecular Sensing & Imaging, Centre for Inflammation Research, Queen’s Medical
Research Institute, University of Edinburgh, UK
Abstract
A 1024 × 8 single photon avalanche diode (SPAD) based
line sensor for time resolved spectroscopy is implemented in
0.13 µm imaging CMOS with 23.78 µm pixel pitch at
49.31% fill factor. The line sensor can operate in single
photon counting (SPC) mode (65 giga-events/s),
time-correlated single photon counting (TCSPC) mode (194
million events/s) or histogramming mode (16.5
giga-events/s), increasing the count rate up to 85 times
compared to TCSPC operation. This performance is enabled
by a 512 channel histogramming TDC with 50ps-6.4ns/bin
zoomable time resolution. Keywords: CMOS, SPAD,
TCSPC, Histogramming, Time-resolved spectroscopy.
Introduction
CMOS SPAD technology enables massively parallelized
counting and timing of single photons in imaging, line and
single point sensor formats [1]. The per-pixel
time-resolution or gating offered by SPAD line sensors
opens up new applications in hyperspectral scanning
systems in microscopy, endoscopy and aerial monitoring as
well as new modalities in ring-down, fluorescence lifetime
and
Raman
spectroscopies
[2][3][4][5].
Several
architectures have been explored from 4 gated counters [2],
per-pixel time to digital converters (TDCs) [3], time-gated
memories [4], in-pixel center-of-mass computation [5], and
off-chip FPGA TDCs [6]. A bottleneck is implied by readout
of per pixel time-events from TDCs to implement off-chip
TCSPC locking the pixel dynamic range to the available I/O
rate. We employ on-chip histogramming [7] for the first time
at a per-pixel level achieving up to two orders of increase in
the SPAD photon processing rates [1] enabling fast scanning
or low I/O power time-resolved spectroscopic imaging.
Line Sensor Design
A photomicrograph of the line sensor is shown in Fig. 1.
The die, measuring 12.648 × 1.990 mm, is fabricated in a
130nm CMOS imaging technology with 23.78 µm pixel
pitch at 49.31% fill factor. A simplified block diagram of the
sensor is shown in Fig. 2. The sensor has 2 SPAD line arrays,
one optimized for 450nm to 550nm (blue SPADs), the other
optimized for 600nm to 900nm (red SPADs). Each pixel has
16 blue and 16 red SPADs which can be accessed as 2
interleaved lines of 512 pixels × 11.89 µm wide to double the
spectral resolution. The sensor has 512 × 16-bit, 50ps TDC
blocks (Fig. 3). The TDCs [9] can operate in standard
TCSPC mode using global pixel write and pixel reset control
signals for transferring generated time-event values off-chip.
The TDCs can also operate in histogramming mode (Fig. 4),
passing time-event values to the respective histogramming
block (Fig. 5), in which case write and reset control signals
(TDC_WRITE and TDC_RESETn in Fig. 3) are generated
on-chip and by each TDC independently. In histogramming
mode, the first 12-bits of the 16-bit TDC are used, providing
up to a 204.8 ns wide histogramming window. The
histogram block has 32 bins and each bin is implemented as
a 10-bit ripple counter. For increased dynamic range two
consecutive bins can be chained, halving the histogram bins
to 16 while doubling the bin width to 20-bit. Bin widths can

also be configured from 1 to 128 time-events per bin under
the control of the Histogram decoder (Fig. 5). Together with
a 50 ps resolution on-chip delay generator, this feature
allows positioning and zooming of the histogram window to
the spectral peak. In SPC mode, the first 4 histogram bins are
used in chain mode creating two independent time gated
20-bit counters (SPCA and SPCB) allowing rapid
fluorescence lifetime estimation. Simultaneous readout and
detection is supported to achieve 100% temporal aperture
ratio. Optical throughputs of 65 giga-events/s in SPC mode,
194 million events/s in TCSPC mode and 16.5 giga-events/s
in histogramming mode are achieved. Histogramming mode
increases the count rate up to 85 times compared to TCSPC
operation. Throughputs of 8.5 giga-events/s in a 256 × 1 line
sensor [6] and 1.7 giga-events/s in a single point sensor [7]
have previously been reported. SPADs can be individually
enabled in each pixel to optimize sensor dark count rate
(DCR). Time gating (TG) can be applied to all modes with
variable gates set up by the on-chip delay generator. TG SPC
mode can process multiple events during a single laser pulse
with the pulse shortening OR-tree architecture [8].
Furthermore, the TG can be set to time-gate OFF or ON an
event during the laser pulse period. The mean FWHM of the
instrument response function (IRF) of the blue SPADs is
114ps with a 2V excess bias voltage (Fig. 6).
Experimental Results
The line sensor was tested under controlled LED
illumination triggered at 100 MHz to measure the maximum
count rate in all modes. As shown in Fig. 7, per-pixel
histogramming achieves ~1/4 SPC count rate demonstrating
our ability to maximize TCSPC event timing. In order to
demonstrate the time-resolving spectral capabilities of the
sensor we investigated Fluorescein-Rhodamine FRET. We
placed the line sensor in a spectrograph and captured
fluorescence from the sample illuminated by a 483 nm
pulsed laser diode (20 MHz repetition rate). In Fig. 8 we
present a time-resolved spectrum of the mixture obtained in
TCSPC mode (Fig. 8(a)) and the on-chip histogramming
mode (Fig. 8(b)). Two clear peaks are obtained at
wavelengths of 527 nm and 584 nm, with two distinct
lifetimes. The fluorescence lifetimes are as expected for the
dyes involved (Fig. 9). Fig. 10 shows that the on-chip
histogramming data acquisition rate per wavelength is up to
15 times greater than raw TCSPC mode. This increases to 68
times with a Fluorescein sample alone. Zooming from 3.2
ns/bin to 0.8 ns/bin is demonstrated in Fig. 11. The sensor
empowers existing time-resolved spectroscopy and imaging
applications and enables new ones.
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Fig. 1 Photomicrograph of the line sensor with inset showing blue
and red SPADs of 5 pixels

Fig. 6 IRFs of blue SPADs (Mean FWHM = 114ps)

Fig. 2 Line sensor block diagram
Fig. 7 Maximal count rate comparisons

Fig 3 Edge triggered self-resetting TDC block
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Fig. 8 Time resolved 3-D spectras based on (a) TCSPC and (b)
Histogram modes
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Fig. 9 Estimated lifetimes based on (a) TCSPC and (b) Histogram
modes
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Fig. 4 TDC timing diagram in Histogram mode

Fig. 10 Count rate comparison between TCSPC and Histogram
modes
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Fig 5 32-Bin Histogram block

(a) 3.2ns/bin
(b) 0.8ns/bin
Fig. 11 Zooming feature of Histogram mode

