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Abstract-This paper presents a 92k SPAD, 16x8 pixel In this paper, we present a 92k SPAD, 16x8 pixel
sensor for PET imaging, implemented in 0.13um low sensor implemented in 0.13um low voltage CIS
voltage CIS technology. Within each pixel, 720 SPA®are  technology [5], with each pixel featuring four 180
organized into high fill factor mini-SiPMs placed aound SPAD mini-SiPMs in-pixel counters, and Time to
a central logic block. The sensor demonstrates a we Digital Converters (TDCs) [6]. This new fully-digit

architecture  for this application, providing a . .
100Msamples/s real time energy histogramming SoC architecture for PET provides a 100Msamples/s

capability, as well as an on-chip discriminator for the real time energy histogramming capability and an on

recognition of gamma events and integration controfor chip discriminator for gamma event recognition.
the automatic acquisition of event data. Preliminay
gamma measurements demonstrate an energy resolution Il. HIGH FILL FACTOR SIPM APPROACHES

0, (o] 1 1 0, - (o]
of 13.1% at 20°C, improving to 11.3% at -20°C. Many SPAD-based sensors are composed of pixels

containing a single SPAD surrounded by circuitry [7
(Fig. 1a). While such pixels can be well suited to
he PhotoMultiplier Tube (PMT) is the long particular applications, they provide a fill factar too

standing detector of choice in many nuclear |ow for photon starved applications such as PET, in

imaging applications such as Positron Emissionpart due to the mandatory spacing introduced betwee
Tomography (PET). Such systems use a ring ofeach SPAD and the adjacent logic. As Fig. 2
detector modules, each containing a scintillatysted ~ demonstrates, the minimum achievable SPAD pitch is
and optical sensor, to detect pairs of Gamma plotongoverned by one SPAD active region diameteplus
resulting from radiotracer decays inside a patient.two cathode contact/guard ring thicknesgeplus the
These detector modules must provide precise timingwidth of the electronics.
energy, and positional information for each gamma Since PET does not require a fine spatial resaiytio
photon detected to allow the point of emission & b considerably larger pixels (with x and y dimensiofis
precisely located. several hundred microns) are sufficient. A large

In recent years, interest has grown in the reaimat number of SPADs can therefore be placed together to
of a low cost, compact, and magnetic field compatib form a mini-SiPM, with one or more such blocks
replacement for the PMT. Solid-state solutions hordering a shared pixel logic area (Fig. 1b).
employing Single Photon Avalanche Diodes (SPADs) Furthermore, the technique of well sharing [8] ¢&n
[1, 2] have been explored as a mass-manufacturablemployed, whereby the SPADs are placed with
means of meeting these objectives. These detectorgverlapping cathode contacts. This decreases tA®SP
provide a discrete digital output pulse for every pitch within the mini-SiPM regions to just + g, as
individual photon detected. An array of SPADs may b jllustrated in Fig. 3. Using this technique, 726:180)
current-summed to produce an ‘analogue’ Silicon SPADs of 16.27um active diameter are implemented in
PhotoMultiplier ~ (SiPM), ~ providing a large a compact 0.57x0.61nfnpixel area, along with the
photosensitive area at the expense of the ability t associated electronics, detailed in section IlI.
exploit the single photon detecting capability bet However, the use of well sharing requires the
individual array elements [3]. Alternatively, fully adoption of the positive drive bias configuration,
digital SiPMs may be constructed by including whereby the full bias potential is applied diredthythe
processing logic on-chip. However, such sensorsdgeep NWELL SPAD cathode. Care must therefore be
typically comprise a small number of large SPADSs taken in low-voltage CMOS technologies to ensua th
with only per-sensor or per-column photon time- the high voltage placed on the NWELL does not cause

I. INTRODUCTION

stamping capability [2, 4]. parasitic junctions to break down, such as theiosrt
deep NWELL-substrate and lateral NWELL-PWELL
This work, conceived within the SPADnet project Junctions. . .
(www.spadnet.eu), has been supported by the Europeammunity A number Of approaches to thIS.ISSUB exist [9]_-9 Th
within the Seventh Framework Programme ICT Photonics lateral parasitic diode at the periphery of the imin

Disclaimer: This publication reflects only the aath’ views. The SiPM area is addressed here by the use of an uddope
European Community is not liable for any use thayha made of

the information contained herein.



Fig. L a) Typica deep submicron CMOS SPAD sensor
applications such as 3D imaging or FLIM; b) senspartitioned a
a SiPM for improved fill facto
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Fig. 2 a) Plan and b) cro-section views showing individual SPAI
surrounded by logic in 130nm CMOS imagtechnology.
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Fig. 4 Comparison of cathode well sharing strategies manomete
scale CMOS imaging proce

virtual guard ringaround the SPAD regioto preven
lateralbreakdown Fig. 4a).

Alternative solutions include the use of a lo-
doped SPAD junction, which allows a lower b
voltage, or reconfiguration of e SPAD bias topolog
using a capacitive couplinFig. 4c).

lll. SENSORIMPLEMENTATION

Fig. 5 illustrates the top level architecture of -
sensor. ‘0 provide the requiretemporal, spati, and
energy information relating to each detecgamma
photon, while suppressing the generation of ¢
information for SPAD dark cour, the sensor hetwo
main opeating modes. Whi waiting for a gamma
even in the idle mode all photons detected by ez
pixel during a 10ns period (defined by ar-tree
distributed clock) are counte Thesepixel countsare
hierarchically summed to produce a single-bit total
representing the instantaneous photon flux strikire
sensor

This real time histogram data is made available
chip via a 1-bit parallel outut bus, while aron-chip
discriminator modulecontinually comparesairs of
consecutive histogram codes tqrogrammabile
threshold value. When these thresholds are excee
the system regards the light currently striking
sensor as a valigammascintilation event, and ente
integration mod. The spatial distribution and tot
energy of the everare then captureby the pixelsover
a defined integration peri. Even during integratior
histogram data is made available off chip, t
providing a means for false event filtering ¢
detection of multiple concurrent gamma ev
(scintillator pile-up).

The sensor also includes a number of ancil
blocks. A serial interface allows the configuratioh
sensor parameters such as integration time
discrimination thresholds. A programming system
the ir-pixel SRAM cells allows the SPADso be
individually enabled or disabled, facilitating teshd
optimisation of SNR by disabling hi-DCR SPADs
Finally, pixel data is read out by a row decc
following the completion of an event integrati
period. The pixel rows are sequentially requd to
present their output data on shared column busbke
captured by a serialiser block. The-bit output bus i
reconfigured to assign one pad per column, whic
used to transmit the serialised pixel datechip.

Each pixel contains 4 independ¢180 SPAD mir-
SiPM arrays, each with associated electronics a
shared pixel logic block, as illustratedFig. 6. When
instructed by the accumulat signal distributed
synchronously with the clockthe pixelsaccumulate
the SPAD pulses counted in each clock c.

Each Min-SiPM Interface and Counter (MIC) blo
(Fig. 7) contains perSPAD enable/disat SRAM
cell, SPAD quenching circuitry, and ¢OR tree to
combine the individual SPAD outputs into a sin
pulse trai. Monostable deviceare includedafter the
first OR stage providina pulse shortening function
prevent overlapping pulses from obscuring eachr,
termed temporal compress, as presented in [4This
is critical for PET applications where the lengfleach
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Fig. 7 Mini-SiPM Interface and Counter (MIC) bloc

SPAD pulse (deatime) is typically comparable !
the duration of the scintillation event. The pasitng
of the monostables after the firs-input NOR stag:
introduces spatial compression, as only one of3
SPADs may contribute a pulse during a given e\
which clearly represents a tra-off between pixel fill
factor (limited by the total area occupied
monostables) and ability to avoid pile

A counter, also within the MIC block, sums f
SPAD pulses generated during each clock cycle.
is implemented usina pair of ripple countet
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Fig. 9: System timing diagram. Integration begins witle @NT 2
bin, corresponding to the onset of the scintillaorissior

operating in a pir-pong fashion, so that one
integrating while the other is being read out agwkt.

The pixel-level DAta MAnaging Circuit (DAMAC)
then sums thefour mini-SiPM counter outpu, as
illustrated ir Fig. 8. The summed values are pasto
botr the adder tree, which feeds the «level event
discriminator and re-time histogram outputand an
accumulator within the pixel. This integratesthe
counter datawhen instructed bthe accumulat signal
from the discriminatorto calculate the total eve
energy detected by the pi. Furthermore, a sma3-
elementFIFO implemented within the front end of t
pixel accumulator accounts for ttsysten’s pipeline
latency through the adder tree and discrimir.
Consequent|, integration begins with the bin valu
which caused thechipdevel discriminator to trigge,
and endswhen thefreezesignal is asserte after a
programmable integration tir. When read out, thes
individual pixel accumulator values provide
intensity ‘image’ showing the spatial distribution
scintillation light across the sensor, allowing thaint
of scintillation to be determineby off-chip processinc
Similarly, the values may be summed to calculage
total energy of the incideigamm: photon.

The DAMAC block also houses thin-pixel TDCs,
which arearranged ina pin¢-pong pair This allow:
one timestamp to be generated for every clock ¢
with no intervening dead period. TheTDC values art
placed in their own FIFO which is frozen at the a1



of integration, preserving the timestamps of thecied
first few photons in the scintillation pulse, reatybe
read out along with the spatial data. Fig. 9 illatgs
the system timing, detailing the propagation ofrteu

data through the system, resulting in a histogram

mirroring the intensity of the incident scintillati light.

The discriminator's trigger output can be seen to
transition in response to the SUM 2 and SUM 3 bins,
with this decision being fed back to the pixel grra
resulting in the integration of bins SUM 2 onwarasd
the preservation of the associated TOA 2 TDC code f
later readout.

IV. CHARACTERISATION

The sensor, shown in Fig. 10, has been testedawith
3x3x5mm Teflon wrapped LYSO scintillator crystal

irradiated by a 370kBq, 511keV Na22 gamma source.
The system achieved an energy resolution of 13.1%

FWHM at 20°C, and an improved 11.3% FWHM when
cooled to -20°C.

A 70ps pulsed laser was used to measure the

sensor's timing resolution, operated at low emitted
power with a diffuser to reduce pile-up. Fig. 1wk

the histogram of TDC codes generated by a single

pixel, exhibiting 263ps FWHM, compared to a
reference system. When all valid TDC codes in m&a

are averaged, the resulting FWHM is improved to
239ps, demonstrating that the per-pixel
architecture delivers improved timing performance

9.85mm

Fig. 10: Micrograph of sensor die with insert shogvpixel detail.
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with respect to per-column or per-sensor time- TABLE 1
stamping. Table 1 provides a summary of key system PERFORMANCE SUMMARY
performance metrics. SPAD
SoaDactve | 16.27um SPAD pitch 19.27um
iameter
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