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ABSTRACT
Time-Correlated Single-Photon Counting (TCSPC) enables the measurement of low-intensity optical signals with sub-picosecond timing
resolution. Its performance has long been limited by pile-up distortion, which restricts acquisition rates to a small fraction (typically 5%)
of the laser excitation rate. In this work, we break through these limitations in fluorescence measurements by harnessing the power of a
hybrid photodetector and validating a novel, constraint-free methodology that removes pile-up distortion, enabling high precision in lifetime
estimation. The mathematical framework underlying this method not only makes it possible to overcome the traditional distortion but also
addresses previously unexplored error sources. For the first time, we present a real-time processing algorithm that compensates for hardware-
induced distortions, achieving a comprehensive fluorescence histogram correction. Remarkably, with our approach, we achieve a count rate
as high as 121% of the excitation rate, setting a new benchmark in TCSPC performance and representing a transformative leap forward in the
capability of the technology to deliver high-speed and high-precision measurements.

© 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/). https://doi.org/10.1063/5.0268205

I. INTRODUCTION
Time-Correlated Single-Photon Counting (TCSPC)1–3 has

gained significant relevance across a wide range of advanced scien-
tific applications, including Fluorescence Lifetime Imaging Micro-
scopy (FLIM),4–7 single-molecule fluorescence analysis,8–10 and
Light Detection and Ranging (LiDAR) for both free-space and
underwater environments.11–13 Additionally, it plays a crucial role
in quantum cryptography14,15 and quantum optics.16,17 In principle,
the technique involves the periodic excitation of a sample through
a high-rate pulsed laser source and the recording of the arrival
times of the emitted photons. Photon detection relies on advanced
single-photon detectors, such as Single Photon Avalanche Diodes
(SPADs),18–21 Hybrid Photodetectors (HPDs),22,23 or Silicon Photo-
multipliers (SiPMs).24,25 Timing circuits, including Time-to-Digital
Converters (TDCs)26 or Time-to-Amplitude Converters (TACs)27

followed by Analog-to-Digital Converters (ADCs), convert the pho-
ton arrival times within the laser period into digital words. Finally,
the collected data are processed by a computational unit, typically a

Field-Programmable Gate Array (FPGA). Once a sufficient number
of photon events have been recorded, the optical signal waveform
emitted by the sample can be statistically reconstructed with high
accuracy and sub-picosecond resolution.28

TCSPC hinges on the statistical accumulation of detected pho-
tons. The more the collected events, the lower the statistical noise,
and the greater the accuracy and the reliability of the obtained
results. However, the intrinsic statistical nature of the technique
often requires extended acquisition times, limiting its efficiency and
preventing it from reaching its full potential. Although it might seem
intuitive to increase the excitation intensity to speed up the data
acquisition, this approach is fundamentally limited by the dead time
of the system, i.e., the period required by the detector and electronics
to process an event. During this interval, subsequent photons can-
not be registered, easily leading to the so-called pile-up distortion
affecting the acquired TCSPC histograms. This unwanted distor-
tion arises from three key phenomena: classic pile-up, detector dead
time pile-up, and conversion dead time pile-up.29,30 Classic pile-up
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occurs when the system cannot record multiple events within a sin-
gle excitation period, whereas detector and conversion dead time
pile-up result from the unresponsiveness of the detector and elec-
tronics while they process an event. To mitigate this phenomenon,
the count rate in traditional TCSPC systems has historically been
restricted to only a small fraction of the laser excitation rate, typ-
ically ranging from 1% to 5%.1,29 This limitation ensures that the
system processes each photon event accurately, reducing the likeli-
hood of a photon impinging on the photodetector during the dead
time, which, in turn, results in slower overall data acquisitions.

Although significant progress has been made in mitigat-
ing classic pile-up and electronic conversion pile-up—thanks
to advances in multi-hit detection31 and ultra-fast conversion
electronics27,32,33—the finite dead time of detectors remains a key
bottleneck for improving the acquisition speed in TCSPC-based
applications. To address the challenge of improving system respon-
siveness, detectors with extremely low dead times, such as SPADs
driven by Active Quenching Circuits (AQCs)21,34,35 and HPDs,23

have been developed. However, even these low-dead-time detectors
can introduce distortions, especially when measuring short lifetimes
under high-intensity illumination. Additionally, in the specific case
of SPAD-based systems, low-dead-time operation can worsen issues
such as afterpulsing, which further degrade data fidelity.36 Recent
innovations have sought to tackle pile-up distortion more effectively.
In particular, multichannel systems have enabled multiple photon
detections within a single excitation cycle,37,38 while post-processing
algorithms for pile-up correction have been developed—though
they still require prior knowledge of the signal shape for optimal
performance.39,40 A pioneering approach to prevent pile-up distor-
tion was proposed by Cominelli et al. in 2017.41 It involves tuning
the dead time of the detector to an integer multiple of the exci-
tation period, thereby effectively eliminating distortion. While this
approach has demonstrated operation at up to 65% of the laser
excitation frequency,42 it also imposes a limit on further dead time
reductions.

In 2023, Rech et al.43 presented a revolutionary theory that
allows removing all constraints in TCSPC measurements, thus
unlocking unprecedented speed potential. This approach was exper-
imentally validated by Fratta et al. in Ref. 44, where it is demon-
strated that the long-standing pile-up issue could be effectively
resolved by incorporating system status information into the con-
ventional TCSPC data histogram. This eliminates the need for prior
knowledge of the signal shape and significantly overcomes the speed
limitations of the technique. Notably, we achieved up to an average
of 1.16 photons per period using a commercially available detection
module. In this work, we validate the latter technique by lever-
aging a commercial HPD, which emerges as a highly promising
solution, further extending the boundaries of the novel methodol-
ogy. HPDs excel due to their unique combination of exceptionally
short dead time (below one nanosecond), ultra-low dark counts,
and negligible afterpulsing probability. The short dead time facili-
tates TCSPC measurements at extremely high photon count rates
by allowing the use of high illumination power. Additionally, the
extremely low dark count rate improves the signal-to-noise ratio
while the negligible afterpulsing probability prevents any artifact
potentially arising from correlated noise. These characteristics make
the hybrid photodetector particularly well-suited for ultra-fast and

high-precision measurements. While Hwang et al.45 harnessed the
number-resolving capabilities of HPDs to achieve a single-photon
counting rate of 29% of the laser excitation frequency, our approach
surpasses this benchmark by integrating the pile-up correction algo-
rithm, enabling an unprecedented count rate exceeding 120% of the
excitation frequency, with the throughput of the timing system act-
ing as the limiting factor for further increases. This unprecedented
photon count rate marks a significant advancement for applications
characterized by intense light signals, which are typically limited by
distortion effects in TCSPC. The goal is to demonstrate that TCSPC
is not restricted to low-count-rate scenarios but can also be a power-
ful tool for ultra-fast, high-intensity applications, ensuring both high
resolution and efficiency.

This paper is structured as follows: Sec. II details the method-
ology and experimental setup underpinning our measurements.
In Sec. III, we identify and address non-idealities in the output
voltage signal of the detector, revealing their role in generating his-
togram distortions beyond traditional pile-up effects. For the first
time, we introduce a post-processing correction algorithm capable
of compensating for these hardware-induced distortions, delivering
comprehensive and precise histogram correction. This paper con-
cludes by synthesizing the key findings, emphasizing the broader
impact of our contributions and outlining promising directions for
future research.

II. PILE-UP DISTORTION: ANALYSIS AND CORRECTION
A. Methodology

The pile-up phenomenon has been rigorously explored in the
previous studies by Cominelli et al. in Ref. 41 and further examined
by Rech et al. in Ref. 43. When the photon arrival rate exceeds the
capacity of the detection system, the finite dead time, Tdead, causes
subsequent photons to be missed, leading to counting losses and
significant distortion. By leveraging the advanced capabilities of the
HPD, the proposed technique ensures that missed photon events are
accurately reconstructed, even when the excitation rate exceeds the
typical pile-up threshold. As outlined in Refs. 43 and 44, we define
rrec(t) as the distribution of recorded photons, given by the prod-
uct of the average number of photons per laser period, P , and the
probability density function Prec(t), which describes the likelihood
of a photon being recorded at time t. In contrast, rimp(t) denotes
the distribution of photons impinging on the photodetector. Thus,
rrec(t) reflects the measured response of the system, affected by pile-
up distortion, while rimp(t) represents the actual photon distribution
at the detector, as sketched in Fig. 1, for a single exponential decay.

The relationship between rimp(t) and rrec(t) is given by the
following equation:

rimp(t) =
rrec(t)
α(t)

, (1)

where function α(t) represents the probability function that tracks
the activity of the system during each laser period throughout the
measurement process. In other words, α(t) indicates the probabil-
ity that the system is capable of detecting photons at a given time
t, taking into account the effects of the dead time of the system.
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FIG. 1. Sketch of a TCSPC data histogram affected by distortion at high-count
rates. The red curve represents the distribution of recorded photons, rrec(t),
while the blue curve represents the distribution of photons impinging on the
photodetector, rimp(t).

Specifically, α(t) serves as a weighting factor for photons detected at
time t, accounting for the correction due to the dead time triggered
by each photon event occurring within t − Tdead.

At this point, we can briefly recall the key theoretical concept
behind the run-time reconstruction of α(t), focusing on its physi-
cal significance. This process involves dividing the laser period into
discrete time bins, each with a width corresponding to the timing
resolution of the measurement system. At each laser period when
the system is active, the count for the respective time bins is incre-
mented by 1. If, however, the detector enters a dead time during a
given interval, the count for those bins remains unchanged (i.e., it is
not incremented). This process is repeated for each excitation cycle,
accumulating data that reflect the timing behavior of the detector
over time. Afterward, the function is normalized by the total number
of periods for which the measurement is conducted. This normal-
ization ensures that α(t) remains within the range (0, 1) and that
its total area equals 1, thereby fulfilling the requirements of a valid
detection probability.

In this framework, it is essential to define the concept of dead
time and its specific characterization in the context of HPD-based
TCSPC measurements. When a photon is detected, the timing out-
put signal of the HPD—a negative voltage pulse with a fast rise
time—must be acquired by an acquisition system, which can use
either a Constant Fraction Discriminator (CFD) or a compara-
tor with a fixed voltage threshold. In our setup, we use the latter
approach, which will be discussed in detail in Sec. II B.

We define the HPD dead time as the time difference between
the time instant at which the falling edge crosses the comparator
threshold (marking the photon arrival time) and the time instant
corresponding to the rising edge crossing the comparator thresh-
old again, indicating that the system is ready to detect another
event. Indeed, in this time interval, the electronics cannot reg-
ister any further event. A typical scenario with a single event
is sketched in Fig. 2(a). Nevertheless, another possible scenario
must also be considered: when photon emissions occur in rapid
succession—specifically when the time interval between events is
shorter than the width of the output voltage pulse—photon over-
lap occurs, as shown in Fig. 2(b). The overlapping photons fail
to surpass the chosen detection threshold, leading to the failure
to detect the combined signal. Consequently, merged pulses can-
not be distinguished by the TCSPC electronics, resulting not only

FIG. 2. (a) Photon losses during Tdead of each detected event. (b) Overlapping
photons fail to surpass the detection threshold.

in information loss but also in a variation of the detector effec-
tive dead time. Traditional correction methods often rely on prior
knowledge of the signal shape and assume a fixed Tdead,40 but these
approaches do not address photon overlap as they mainly focus on
approximation-based reconstruction. Although Meyer et al. intro-
duced a post-processing statistical pile-up correction algorithm,46

our novel method effectively compensates for this additional distor-
tion by exploiting α(t), which accounts for the effective Tdead during
which the system is unable to detect photons.

B. Experimental setup
The experimental setup is depicted in Fig. 3. The illumina-

tion source is a high-end picosecond diode laser driver (PicoQuant
GmbH, Taiko PDL M1) connected to an LDH-I series pulsed diode
laser cuboid head. The laser, operating at an excitation frequency of
20 MHz, features an emission wavelength of 470 nm and a pulse
full-width at half-maximum (FWHM) of 80 ps. The laser output
is coupled to a fiber delivering the light to a diluted solution of
Coumarin-6 in ethanol, featuring a time constant approximately
equal to 3.2 ns. The fluorescence signal produced by the sample
passes through a circular reflective neutral density filter (by Thor-
labs), allowing us to select various attenuation factors. Finally, the
light is directed to a commercial detection module incorporating
a hybrid photodetector (PicoQuant, PMA Hybrid Series), employ-
ing a fast hybrid photomultiplier tube (Hamamatsu, R10467). The

FIG. 3. Experimental setup for the validation of the proposed pile-up correction
methodology.

APL Photon. 10, 060803 (2025); doi: 10.1063/5.0268205 10, 060803-3

© Author(s) 2025

 04 M
arch 2026 14:43:07

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


APL Photonics ARTICLE pubs.aip.org/aip/app

timing output of the detection module is a short negative voltage
pulse with a fast rise time and a nominal amplitude of ∼−200 mV.
As explained in Sec. II A, for each detected photon, the signal must
be acquired at both the falling and rising edges. The dead time,
defined as the temporal difference between these edges, is ∼1.2 ns.
Edge detection can be performed using either a CFD or a com-
parator. While a CFD improves timing accuracy by adjusting the
threshold crossing time based on the amplitude of the signal, its
implementation to measure the time difference between edges would
introduce additional system complexity. Given that a commercial

multichannel event timer (PicoQuant GmbH, MultiHarp 160M)
operating in time-tagging mode is already required for event times-
tamping, we assessed the timing performance using a direct detec-
tion approach with the internal comparators of the event timer.
By setting the comparator threshold voltage to Vth = −50 mV and
synchronizing with the reference clock of the laser (CLOCK), the
Instrument Response Function (IRF) of the system, which incorpo-
rates contributions from both the laser (80 ps FWHM) and the event
timer (105 ps FWHM), remains negligible compared to the intensity
profile of the light emitted by the sample. Consequently, the direct

FIG. 4. Application of the pile-up cor-
rection algorithm to the fluorescence
exponential decay histograms for var-
ious Prec(t) values. (a) Acquired his-
tograms showing the pile-up distortion.
(b) Probability α(t) of the detector to be
active. (c) Corrected histograms after the
application of Eq. (1).
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approach using the internal comparators of the event timer with a
fixed threshold of Vth = −50 mV was adopted.

Two channels of the event timer are used: one channel detects
the falling edge (PHOTON), while the other captures the rising
edge (RESET). The measurements were performed using a fixed
laser power of 1.59 mW (10% of the maximum power provided
by the laser) and using different filters to progressively decrease
the attenuation factor. In this way, the average number of pho-
tons impinging on the photodetector within the signal period can
be varied, reaching values that are well above the historical limits of
TCSPC.

C. Results and discussion
The experimental results are presented in Fig. 4, demon-

strating the effectiveness of the distortion correction methodology.
Figure 4(a) shows the acquired TCSPC data histograms, normalized
to the peak, at various recorded power levels, Prec. As the exci-
tation power increases, the photon count rate rises, pushing the
system beyond the pile-up-safe regime and amplifying the resulting
distortion. The measured behavior is consistent with the expected
performance of classic TCSPC systems under high-excitation con-
ditions. In Fig. 4(b), the probability function α(t) is shown for all
values of Prec(t). This function is crucial for correcting the recorded
histograms as it ensures the accurate accounting of photon detec-
tion events that are lost due to the dead time of the system. Finally,
Fig. 4(c) presents the corrected data histograms, obtained by apply-
ing Eq. (1). This correction effectively compensates for distortions
caused by both the dead time losses and the photon overlaps,
even at very high power levels. By leveraging α(t), we recover the
lost photon information, reproducing the corrected, distortion-free
histograms, thus greatly enhancing the accuracy and reliability of
TCSPC measurements.

Figure 5 shows the estimated lifetimes of the distorted (in red)
and the corrected (in blue) histograms as Prec(t) increases. The
lifetime values were determined by fitting the fluorescence decay
curves using the same methodology described in Ref. 44. As Prec(t)
increases, the distortion becomes more pronounced, leading to a
progressive overestimation of the lifetime. However, after applying
the proposed correction algorithm, the estimated lifetime stabi-
lizes around 3.2 ns, with an error between −0.13% and +0.98%.

FIG. 5. Trend of the estimated lifetimes of the distorted histograms (red curve) and
the corrected histograms (blue curve) as Prec(t) increases. The blue curve also
includes the maximum and minimum committed error in the lifetime estimation.

Specifically, the percentage error E[%] is calculated using the
following equation:

E[%] =
τhigh−rate − τlow−rate

τlow−rate
⋅ 100. (2)

This analysis demonstrates the effectiveness of the novel,
constraint-free pile-up correction technique, which enables fluores-
cence measurements with a HPD at 121% of the excitation rate
for the first time. However, a critical issue remains: as shown in
Fig. 4(c), a residual distortion is still evident in the high-rate curves.
To quantitatively assess the distortion, an error deviation analysis is
performed on each temporal bin by comparing histograms acquired
at various Hlow-rate(t) values against a reference histogram measured
at low count rates. The percentage error E(t)[%] at each time instant
t calculated for each comparison and reported in Fig. 6 is given by
the following expression:

E(t)[%] =
Hhigh−rate(t) −Hlow−rate(t)

Hlow−rate(t)
⋅ 100, (3)

where Hhigh-rate(t) refers to the corresponding measured distorted
histogram value acquired at a count rate exceeding the pile-up limit
and Hlow-rate(t) is the corresponding value from the low-count-
rate reference. The measured peak-to-peak error increases with
increasing Prec(t). This behavior highlights the need for further
investigation, which is addressed in Sec. III.

III. HARDWARE DISTORTION: ANALYSIS
AND CORRECTION
A. Methodology

The correction technique described in Sec. II effectively elim-
inates pile-up distortion by employing information extracted from
the acquired data, particularly the timing of photon arrivals and the
completion of the corresponding processing cycle. The mathemati-
cal framework underlying this method not only makes it possible to
overcome the traditional distortion but also reveals previously unex-
plored sources of error. Indeed, as shown in Figs. 4(c) and 6, it is
worth observing that the effectiveness of the correction decreases

FIG. 6. Error deviation analysis between histograms acquired at increasing Prec(t)
values and the low-count-rate reference. The percentage error E(t) is computed
for each temporal bin according to Eq. (3). A growing peak-to-peak distortion is
observed with increasing Prec(t).
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for high-rate curves. Specifically, in the 5 ns window following the
fluorescence peak, starting just after Tdead, an anomalous devia-
tion from the expected exponential decay curve becomes evident.
In TCSPC-based fluorescence measurements, where photon arrival
times follow an inhomogeneous Poisson distribution during each
excitation cycle, increasing Prec(t) not only increases the average
number of detected photons per period but also increases the likeli-
hood of photons arriving close to each other. In our case, two close
photons can lead to two primary effects: first, photons may merge
into a single event if they fail to exceed the set detection thresh-
old [as reported in Sec. II and illustrated in Fig. 2(b)], and second,
timing data can be corrupted by ringing disturbances in the output
voltage signal of the detector module, if present. While the photon
merging effect is effectively corrected by the method described in
Sec. II, which accounts for the effective dead time of the system after
each photon event within the function α(t) and applies it to cor-
rect the TCSPC data histogram, timing errors induced by voltage
ringing remain unaddressed. To mitigate this issue, the present anal-
ysis introduces a novel post-processing correction algorithm. This
approach ensures accurate lifetime estimations even in high-count
rate scenarios.

Figure 7 illustrates the envelope of the HPD timing output
signal, with the trigger set on the falling edge at an appropriate
threshold level. The signal is displayed with infinite persistence on
a 1-GHz-bandwidth oscilloscope (Tektronix, 3 Series MDO), pro-
viding a detailed view of the temporal response of the detector
over time. This high-resolution visualization highlights the precise
characteristics of the timing output signal, offering a clear under-
standing of its behavior. Notably, attention should be paid to the
irregular voltage ringing observed during the first 5 ns after the
detection point of the photon pulse. Once a photon is detected
and its corresponding voltage ringing is triggered, any subsequent
photon arriving within the disturbed window will be affected by
the lingering effects of the previous signal. This interference results
in corrupted timing for the second event. Such a phenomenon is
illustrated in Fig. 8, which shows two consecutive detected events.

The second photon starts at a shifted voltage level, causing it
to be sampled at an incorrect time, which introduces timing inaccu-
racies and leads to further distortion in the recorded histogram. It
is worth saying that temporal inaccuracies in signal discrimination

FIG. 7. Envelope of the timing output signal from the HPD, displayed with infinite
persistence and triggered on the falling edge at Vth = −50 mV, captured using a
1-GHz-bandwidth oscilloscope (Tektronix, 3 Series MDO).

FIG. 8. Example of two closely spaced photon events. The second photon, within
the perturbed 5 ns window, begins at a shifted voltage level, causing it to be
sampled at an incorrect time.

are typically addressed using a CFD. For signals with varying ampli-
tude, the key advantage of a CFD is its ability to record timestamps
at a fixed fraction of the peak’s height, ensuring precise timing mea-
surements. The CFD works by splitting the incoming pulse into two
components: the lower portion is inverted, and the higher portion is
delayed. These components are then recombined. The point where
they combine, known as the zero-crossing point, remains unaffected
by the amplitude of the signal. However, in our case, the inaccu-
racy arises not from amplitude variation but from a signal offset, as
explained earlier. We can analyze the impact of the CFD with an
offset on the signal using the following equation:

VCFD(t) = (Vin(t − τ) +Voff) − A(Vin(t) +Voff), (4)

where VCFD(t) is the CFD output voltage signal, Vin(t) is the input
voltage signal, Voff is the voltage offset affecting Vin(t), and A defines
the point on the waveform where the comparison with the delayed
version of the signal occurs. For signals with fast rising edges, such as
the timing output from the HPD, typical values of A range between
0.2 and 0.4. By solving Eq. (4), we obtain

VCFD(t) = Vin(t − τ) − AVin(t) + (1 − A)Voff. (5)

Figure 9 provides a graphical representation of the result
obtained in (5). The offset introduces an additional term that affects
the operation of the CFD, shifting the zero-crossing point and
thereby introducing an error in the timing measurement. Therefore,
to correct the distortion introduced by the HPD timing signal, we
propose an alternative approach based on its experimental charac-
terization. A key aspect of this approach is that it relies solely on the
characterization of the timing output signal of the detector, inde-
pendent of other measurement variables. A key requirement of this
analysis is to establish a clear correlation between the true arrival
time, treal, and the measured time of the in-window photon, tmeas.
Section III B details the experimental setup used to determine this
correlation in terms of the timing shift between treal and tmeas along
with the corresponding correction algorithm.

B. Experimental setup
The experimental setup used for analyzing hardware distortion

is depicted in Fig. 10. Two synchronized laser sources are employed,
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FIG. 9. Graphical representation of the result obtained in (5). The presence of an offset introduces an additional term that alters the operation of the CFD, shifting the
zero-crossing point and resulting in a timing error.

with a controlled and progressively decreasing delay introduced
between them. The first laser (A.L.S GmbH, Advanced Laser Diode
Systems) operates at an emission wavelength of 850 nm with a pulse
FWHM of 35 ps. The second laser (PicoQuant GmbH, Taiko PDL
M1), previously utilized in the setup in Sec. II, emits at 470 nm with
a pulse FWHM of 80 ps. The repetition frequency of both lasers is
set by a fast rise-time pulse generator (Active Technologies, Pulse
Rider PG-1074), which provides an external trigger signal at 1 MHz.
The pulse generator produces two delayed square waves with a pulse
width of 500 ns and a period of 1 μs. One wave (SYNC 2) is delayed
with respect to the other (SYNC 1), ensuring synchronization while
introducing a progressively decreasing delay between the two lasers,
starting from 5 ns. This configuration enables the simulation of two
distinct, closely spaced photon events within the perturbed win-
dow. The output signal from the detector (PHOTON) is fed to one
channel of the event timer (PicoQuant GmbH, MultiHarp 160M),
which is synchronized to the first laser through the pulse generator
(CLOCK).

C. Results and discussion
The photon events from the first laser (Laser 1 in Fig. 10) con-

sistently appear at a fixed position within the laser period, providing

FIG. 10. Experimental setup for obtaining tshift(treal) for the proposed correction
algorithm addressing hardware-induced distortions.

a reliable temporal reference. In contrast, the photon events from
the second laser (Laser 2 in Fig. 10)—those occurring within the per-
turbed window caused by the first laser events—exhibit a mismatch,
tshift, between the recorded arrival times, tmeas, and the actual tem-
poral delay set between the two light sources, treal. This discrepancy
arises because the event timer relies on a fixed voltage threshold for
photon detection. Consequently, pulses starting from a positive ring-
ing level are detected later than their true arrival time (as shown in
the specific example displayed in Fig. 8), while those starting from
a negative ringing level are detected earlier. To determine tshift as a
function of treal, we analyze the position of the peak in the recon-
structed histogram corresponding to the second laser, considering
only instances where a preceding photon event from the first laser
is present. For example, as illustrated by the red curve in Fig. 11,
when the actual delay is treal = 2 ns, the corresponding timing shift
is tshift = 110 ps, resulting in the event measured at tmeas = 2.11 ns.
Starting from the measured timing shift as a function of the true set
delay, tshift(treal), we can establish the relationship between tmeas and
treal using the following equation:

tmeas = treal + tshift(treal). (6)

FIG. 11. Representation of the timing shift as a function of the set delay between
the two laser sources (red curve), along with the timing shift that must be removed
as a function of the measured delay (blue curve). The green curve represents the
residual error in the timing shift determined by the finite timing resolution of the
system.
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Thus, tshift can be expressed in terms of tmeas. When a photon is
detected, the time of arrival of a subsequent event falling within 5 ns
from the end of the first photon dead time must be corrected, sub-
stituting its tmeas with the corresponding computed treal. Referring to
the previous example, when the measured photon arrival time of the
second photon is tmeas = 2.11 ns, the corresponding tshift = −110 ps
can be applied to recover the true photon arrival time, treal = 2 ns.
This inverse relationship is visually represented by the blue curve in
Fig. 11. Furthermore, the green curve illustrates the residual error in
the timing shift, which is determined by the finite timing resolution
of 10 ps, which highlights the precision of the correction algorithm
within the inherent limitations of the system.

To further evaluate the effectiveness of the proposed correc-
tion method, a custom MATLAB-based simulator was employed to
replicate the hardware-induced disturbances under identical experi-
mental conditions, specifically at 1.21 photons per excitation period.
The experimentally retrieved tshift(treal) values were applied to each

photon event simulated within the perturbed window, following
the fluorescence peak. Figure 12(a) presents a comparison between
the high-rate histogram, both experimentally measured (red curve)
and simulated (blue curve), including hardware-induced distortions,
and after the application of the pile-up correction methodology,
compared with the reference histogram obtained under low-rate
conditions. The excellent alignment between the experimental and
simulated results validates the accuracy and reliability of the simula-
tion. Additionally, Fig. 12(b) illustrates the error deviation between
the high-rate histograms (both measured and simulated) and the
low-rate reference one. As illustrated in Fig. 12(b), the measured
peak-to-peak error is 7.12%.

Figure 12(c) presents the corrected histograms obtained after
sequentially applying the described correction algorithm followed
by the pile-up correction methodology to both the simulated and
experimentally measured distorted histograms. This figure com-
pares the high-rate histograms with the low-rate reference, clearly

FIG. 12. TCSPC histograms and error deviation plots under different correction conditions. (a) and (c) show the histograms obtained from both experimental and simulated
data after applying only the pile-up correction and both pile-up and hardware corrections, respectively. (b) and (d) display the corresponding error deviation plots under the
same conditions.
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demonstrating the effectiveness of the dual-correction approach.
The pile-up correction effectively compensates for the photon over-
lap distortions, while the hardware correction addresses the timing
inaccuracies introduced by the output voltage ringing. To quantita-
tively assess the performance of these corrections, Fig. 12(d) presents
the percentage error deviation between the corrected high-rate
histogram and the low-rate reference one, according to Eq. (3).

The peak-to-peak error is reduced to just 2.76%. This substan-
tial reduction demonstrates the robustness of the proposed correc-
tion method, effectively compensating for any kind of distortions
even under high photon flux conditions.

IV. CONCLUSION
In this work, we have successfully addressed the long-standing

challenge of pile-up distortion at high rates in TCSPC. By leveraging
a HPD and exploiting a robust mathematical framework, we have
not only overcome the traditional limitations but also accounted
for previously unrecognized sources of error. Our proposed post-
processing algorithm effectively corrects both the pile-up distortion
and hardware-induced artifacts, enabling ultra-precise fluorescence
lifetime estimation. The results demonstrate an unprecedented abil-
ity to achieve count rates exceeding 120% of the excitation rate
with a lifetime estimation error as low as 1.11% peak-to-peak and
an extremely high fidelity of the reconstructed waveform, setting a
new benchmark in TCSPC performance. This advancement marks
a significant step forward, offering the potential for more accurate,
high-speed measurements in a variety of scientific applications and
opening up new possibilities for the study of ultra-fast processes in
fluorescence and beyond.
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