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ABSTRACT We present the design and experimental characterization of a CMOS sensor based on Single-
Photon Avalanche Diodes for direct Time-Of-Flight single-point distance ranging, under high background
illumination for short-range applications. The sensing area has a rectangular shape (40 × 10 SPADs) to
deal with the backscattered light spot displacement across the detector, dependent on target distance, due to
the non-confocal optical setup. Since only few SPADs are illuminated by the laser spot, we implemented
a smart laser-spot tracking within the active area, so to define the specific Region-Of-Interest (ROI)
with only SPADs hit by signal photons and a smart sharing of the timing electronics, so to significantly
improve Signal-to-Noise Ratio (SNR) of TOF measurements and to reduce overall chip area and power
consumption. The timing electronics consists of 80 Time-to-Digital Converter (TDC) shared among the
400 SPADs with a self-reconfigurable routing, which dynamically connects the SPADs within the ROI
to the available TDCs. The latter have 78 ps resolution and 20 ns Full-Scale Range (FSR), i.e., up to
2 m maximum distance range. An on-chip histogram builder block accumulates TDC conversions so to
provide the final TOF histogram. We achieve a precision better than 2.3 mm at 1 m distance and 80%
target reflectivity, with 3 klux halogen lamp background illumination and 2 kHz measurement rate. The
sensor rejects 10 klux of background light, still with a precision better than 20 mm at 2 m.

INDEX TERMS Light detection and ranging (LiDAR), laser rangefinder, time-of-flight (TOF), time-to-
digital converter (TDC), single photon avalanche diode (SPAD), background light rejection.

I. INTRODUCTION

LIGHT Detection and Ranging (LiDAR) is a widespread
technique for 3D ranging and distance measurements

and has many applications in automated systems interacting
with the external environment, e.g., in industrial and secu-
rity environments [1]–[5]. Silicon Single-Photon Avalanche
Diodes (SPADs) are solid-state detectors capable of single-
photon sensitivity in the visible and near-infrared spectrum
that can be manufactured in CMOS processes together with
on-chip analog or digital circuitry, to devise rugged, low-cost
and monolithic imagers [6]. SPADs are the best candidates
for direct Time-of-Flight (TOF) and Time-Correlated Single-
Photon Counting (TCSPC) applications [7]. As in TCSPC,
also for 3D ranging the photon arrival times measured after
a sufficient number of pulsed laser shots can be accumulated

into a histogram, so to accurately estimate the distance by
means of the histogram centroid (or further postprocessing)
even in presence of very high background light [8]–[10].
In many cases, the spot signal does not cover the whole
sensing area of the array detector, but only few pixels. In
this situation many TOF measurements are useless, being
mostly due to background photons, while only few of them
are useful, being given by photons of the laser return. This
comes with the double effect of increased noise baseline in
the histogram and a waste of area, power consumption, and
data processing for all TOF measurements triggered outside
the signal spot.
Various architectures have been proposed to face these

issues [11]–[23], e.g., by exploiting temporal and spatial
coincidence to perform TOF acquisitions for only those
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pixels effectively triggered by the laser spot, thus allow-
ing to share on-chip resources and reduce data throughput.
The coincidence is usually performed through macropixels
composed by more than one SPAD, whose output triggers
the time conversion circuitry only if a minimum number
of SPADs got triggered by photons within a fixed coin-
cidence time window, typically corresponding to the laser
pulse width. In that way, macropixels trigger a Time-to-
Digital Converter (TDC) even if some SPADs got triggered
by background events and only a few (or none) detected
a laser photon. Alternative solutions employ a Silicon
Photomultiplier (SiPM), which is composed by many SPADs
all connected in parallel and acting as one overall analog
detector. In that way, the SiPM is sensitive to multi-photons
hitting the active area either at different time instants or
even concurrently, because each SPAD acts as an indepen-
dent single-photon detector. Therefore, SiPM are particularly
suited for background rejection, by setting a coincidence
threshold at the analog output [22], [23].
However, solutions based on time coincidence have a main

drawback: the higher the number of SPADs triggering the
same TDC, the more the information loss. The reason being
that many photons detected by different SPADs provide just
one TOF data, thus degrading target’s distance precision
computed through the histogram centroid. Also, the proper
coincidence threshold is very critical to set, since it has to
be sufficiently high to reject background, but without losing
signal events.
Starting from a previous theoretical study [21], in

this work we illustrate the design and characterization
of a 40 × 10 single-point direct TOF sensor, showing
a precision better than 2.3 mm at 1 m for an 80%
reflectivity target with 3 klux background. The architec-
ture allows to identify those SPADs actually illuminated
by the signal photons due to the laser spot from those
SPADs triggered by uncorrelated background photons, by
means of a smart Region-Of-Interest (ROI) detection and
to optimize the timing electronics by a smart sharing of
the TDC electronics [24], [25]. The proposed architecture
overcomes the main drawbacks of the time coincidence-
based approaches because each detected signal photon is
individually time-stamped, thus maximizing data collection
and measurement precision. In fact, as we theoretically esti-
mated in [21], 500 TOF acquisitions are enough to achieve
an accuracy better than 10 mm with 3 klux background, using
a 670 nm pulsed laser with 100 mW peak power, 1 MHz
repetition rate, and width shorter than 3 ns Full Width at
Half Maximum (FWHM).
The proposed ROI-based approach has some limitations

due to the dependence on signal and background levels,
as reported in [21], and when targets move with a trans-
verse velocity higher than 4 m/s, since some frames could
be partially lost because the ROI selection is based on
the previous 500 laser pulses. Furthermore, such ROI-based
approach suits single-spot measurements and not imaging,
unlike time-based coincidence solutions.

FIGURE 1. Block diagram of the chip, with the main building blocks: 40 × 10 SPADs
with quenching circuits, ROI selection logic, 80 TDCs, histogram builder and
input/output digital interface.

Section II describes the array architecture, Section III the
experimental results, and Section IV draws the conclusions.

II. ARRAY ARCHITECTURE
Fig. 1 shows the block diagram of the chip, fabricated in
a 160 nm CMOS technology [26]. The chip consisting of
40 × 10 SPADs with quenching circuits, ROI detection logic,
80 TDCs, a histogram builder and a digital input/output
interface. To maximize fill-factor and number of pixels
within the laser spot, we assembled the SPADs with no elec-
tronics in the between. The chip size is 2.73 × 3.37 mm2

and the sensing area occupies the chip center as shown in
Fig. 2. Given an expected spot size of about 150 μm diam-
eter (see also [21]), the overall active area has a height of
248 μm (so to allow a slight vertical displacement of the
spot) and a length of 950 μm (to enable a wider horizon-
tal displacement due to the different distance of the target
object, in the considered non-confocal optical setup), con-
stituted by 400 square SPADs with rounded corners (about
82 μm2 active area). The resulting fill-factor is 14%. The
quenching circuits are laid out in two 40 × 5 arrays along the
long sides of the array. Each quenching circuit is connected
to the corresponding ROI detection circuitry. Each TDC is
shared among five SPADs, so eighty TDCs are implemented
in each row, and they are divided in four banks of 20 TDCs
each. This configuration of TDC sharing aims at optimizing
chip area and power consumption and, at the same time,
to best accommodate the laser spot, without losing useful
conversions.
When a photon hits a SPAD, the quenching circuit senses

the avalanche current and generates a digital pulse for the
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FIGURE 2. Chip micrograph with highlighted the main building blocks. The chip size
is 2.73 mm × 3.37 mm, and the sensing area (highlight in blue) occupies the center of
chip.

ROI selection circuit. After the ROI detection is performed
(see the following Section II-B), only SPADs inside the ROI
are enabled to trigger the shared TDCs, providing 78 ps
resolution and 20 ns Full-Scale range (FSR).
The chip also includes a histogram builder block to col-

lect all TOF measurements; whereas the target distance is
evaluated by means of centroid computation, to be per-
formed off-chip through external processing. Each block of
the proposed array is described in detail in the following
sections.

A. SPAD QUENCHING CIRCUIT
SPADs are able to detect photons only when biased above
their breakdown voltage; the difference between the applied
bias and the breakdown voltage is called excess bias,
VEX. We employed a Variable-Load Quenching Circuit
topology [27], [28] to sense the avalanche and then quench
the SPAD below the breakdown voltage, to minimize the
avalanche current while using a low number of transistors.
The circuit makes use of thick-oxide transistors for sens-
ing, quenching, and resetting the SPAD, allowing up to
5 V excess bias operation, in combination with low volt-
age (1.8 V) transistors to reduce area occupation. Layout
was optimized to match the VLQC pitch with the SPAD
one (24 μm) and to have comparable parasitism between
different anodes. SPAD detectors are activated only within
precise time window, set equal to the TDC full-scale range.
The quenching circuit (see Fig. 3) provides prompt avalanche
quenching and fast detector reset (< 1 ns fall transi-
tions of the anode voltage between 80% - 20%) even
with the non-negligible parasitic capacitance of the long
metal lines.
Fig. 4 shows the working operation of the described

VLQC. When the SPAD is ready to detect photons, the
transistor M2 (with small form-factor) is on while M1 (with
large form-factor) is off, so that the ignited avalanche cur-
rent increases the SPAD anode voltage and turns slightly on

FIGURE 3. Simplified schematics of the quenching circuit. High voltage (5V)
transistors are drawn with a thicker gate.

FIGURE 4. Simulated timing diagrams of the VLQC. The EV OUT is generated only if
the photon is detected within the acquisition (GATE) window.

transistor M3, which pulls the SENSE node voltage down,
thus turning M2 off and speeding up quenching. The 5 ns
output pulse (EV OUT) is generated through a monostable
only when triggering happened within the gate window.
After each photon detection, the SPAD remains below break-
down until a new gate window is applied: M1 resets the
SPAD and M4 resets the SENSE node. In fact, on the ris-
ing edge of gate signal, the reset transistor M1 is active
for about 2 ns to quickly bring the SPAD above break-
down. This “soft” gating approach (EV OUT generated only
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during the gate-on window, so to mask ignitions outside
the detection window) greatly reduces dynamic power con-
sumption in respect to “hard” gating operations, i.e., when
the SPAD is enabled above breakdown or disabled below
breakdown, so to actively apply large voltage transitions
to the SPAD’s anode, thus charging and discharging the
junction’s capacitance. Moreover, the “soft” gating requires
neither an active PMOS transistor to disable the SPAD
by pulling the anode voltage up to a voltage equal to or
higher than the excess bias of the SPAD, nor such a new
supply rail.
Eventually, an ENABLE signal, provided through a dis-

tributed shift register, is used to either enable or shut down
each SPAD, which cannot be rearmed at the gate signal ris-
ing edge: in this way it is possible to disable “hot” SPADs,
i.e., SPADs with too high Dark Count Rate (DCR) or to
anyhow limit the number of SPADs in operation.

B. ROI DETECTION LOGIC
In single point ranging, only few SPADs are covered by the
laser spot, thus we implemented an innovative smart Region-
Of-Interest (ROI) detection for the laser-spot tracking, in
order to minimize the number of TDCs, while still being
sensitive to all useful signal photons within the spot, by
means of the smart TDC sharing described in [21] and in
Section II-C.
The ROI selection idea relies on the fact that back-

scattered laser photons trigger the SPADs only during
a well-defined temporal window (set equal to the FSR of
TDC), whereas background light is uniformly distributed
across time. Thus, to ascertain if a SPAD is within the laser
spot and consequently within the ROI, we check for each
SPAD the difference between photons counted within the
window corresponding to the laser return (i.e., with signal
photons and background photons) and another window with
the same duration but when no signal is expected (i.e., with
only background photons), then we compare such a value
with a user-defined threshold. In order to implement the
photon count difference and comparison, we integrated an
up/down digital counter preloaded with the desired NTH
threshold value: photons within the expected laser return
window are counted downwards, whereas background pho-
tons are counted upwards, during a time window with the
same duration, but when the laser is off. Fig. 5 shows the
timing diagram for the ROI evaluation, during many laser
shots. The figure shows an exemplifying case of a generic
SPAD #1 within the laser spot and another generic SPAD
#2 outside the laser spot. A frame can consist for exam-
ple of 500 laser shots. At the beginning of each frame,
counters are pre-loaded with the positive threshold value
NTH; then counters increment by +1 anytime a photon is
detected when the laser is off and decrement by −1 any-
time a photon is detected when the laser is on. Note
that within each enabling window (either Up or Down)
the counts can increment or decrement at most by 1,
because a SPAD can be triggered only once within each

FIGURE 5. Timing diagram to perform ROI selection. During 500 laser shots,
counters run downward when signal photons are expected, while upward to count just
background photons. For instance, SPAD #1 inside the spot, accumulates a total
negative count while SPAD #2 outside the spot, accumulates a positive count near to
preloaded threshold value NTH.

enabling window, being reset at the following window.
Moreover, since background is almost the same between
two subsequent gates, we have the same probability to
detect background photons in both upwards and downward
windows.
After 500 enabled windows in both upward and down-

ward counting, counters accumulating a negative value (e.g.,
SPAD #1) signal SPADs within the laser spot, while counters
with a final positive value, around the threshold value NTH,
(e.g., SPAD #2) are to be considered outside the laser spot.
Therefore, all SPADs associated to negative total counts are
enabled to trigger the shared TDCs during the following
frame. With this implementation, there is no need of digital
comparators since the sign bit of each counter suffices to
detect if the corresponding SPAD is within the ROI (laser
spot) or not.
Fig. 6 shows the simplified block diagram of the ROI

detection logic, which includes the 10-bit up/down counter,
the logic to pre-load the threshold NTH through serial com-
munication and the sign bit discrimination to selectively
connect the active quenching output pulse (EV OUT, see
Fig. 3) to the input of shared TDC through an NMOS (MOD),
which drives the open-drain shared TDC line, as shows in
Fig. 6. The counters’ number of bits has been chosen to
largely accommodate the possible counts, considering the
worst case, e.g., for a frame of 500 cycles with only up
(or down) counts, 9 bits would suffice. A saturation logic is
also implemented in the counters when the full-scale value
is reached, to avoid re-folding, confusing an extremely high
negative value as a low positive one and vice versa.
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FIGURE 6. Simplified block diagram of the ROI detection logic, based on 10-bit
up/down counter per each SPAD. The user-defined threshold is set through a serial
communication bus.

In order to pre-load counters with a user-defined value,
each up/down counter cell implements a multiplexer, which
transforms the counter into a shift register, allowing to load
the threshold value through a serial communication bus. The
same bus allows to readout the content of all counters for
debug purposes or for acquiring intensity maps across the
active area.
Since the shared TDC line in Fig. 6 is a very long metal

path shared among 5 pixels of the same row, the open drain
NMOS (MOD) has been properly sized to guarantee a sharp
rising-edge and negligible jitter contribution.

C. SMART TDC SHARING
Due to the smart laser-spot detection, only SPADs within
the ROI can trigger the TDC, which measures the pho-
tons’ TOF. To avoid signal loss, neighboring SPADs, which
may be covered by the laser spot, are connected to different
TDCs. Therefore, a smart TDC sharing is performed between
SPADs belonging to the same row of the array [21].
The number of TDCs per row is chosen to reduce

area consumption and to best accommodate the laser while
keeping the same number of available TDCs for each row.
Considering a spot diameter of 150 μm (see [21]) and
the 24 μm SPAD pitch, the maximum number of adja-
cent columns within the laser spot will never exceed 6.25.
Therefore, a reasonable trade-off is to have one TDC every
8 SPADs, so that each TDC is shared between five SPADs,
thus minimizing the number of TDCs and maximizing the
number of SPADs enabled to ignite a TDC.
Fig. 7 shows the concept applied to one full row of the

SPAD array with 40 columns. Following this scheme, each
row is then sub-divided into five sectors of eight SPADs each,
where all SPADs within the same sector are connected to

a different TDC. To optimize area occupation and guaran-
tee symmetry, the 80 TDCs are divided into four banks of
20 TDCs each, all positioned on the sides of the ROI logic.
Since the shared TDC lines are very long metal paths

connecting the open drain NMOS transistors (see Fig. 6), the
TDC shared lines have been carefully laid out to minimize
delay skew between NMOS transistors. As a result, the skew
along the TDC line is not that critical, thus it does not
significantly impact distance precision (as it will be shown
in Fig. 16).
The implemented TDCs are based on an architec-

ture employing a multiphase clock interpolation based on
a Delay-Locked Loop (DLL) [28], [29], which generates
16 clock phases from a 400 MHz reference clock; each of
these clock phases is delayed by 78 ps from one another.
Each 16 clock phases can be tuned, to compensate any
delay mismatch, thus improving the overall TDC linearity.
Fig. 8 shows the simplified block diagram of each TDC. This
architecture employs a global SYNC channel, which is driven
by the laser sync signal (i.e., START signal) and 80 TDC
channels, which are triggered by photons detected within the
ROI (i.e., STOP signals). Both START and STOP signals
are asynchronous with respect to the TDC reference clock,
thus implementing the sliding-scale technique and improving
conversion linearity [29], [30].
Each TDC channel has a 3-bit counter that counts the num-

ber of reference clock periods between START and STOP,
ensuring the 20 ns FSR needed to reach the 2 meters maxi-
mum distance range, and a 5-bit STOP interpolator, boosting
the measurement resolution to 78 ps. The global SYNC
channel has only the START interpolator. Each interpola-
tor is made of fast latches, which sample the status of the
multiphase clocks at the rising-edge of the input event. To
reduce routing complexity and overall power consumption,
the interpolators exploit both rising- and falling-edges of
the clock phases: in this way, by employing only 16 clock
phases we get 32 phases (i.e., 5 bit), the first 16 on rising-
edges, the last 16 on the falling-edges. Thus, the final TOF
measurement is given by:

TMEAS = NCTR · TCLK + TCLK
32

· (
Nf ,STOP − Nf ,START

)
(1)

where NCTR is the counter code while Nf,START and Nf,STOP
are the START and STOP interpolator codes.

D. HISTOGRAM BUILDER
At the end of every laser shot, the global SYNC channel
and all TDCs are readout through tri-state buffers acting on
an 8-bit common bus line, controlled by a dedicated logic
that feeds the histogram builder to accumulate a histogram
of all TOF measurements and provided to output pads for
post processing.
The histogram builder employs an 8-bit binary subtractor

to perform the STOP-START difference and a decoder and
counters to accumulate counts to the appropriated time bin’s
memory cell. Given the FSR, to perform distance measure-
ment up to 2 m with 78 ps resolution, the histogram has
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FIGURE 7. TDC sharing performed in one row of the SPAD array: by grouping columns together in 8 channels (from A to H), to fit the expected 150µm laser spot diameter
(about 6 SPADs) only 8 TDCs are required per each row whatever is the number of actual columns.

FIGURE 8. Block diagram of one TDC, with the 8-bit output bus for fast readout.

FIGURE 9. Optical setup used for the ROI detection and TOF measurements.

been designed to keep 256 time-bins with a 14-bit width for
each bin, considering the worst case of all TDC measuring
the same TOF in all the 500 samples of a frame.

E. DIGITAL INTERFACE AND READOUT
The array is controlled through a 4-wire communication
interface, SPI compatible, and it is used to program the
enable for each of the 400 SPAD pixels, as well as, to config-
ure the ROI threshold and bypass values. The digital interface

TABLE 1. Parameters of the optical setup used for the measurements.

allows also to reset the DLL and tune the 16 clock phases,
as mentioned before. In addition, the readout of counters is
also performed through digital interface to obtain the counts
of each pixel and verify the correctness of ROI selection.
The histogram data are readout separately, perform-

ing a dedicated serial communication which transfers the
data through a 14-bit output bus. Also, the TDC data are
readout independently to verify the correctness of TDC con-
version and histogram generation. The output data of the
80 TDCs are readout serially through 8-bit output bus, in
810 ns at 100 MHz serial clock. Considering the laser rep-
etition rate specification reported in [21], the TDC readout
time is shorter than the 1 μs laser period (1 MHz repeti-
tion rate), thus no useful TOF measurements are lost during
readout.

III. EXPERIMENTAL CHARACTERIZATION
We characterized the single point range-finding SPAD
array chip to verify the smart laser-spot tracking (the
ROI detection), the shared TDC performance, and the
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FIGURE 10. Photon Detection Probability (PDP) at different excess bias voltages.

performance in terms of distance precision at high back-
ground. Fig. 9 shows the optical setup used to verify the ROI
detection and to perform TOF measurements. We employed
a pulsed laser at 670 nm, with 140 μW average power, 300 ps
FWHM, 1 MHz repetition rate, and we mounted a 10-nm-
bandwidth optical bandpass filter and single-lens optics onto
the chip. Emitter and receiver are placed separately at a dis-
tance of about 9 cm, due to the optical setup available in
the lab. A halogen lamp illuminates the target to provide
the background light up to 10 klux. Table 1 summarizes the
optical setup parameters.
First at all, we evaluated the SPAD noise and efficiency

and the TDC single-shot precision. Then, we validated
the chip functionality by performing TOF measurements at
different distances and background illumination levels.

A. SPAD AND TDC PERFORMANCE
We already reported in [26] the detection performance of
SPADs we conceived in this 160 nm BCD technology, in
terms of Dark Count Rate (DCR), temporal response, and
Photon Detection Probability (PDP), the last one being quite
important for direct TOF measurements. Fig. 10 shows the
measured PDP of the chip at different excess voltages VEX,
with a 25% peak at 600 nm with 5V excess voltage. In com-
parison with the PDP reported in [26], the measured PDP is
quite lower due to the small SPAD active area which leads
to being more sensitive to the edge effects of SPAD detector.
The average DCR is about 800 cps at room temperature and
5 V excess voltage for the 80 μm2 active area SPADs, corre-
sponding to about 10 cps/μm2 DCR density. Although quite
low, the DCR is not relevant in direct TOF measurements
since ambient background is the dominant contribution given
the optical setup, 3 klux of ambient light correspond to about
32 Mcps at the SPAD.
Concerning the TDC, we characterized the single-shot

precision of all 80 TDCs, by applying external START
and STOP signals and by measuring the Full-Width at
Half Maximum (FWHM) of the timing-histogram across
the whole FSR, varying the delay between START and
STOP. The FWHM of single TDC varies between 78 ps (one

FIGURE 11. Single-shot precision of each TDC (colored curves) and overall
precision when adding together the 80 TDCs conversions (black curve) at same delay.
The counts of each curve are normalized to the unit area.

time-bin) to 234 ps with an average of about 168 ps, while
the FWHM of all TDCs together is limited between 234 ps
to 312 ps with an average of about 269 ps. Fig. 11 shows
the single shot precision of each one of the 80 TDCs and the
ensemble response, when converting the same START–STOP
delay. Four main distributions can be seen, corresponding to
the four groups of 20 TDCs each laid out in different posi-
tions of the chip (see Fig. 1), which receive slightly different
multiphase clocks. The average FWHM of each single TDCs
is about 168; when all 80 TDCs are combined together, it
increases to 234 ps, mainly due to timing skews among dif-
ferent TDC positions in respect to the multi-phase clocks
propagated inside the chip. The correspondingly degraded
measurement precision depends on the ROI dimension since
a wider laser spot triggers more TDCs, hence time skews
among multiphase clocks gets more severe. However, the
result does not depend on the position of the ROI within the
array, thanks to the smart TDC sharing. In fact, the position
of the ROI influence which SPADs can trigger the TDCs, and
not which region of the TDCs is activated. Nevertheless, such
widening is only about 39% in the worst case (i.e., when all
TDCs are triggered) compared to the single pixel’s precision
(i.e., when only a single TDC is enabled and triggered).

B. ROI DETECTION
We performed some measurements to evaluate the
performance of the on-chip ROI detection and the corre-
sponding improvements achieved in the final TOF precision.
We acquired 500 μs frames, consisting of 500 gate windows
with only background light and other 500 gate windows with
background and signal photons. All gate durations were 15 ns
(equal to the measurement FSR), which is lower than TDC
FSR (equal to 20 ns) since a delay constraint of about 5 ns
between START and GATE signal is needed to guarantee
the correct operation.
As described in Section II-B and in Fig. 5, a proper digital

threshold value must be set into all ROI selection counters
before acquisitions. Fig. 12 shows the counts distribution of
a SPAD within the laser-spot ROI (i.e., hit by the signal),
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FIGURE 12. Count distributions of a single pixel hit by the signal with a threshold
set to 100 in different conditions of signal and background. The total number of
detections of each curve is reported above the respective histogram.

with a threshold NTH set to 100. Depending on signal and
background levels, each curve is obtained with a different
number of detected photons (see the figures at the top of
each histogram) in order to reach the same peak count.
The blue distribution curve corresponds to an acquisition
with no signal, but 1400 lux background: a wide gaus-
sian shape can be easily seen. By increasing laser power
and/or decreasing background illumination, the distributions
move toward negative counts, since signal photons increment
compared to background ones (so the counter decrements
more often than when it increments). When background gets
negligible compared to signal, the distribution narrows and
its centroid moves far away from the set threshold NTH:
therefore, the SPAD can be more easily identified to be
within the ROI.
Note that the proposed smart ROI detection method has

an important advantage: the counting result is independent
of the color of the objects, because the threshold value NTH
depends only on average background and signal intensities,
related to the pulse width of the laser pulse.
Fig. 13 shows the cumulative counts distribution of all

SPADs at 3 klux of background light (top) and the corre-
sponding counts and ROI map (center and bottom), with
a threshold NTH = 100. After a frame with 500 laser shots,
two different peaks can be seen: one related to SPADs out-
side the laser spot, showing positive counts (at around the
preloaded threshold +100) and another one related to SPADs
inside the laser spot, showing negative counts (at around
−150). SPADs with a resulting positive count are consid-
ered outside the ROI while those with a resulting negative
count are inside the ROI. The TOF measurements accuracy
improves if TDC conversions are triggered just by signal
photons and not by background ones. In the operating con-
ditions of Fig. 13, with 3 klux background and threshold
NTH set to 100, the two peaks intersect at a final count of
about −75. Therefore, TOF measurements would improve
by moving the intersection of the two peaks towards zero,
i.e., by increasing NTH to +175 instead of +100. In that way,
the signal-to-noise ratio of the final distance measurement

FIGURE 13. Ensemble count distributions of all SPADs (top), counts map across the
40 × 10 array (center), and ROI map (bottom) with threshold NTH = 100 and 3 klux
background light.

can be improved. This is simply achieved by adjusting the
preloaded counter threshold: in the case of Fig. 13, NTH
should be increased.
This optimization is valid if operating conditions in terms

of target reflectivity and background light remain almost
constant during the frame (i.e., for about 500 μs with
500 gate windows and 1 MHz laser). Faster changes would
require shorter frames and/or real-time NTH adjustments, by
reading out the ROI map (see Fig. 13, bottom) until its
dimensions fit the expected laser spot ones.
Fig. 14 compares the TOF histograms accumulated with

ROI detection on (NTH = 80) and off (NTH = 1, so most of
400 SPAD pixels are considered in ROI). The corresponding
ROI detection maps shown in Fig. 15 were acquired with
the optical setup described in Fig. 9, after one frame (i.e.,
500 laser shots at 1 MHz). In case of ROI detection on,
we obtained a total of about 2,200 detections since only
5 TDCs got triggered through the ROI selection as showed
in Fig. 15. Instead, while when the ROI detection was off
(NTH = 1) we obtained a total of about 30,000 detections
since almost all 80 TDCs got triggered. As can be seen, the
signal-to-background ratio is clearly improved when only
SPADs inside the laser spot are allowed to trigger the shared
TDCs, thus validating the proposed smart ROI detection
approach.
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FIGURE 14. Comparison (top) between TOF histograms acquired with ROI detection
on and off and counts map (bottom) with NTH = 80 and 2.2 klux background light.

FIGURE 15. ROI detection map with NTH = 80 (top) and with NTH = 1 (bottom) at
2.2 klux background light.

C. TOF MEASUREMENTS
Once the laser spot is located within the array through the
on-chip smart ROI detection, TOF measurements can be per-
formed. We employed the optical setup showed in Fig. 9. The
single-photon timing precision of the whole SPAD-to-TDC
chain is shown in Fig. 16, when using a 670 nm pulsed laser
(300 ps FWHM): the 390 ps FWHM response of a single
SPAD increases to 468 ps when 12 SPADs are enabled by the
ROI detection circuitry. This variation is mainly due to timing
skews between TDCs (see Fig. 12) and between SPADs along
each row (see Section II-C). However, even if the single-shot
precision is deteriorated, the final precision obtained from
the centroid computation is nevertheless improved due to the
more TOF samples which are obtained with the 12 SPADs
enabled by the ROI detection logic.
Note that the ROI consists of just 12 SPADs and is much

smaller than the nominal one, reported in [21]. This is due
to the optical setup and employed laser, which was unable to
guarantee a homogeneous spot, resulting in a much smaller

FIGURE 16. Temporal response of single SPAD pixel ROI (top) and 12 SPAD
pixels (bottom) within the ROI.

FIGURE 17. Measured distance error, at different background levels.

ROI detection area and also the ROI detection area varies
as the background and threshold change in the various
measurements.
Fig. 17 shows the measured distance error vs. the actual

distance across the whole 2 m range, at different back-
ground levels (up to 10 klux from the halogen lamp), whereas
Fig. 18 shows the distance precision at different measured
distances within the FSR and background levels. The results
reported in Fig. 17 and Fig. 18 are obtained with 12 SPAD
pixels enabled by the ROI detection, with 500 laser shots at
1 MHz repetition rate, reaching 2 kHz (i.e., 0.5 ms) mea-
surements rate and off-chip histograms centroid computation.
Measurements were performed up to 2 m with an achieved
precision of about 2.3 mm at 1 m distance with 80% tar-
get reflectivity and 3 klux background light, while accuracy
(i.e., deviation from the real distance) is lower than 10 mm
across the whole FSR. At 10 klux, the precision is worsened
to 20 mm at 2 m distance.
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FIGURE 18. Distance precision up to 2 m distance, at different background levels.

FIGURE 19. Signal detection rate for measurements performed at different distance.

FIGURE 20. ROI detection map at different distance measurements.

Fig. 19 shows the signal detection rate (i.e., the average
number of TOF detections at each laser shot) at various
distance and background conditions for the distance mea-
surements of Fig. 17 and Fig. 18. As shown in Fig. 19,
the signal detection rate is low compared to the desired
value reported in [21], again due to the non-homogeneous
laser spot and the optical setup used, resulting in a much
smaller ROI which significantly reduces the total number of
detections per frame.
Fig. 20 shows the ROI map positions at different distances

of the target (see Fig. 17 and Fig. 18). As shown in Fig. 20,
due to the triangulation between emitter and receiver, dis-
tances shorter than 1 m cannot be performed since the laser
spot come out of the SPAD array.
The overall average power consumption of the chip is

about 220 mW, including both the SPAD array and the core
circuitry. The main contribution comes from the buffers used
to distribute the multiphase clocks to the 80 TDCs and the
DLL used to generate the multiphase clocks for TDC interpo-
lators. Table 2 compares the performance of state-of-the-art
rangefinder systems based on SPAD arrays. As can be seen,
the precision of our chip is good, obtaining about 2.3 mm

TABLE 2. Comparison with state-of-the-art rangefinder system based on SPAD array.

at 3 klux background light, even with high measurement
rate and low laser power. Also, the accuracy is good, lower
than 10 mm and the maximum background is about 10 klux,
limited by the halogen lamp used for the measurement.

IV. CONCLUSION
In this work we proposed a novel architecture for
a single-point range-finding sensor, based on an array of
40 × 10 SPAD detectors, which employs a smart Region-
of-Interest detection circuitry to identify the few SPADs hit
by the signal photons among the many others hit by the
stronger ambient light background. 80 shared TDCs among
the 400 SPADs allow to reduce power consumption and
improve SNR and precision of distance measurements. The
experimental results show that the chip guarantees a precision
better than 2.3 mm (80% target reflectivity) at 2 m dis-
tance with 3 klux background light and lower than 20 mm
at 10 klux at 2 m distance. The device is tailored for
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high precision distance measurements in short-range applica-
tions in industrial environments, where background ambient
illumination is dominant.
Some challenges need to be addressed to extend the

proposed design to longer distances (e.g., up to 100 m).
For instance, it will be necessary to increase the number
of pixels along the horizontal dimension in order to cover
the wider displacement occurring at longer distances due
to the non-confocal setup. Consequently, more SPADs will
share the same TDC, hence the time skew between differ-
ent SPADs will increase, thus impacting more and more the
distance precision.
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