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ABSTRACT

Light detection and ranging (LiDAR) represents a widely used method to obtain highly detailed three-dimensional maps of the environment.
While LiDAR generally benefits from a high-flux operation regime, the use of the time-correlated single-photon counting (TCSPC) technique
can be limited by the pile-up phenomenon, which prevents acquisition rates higher than 5% of the laser excitation rate. If higher acquisition
rates are used, pile-up can affect the timing data by introducing distortions in the histogram. Here, we analyze and discuss these strong
distortion effects induced by pile-up in the specific case when measuring low-reflectivity targets through obscurants, both for single-point
measurements and three-dimensional imaging. Furthermore, we demonstrate that it is feasible to overcome the enforced constraint, reaching
a count rate of almost 30% (an order of magnitude higher) without notable distortion, even in the presence of complex multi-echo waveforms.
This is accomplished through a purely hardware-based solution, by means of a precise matching between the single-photon detector dead
time and the laser period. The achieved results pave the way to faster single-photon LiDAR in multiple applications, such as imaging through
obscurants, underwater imaging, and hyperspectral and multispectral imaging.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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. INTRODUCTION

Nowadays, the light detection and ranging (LiDAR) technique
is used as a means of three-dimensional imaging in a variety of fields,
including autonomous driving ™’ and remote or harsh environment
exploration.” ” Direct time-of-flight LIDAR uses pulsed laser illumi-
nation, where the scattered return optical signal from the target is
timed with respect to the outgoing laser pulse. By measuring the
round trip time, the distance to the target can be calculated. In
particular, single-photon LiDAR has emerged in recent years as a
potential LIDAR candidate due to its improved surface-to-surface
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resolution and higher levels of optical detectivity. Hence, this tech-
nique has the potential to perform at longer ranges, typically well
within laser eye-safety thresholds.” Single-photon LiDAR gener-
ally utilizes the time-correlated single photon counting (TCSPC)
method,'” where sub-nanosecond temporal precision is routinely
used. Unfortunately, TCSPC can be limited by the pile-up phe-
nomenon, where statistical distortion in the timing histogram occurs
when the event acquisition rate is higher than ~5% of the laser
pulse rate, due to the dead times masking the arrival of the lat-
est photons.'” For this reason, it is preferable to operate a LIDAR
system at an acquisition rate in the range of 1%-5% of the laser
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frequency, thus making TCSPC a slow detection technique. This is
clearly in contrast with the high photon-flux regime that would be
desirable in those LIDAR measurements where low-reflectivity tar-
gets are behind or inside highly scattering media.”"” " For instance,
this includes imaging through obscurants,’”” underwater and fog
imaging,”'"” and hyperspectral and multispectral imaging.'*"* In
these situations, the interposed medium is likely to absorb or scat-
ter most of the incoming light, strongly attenuating the return signal
from the object being imaged, and therefore a higher incident laser
power would be required.* However, this would result in a higher
return from the media, significantly increasing the detected pho-
ton count rate and resulting in pile-up distortions of the histogram.
It is worth mentioning that, in those cases, not only the single-
target return but also the full LIDAR waveform is of interest for data
analysis.

In order to surpass the pile-up limitation in LiDAR, different
approaches have been presented so far in the scientific literature for
single-peak histograms, and a major distinction needs to be made
between software and hardware solutions. The former are extremely
convenient from a practical standpoint, since they can be sim-
ply applied during the post-processing phase; yet, they require the
development of highly specific statistical models to describe pile-up.
Instead, the hardware approaches rely on architectural modifica-
tions to be effective, and therefore require a substantial effort in
terms of time during the system design phase. The simplest soft-
ware correction algorithms are based on the classic pile-up model,
meaning that the acquisition is synchronous to the laser period, and
only one photon per period can be detected. The first correction
algorithm leveraging this model was reported by Coates in Ref. 19
for fluorescence, followed by more recent LiDAR works by Heide
et al.”’ and Tontini et al’’ These models correctly describe the his-
torical timing electronics with single-hit capability, but they do not
take into account the possible multiple sources of dead time that
are present in modern TCSPC systems.”” To include the current
dominant pile-up sources, i.e., the dead times of the detector and
of the TCSPC timing electronics, in Ref. 23. Isbaner et al. proposed
a new iterative algorithm for dead time correction, and in Refs. 24
and 25, Rapp et al. presented a novel statistical model based on a
Markov chain. Moreover, in Ref. 26, Incoronato et al. also consid-
ered the pile-up effects deriving from a limited memory availability
on the detector chip. Regarding instead the hardware solutions, the
current research is leading toward a reduced dead time for single-
photon detectors,”” >’ and toward highly parallel systems composed
of multiple replicated channels,”*”’ which can both mitigate the ris-
ing of pile-up effects. In parallel, Gupta et al. proposed the usage
of a pixel-wise adaptive attenuation to achieve an optimum flux for
each pixel,’! or the adoption of an asynchronous time gating tech-
nique;*” Tontini et al.’® proposed instead the on-chip linearization
of the detector response, allowing to directly extract the time-of-
flight information without the need of a full histogram. Finally, the
electronics dead time today being almost negligible with respect to
the typical photon count rate,”*”” some novel approaches primarily
address the effects of detector dead time, as the hardware method
proposed by Cominelli et al. in Ref. 36 and the software solution
proposed by Rech et al. in Ref. 37.

In this complex scenario, the aim of this paper is twofold. On
the one hand, we propose a detailed investigation of the pile-up
phenomenon in LiDAR-based single-photon depth imaging
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through obscurants. To the best of our knowledge, this analysis has
not yet been presented elsewhere, but can be extremely beneficial for
scientists to understand and recognize the typical pile-up features
in single-photon LiDAR measurements. On the other hand, we
propose for the first time the application to LiDAR of a hardware-
based pile-up free acquisition methodology (based on the theory
of Cominelli et al’®), which can eliminate distortions directly at
measurement time by matching the detector dead time to the laser
period, without any further need of post-processing. Compared
to the current hardware solutions, this approach involves only a
single channel with consequent benefits in terms of electronics
and optics complexity. Unlike the current software methods, this
solution allows for a truly real-time measurement, no histogram
correction being needed after acquisition. However, to date, the
method has been successfully simulated and demonstrated only for
mono-exponential fluorescence decays in the biological field,”® but
never yet applied to multi-echo LiDAR waveforms. The effects and
details of the same method applied to multi-echo LiDAR are not
obvious, as the recorded waveforms exhibit in the two cases peculiar
characteristics that require different approaches for data interpre-
tation and processing. Consequently, the presented experimental
measurements involve an in-depth analysis of both single-point
measurements, to clearly observe the multi-echo histogram with
obscurants and complete depth images. In both situations, the
pile-up distortion is totally removed by applying the proposed
technique, and the full acquired waveform is restored, thus paving
the way to fast single-photon LiDAR in multiple applications.

The remainder of the paper is organized as follows: in Sec. II,
the adopted pile-up free method is presented and the experimental
setup is described; in Sec. 111, the results of single-point measure-
ments and of imaging experiments are reported; finally, in Sec. IV,
the obtained results are discussed and compared to other methods,
and in Sec. V, conclusions are drawn.

Il. METHODS
A. Pile-up free acquisition

As mentioned above and also clarified in scientific literature,
different sources of dead time may affect a TCSPC experiment.””
Today, the main sources for a commercial non-integrated system
consist of the detector and the timing electronics dead times, which
can closely interact giving rise to complex pile-up distortions as
shown in Refs. 23 and 25. To simplify the pile-up management, the
most straightforward solution is to completely avoid at least one of
the two effects: for this reason, we decided to employ a fast tim-
ing module, featuring an electronics dead time much lower than
that of a typical detector. To this aim, different commercial options
are available on the market, such as the MultiHarp 150 from Pico-
Quant™ or the Time Tagger Ultra from Swabian Instruments.”” For
this experiment, we selected instead a prototype module that was
already available in our laboratories, with a maximum average count
rate of 80 Mcps, multi-hit capabilities, and a full-scale range (FSR)
selectable among 12.5, 25, 50, and 100 ns.*’ Being the possible laser
rate for the ranging experiments from 10 to 40 MHz, the introduced
electronics dead time is negligible with respect to the achievable
photon count rates in these measurements.

Regarding instead the detector dead time, we applied a method-
ology that has been theoretically proposed by Cominelli et al. in
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Ref. 36 for free-running single-photon avalanche diodes (SPADs).
This technique is based on a precise time matching between the
detector dead time and the laser period, which means that the detec-
tor becomes completely blind for an entire laser period, each time
a photon is detected. In this way, a complete period is omitted
from the measurement and the statistics of the input light sig-
nal is not altered. This method has been successfully applied with
simple mono-exponential decays in fluorescence lifetime measure-
ments,”® but no results are reported in the literature regarding
LiDAR measurements.

As the typical LIDAR signal, i.e., a Gaussian peak, is extremely
different from the exponential ones in fluorescence experiments,
preliminary numerical simulations have been performed to predict
possible pile-up effects on the full LIDAR waveform, and to compare
them with experimental results. In fact, while in fluorescence imag-
ing, we expect a variation of lifetime as a consequence of pile-up, in
LiDAR, we observe a more widespread effect on the full waveform.”*
Similar to what is reported in Ref. 36, the simulations are based on

Low rate vs matched

three steps: (i) the random extraction of photons from a periodi-
cal light waveform, consisting in this case of a sequence of Gaussian
peaks; (ii) the emulation of the detector behavior in terms of dead
time; and (iii) the collection and accumulation of the recorded pho-
tons into the final histogram. Further details on pile-up simulations
can be found in the supplementary material. The most significant
findings are reported in Figs. 1 and 2, where the simulations are exe-
cuted for a laser repetition rate of 10 MHz over a FSR of 100 ns with a
time bin of 6.1 ps, to be consistent with the lowest possible laser rep-
etition rate and the timing module. In Fig. 1, a single Gaussian peak
with a full-width at half-maximum (FWHM) of 300 ps and an input
signal-to-background ratio (SBR)*! of 10° is shown: on the left, a low
rate curve with an average number of impinging photons per period
Pimp equal to 0.05 is shown, along with the same curve at high rate
(Pimp = 1) with a matched dead time of 100 ns. The low rate curve
is reported for a generic dead time, being the shape of the curve not
affected by the employed dead time, as predicted by theory.'” On the
right, the curves are instead simulated for the same high count rate

High rate unmatched
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Target .
,\;\,i Obsourant Free space FIG. 3. Schematic diagram of the exper-
N\ = Fop optical path imental setup used to investigate pile-up
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] light paths. (b) Monostatic configuration,
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l : Obj Target (c) Photograph and dimensions of the
FCP1 / two employed targets: a plastic pipe joint
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with unmatched dead times from 20 to 80 ns. While the matched
dead time curve is in accordance with the reference one at low rate,
the other curves on the right show a remarkable distortion, espe-
cially in the background with an artificial hole that lasts for the whole
duration of the dead time. Compared to exponential signals,”"" the
distortion observed here is clearly different, for the reason that all
the photons belonging to the Gaussian signal are concentrated in a
reduced time span. Since the introduced pile-up distortion is pro-
portional to the signal area, a shift in the background is observed for
the Gaussian shape, being instead not present for the exponential
case. In Fig. 2, the same type of simulation is replicated by using two
Gaussian peaks with a peak-to-peak ratio (PPR) of 500, representing
a typical situation for a LIDAR measurement through obscurants.
The same distortion phenomena of the previous figure appear visi-
ble also here, with the additional effect of a reduction in the target
peak amplitude in case of pile-up as can be observed in the image
zooms on the right.

In order to experimentally replicate the simulations and to
thoroughly investigate the impact of pile-up on depth imaging,
we employed the detection module proposed in Ref. 40, which
allows controlling the dead time of a SPAD with a high precision,
thanks to a tunable active-quenching circuit (AQC).*> It is worth
mentioning that detector non-idealities (e.g., dead time jitter or reset
time) do not alter the possibility of applying the technique, as already
demonstrated in Refs. 36 and 40. Deterministic variations of dead
time may instead alter the obtained results, and for this reason,
proper calibration procedures should be devised, as in Ref. 43. A
full discussion on practical details of dead time matching is provided
in the supplementary material. The selected module contains a 50-
pum diameter custom-technology thin-junction SPAD* featuring a
dark count rate of 16.5 keps at 27 °C and an afterpulsing proba-
bility of 5%." This module and the previously mentioned timing
module were integrated in the overall optical setup to implement a
fully automatized acquisition procedure.

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
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B. Experimental setup

Two different optical transceiver configurations have been
employed to obtain the experimental data: (i) a bistatic transceiver
system and (ii) a custom-designed monostatic scanning transceiver
[schematically shown in Figs. 3(a) and 3(b), respectively]. The
former is characterized by two distinct optical paths for the for-
ward light toward the target and for the backward light reflected
by the target, avoiding the detection of potential reflections from
optical elements within the transceiver system. Hence, this config-
uration was used to investigate histogram distortions when only two
return peaks were detected, one peak corresponding to an obscurant
material and the other corresponding to the target. Conversely, the
monostatic transceiver featured a coaxial path for the two opposite-
traveling light channels, with the disadvantage of a high number
of internal backreflections generated by the surface of the optical
components common to the receive and transmit channels. This
optical configuration was used to investigate waveforms with several
detection peaks. Both configurations were employed in single-point
measurements, while only the monostatic transceiver was leveraged
for depth imaging experiments. For both setups, the light source
consisted of a picosecond pulsed laser (VisUV, by PicoQuant), emit-
ting in the green (A = 532 nm, pulse width = 90 ps FWHM) at a
repetition rate of 20 MHz. The imaged targets [shown in Fig. 3(c)]
were placed behind an obscurant tissue, with a measured transmit-
tance of 35%. A detailed explanation of the setup is reported in the
supplementary material.

lll. EXPERIMENTAL RESULTS

In order to gain a clear insight on pile-up effects over LIDAR
experiments through obscurants, the measurements were organized
in two successive steps. First, we performed single-point acqui-
sitions with both the bistatic and the monostatic transceivers at
different dead times. In fact, a single-point experiment guarantees a
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higher SBR, thanks to a longer integration time, which is typically
not compatible with scanning protocols due to time constraints.
Successively, we dealt with depth imaging, by using two different
targets: a 3D printed pillar target with known depth features and
a pipe target to observe a more complex shape [Fig. 3(c)]. The
whole measurement procedures and the achieved results are pre-
sented and discussed in the next sections. More precisely, while in
the literature, pile-up is mostly considered as responsible of peak
displacement’””” in LIDAR, in the remainder of the paper, we high-
light other macroscopic effects that can cause additional or missing
feature identification, especially in full-waveform analysis.®

A. Single-point measurements

For the single-point acquisitions, a low-reflectivity flat target
was placed behind a semi-transparent obscurant (a lens-cleaning
tissue), with a distance between the two on the order of 1.6 and
1.8 m for the bistatic and monostatic configurations, respectively.
The acquisition time per waveform was set to 50 s, with a total
number of recorded photons of 10 Mcounts in case of a low pho-
ton rate (Pr. = 0.01) and 250 Mcounts in case of the highest rate
(Prec = 0.25). It is worth mentioning that in a practical experiment,
the average number of photons impinging on the detector per each
period (Pimp ) is not directly measurable, and therefore all the subse-
quent measurements refer to the actual average number of photons
recorded by the detector per period (Pre). The relation between
these two quantities is better clarified in Refs. 36 and 38.

1. Bistatic configuration

In Table I, the acquisition parameters used with the
bistatic configuration are summarized, including three different
measurement sets, where the optical power was set in order to
achieve the desired count rates for different optical components
within the same configuration.

In order to investigate the pile-up effect, in the first measure-
ment set, the dead time of the detector has been swept from almost
13-80 ns, by acting on the analog control voltage Vq of the AQC
that modifies the hold-off time applied to the SPAD.*” The achieved

results are shown in Fig. 4 as a function of the applied dead time
and Vg values, with the acquired curves normalized with respect to
the baseline, for a more effective visualization of pile-up in case of
different SBRs. The top left graph shows the full-scale histogram,
while the other graphs are cropped as to better appreciate the region
of interest. As can be observed, each graph shows the presence of
two peaks, one corresponding to the tissue and the second one cor-
responding to the target behind. However, it appears evident that
for low-rate curves, the target peak is totally hidden by the noise,
while for high-rate curves, the peak is clearly distinguishable over the
background. For such a reason, the usage of a high optical flux con-
stitutes here the preferred solution, especially in the case of LIDAR
with low-reflectivity targets.

In agreement to what predicted by simulations, the first and
higher peak results are almost undistorted, while an intensity reduc-
tion is observed just after, extending for a time span equal to the
detector dead time, and causing therefore the downshift of both the
baseline and the target peak. As a result of the selected FSR of the
timing module being set equal to the laser period (50 ns), the base-
line downshift is periodical and it wraps around the laser period,
as already shown in Refs. 36 and 38 and visible for a dead time of
80 ns. At the end of the dead time, the baseline recovers its original
value, but differently from the simulation, an unexpected expo-
nential decay is present. Being this feature also visible on low-rate
curves, it cannot be attributed to any pile-up effects, but rather to a
well-known SPAD non-ideality, i.e., the afterpulsing. 1546 Thig phe-
nomenon consists in the generation of a correlated detector count
in the absence of an actual photon in the time interval following a
photon detection, due to the release of carriers previously trapped
in silicon defects. As a further confirmation of the hypothesis, the
phenomenon decreases its magnitude with increasing dead times,
following the typical trends of the detector afterpulsing. Finally, as
expected from simulations, with a matched dead time of 50 ns, the
baseline shift induced by pile-up is effectively removed, as can be
seen in Fig. 4(b) on the left. In this case, the onset of afterpulsing
is situated in correspondence of the obscurant peak. In particular,
the afterpulsing appears to be different at high and low count rates,

TABLE 1. Acquisition parameters for single-point bistatic and monostatic measurements. Py represents the average number

of photons recorded by the detector per period.

Set number  Prec (counts) Rate (Mcps) Dead time (ns) Opt. power (yW) Env. light
Bistatic configuration

1 0.01 0.2 ~13-80 0.38 No
0.25 5 ~13-80 27 No

2 0.01 0.2 80 26 No
0.25 5 23; 50 2600 No

3 0.01 0.2 ~13-80 0.38 Yes
0.25 5 ~13-80 27 Yes

Monostatic configuration

1 0.02 0.4 80 1306 No

0.25 5 ~13-50 9000 No

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
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FIG. 4. (a) Acquired waveforms at low and high rates with the bistatic setup at
different unmatched dead times from 13 to 80 ns (i.e., at different V voltages
from 0.2 to 1.1 V), featuring both the tissue and the target peaks. The top left
curves are entirely shown, while the others are cropped over the region of interest.
(b) Acquired waveforms with a matched dead time of 50 ns (Vq = 1.005 V). No
pile-up distortion is observed in this situation. Left: Curves with baseline normaliza-
tion. Right: Zoom on the same curves with normalization at peak and background
subtraction.

but this represents only a visual effect given by baseline normaliza-
tion in case of different SBRs. In fact, since the low rate and high
rate curves are acquired with the same background, but with dif-
ferent laser powers, the SBR is not the same for the two curves. To
clarify this point, Fig. 4(b) on the right reports the same curves with
background subtracted and normalized with respect to the peak, in
such a way to exclude the effect of the different SBRs. The obtained
curves appear to be overlapped, thus demonstrating that the shape
of the waveform is preserved between the low-rate acquisition

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
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and the high-rate one in case of matched dead time. This repre-
sents, in our opinion, a clear proof of the potential of the applied
technique to radically solve pile-up related issues also in LiDAR
measurements.

Besides baseline displacement, a second important effect of
pile-up over multi-echo waveforms has been observed during the
first set of measurement, and more precisely the presence of a blind
spot for specific dead time values, or equivalently for specific spa-
tial positions of the target. In particular, a reduced set of dead time
values from 57 to 61 ns have been applied in order to observe the
transitioning of the dead time step in correspondence of the target
peak. Such cases are illustrated in Fig. 5, where the orange curves
acquired with the mentioned dead time values are compared toward
the blue curve at the longest dead time (80 ns). As can be seen, the
target peak completely disappears for a dead time of 58.3 ns and is
partially overlapped for a larger dead time interval. The situation is
made worse by the presence of ringings, which are generated due
to bias voltage oscillations after detector reset. As a practical conse-
quence, any target object situated in the histogram at a distance from
the obscurant peak equal to the dead time is missed, giving therefore
rise to a blind spot in the generated depth maps. This clearly rep-
resents a major limitation for LIDAR acquisitions, which cannot be
simply overcome with a pure software correction, but requires for a
hardware solution, such as the one proposed here.

After identifying the possible distortions affecting multi-echo
waveforms due to pile-up, a second set of measurements (see Table I)
was acquired, with the aim of quantifying the target peak reduction.
Indeed, in the first set of measurements, the target peak was almost
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FIG. 5. Acquired waveforms in orange at high rates with the bistatic setup at differ-
ent dead times from 57 to 60 ns, in correspondence of the end of the dead time.
The blue curve represents the same waveform with the maximum dead time of
80 ns for comparison. The target peak completely disappears for a dead time of
58.3 ns generating a blind spot.
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invisible at low rates, and a precise quantification of its amplitude
would therefore be unreliable. The obtained results are reported in
Fig. 6, where a higher return from the target was acquired thanks
to a reduced thickness of the interposed tissue. As a figure of merit,
the ratio # between the target peak and the obscurant peak after
baseline subtraction was considered, which can be expressed as
follows:

_ (Ai-B)

R =T
(Ao = Bo)

1

where A; and A, represent the amplitude of the target and obscu-
rant peaks, respectively, and B; and B, represent the local baseline
before the peaks. By referring to the low rate curve, the % value
results equal to 0.0054, and a similar result holds for the high-rate
curve with a matched dead time of 50 ns. Conversely, for the high-
rate curve with unmatched dead time (23 ns), the Z value is wrongly
decreased to 0.0043 (20% less). Since in this case, the pile-up dis-
tortion is mainly introduced by the obscurant peak, the reduction
in the recording probability affects equally the target amplitude A;
and the local baseline B;, thus decreasing the overall % parameter.
Unfortunately, the presence of such error bears a strong impact on
those measurements, where the reflectivity of objects shall be esti-
mated through LiDAR measurements, such as in multispectral and
hyperspectral LIiDAR."*"*

All measurements were performed in dark laboratory condi-
tions; hence, a last set of measurements (see Table I) was acquired
to observe possible differences in case of strong ambient light
(1.2 Mcps on the detector), being this the typical situation of a prac-
tical LIDAR experiment. For the sake of compactness, the results
of this last set are not reported in the paper, but the main features
and arguments of the previous discussions still apply here, with the
sole difference of a reduced afterpulsing due to the dominant back-
ground effect. In conclusion, it is possible to state that the usage
of the proposed hardware pile-up free method is practically feasible
and advantageous also in case of different environmental conditions.

102 \ 1
Low rate
High rate unmatched
103k High rate matched

10»4 L 4

1 1 1 1 I 1 1 I

10 20 30 40
Time [ns]

Count number [#]

FIG. 6. Acquired waveforms with the bistatic setup at low rate and high rates with
matched (50 ns) and unmatched (23 ns) dead times, with a target peak visible
also for low rates. The curves are normalized with respect to their peak, showing
thus different SBRs. Only the region of interest (baseline) is shown. The curve
with unmatched dead time is affected by a proportional reduction of both the target
peak amplitude and the baseline.
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2. Monostatic configuration

Given the promising results achieved thanks to the usage of
the pile-up free method with the bistatic setup, we decided to per-
form measurements with the monostatic transceiver to investigate
the case of several peaks in the histogram. The monostatic configu-
ration is often used for LIiDAR depth imaging,”'”"" as the receive
and transmit channels are coaxial, and therefore do not require
realignment for different target distances. The employed experimen-
tal parameters almost follow the ones of the bistatic configuration,
and are reported in Table I. Figure 7 illustrates instead the acquired
waveforms, with the top left curves completely shown and the others
cropped to the region of interest. As can be observed, three different
peaks are present in the graph: a first irregular peak, which was not
present with the bistatic setup, followed by the tissue and the target
peaks. The first peak is generated by undesired internal reflections
through the optical elements of the monostatic transceiver,"” whose
remarkable amplitude typically affects the acquisition of the actual
targets outside the optical system. In this case, both the internal
reflections and the tissue peaks may give rise to pile-up, depending
on their relative intensity ratio; moreover, both of them generate an

T,=13ns (VQ=0.2V) Tp,=14ns (VQ=0.3V)

frry m Internal — Low rate 80 ns ‘ V\ “ — Low rate 80 ns
= || reflections — High rate — High rate
2 W ’/ Obscurant ‘ ‘ \“ \\’
1 I\ {
2 | \\‘ Aﬂerpulsing:ra/rge‘ Baseline .....JN L H‘ L"’““N
§ | \\WL Pile-up |\ l \M |
3o T Mol \
] N ]

10 20 30 40 10 20 30 40

Time [ns] Time [ns]
Tp=15ns (VQ =0.4V) Tp,=20ns (VQ =0.6V)
I r

el ‘ ‘\ — Low rate 80 ns ‘ \‘ “ — Low rate 80 ns
= \\ | — High rate \“ ‘ — High rate
[}
o i1 |
PSRN I |
2 100 b \ ‘ ‘r \v»»‘,\ L) \r_ “ \w‘
§ ‘V\ {l b | |
g o\ N

10 20 30 40 10 20 30 40

Time [ns] Time [ns]

T,=23ns (Vy=07V) T,=28ns (Vy=0.8V)

= [ \“‘ — Low rate 80 ns [ \‘\ “ — Low rate 80 ns
= | ” — High rate | | — High rate
o) |
Qo |\ ‘
E d | t ‘ \
WL S RS ) W
= ‘ | ‘ i |
= | | | \ |
I

3 o I | G

10 20 30 40 10 20 30 40

Time [ns] Time [ns]

T,=36ns (Vg =0.9V)

— Low rate 80 ns
— High rate
| 1
‘A L———r
|
R SIS

10 20 30 40 10 20 30 40
Time [ns] Time [ns]

Tp,=50ns (VQ =1.005V)
‘I [ ‘ — Low rate ns

‘ \ML ““ — ::iigh ra‘te80
]

Count number [#]
5:D
r_‘f

FIG. 7. Acquired waveforms with the monostatic setup at low rate with a dead
time of 80 ns and at high rates at different dead times from 13 to 50 ns (i.e., at
different V voltages from 0.2 to 1.005 V), featuring the internal reflections, the
tissue, and the target peaks. The top left curves are entirely shown, while the
others are cropped over the region of interest. No pile-up distortion is observed
with a matched dead time of 50 ns (Vg = 1.005 V).
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afterpulsing decay, as can be clearly seen for a dead time of 14 ns.
Regarding pile-up, the same considerations apply as for the bistatic
measurements, but with the additional issue that two different con-
ditions can arise: (i) both the tissue and the target are affected by
baseline shift, as for example, with a dead time of 28 ns or (ii) only
the tissue peak is affected by a baseline shift, as for example, with a
dead time of 20 ns. Clearly, this second situation makes it challeng-
ing to correctly estimate the number of photons in the return peak
from the target. Furthermore, it is worth noting that the blind spot
issue is still present, this time for a dead time of almost 23 ns.

In order to avoid the described issues, the typical solution for
LiDAR measurements consists in adopting a gated approach, by
switching on the detector only after the internal reflections peak.*’
This approach radically avoids the presence of the first peak, yet
at the expenses of a more complex system operation. As demon-
strated by our experimental results (see Fig. 7), an alternative and
more effective approach relies on the application of the proposed
pile-up free method, by using a matched dead time of 50 ns, thus cor-
rectly reproducing the whole impinging light waveform even at high
rates. We can therefore conclude that the implemented method-
ology, besides being beneficial in bistatic setups, is also highly
suitable in case of monostatic configurations featuring unwanted
reflections.

B. Depth imaging

After carrying out the analysis and characterization of single-
point histograms, the remainder of our measurements focused on

depth imaging using the monostatic transceiver to faster scan the
area of interest. As previously mentioned, two different targets were
used: a three-pillar target with known depth features and a more
complex pipe model, both spray painted with a black low-reflecting
coating. The photographs of the two targets are shown in Fig. 3(c).
For each target, two reference depth images were acquired with a
long acquisition time of 1 s per pixel, and successively low-rate and
high-rate measurements were carried out with a shorter and more
realistic acquisition time in the range of 10-30 ms per pixel. In par-
ticular, we wanted to compare the situation of matched dead time
to the one where the target is situated in correspondence of the
blind spot. Afterward, the data analysis consisted in the depth image
reconstruction by means of a pixelwise cross correlation between
each pixel waveform and the instrument response function (IRF).
The IRF consisted in a single-pixel measurement with an acqui-
sition time of 1 s, when using a flat Lambertian reference target
with 99% reflectivity (Spectralon, by Labsphere). The cross corre-
lation approach was previously adopted in single-photon LiDAR,""”
in order to obtain the delay between the histogram recorded and
the IRF, thus obtaining the desired depth map. In particular, the
obtained depth values represent the relative distance between the
target and the Spectralon position during IRF measurement.

1. Pillar target

In Table II, a summary of the measurement parameters
employed with the pillar target is reported, subdivided in four differ-
ent acquisition sets corresponding to reference, low-rate, high-rate,

TABLE II. Acquisition parameters for depth imaging of the pillar and the pipe targets. Prec represents the average number of photons recorded by the detector per period.

Prec Rate Dead  Opt.power Env.light Tissue  Size  Acq.time Tot.time Tot. counts Pixel

Set (counts) (Mcps) time (ns) (mW) (s/pix) (s) (counts/pix) loss (%)
Pillar target

1 0.05 1 80 0.113 No No 20 x 20 1 400 10°

Reference  0.05 1 80 0.113 No Yes 20 x20 1 (6 min) 10

2 0.05 1 80 0.208 No Yes 20 x20 0.01 4 10* 61.5

Low rate 0.05 1 23 0.208 No Yes 20 x 20 0.01 4 10* 72.8

3 0.25 5 50 L5 No Yes 20 x20 0.01 4 5x 10 5

Highrate 025 5 23 L5 No Yes 20x20  0.01 4 5x10* 37.3

4 0.25 5 50 1.5 No Yes 50 x 50 0.01 25 5x 10% 5

High res. 0.25 5 50 1.5 Yes Yes 50 x50 0.01 25 5x10* 7.6
Pipe target

1 0.05 1 80 0.135 No No 50 x 50 1 2500 10°

Reference 0.05 1 80 0.135 No Yes 50 x 50 1 (42 min) 10°

2 0.05 1 80 0.135 No Yes 50 x 50 0.3 750 0.3 x 10°

Low rate (12.5 min)

3 0.33 6.6 50 1.88 No Yes 50 x 50 0.3 750 2 x10°

High rate 0.33 6.6 23 1.88 No Yes 50 x50 0.3 (12.5 min) 2x10°
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and high-resolution acquisitions. In the same table, also the main
performance metrics are reported and, in particular, the overall
acquisition time per frame and the percentage of pixels lost due to
noise or pile-up phenomena.

First, the reference measurements have been carried out with an
average number of recorded photon per period Py of 0.05, i.e., ata
photon rate of 1 Mcps, and with a long dead time of 80 ns, as to avoid
significant afterpulsing effects. The scanning acquisition consisted in
a20 x 20 rectangular matrix, with an acquisition time of 1 s per pixel,

a) Reference without tissue

Reference with tissue

165

155

b) Low rate T, = 80 ns

thus an overall scanning time of ~6 minutes and a total number of
recorded photons per pixel equal to 10°. This procedure allowed us
to obtain the reference depth measurements reported in

as depth maps at the top and three-dimensional point clouds at the
bottom. Because of the long acquisition time per pixel, the acquired
measurements faithfully reconstruct the target surface both in the
case of the bare target, and also in the presence of the interposed
obscurant tissue. As expected, the obscurant highly attenuates the
signal from the target, significantly reducing the SBR; nevertheless,
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FIG. 8. Depth maps (top of each inset) and 3-dimensional point clouds (bottom of each inset) of the three-pillar staircase object in different acquisition conditions ( ).

(a) Low rate (Prec = 0.05) with a long pixel acquisition time (1 s). A comparison is reported between the bare target on the left and the target behind an obscurant on the
right. (b) Low rate (Prec = 0.05) with a short pixel acquisition time (10 ms). A comparison is reported between a long dead time of 80 ns on the left and a short dead time of
23 ns on the right (in correspondence of the blind spot). (c) High rate (P = 0.25) with a short pixel acquisition time (10 ms). A comparison is reported between a matched
dead time of 50 ns on the left and an unmatched dead time of 23 ns on the right (in correspondence of the blind spot). (d) High rate (Prec = 0.25) and high resolution
(50 x 50) with a short pixel acquisition time (10 ms). A comparison is reported between a dark environment on the left and the presence of environmental light on the right.
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the staircase pillar is still clearly visible, and the distances between
the pillars are correctly preserved.

Due to the total scan time for the reference measurement being
excessively long, we explored the possibility of reducing the pixel
acquisition time to 10 ms, thus achieving a scanning time of 4 s,
while still keeping a low rate count rate to avoid pile-up. The results
of this second set of measurements are reported in Fig. 8(b) for the
target behind the obscurant, and in this case, the pillar target is not
recognizable in both the depth map and the point cloud. The main
reasons for the target disappearance consist in the low number of
total recorded photons per pixel (10*), in conjunction with the low
amplitude of the target peak. In particular, the out-of-scale depth
points are reported in white color, for a total percentage of lost pix-
els equal to 61.5% in case of a long dead time (80 ns). For the sake
of completeness, the same measurement was repeated with a dead
time of 23 ns, which corresponds to the previously mentioned blind
spot (Fig. 7); in this situation, the pixel loss becomes even worse, i.e.,
equal to 72.8%. Since the additional pixel loss cannot be attributed
to pile-up in case of low rates, the increased disturbance might be
driven by the higher afterpulsing that is present for lower dead time
values.

At this stage, it was consequently evident that a low-rate mea-
surement with a short acquisition time was not a viable option for a

Reference with tissue

a) Reference without tissue
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correct depth reconstruction, and a high-flux LIDAR was necessary
to obtain an adequate depth map. For this reason, the photon rate
was increased to 5 Mcps (Prc = 0.25), and further depth maps were
acquired with a matched dead time of 50 ns (see set 3 in Table II),
and with an unmatched dead time of 23 ns, corresponding to the
blind spot. The obtained results are illustrated in Fig. 8(c), where
the depth map that features a matched dead time exhibits only a
5% pixel loss, thanks to the higher number of integrated photons
per pixel (5 x 10*). Instead, despite possessing the same number of
counts per pixel, the map with unmatched dead time shows a 37.3%
pixel loss (six times higher) due to the return peak from the target
being covered by the distortions in the histogram. This result clearly
validates the usage of high-flux LiDAR in conjunction with the
proposed pile-up free methodology for the correct surface recon-
struction of a target behind an obscurant. To further confirm the
achieved results, we performed a last set of measurements with
matched dead time and an increased spatial resolution of 50 x 50,
still with a 10 ms integration time per pixel, i.e., with an over-
all acquisition time of 25 s. Figure 8(d) shows the obtained results
with a similar 5% pixel loss in case of a dark environment, and
with a negligible increase up to 7.6% in the presence of environ-
mental light (background photon rate equal to 70 kcps on the
detector).
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FIG. 9. Depth maps and three-dimensional point clouds of the pipe surface under different acquisition conditions (Table II). (a) Low rate (Prec = 0.05) with a long pixel
acquisition time (1 s). A comparison is reported between the bare target on the left and the target behind an obscurant on the right. (b) Low rate (Prec = 0.05) with a short
pixel acquisition time (300 ms). (c) High rate (Prec = 0.33) with a short pixel acquisition time (300 ms). A comparison is reported between a matched dead time of 50 ns on
the left and an unmatched dead time of 23 ns on the right (in correspondence of the blind spot).

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
© Author(s) 2025

10, 126122-10

L11LG¥) 9202 YdielN 0


https://pubs.aip.org/aip/app

Finally, it is worth mentioning that—ideally—the image quality
may be improved by applying post-processing filters, which reduce
the noise over-imposed to the images. However, by using a sim-
ple median filter applied to the previous depth maps, the pixel loss
appears to drastically reduce below 1% in the case of a matched dead
time, while it is only slightly decreased to 30% in the specific case
of the blind spot. This further strengthens the necessity of a proper
acquisition methodology to avoid pile-up in case of high-flux LIDAR
with low reflectivity targets behind obscurants.

2. Pipe target

As a final depth measurement, we imaged a small pipe joint,
in order to validate the methodology on a more complex surface
that better resembles a real-world object. In Table II, the main
parameters and performance metrics for three different sets of mea-
surements (reference, low count rate, and high count rate) are
reported. For these measurements, a scanning matrix of 50 x 50 pix-
els was selected due to the higher complexity of the target under test
and the bigger field of view needed.

First, a reference depth map both with and without the tissue
was acquired at low rate (Pr.c = 0.05, i.e., 1 Mcps) with a pixel acqui-
sition time of 1 s, a number of photons per pixel equal to 10°, and
an overall scanning time of 42 min. The obtained images can be
observed in Fig. 9(a), where the presence of the tissue worsens the
depth image of the target. Successively, with the aim of reducing
the acquisition time without incurring in pile-up, we performed a
low count rate acquisition with a pixel integration time of 300 ms,
which corresponds to 0.3 x 10° total counts per pixel and to an over-
all scanning time of 12.5 min. As already observed in Sec. III B 1,
the acquired depth map [Fig. 9(b)] results unreliable, being the spe-
cific pipe features not clearly visible. Following the same approach as
for the three-pillar object, the count rate was increased to 6.6 Mcps
(Prec = 0.33) and the experiment was repeated for matched (50 ns)
and unmatched (23 ns) dead times; in this case, the total number of
photons per pixel results equal to 2 x 10°. Figure 9(c) shows the final
results: for the matched dead time, the image is reconstructed with
a satisfactory level of detail, while for the unmatched dead time, the
pipe surface is no longer recognizable.

In conclusion, also the final measurements with the pipe target
confirm the possibility to successfully apply the considered pile-up
free methodology to LiIDAR waveforms in case of high-flux stim-
ulation, both with single-point ranging and with depth imaging.
This procedure allows, indeed, to enhance the measurement speed
while avoiding pile-up distortion. Moreover, it is worth observing
that the total acquisition time may further benefit from a remarkable
reduction in the case of faster excitation lasers.

IV. DISCUSSION AND METHOD COMPARISON

In the previous sections, we have explored a variety of possi-
ble pile-up effects on LiDAR through obscurants at high photon
fluxes, both in the simpler case of single-point ranging and in
depth-imaging. Although most scientific literature on the topic only
refers to possible peak displacements at high rates,”””” we clearly
showed—Dby means of original data—that other detrimental effects
appear above the 5% pile-up limit, and in particular,

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
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¢ the whole waveform can be easily distorted due to fictitious
baseline shifts and steps, leading to additional or missing
feature identification in the waveform analysis;

o the peak amplitudes and their relative ratios can be affected
by the presence of such non-ideal features, with potential
consequences on reflectivity estimation; and

o under specific circumstances, the presence of the target peak
can be hidden by the distorted waveform, giving origin to
spatial blind spots and unrecognized targets.

To overcome these issues, we proposed to apply a hardware
methodology based on dead time matching. While the method
proves to be effective in removing the undesired pile-up distortions,
it is worth comparing its practical application to the current soft-
ware approaches, as the ones proposed by Rapp et al,”"* Isbaner
et al.,” and Rech et al.’’ Indeed, a radically different method to reg-
ister LIDAR curves would be to shorten the detector dead time to
its lowest value and to apply a software correction to the acquired
waveforms. This solution allows registering a higher number of pho-
tons, thanks to the shorter dead time, at the expense of a systematic
curve masking after the obscurant peak (as in Figs. 4 and 7 with
13 ns dead time). Consequently, the trade-offs between the differ-
ent alternatives are not immediately evident and must be carefully
assessed. It should be emphasized that a direct comparison with the
other software-based approaches discussed in Sec. [—namely those
proposed by Heide et al.”’ and Tontini ef al.”' —would not be mean-
ingful, as their correction strategies rely on synchronous acquisition
schemes, which are not representative of the free-running detector
configuration considered in this work.

In Fig. 10, we report an illustrative comparison between a
histogram acquired with the matched dead time of 50 ns and
software-corrected histograms (with Rech et al.’” and Rapp et al.”
methods) acquired with the lowest possible dead time of 13 ns,
both in the case of bistatic setup. Conversely, a histogram corrected
with Isbaner ef al”® approach has not been reported in the figure
because this method appears ineffective in correcting the baseline
downshift induced by the pile-up, as already shown in Ref. 25 and
verified in the supplementary material. The original data in Fig. 10
are the same of Fig. 4, reported here without any normalization
for a clearer comparison. Specific details on the correction imple-
mentation are described in the supplementary material. As can be
observed, the software corrections allow for an effective retrieval
of the histogram baseline, with the resulting histograms from the
two software methods exhibiting an almost perfect overlap. To bet-
ter compare the hardware and software corrections, we evaluated
the signal-to-noise (SNR) ratio in correspondence of the target
peak, resulting in 12.9 for the corrected curves with 13 ns dead
time and 10.2 for the curve at 50 ns. Despite the higher number
of photons collected with the shorter dead time, the SNR is com-
parable in the two cases. However, a shorter dead time results in
a higher afterpulsing,” and in increased ringings over the wave-
form; moreover, the onset of afterpulsing is placed in this case in
the range of interest, and can therefore hide an overlapping target
peak. Instead, in case of matched (and longer) dead time, the after-
pulsing is lower, and its onset is situated in correspondence of the
obscurant peak, hence significantly lowering its impact on the target
peak.
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FIG. 10. Comparison between dead-time matching technique and alternative soft-
ware corrections, based on Rech et al.*” and Rapp et al.?* methods, with a
constant acquisition time. The data are reported without normalization, and the
legend is valid for all graphics. AP: afterpulsing, Tp: dead time. (a) Full histograms
with (i) dead time of 50 ns and (i) and (iii) dead time of 13 ns, including the soft-
ware corrections. The two software corrected histograms appear indistinguishable
due to an almost perfect overlap. (b) Zoom on linear scale in correspondence of
the histogram region of interest. (c) Zoom on linear scale in correspondence of
the baseline [see the rectangle in the inset (b)], showing the almost overlapped
software-corrected curves.

In summary, even if the presented quantitative results are
related to the employed detector, the considerations can apply on a
more general scale, thus outlining the possible benefits of the pro-
posed hardware technique. A full investigation of the conditions
under which one method may be preferable over the others in practi-
cal scenarios will be the subject of future work. To our opinion, one
possible current limitation of the discussed hardware technique is
the lack of commercial SPAD modules featuring tunable dead time.
However, being the detector dead time typically controlled by an
AQC,** we expect that custom modules can be easily available upon
request from manufacturers, or that standard SPAD modules may
be directly modified to achieve dead time regulation, as shown, for
instance, in Ref. 48. Finally, we believe that the proposed technique
is directly scalable to multi-channel LiDAR systems, provided that
an integrated multi-channel AQC is designed with a tunable dead
time. Depending on the dead time mismatch between the different

APL Photon. 10, 126122 (2025); doi: 10.1063/5.0301407
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AQC channels, a single voltage signal Vo may be used to control
the whole array, or fully separated dead time control circuits may
be implemented. Moreover, we believe that the technique is trans-
ferrable to other detector technologies and implementations (e.g.,
SPADs based on CMOS”).

V. CONCLUSION

In this work, we have extensively addressed the effects of
pile-up on single-photon LiDAR for imaging through obscurants.
Starting from numerical simulations, we have assessed the main
waveform distortions, which have been later observed both in single-
point measurements and in depth imaging. Moreover, we have
applied for the first time to single-photon LiDAR a hardware-based
method that overcomes pile-up limitations, by matching the detec-
tor dead time to the laser period. We have demonstrated that the
method not only prevents pile-up distortions directly at acquisition,
but it also offers several advantages over software-based corrections:
(i) it enables real-time acquisition, as no post-processing time is
needed for histogram correction and (ii) it potentially reduces sys-
tem complexity, as it requires only a single detector with matched
dead time. Furthermore, despite collecting a lower number of pho-
ton events, the method achieves a similar SNR when compared to
software corrections, and it mitigates possible issues generated by
the detector afterpulsing.

These results demonstrate that the proposed strategy enables
significant improvements in LiDAR systems operating at high flux
and high speed. We anticipate particular benefits for imaging
through obscurants, underwater imaging, and hyperspectral and
multispectral imaging.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
the simulation of pile-up effects, on the experimental setups and
parameters, and on the comparison between the proposed hardware
method and software corrections.
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