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Abstract— This paper presents a digital silicon photomultiplier
based on column-parallel time-to-digital converter (TDC), so
as to improve the time resolution of single-photon detection.
By reducing the number of pixels per TDC, the pixel-to-pixel
skew is reduced. We achieved 264 ps FWHM time resolution
of single-photon detection using a 48-fold column-parallel TDC
with a temporal resolution of 51.8ps (LSB), fully integrated
in standard CMOS technology. The potential for multi-photon
detection is discussed in the paper with a 48-column-parallel
TDC configuration.

I. INTRODUCTION

Photomultiplier tubes (PMTs) are widely used for cancer
diagnosis, scientific research and industrial measurement, such
as spectrophotometers, Positron Emission Tomography (PET)
or Fluorescence-lifetime imaging microscopy (FLIM).

A Silicon photomultiplier (SiPM) is an alternative to PMTs
in the detection of highly localized (in time and space)
bursts of visible photons associated with a physical phe-
nomenon, such as a high-energy photon release. SiPMs are
often preferred because of their tolerance to magnetic fields,
compactness, and low bias voltage [1]-[7]. At least two flavors
exist for SiPMs: analog and digital. An analog SiPM (A-
SiPM) consists of an array of avalanche photodiodes operating
in Geiger mode, whose avalanche currents are summed in
one node as shown in Fig. 1 (a) [I1]-[6]. The resulting
current is proportional to the number of detected photons, thus
providing single- and multiple-photon detection capability. In
a digital SiPM (D-SiPM), each photo-detecting cell consists of
a single-photon avalanche diode (SPAD) and circuit elements,
individually controlled to optimize overall dark counts and
temporal response [7]. In addition, the output signal is a high-
speed digital signal because all SPAD outputs are connected to
one OR circuit through digital driver to detect time information
sharply as shown in Fig. 1 (b). In most D-SiPMs, the global
output is directly routed to an on-chip time-to-digital converter
(TDC) to reduce external components and temporal noise.
Though, the time uncertainty for single-photon detection is
limited by SPAD jitter and TDC non-linearities, as well as
systematic skews due to imperfectly balanced routing. A-
SiPMs are especially sensitive to these systematic skews, while
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in D-SiPMs they can be largely removed or compensated
for. Alternatively, the approach pursued in [8] can achieve
balanced routing by implementing a on-pixel TDC as shown
in Fig. 1 (c). Furthermore, the statistical approach to estimate
time of arrival is possible for multiple-photon detection, such
as scintillation from a scintillator. However, the fill factor is
low due to the use of a TDC per pixel..

Sharing several detector cells with one TDC has the ad-
vantage of increasing the fill factor while still enabling inde-
pendent photon time-of-arrival evaluation, as shown in Fig.
1 (d). The skew problem is also improved when compared
to conventional D-SiPMs for single-photon detection, and
the multiple-time information can be utilized in a statistical
approach for multiple-photon detection [9] [10].

In this paper, we present a multi-digital SiPM (MD-SiPM)
with an array of 48 TDCs, each with a temporal resolution
of 51.8ps (LSB). This arrangement, known as column-parallel
TDC, not only reduces the number of detector cells per TDC
but also enables the characterization of the burst in terms of the
first 48 photons impinging on the SiPM. Each TDC is shared
by 12 SPADs in the SiPM. We focus on the measurements
of time resolution of the MD-SiPM. The overall temporal
accuracy for single-photon detection is 264 ps (FWHM), when
the photon source exhibits 34 ps (FWHM) jitter. Both fine time
resolution and high fill factor are achieved.

II. MULTI-DIGITAL SIPM ARCHITECTURE

Figure 2 (a) shows the block diagram of the MD-SiPM;
it consists of an array of 16x26 photo-detecting cells (called
pixels hereafter), a 48-fold column-parallel TDC, pre-charge
circuits, a row decoder, a mask register, and an energy register.
The size of the MD-SiPM is 780 um x 800 um. The pixel size is
30 pm x50 um with a 21.2 % fill factor. The size of one TDC is
16 pmx 800 pm, including the TDC data readout circuit, which
is smaller than the already published column-parallel TDC
[11]. In our column, three TDCs are implemented to reduce
the number of pixels per TDC in an interlaced configuration. A
mask register is used for disabling those pixels with dark count
rate (DCR) exceeding a threshold, so as to minimize spurious
TDC activation. The energy register is used for reading out the
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Fig. 2. (a) Sensor block diagram. (b) Detail of SiPM photo-detector cells.
(c) Column-parallel TDC micro-photograph.

number of pixels that detected at least a photon on average.
Figure 2 (b) and (c) show the microphotograph of MD-SiPM.

III. CIRCUIT DESIGN

A. Pixel configuration

Figure 3 (a) shows the schematic of a pixel circuit. The pixel
comprises the SPAD [12], active recharge circuitry to reduce
dead time, a 2-bit counter, a memory, and a masking circuit.
When the photons are detected from e.g. a scintillator, the first
photon generates a pulse that controls via a pull-down the TDC
input line. When the active recharge circuitry is on, the dead
time of a SPAD is controlled by DBIAS from 2.5 ns to infinity,
and the 2-bit counter counts how many photons or dark counts
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impinge the SPAD. In total, this MD-SiPM can count 1248
SPAD firings, which is 3 times higher than the number of
pixels. The output of the 2-bit counter is saved to the 2-bit
memory, and read out during the next frame. ROWCALSEL
is always on except during calibration for DCR reduction.
Calibration of DCR is carried out in advance to check which
SPADs should be masked. The making circuit disables the
SPAD when DCR is above a given threshold according to the
DCR calibration.

B. TDC configuration

Figure 3 (b) shows the TDC schematic. The TDC comprises
a coarse and a fine conversion. CLK is supplied from outside
the chip and a 10-bit coarse counter counts the clock cycles
after a new frame starts. Until STOP becomes high (SPAD
firing in this case), the coarse counter keeps counting based on
CLK. The coarse counter stops counting when STOP become
high, and the synchronizer generates a pulse according to the
time residue between CLK and STOP. The pulse correspond-
ing to the time residue of the coarse TDC, EN, activates the
fine TDC and start oscillation by a 4-stage inverter. During
the pulse, the 6-bit fine counter counts how many cycles the
oscillation is completing and the phase detector detects the
phase when the oscillation stops. The phase detector employs
an interpolation technique to double the phase resolution.
Conventionally, the phase detector looks at only PH<0> and
PHB<0>, PH<1> and PHB<1>, PH<2> and PHB<2>,
and PH<3> and PHB<3> in the Fine TDC of Fig. 3 (b).
By expanding the comparison to PH<0> and PHB<3>,
PH<0> and PHB<1>, PH<1> and PHB<2>, and PH<2>
and PHB<3>, the interpolated phase is detectable as shown
in Phase interpolation of Fig. 3 (b). The extra circuit elements
are only four comparators and memory. Finally, the coarse
TDC data and the fine TDC data are summed up to calculate
the final TDC data.

IV. MEASUREMENT RESULTS

A. TDC characterization

We have designed and fabricated the MD-SiPM using a
0.35 pm high voltage CMOS process. The power supply
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Fig. 3. (a) Schematic of pixel circuit. (b) Structure of TDC

voltage is 3.3 V. The TDCs are characterized by the density
test using SPADs at room temperature. Figure 4 (a) and (b)
show the DNL and INL measurement results of one particular
TDC at the 260 ns input range, respectively. The LSB is
51.8 ps and the average of the worst DNL and INL in 48
TDCs are 1.97 LSB and 7.18 LSB, respectively. However INL
can be compensated to 2.39 LSB about the average of the
worst INL.The worst INL variation of 48 TDCs before INL
compensation and after INL compensation are shown in Fig.
4 (c).

B. Single photon detection

The timing resolution for a single photon consists of mainly
laser jitter, TDC intrinsic jitter, SPAD jitter, and skew. Figure 5
(a) shows the TDC intrinsic jitter of 93.2 ps, which is measured
using an external STOP. Figure 5 (b) shows a measurement of
time resolution of MD-SiPM for a single photon. The FWHM
time resolution is 264 ps including the SPAD jitter, TDC in-
trinsic jitter and the skew for TDC input lines when the photon
source exhibits 34 ps (FWHM) jitter at 3V excess bias. Figure
5 (c¢) shows the FWHM time resolution in each excess bias.
The time resolution improves by increasing excess bias for
SPADs, because the SPAD jitter dramatically decreases when
the excess bias is high. Table I summarizes the performance
of our detector in comparison with other SiPMs found in
the literature. We obtained a lower temporal uncertainty for
single-photon detection than previously reported digital SiPMs
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Fig. 4. A TDC measurement results of (a) DNL and (b) INL. (c) INL

variation in 48 TDCs before INL compensation and after compensation

[7], while achieving a relatively high fill factor of 21.2%, a
significant improvement with respect to [8], [12].

TABLE I
PERFORMANCE SUMMARY AND COMPARISON

Parameter [ Our work T [1] [ 7 [ 1121 T 18]
Tech. multi digital | analog digital digital digital
Area(mm?) 0.8x0.78 1x1 3.8x3.3 | 3.2x3.2 | 8x6.4
Fill factor(%) | 21.2 30-78 50 6 1
Time res.(ps) | 264 200-300 | >350* | - -

* The data is calculated with their equation in the paper [7]

C. Extension for multiple-photon detection

The use of SiPMs in time-of-flight PET applications has
led to intensive research activity in an attempt to analyze the
time information yielded by D-SiPMs [11], [12]. [9], [10].
Especially, [10] shows the time resolution improvement of the
detector by using multiple-photon time information using a
statistical approach. To evaluate the feasibility of this approach
with the MD-SiPM, a simulation is carried out supposing
that up to 50 photons impinge on the entire detector with a
Poissonian arrival statistics. The simulation considers several
numbers of TDCs, such as 96 and 192. The simulation result
is shown in Fig. 6. Figure 6 (a) shows the relation between
the orders of projected photons and the number of photon
acquired in the detector in each number of TDCs. This chip
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Fig. 5. (a) Measurement results of time resolution for a single photon. (b)
TDC intrinsic jitter. (c) Time resolution changes by excess bias

has 48 TDCs, but one can clearly see the improvement of
acquisition rate and close to the ideal behavior when one
uses more TDCs. Figure 6 (b) shows simulation results of
the probability of detecting the time information of photons
continuously. The simulation suggests the possibility to get
multiple time information without any detection interruption.

V. CONCLUSION!

We have proposed a new type of SiPM, denominated multi-
digital silicon photomultiplier (MD-SiPM) based on column-
parallel time-to-digital converters (TDCs), so as to not only
improve the time resolution of single-photon detection but
to realize a statistical approach to multiple-photon detection.
By reducing the number of pixels per TDC, the pixel-to-
pixel skew is reduced. We achieved 264 ps FWHM time
resolution of single-photon detection using a 48-fold column-
parallel TDC with a temporal resolution of 51.8ps (LSB), fully
integrated in standard CMOS technology.
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