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Abstract— We present the design and characterization of
a large-area, fast-gated, all-digital single-photon detector with
programmable active area, internal gate generator, and time-to-
digital converter (TDC) with a built-in histogram builder circuit,
suitable for performing high-sensitivity time-domain near-
infrared spectroscopy (TD-NIRS) measurements when coupled
with pulsed laser sources. We used a novel low-power differential
sensing technique that optimizes area occupation. The photode-
tector is a time-gated digital silicon photomultiplier (dSiPM) with
an 8.6-mm2 photosensitive area, 37% fill-factor, and ∼300 ps
(20%–80%) gate rising edge, based on low-noise single-photon
avalanche diodes (SPADs) and fabricated in 0.35-µm CMOS
technology. The built-in TDC with a histogram builder has a
least-significant-bit (LSB) of 78 ps and 128 time-bins, and the
integrated circuit can be interfaced directly with a low-cost
microcontroller with a serial interface for programming and
readout. Experimental characterization demonstrated a temporal
response as good as 300-ps full-width at half-maximum (FWHM)
and a dynamic range >100 dB (thanks to the programmable
active area size). This microelectronic detector paves the way for
a miniaturized, stand-alone, multi-wavelength TD-NIRS system
with an unprecedented level of integration and responsivity,
suitable for portable and wearable systems.

Index Terms— Digital silicon photomultiplier (dSiPM), fast-
gated single-photon avalanche diode (SPAD) array, photon count-
ing, time-to-digital converter (TDC), time-domain near-infrared
spectroscopy (TD-NIRS).

I. INTRODUCTION

T IME-DOMAIN near-infrared spectroscopy (TD-NIRS) is
a powerful technique for obtaining non-invasive, in vivo

measurements of tissue constituents and structure [1]. This
can be exploited in many scientific fields, from a clinical
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diagnosis of breast tumor to monitoring of hemodynamics and
metabolism in muscle and brain [2]–[4], and even be brought
into mass-market applications, such as improved monitoring
of athletes’ performances and non-destructive analysis of fruit
maturity [5].

The main disadvantage of this technique is the complexity
of the instrumentation since the state-of-the-art systems require
the use of multi-wavelength, narrow (hundreds of picosec-
onds) laser pulses, relatively large-area single-photon detectors
(typically few square millimeters photomultipliers), variable
optical attenuators (VOAs) to equalize the signal, and a high-
resolution time-tagger to reconstruct the optical waveform [6].

Classical TD instruments working in reflectance geometry
(i.e., source and detector are placed on the same side of the
scattering medium under investigation) require a large source–
detector distance (e.g., 2–3 cm) to avoid the overwhelming
burst of early photons at short distances (e.g., 0–5 mm) [7].
These photons represent an unwanted signal since they
explored only the outer layers of the scattering medium, but
they can saturate the detector preventing the detection of late
photons, which instead probed deeper layers.

Such an issue can be overcome with time-gated single-
photon detectors, thus improving spatial resolution and sensi-
tivity [8], [9]. With a fast time-gated detector, the source and
the detector can be almost in contact: keeping the detector
blind during the first few hundred picoseconds after the laser
firing, the part of the waveform corresponding to the direct
path between the source and the detector (photons traveling
in the shallower layers) is eliminated, and only late photons
having traveled deeper into the tissue are detected. This
also allows us to increase the laser power with respect to
a non-gated system to increase the overall sensitivity and
obtain deeper penetration inside the tissue. However, so far no
detector combining both a large and programmable detection
area and fast time-gating exists [1].

The detector presented in this work can be coupled with
pulsed laser sources to characterize human tissues or other
biological samples, by measuring their absorption and reduced
scattering coefficients at different wavelengths, which are,
respectively, linked to the sample chemical composition
and microstructure [1]. In particular, compact laser sources
based on integrated pulsed laser drivers have been recently
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reported [10], demonstrating performances in line with the
requirements of TD-NIRS. The combination of these sources
with microelectronic detectors can pave the way for the fab-
rication of wearable TD-NIRS systems. Such systems would
allow us to have a performance level comparable to that of
rack-mounted units [6], but with compact handheld (or even
wearable) devices. The resulting solution will go well beyond
what is available in the compact systems currently reported in
the literature, like the one of [11].

Various microelectronic detectors compatible with the fabri-
cation of wearable systems have been reported in the literature
and validated in TD-NIRS applications, but none of those
features, at the same time, a large collection area and fast
time-gating. For instance, single-pixel single-photon avalanche
diodes (SPADs) [12] have been integrated into wearable probes
with fast time-gating capability (still with external photon-
timing electronics), but with a maximum active area diameter
of 200 μm [13], enabling the use of short source–detector
separations (e.g., <15 mm) but at the expense of a limited col-
lection of backscattered light. On the other hand, analog silicon
photomultipliers (SiPMs) have been used in wearable probes,
lacking time-gating capability but gaining more than 1 order of
magnitude in terms of active area size, enabling their use only
at large source–detector separations (i.e., >2 cm). The com-
bination of these features would be highly beneficial in TD-
NIRS [1], but it is challenging and the only attempt reported
so far in literature has been done by placing side by side a
time-gated SPAD and an analog SiPM [14]. However, in such
configuration, the SPAD remains photon-starved and the SiPM
can only operate at large source–detector separations.

The detector here reported has the advantage of featuring
at the same time a wide collection area (maximizing the
collection of backscattered photons) and time-gating capability
(enabling the use of short separations between the source
and the detector). Furthermore, the programmable active area
and the integrated timing electronics eliminate the need for
optomechanical signal attenuation stages (typically used for
adjusting the photon-counting rate depending on the source–
detector separation and on the signal strength) and for external
timing electronics.

We designed our integrated detector for the EC-funded
SOLUS project [15], whose ultimate goal is to develop a
non-invasive, multimodal imaging system for the diagnosis
of breast cancer, by combining multi-point TD-NIRS with
traditional ultrasound imaging and shear-wave elastography.
By exploiting the information coming from different source/
detector locations, multi-point TD-NIRS allows reconstructing
3-D maps of optical properties (i.e., diffuse optical
tomography [2]), while single-point TD-NIRS can monitor
the average tissue composition and microstructure at a specific
location inside the tissue. To this aim, different small optodes
need to be placed around the ultrasound transducer in the
probe, each one combining pulsed laser sources of different
wavelengths and a large-area, time-gated detector. The small
footprint (∼1 cm2) and volume (few cm3) of the optode
required an integrated circuit merging all the functions of the
detection chain:

1) a digital SiPM (dSiPM) with large collection area;

2) the fast-gating capability of single SPADs;
3) the programmability of the active area for adjusting

the collected signal to fit the single-photon counting
statistics;

4) a time-to-digital converter (TDC);
5) a programmable signal generator.

The programmable active area feature can also be used to
reduce the overall detector noise by disabling SPADs with a
significantly higher than average dark count rate (DCR).

II. GATING OPERATION

It is well-known that a single-pixel SPAD can be operated in
the so-called “fast-gated mode,” that is, it can be swiftly turned
from OFF to ON with a rising edge faster than 1 ns, while
still being able to detect avalanches during the transition [16].
This is done by modulating the detector voltage from below
breakdown (where no photon can trigger an avalanche) to
few volts above it, where photons can trigger a self-sustained
avalanche that can be easily read by the front-end circuit.

In addition, many wide SPAD arrays have been developed
in the CMOS technology for counting and timing single
photons [17]–[20]. However, CMOS SPADs are typically
coupled with circuits not designed for fast-gating operation,
being not capable of properly detecting photons arriving
during (or just after) the gate rising edge. A common simple
gating solution used in some SPAD arrays is to mask the
photon detection output: the avalanche pulse can be read
only within well-defined time intervals [21]. This solution
keeps the SPADs in free-running operation but allows the
digital avalanche pulse from the SPAD to reach the processing
electronics only during the mask window. It is a simple
and low-power solution, but it is not suitable when a very
strong light pulse arrives just before the faint optical signal
to be acquired (i.e., the typical scenario of TD-NIRS when
the source and the detector are placed in close proximity):
the strong pulse may blind the pixels, thus strongly limiting the
number of SPADs available for detecting the few late photons
of interest.

Other works presented in literature use actively gated
detectors, but operated only in photon-counting mode, with
no information on the photon arrival time within the
gate [14], [20], [22], [23]. In such approaches, by shifting the
gate position with respect to the excitation laser and acquiring
multiple measurements, low temporal resolution waveforms
can be acquired, but the measurement time is increased if the
incoming photon flux is very low.

In conclusion, SPAD-based solutions currently available in
the literature are not well-suited for TD-NIRS since either
the area is too small or the gating is not effective, or they
do not preserve the time of arrival of the photons, requiring
longer acquisition times which become impractical in clinical
applications.

A. Fast-Gating Techniques

Single-pixel fast-gated SPAD systems are mainly based on
the SPAD–dummy approach, where a SPAD is coupled with
a dummy structure (typically another SPAD biased below
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its breakdown voltage) to mimic the parasitic capacitance of
the detector and cancel the disturbances introduced by the
gating operation by means of a differential readout [24]. This
approach guarantees good temporal response, with no pile-up
distortion in correspondence to the gate window rising edge.

Integrated circuits dedicated to the fast-gated operation
and based on the SPAD–dummy readout have been already
presented, with very good performance, but their high power
consumption due to fast comparators and high-current pulsers
impair their use in wide-area detectors [25].

In addition, the use of two SPADs as independent pho-
todetectors while operating them in the gated mode has been
presented in literature: two discrete InGaAs/InP SPADs were
used, allowing to obtain two time-gated detection channels
without introducing the dummy structures [26]. However,
the hybrid junction there used cannot be used for building
wide-area SPAD arrays with fast-gating capability.

B. Differential Sensing Technique

The wide-area fast-gated dSiPM presented here is based
on pixels where the two SPADs needed for the fast-gated
approach are both photosensitive and active. Its monolithic
CMOS integration reduces the parasitic capacitance between
the detector and the readout circuit, thus reducing the power
consumption.

The use of two photosensitive elements to implement the
cancellation of the gating disturbances also helps reducing the
power consumption (by removing the power lost to gate a
blind dummy structure) and saves the area occupation related
to the dummy element, yielding a higher fill-factor.

Since both SPADs are able to detect photons during the gate
window, we need a circuit able to distinguish a differential
imbalance in either directions, that is, when either one or the
other fires, and to reject the common-mode signals. A solution
based on the two comparators with switched input terminals
followed by an OR gate would be expensive both in terms
of area occupation and power consumption, thus not being a
realistic approach for a large array.

In our SPAD–SPAD implementation, we replaced the two
comparators and the OR gate with a fully digital XOR gate,
directly connected to the SPAD anodes. Since the XOR gate
provides an output only when the two inputs are at different
logic levels, it performs both the rejection of the common-
mode gating disturbances (same signal at both anodes) and
the extraction of the photon detection pulse from both SPADs,
with a much smaller area and lower power consumption.

One drawback of the SPAD–SPAD gating technique is that
if an avalanche starts in both SPADs within a temporal distance
shorter than the time required for the logic to properly detect
one avalanche, there would be no output because the voltage
at both XOR inputs would be the same and the two SPADs’
avalanches would not be quenched till the next gate period
(thus causing an increase in the power consumption).

III. ASIC DESIGN

The ASIC was developed in a 0.35-μm HV-CMOS tech-
nology and it is composed of five main blocks (as shown

Fig. 1. Block diagram of the integrated circuit showing the main building
blocks: fast-gated dSiPM, TDC with histogram builder, signal generator, and
digital interface.

Fig. 2. Chip micrograph with highlighted main functional blocks: photode-
tector, TDC with histogram builder, signal generator, and digital interface
(left). The chip size is 6 × 7 mm2. Detail of a single-pixel layout showing
the pixel electronics between the two SPADs (right).

in Fig. 1): the photodetector, the TDC, the histogram builder,
the signal generator, and the digital interface, laid out as shown
in Fig. 2. Given the very small volume (∼1 cm3) of the
optode where this chip will be mounted, we minimized the
external connections: it requires two voltage supplies (SPAD
bias, about 28 V, and a 3.3-V supply) and a total of eight
I/O pads (four-wire SPI—serial peripheral interface—and two
LVDS—low voltage differential signaling—pairs). Given the
area constraints inside the optode, the pads have been limited
in number and laid out only along three sides. The chip size
is 6 × 7 mm2 and most of it is dedicated to the photodetector
(see the layout micrograph in Fig. 2), which is composed
of 1728 pixels, organized in four quadrants of 432 pixels
each, with a total active area of 8.6 mm2 over an area of
4.9 × 4.7 mm2 (i.e., fill-factor is 37%).

The detector is a dSiPM, meaning that the output is the
logical OR of the outputs of all the pixels [27]. When a pixel
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Fig. 3. Block diagram of one pixel.

detects a photon, a digital pulse propagates over an OR-tree,
designed to preserve the time of arrival of such photon, both
in terms of signal integrity and propagation delay. Due to the
finite duration of such a digital pulse, it is possible to detect
one photon per gate window, whose duration is in the order of
few (4–8) nanoseconds. If multiple pixels fire during the same
gate window, only the first one’s time of arrival is preserved,
and all the others are lost. This is perfectly acceptable in
TD-NIRS applications, where the detected photon rate is low
enough that the probability of having two signal photons
during one gate window is negligible. At the same time,
this detector architecture masks the optical crosstalk events
between different pixels, because the crosstalk avalanche is
just slightly delayed (few hundreds of picoseconds) with
respect to the photon avalanche so that the OR tree discards it.
Therefore, crosstalk probability cannot be measured for this
detector, but it is not important in TD-NIRS applications.
The architecture also includes a 24-bit counter, in addition
to the TDC, connected to the output of the OR-tree to measure
the total number of photons detected by the SiPM, with a
maximum count rate of 100 MHz (limited by one event per
gate at the maximum detector gating frequency), which is
readout and reset simultaneously with the TDC readout.

A. Photodetector

Each pixel of the dSiPM includes (see Fig. 3) the following:

1) a pair of SPADs connected to a gating circuit;
2) a differential sensing circuit based on a XOR gate;
3) a hold-off circuitry;
4) a latch for enabling/disabling the pixel.

To minimize power dissipation, we limited the SPAD excess
bias to 3.3 V, instead of the 5-V excess bias typically used for
operating SPADs in this 0.35-μm technology. The drawbacks
are a detection efficiency reduced by about 30% over the
entire range [e.g., peak detection efficiency (PDE) decreases
from 50% to 35%] and a bit wider temporal performance
(negligible when compared with other contribution of the
overall TD-NIRS system). With the lower voltage, we could
use thin oxide transistors, which are smaller and faster for
better gating performance.

The overall layout of the pixel is reported in Fig. 2 right:
SPADs are square with a side of ∼50 μm and rounded corners

Fig. 4. Schematic of the pixel front-end and sensing circuits.

with a radius of 5 μm. The choice of the SPAD size resulted
from a trade-off between higher fill-factor (requiring wider
detectors) and fewer hot pixels (requiring smaller detectors,
where the probability of having hot pixels is smaller), where
a hot pixel is a pixel with a DCR more than 10 times higher
than the average DCR. In addition, SPADs larger than 50 μm
also show worse temporal response.

To dynamically adjust the detector sensitivity based on the
incoming photon flux without the need of external VOAs,
which would be impossible to fit inside the compact optode,
we introduce an on-chip signal equalization capability: by
selectively enabling/disabling each pixel through the SPI inter-
face, the detector active area can be varied, thus changing
the overall sensitivity of the detector over a range of 32 dB
(1728/1). Furthermore, to expand even more the equalization
dynamic range, a subset of pixels includes SPADs with the
active area covered by metal pinholes of different diameters
(5, 10, 20, and 40 μm) to reduce their effective collection area.
Each quadrant contains eight pixels with metallic pinholes,
two for each pinhole size, for a total of 32 pixels with
pinholes in the SiPM. This way, the dynamic range over
which the sensitivity can be adjusted is extended from 32 to
53 dB. SPADs with pinholes were preferred to small SPADs to
preserve the same temporal response. It is possible to change
the active area in real-time (in less than 500 μs), with the new
configuration being updated simultaneously at the end of the
programming sequence.

SPADs share the cathode well to reduce isolation
distances [28] and are packed as tightly as allowed by design
rules. Optical crosstalk between the two SPADs in the same
pixel, which would cause a counting loss, is minimized by
placing all the pixel electronics between the two SPADs [see
Fig. 2 (right)], thus maximizing their distance for a given
fill-factor.

The gating circuitry (whose schematic is reported in Fig. 4)
allows activating the SPADs by simultaneously lowering both
the anodes to ground and to quench them by bringing their
anodes to VDD (3.3 V). Furthermore, it allows to enforce the
hold-off or disable the detector by keeping the anodes tied
to VDD.

The main components of the gating circuit are M1a–b
(W /L = 2.5/0.35) and M5a–b (W /L = 8/0.35), which are
sized to charge and discharge the anode capacitance (estimated
at 150 fF per SPAD) in ∼300 ps to obtain sharp gating
transitions. To minimize the power consumption, they are not
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Fig. 5. Waveforms of the main signals inside the pixel when no photon
detection occurs (left) or when a photon detection occurs (right). Time scale
is an example of a typical operating condition.

Fig. 6. Detail of the signal sequencing and hold-off logic.

controlled as a simple inverter, but they are driven with two
asymmetric signals to have a dead time avoiding crowbar
currents flowing directly from VDD to GND. A simplified
temporal diagram of the main control signals is reported
in Fig. 5.

The gating M5a–b transistors are driven by the ACTIVATE
signal, normally a copy of the GATE input signal, except
during detector deactivation or hold-off, when it is kept at
GND for having the SPAD reverse bias below breakdown.
The gate terminals of M1a–b instead are brought to VDD at the
beginning of the gate window through M6 (W /L = 4/0.35)
and remain there thanks to the stray capacitances. M3a–b
(W /L = 2/0.35) are kept OFF during the first few hundreds of
picoseconds of the gate window to prevent cross-conduction
through M6 and M2a–b (W /L = 2/0.35), since M2a–b’s gate
terminals are connected to the anodes and start at VDD at
the beginning of the gate window. The purpose of M2a–b is
to provide a prompt quenching of the avalanche current by
quickly turning OFF M1a–b as soon as either of the anodes
rises above M2’s threshold voltage. M4 (W /L = 2/0.35) is
activated during the gate OFF period to keep M1 OFF.

The hold-off time is set to ∼50 ns by a constant current
discharge of a capacitor. To avoid timing distortion due to
detector reactivation in a random position of the gate window,
a flip-flop is used to resynchronize the hold-off status with the
gate signal, ensuring that all SPADs simultaneously activate at
the gate opening (see Fig. 6). This feature is important mainly
when the internal TDC is not used.

The sensing circuitry is made of an XOR gate whose inputs
are the SPADs’ anodes. To have identical propagation delays

for both inputs, we implemented a 16-transistor XOR gate by
splitting each pull-up and pull-down path in two paths, where
the transistors’ positions are swapped, to guarantee that the
output transition always involves the same number of transis-
tors and sees the same internal node capacitances [29]. This
solution effectively removes any deterministic skew between
the two inputs.

In other works (see [30]), a binary tree of XOR gates is used
to combine the outputs of all pixels into a single digital line
to maximize the achievable count rate. Our implementation is
different, as the XOR gate is used to suppress common-mode
disturbances and extract the signal from the SPADs and not to
combine the output of more pixels, since our target application
is photon-starved, with a count rate of few megahertz over the
entire array. Indeed, with a XOR-tree, if two SPADs were to
fire simultaneously over the entire array, the event would be
lost, while in our approach the event is preserved unless the
firing SPADs belong to the same pixel.

We adopted a hybrid approach to combine the outputs of
all pixels, based on open-drain lines shared by each group
of 36 pixels constituting a row within a quadrant, followed by
an OR-tree with matched delay paths for the remaining stages
(as shown in Fig. 1). Although a fully binary tree is the ideal
approach to combine all pixels’ outputs, its implementation in
a time-gated chip is challenging, as high peak currents could
affect differently the OR gates placed in different locations
inside the chip, due to IR drops over the supply lines. Our
approach allows us to place all the OR-related circuitry toward
the center of the array, where it is powered with separate power
supply lines to ensure a more stable voltage.

Similarly, the gate signal is distributed along the array
with delay-matched paths to each detector row, where simple
buffers distribute the signal from the center of the array toward
the outer parts.

Decoupling capacitors between the 3.3-V supply and the
ground have been placed wherever possible on the chip to
help with high peak currents required for the gating operation
(simulated to be more than 2 A when gating all the pixels).

B. Time-to-Digital Converter and Histogram Builder

TD-NIRS optical signals present a fast decay in intensity
during the first few nanoseconds after the injected laser pulse
and typically do not contain features faster than few hundreds
of picoseconds. As such, a TDC specifically designed for this
application typically requires a full-scale range (FSR) of few
nanoseconds (<10 ns is enough) and a temporal resolution of
about 100 ps. However, to develop a very compact optode,
it should include a histogram builder circuit able to convert
up to 107 events per second (with a laser repetition rate of up
to 100 MHz).

We designed a TDC with FSR ∼9 ns, a nominal resolution
of 72 ps, and conversion time shorter than 100 ns to reconstruct
the waveform with high precision and without distortion. The
block diagram of the TDC is shown in Fig. 7. The fully
differential architecture reduces disturbance and noise effects.
The TDC core implements a Vernier delay line architecture,
whose resolution is defined by the difference between
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Fig. 7. Block diagram of the TDC with dithering logic.

Fig. 8. Timing diagram of the TDC and the histogram builder.

propagation delays of two cells [31]. This approach is based on
two delay lines in which the START and STOP pulses propa-
gate through. The propagation delay of each cell in the START
and STOP lines is fixed by the delay-locked loop (DLL) and
the propagation delay of the delay cell in the STOP line is
shorter than the propagation delay of the cell in the START
line. The conversion is terminated when the START pulse
arrives later than STOP. The conversion result is given by the
number of delay cells needed to reach this condition.

The timing diagram of the TDC is reported in Fig. 8. The
EVENT signal, coming from the SiPM, reaches the input
logic, which starts the propagation of the EVENT pulse along
the START delay line; the next STOP pulse, from the signal
generator, is also allowed to propagate in the STOP delay line.
The time interval between these two signals is converted by
the TDC, with a conversion time that depends on the time
interval. Once the conversion is complete, the TDC asserts its
end-of-conversion (EOC) signal, whose rising edge updates
the histogram; afterward, the TDC is reset and the circuit is
ready for a new conversion. The total dead time varies between
30 and 115 ns, depending on the position along the delay line
where the START pulse overcomes the STOP pulse. EVENTs
arriving during a TDC conversion are ignored by the TDC,
but they are still counted by the 24-bit photon counter.

The TDC Vernier delay line is composed of 136 voltage-
controlled delay cells (VCDCs) and an arbiter circuit
[32], [33], based on the symmetric fast latches, to properly

Fig. 9. Schematic of the Vernier delay line with the eight steps dithering
implemented in the TDC.

Fig. 10. Dithering signals’ timing scheme. When the EOC is asserted,
the successive START and STOP are injected into the next position of the
previous eight delay cells. As soon as the last position is reached, the dithering
cycle starts again with the first position.

sample the state of START delayed in each cell by means of
the STOP rising edge delayed in each cell (see Fig. 9). The
arbiter circuit is used instead of a classic D-type flip-flop to
guarantee fast transition when the time delay between START
and STOP signals becomes shorter than 1 least-significant-bit
(LSB).

Given a large number of delay cells, the effect of cell-
to-cell mismatch will be quite significant and would impair
the converter linearity. As a solution, we implemented deter-
ministic dithering, based on eight discrete dithering steps, to
improve the linearity of the converter. Dithering is obtained
by changing the injection point of the signal over eight steps
to implement the sliding scale technique [33], [34].

Dithering is implemented by adding a 2-to-1 multiplexer
at the input of each delay cell: the first 8 multiplexers are
used to implement this feature, while the others are left to
improve matching. This solution allows us to propagate the
START and STOP pulses starting at eight different positions
along the delay lines. At the end of each conversion, indicated
by the EOC signal, the following START and STOP pulses
are periodically injected into the next position of the first
eight delay cells, as shown in Fig. 10. In this way, even if
the same START–STOP time interval is converted, different
portions of the START and STOP lines are exploited, and
thus the linearity of the converter is significantly improved.
Dithering is thus equivalent to adding a known delay to the
input signal and subtracting the corresponding digital code
from the conversion result. The additional TDC area due to
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Fig. 11. Block diagram of the histogram builder circuit.

the dithering circuit (mainly the multiplexers placed along the
delay chain, as shown in Fig. 9, and at the output of the
arbiters, as shown in Fig. 11) is about 0.68 mm2, that is, about
1.6% of the die.

DLLs are used to guarantee stability against process–
voltage–temperature variations (PVT) in the delay cells used
in the Vernier delay line to fix the propagation delay of each
VCDC [31].

The histogram builder circuit accumulates the TDC
conversion to build a histogram on-chip. As shown in Fig. 11,
the first step is an encoder to convert the TDC thermometric
output code in one-hot code, followed by a bank of 8-to-1
multiplexers, used to select the range of the one-hot outputs
corresponding to the dithering position to correctly implement
the dithering. The conversion results are accumulated
in 128 12-bit counters to build the histogram, similar to what
is presented in [30] and [35]. An additional 24-bit counter is
used to count the total number of events detected by the gated
SiPM and the data are readout serially via the SPI interface.

C. Internal Signal Generator

The chip features a differential SYNC input (compatible
with LVDS or LVPECL logic levels) connected to an internal
circuitry where the gate window is generated with position
and duration programmable in 24 steps of 1 ns (nominal)
each, guaranteeing easy synchronization with the excitation
signal. The TDC STOP signal can also be generated with a
programmable delay with the same range and resolution. This
allows the chip to generate its gate signal internally without
the need for external delayers, thus minimizing the complexity
of the complete system and allowing it to easily interface to
a variety of pulsed laser sources.

The signal generation block (Fig. 12) is structured with a
voltage-controlled delay line that receives its control voltage
from a DLL included in the TDC circuitry, again to guarantee
the stability of the delays. The SYNC signal enters the
delay line, either directly or through a selectable monostable,
and propagates along the chain of delay cells. The output

Fig. 12. Schematic of the internal signal generator.

of the delay line is tapped at each step and its buffered
copy propagates to three circuits used to, respectively, set the
position of the gate window rising and falling edges, as well
as the TDC STOP delay.

The circuits are based on an open-drain line connected to
a set of NMOS transistors that can be individually enabled to
pull down the line in correspondence to the selected tap of the
delay line; the falling edge is then used to generate the required
signal. The open-drain line features an active reset to increase
the maximum repetition rate, allowing up to 100-MHz SYNC
frequency. The opening and closing edges of the gate window
are set independently not to constrain gate window duration
with respect to the selected delay. Exploiting the high level
of integration of this chip, a low-power operation mode that
inhibits gate window generation during TDC conversion is also
available to optimize power consumption and timing accuracy.

D. Programming and Readout Circuitry

The chip is controlled with a simple four-wire communi-
cation interface, compatible with SPI for a direct interface
with a simple microcontroller. The activation of each of
the 1728 pixels can be programmed independently, with a
synchronous update of the configuration to allow on-the-fly
glitchless reprogramming during operation, as well as to
configure the internal signal generator and TDC and to readout
the timing histograms and the 24-bit cumulative event counter;
the histogram output is double-buffered to allow concurrent
acquisition and readout.

Auxiliary I/O pins are available in case the integrated circuit
should be used in a different setup and have been exploited
for debugging and characterization of the single components.
The most relevant ones are the raw event output, gate input,
gate output, START, and STOP of the TDC (all compliant with
LVCMOS levels). An on-die unsilicided undoped polysilicon
resistor (10-k� nominal at 25 ◦C) with a high negative
temperature coefficient can also be used to monitor the chip
temperature.



3104 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 55, NO. 11, NOVEMBER 2020

Fig. 13. PDE of the SPADs when operated at the reference 3.3-V excess
bias.

Fig. 14. DCR for each pixel, measured at room temperature and at the
reference 3.3-V excess bias, and sorted in the ascending order. The median
value is 424 Hz per pixel. A change in slope around the 70% mark shows the
appearance of hot pixels, although the cumulative DCR can be kept below
250 kHz/mm2 for active areas as large as 8 mm2 at room temperature.

IV. PERFORMANCE ASSESSMENT

We assessed the performance of the fabricated ASIC in
terms of PDE, DCR, gating performance, temporal response,
spectral responsivity, and time-gated instrument response
function (IRF).

A. SPAD Performance

The SPADs fabricated in this 0.35-μm CMOS technology
are well-assessed for their remarkably low noise, good tem-
poral resolution [36], and for the fast exponential decay tail,
which is of utmost importance for TD-NIRS.

The PDE for a single SPAD when the pixel is operated at a
nominal voltage of 3.3 V is reported in Fig. 13. The DCR for
each pixel, sorted in ascending order, is shown in Fig. 14. The
DCR trend shows a distribution with a median value of 424 Hz
per pixel when the chip is operated at room temperature and
with a reference excess bias of 3.3 V, with a change in the
slope of the curve around the 70% mark, followed by few
extremely hot pixels (DCR greater than tens of kilohertz).

B. Integrated TDC Performance

We assessed the performance of the integrated TDC in terms
of precision and linearity by exploiting dedicated test inputs.
The measured FSR is just less than 10 ns and the average LSB

Fig. 15. Example of the TDC output when converting the same delay without
dithering enabled (left, red) and with dithering enabled (right, blue).

Fig. 16. DNL of the fabricated TDC. The measured rms value of DNL is
about 3.9% of LSB with dithering enabled, while it increases to 14% with
dithering disabled.

Fig. 17. INL of the fabricated TDC. The measured value is
−0.27/+0.58 LSBs with dithering ON and −0.12/+0.98 LSBs with dithering
OFF.

is about 78 ps, with a maximum channel width (i.e., largest
time-bin) of ∼89 ps with dithering and ∼106 ps without
dithering.

We characterized the timing precision of TDC, using exter-
nal START and STOP signals. We measured the full-width
at -maximum (FWHM) in the whole TDC range, sweeping
externally the delay between START and STOP signals. The
FWHM ranges between 78 ps (a single histogram bin) and a
maximum value of 156 ps (2 time-bins) due to the quantization
error, when the signal is across two channels. The measured
mean value of FWHM is 97.6 ps with dithering disabled,
increasing to 107 ps with dithering enabled (Fig. 15).

The linearity of the TDC has been measured, using uncor-
related START and STOP signals and building the histogram
after many repetitions. The differential nonlinearity (DNL) of
the TDC is shown in Fig. 16. With an average of 20-k events
per channel (time-bin), the measured root-mean-square (rms)
value of DNL is about 3.9% of LSB with dithering enabled,
while increases to 14% with dithering disabled. The integral
non-linearity (INL) of the TDC is reported in Fig. 17, and
is within −0.27/+0.58 LSBs with dithering enabled and
increased to −0.12/+0.98 LSBs without dithering. Dithering
significantly improves TDC DNL, while it is less effective for
INL due to limited dithering range.
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Fig. 18. Measured TDC average bin width (LSB) versus temperature.

Fig. 19. Normalized count distribution with a 5-ns gate window as acquired
by the internal TDC when different active areas are enabled.

The effectiveness of the DLL to stabilize the average LSB
against temperature variations was measured by varying the
chip temperature in a temperature-controlled environment,
and the results are shown in Fig. 18. The variation in the
average LSB remains within 3 ps within the expected chip
operating in the temperature range of 30 ◦C–75 ◦C, showing
the effectiveness of the approach.

Unfortunately, due to a race condition between the internal
reset circuit and the dithering logic, sporadically the TDC
input logic is not correctly re-armed after the end of conversion
when dithering is enabled, causing the TDC to stop converting
until a reset command is issued. The chip can still be used
correctly when dithering is disabled and the deterministic
non-linearity pattern can be corrected on the acquired data.

The SPI interface can operate up to 50 MHz if fast his-
togram readout is required, resulting in a maximum histogram
transfer rate of 30 kHz (195 bytes per histogram at 50 MHz)
with no dead-time between subsequent histograms, but typical
operating conditions are an SPI frequency of 8 MHz and
histogram transfer rate <1 kHz.

C. Time-Gated dSiPM Performance

The uniformity of the gate window has been characterized
for different numbers of active pixels, with both the internal
TDC (Fig. 19) and an external high temporal resolution
TCSPC board (SPC-130, Becker & Hickl GmbH, Berlin,
Germany) (Fig. 20), exploiting an additional output pad

Fig. 20. Normalized count distribution with a long gate window as acquired
by Becker & Hickl SPC-130. A significant ringing can be noticed during the
first ∼10 ns of the gate window, increasing with the active area as a result of
the higher peak currents through the power supply connections.

exposing the output of the dSiPM. For all the measurements
presented in this article, we kept the incoming light flux so
that the overall SiPM count rate was limited to less than 5%
of the laser repetition rate to have no distortion on the recon-
structed waveform [37]. The bin-to-bin fluctuations visible
in Fig. 19 are mostly due to TDC non-linearity since dithering
is disabled (see TDC DNL in Fig. 16), which is the operating
condition for the measurement. However, this non-linearity is
a deterministic distortion, which can be compensated in post-
processing. In Fig. 20, the single-pixel response has very fast
transitions (300-ps rise time from 20% to 80%) and excellent
uniformity. As the active area increases (1 and 3 mm2), some
oscillations start to become noticeable and become very evi-
dent for very large areas (see the 6-mm2 curve). This behavior
can be explained considering the parasitic inductance of supply
voltage connections: due to constraints set by the compact
optode, only few pads have been placed for the cathode voltage
supply, which is affected by strong capacitive feedthrough due
to the gating operation. This effect is also visible in the rising
edge (20%–80%) of the gate window, which changes from
313 ps for the single pixel to 141 ps when 6 mm2 are enabled,
which can again be explained by the bond wire inductance
causing a voltage sag at the gate window opening, followed
by an overshoot which speeds up the transition.

We characterized the temporal response of the digital SiPM
by shining a pulsed diode laser (at 780 nm) with ∼50 ps
(FWHM) pulse duration and a repetition rate of 40 MHz
onto the detector at various positions within the gate window
(Fig. 21). The single pixel shows a temporal response with an
FWHM of 235 ps, uniform within the gate window, which is in
line with what was expected given the low excess bias (3.3 V)
and the relatively high threshold for sensing the avalanche due
to the low-power fast-gating front-end. The temporal response
degrades for larger active areas, reaching a value of ∼300 ps
due to the different propagation delays of pixels in different
positions within the detector.

In addition, for large active areas, we can notice a
non-uniform behavior within the gate window, which is
related to the non-uniform sensitivity within the gate window
(see Figs. 19 and 20).
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Fig. 21. FWHM of the temporal response versus pulse position inside the
gate window, obtained with a pulsed diode laser (at 780 nm) with ∼50-ps
(FWHM) pulse duration and a repetition rate of 40 MHz, measured with a
Becker & Hickl SPC-130.

Fig. 22. Temporal response of the digital SiPM illuminated with a ∼50-ps
FWHM 780-nm laser diode and measured with a Becker & Hickl SPC-130,
for various active areas.

Indeed, due to the ringing of the power supply lines in
response to the high peak current required for the gating oper-
ation, quick fluctuations of the instantaneous reverse voltage
applied to the SPADs are noticeable and are the source of the
degraded resolution after ∼3.5 ns, as shown in Fig. 21.

Indeed, the modulation of the excess bias causes different
build-up times of the avalanche current, which affect both the
jitter and the photon-to-output delay, both increasing during
the undershoot (which is strongest ∼3.5 ns after the gate
window opening), with negative effects on the overall temporal
response of the detector. However, the first ∼3 ns of the gate
window show a good temporal resolution even for large active
areas and this makes it possible to effectively exploit this chip
for time-gated diffuse optics, where most of the information
lies in the first few nanoseconds after the laser pulse, which
will be just before the gate rising edge.

An example of the SiPM’s temporal response to a laser pulse
in the first part of the gate window is reported in Fig. 22. As the
active area increases, the disturbance in the gate uniformity
becomes more visible as a non-uniform noise floor toward the
middle of the gate window, which is due to the power supply
oscillations (as shown in Fig. 20). However, the temporal
response in the first part of the gate window is not significantly
affected.

Fig. 23. Histogram as acquired by the on-chip TDC with 5-ns gate window.

Fig. 24. Map showing the distribution of the breakdown voltage of each
pixel in the array. The discontinuity visible after column 35 is due to a gap
between quadrants along the vertical direction on the chip.

Finally, an example of the histogram as obtained with the
internal TDC when the chip is operating in realistic conditions
(3 mm2 of the active area at 40-MHz repetition rate) and flood
illuminated with a 780-nm pulsed laser (∼-50 ps FWHM) is
reported in Fig. 23. The resulting temporal resolution is 366 ps
(FWHM), which agrees with the values reported in Fig. 21 for
the given active area and pulse position.

All the SPAD arrays from this fabrication run suffered from
a uniformity issue, whose main impact is a non-uniform SPAD
breakdown voltage across the detector chip. We characterized
the breakdown voltage of each pixel by selectively enabling
each pixel and acquiring its count rate when placed under faint
constant illumination, at different cathode biases. By doing so,
we were able to classify the breakdown voltage of each pixel
with a 50-mV resolution. Fig. 24 shows the distribution of the
breakdown voltage across the active area of a typical sample:
a gradient is clearly visible, with a peak-to-peak variation
exceeding 350 mV, that is, more than 10% of the maxi-
mum excess bias that this chip can operate at. Unfortunately,
the different breakdown voltages result in a different temporal
response of the pixels in the array when biased at the same
voltage, which contributes to the performance worsening with
a large active area. As a consequence, the reference excess
bias of 3.3 V is indirectly set as the highest bias voltage that
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Fig. 25. Relative temporal position of the rising edge of the gate window
for each pixel in the array, as obtained from the timing histograms of each
pixel illuminated with weak uncorrelated illumination.

Fig. 26. Temporal shift of the barycenter of the pixels’ response to an
incoming light pulse.

leads to correct device operation with proper quenching of
each SPAD.

The gate window rising edge position (Fig. 25) is strongly
correlated with the breakdown voltage distribution and shows a
standard deviation of 137 ps. A similar behavior is also seen
with the barycenter of the temporal response of the pixels
when illuminated with a pulsed laser (shown in Fig. 26), hav-
ing a 198-ps standard deviation, and in the temporal resolution,
as reported in Fig. 27. All these results are explained with
the slower avalanche buildup in pixels with lower excess bias
(i.e., higher breakdown voltage) which causes an increase in
the timing jitter and delayed detection of the avalanche.

The position of the gate window falling edge shows signif-
icantly better uniformity (Fig. 28), with a standard deviation
of 37 ps, and includes the skews of the propagation of the gate
signal toward each pixel and the skew between each pixel’s
digital output toward the detector output.

To better quantify the performance of the designed circuitry,
decoupled from the SPAD uniformity issue, we performed
a second set of measurement by scanning each pixel while
adjusting the cathode bias to ensure almost the same excess

Fig. 27. Temporal resolution of each pixel, quoted as FWHM.

Fig. 28. Map of the temporal position of the gate window falling edge.

bias for all the SPADs. In this case, we had to set the excess
bias to 2.8 V, so that even when the cathode bias is increased
by 350 mV (to bias the SPADs with highest breakdown
voltage), the SPADs with lowest breakdown voltage would
remain properly gated off. The measured temporal response
resulted to be much more uniform, with a standard deviation
of the barycenter of the temporal response reduced to 61 ps
and a more uniform temporal resolution, as shown in Fig. 29.

We need to consider that since the power supply oscillations
increase their effect when more pixels are enabled, the system
does not behave linearly, and thus the performance of the final
chip is not just the sum of the contributions of each pixel.

To mitigate the SPAD uniformity issue, an automatic pro-
cedure to map the breakdown voltage and the DCR of each
pixel has been devised, so that both the parameters can be
considered when choosing which SPADs to operate to achieve
a given sensitivity.

D. Chip Performance in TD-NIRS Applications

A complete validation of any TD-NIRS system requires a
thorough set of measurements, according to multiple conven-
tionally agreed protocols (see [38]–[40]) which extend beyond
the scope of this journal.
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Fig. 29. Temporal resolution of each pixel obtained adjusting the cathode
voltage bias for each pixel to compensate for the breakdown voltage variation.
The much better uniformity helps quantify the performance of the designed
electronics decoupled from SPAD fabrication issues.

Fig. 30. Reconstructed IRFs acquired with an external TCSPC board for
different sensitive areas of the detector (ranging from a single pixel to 6 mm2).

As a preliminary check of the detector suitability for the tar-
geted application, we focused on the IRF, which has a key role
in demonstrating the suitability of the detector in TD-NIRS
measurements [38], [41]. We acquired the IRF obtained by
enabling a different number of pixels, corresponding to an
active area of 5000 μm2 (single pixel), 1, 3, and 6 mm2.

The measurements were recorded using a pulsed laser at
690 nm. Light exiting from the laser fiber was attenuated using
a VOA and then fiber-coupled again. The tip of the injection
fiber was kept few centimeters far from the detector so as to
illuminate the whole active area. A thin layer of Teflon was put
on the fiber tip, thus allowing a homogeneous distribution of
the light on the detector. Following the procedure described
in [42], each portion of the TD curve (corresponding to a
given gate delay) was acquired using a constant count rate (of
about 1 MHz), and thus the laser power impinging onto the
detector was adjusted by the VOA. The temporal distribution
of the photons was recorded using an external TCSPC board
(SPC-130, Becker & Hickl GmbH).

The synchronization between laser pulses and detector gate
was ensured by a pulse generator (set at 40 MHz), which

TABLE I

MEASURED POWER CONSUMPTION OF THE CHIP: THERE IS AN
ALMOST LINEAR TREND OF POWER CONSUMPTION WITH

RESPECT TO ACTIVE AREA AND GATE FREQUENCY

provided the trigger to both the laser and the detector, as well
as to the sync input of the TCSPC board. The laser was thus
emitting optical pulses at 40 MHz, while the opening of the
detector gate could be delayed thanks to an external delayer
with 25-ps resolution.

To reconstruct the IRF, we acquired 81 delays at steps
of 50 ps. For each delay, ten repetitions of 1 s were acquired
and then summed in the post-processing to improve the
signal-to-noise ratio of the measurements. Due to the gate
non-uniformity, background measurements (i.e., without laser)
were acquired and their shape was subtracted from the signal
curves. The reconstruction of the high-dynamic-range tempo-
ral distributions was done following the procedure described
in [42].

Fig. 30 reports the normalized reconstructed IRF, obtained
using different values of the active area of the detector. The
dynamic range is more than five decades and the limit is set
by the so-called “memory effect,” [43] an afterpulse-like noise
arising when the detector in the OFF state is exposed to a
strong illumination. The temporal response (quoted as FWHM)
is smaller for the single pixel (380 ps), while, as expected,
it increases for the larger area values where it is almost
constant around 480 ps. Compared with other SiPMs, whose
suitability for diffuse optics applications has been widely
validated (see [44]–[46]), the dynamic range is nearly two
decades larger. On the other hand, the FWHM is wider than
the cited works, but, as demonstrated in [41], it is not supposed
to compromise the performances of the system in TD-NIRS
measurements.

The power consumption of the chip is reported in Table I,
showing a linear increase in power consumption with respect
to the active area and gating frequency, as expected. The power
consumption of the TDC does not depend on the area or
the gating frequency, but only on the count rate. The values
are compatible with the integration in the compact optode.
Keeping in mind the self-heating of the die, which affects
the DCR of the device, a low-thermal resistance (<10 K/W)
should be used to ensure good detector performance.

V. CONCLUSION

We presented the first implementation of a large-area, time-
gated, all-digital single-photon detector with the variable active
area, programmable gate signal generator, and on-chip TDC
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TABLE II

COMPARISON OF THE ARRAY PRESENTED IN THIS WORK WITH OTHER SPAD ARRAYS WITH TIME-GATING,
HISTOGRAM BUILDER, AND LARGE COLLECTION AREA

with built-in histogram builder circuit, suitable for high-
sensitivity TD-NIRS measurements with minimal external
components. The chip has been designed for a miniaturized,
multi-wavelength TD-NIRS system with an unprecedented
level of integration and responsivity. The experimental char-
acterization shows that its performance, mainly in terms of
temporal response and gating, even though affected by SPAD
non-uniformity, is adequate for TD-NIRS applications at short
source–distance separation, showing a dynamic range better
than other TD-NIRS systems based on analog SiPMs, and the
small size and reduced power consumption make it possible to
integrate the chip in an extremely compact photonics module.

Table II lists the comparison of this work with other SPAD
arrays presented in the literature with time-gating capability,
histogram generation, and/or large collection area. In Table II,
we focus on the net SPAD active area offered by the chip,
because although the addition of microlenses to SPAD arrays
has demonstrated a considerable increase in the equivalent
fill-factor [49], a TD-NIRS detector collects light from a
near-Lambertian angular distribution, hindering the achievable
concentration factor and overall making this solution ineffec-
tive. The work we present, to the best of our knowledge, is the
first to combine a large (>1 mm2) time-gated SPAD area
together with TDC and histogram builder on the same chip,
allowing it to be a complete single-chip detection channel for
TD-NIRS.
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