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1. Introduction

In recent years, a steadily growing interest has
emerged toward the detection and analysis of
weak optical signals, driven by the unique prop-
erties of light as a non-invasive contrast agent for
investigating cellular phenomena. Within this
context, Time-Correlated Single-Photon Count-
ing (TCSPC) is a digital measurement tech-
nique that enables the reconstruction of a time-
resolved intensity profile by precisely recording
the arrival times of individual photons. Its
method relies on the periodic excitation of a
sample, followed by the detection of photons
emitted in response to the excitation. The ar-
rival times of these photons are measured rel-
ative to the excitation pulse within each repe-
tition period. By repeating this process over a
large number of excitation cycles, a histogram
of photon arrival times is constructed [1]. As
shown in Figure 1, after a statistically signifi-
cant number of repetitions, the histogram will
ideally have the same waveform as the light sig-
nal incident on the photodetector.
Despite its widespread adoption, conventional
TCSPC implementations are constrained by two

Figure 1: Photon detections over multiple peri-
ods build a histogram that reconstructs the light
intensity waveform [1].

major limitations: pile-up and counting loss,
which originate from detector and system dead
time, and the reliance on bulky external instru-
mentation for signal processing. When multiple
photons arrive within the same excitation cycle,
the first photon triggers the system dead time,
causing all subsequent photons arriving during
this interval to go undetected, giving rise to the
phenomenon known as counting loss. In addi-
tion, the unregistered photons introduce distor-
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tions in the histogram reconstruction, commonly
referred to as pile-up effects. To mitigate this ef-
fect, the average number of detected photons per
excitation period must be kept well below unity
(typically 0.01–0.05), significantly reducing pho-
ton efficiency, and degrading the accuracy in es-
timating the decay constant τ .
To overcome pile-up distortion, a novel TCSPC
measurement strategy was employed [3]. The
proposed approach extends the conventional ac-
quisition scheme by also timestamping a reset
signal marking the end of the dead time. This
enables the construction of an auxiliary his-
togram encoding the time-dependent probability
α(t) that the system is in its active state. Once
the activity probability is known, the imping-
ing photon rate rimp(t) can be directly retrieved
from the measured data by a pointwise normal-
ization of the recorded photon rate rrec(t):

rimp(t) =
rrec(t)

α(t)
.

1.1. Objective

This work presents a compact single-channel de-
tection module designed to overcome both lim-
itations through the integration of a high-speed
analog front-end and a custom FPGA-based pro-
cessing chain. The architecture embeds a dedi-
cated time-to-digital converter (TDC) together
with the pile-up distortion correction algorithm
within a fully standalone system. This inte-
grated approach eliminates the need for external
instrumentation and relaxes the low count-rate
constraint typical of conventional digital TC-
SPC systems, enabling reliable operation even
under high photon flux conditions. An example
of the final assembled system is shown in Fig-
ure 2.

Figure 2: Stand-alone module for ultra-fast TC-
SPC application. On the right a close-up view
of the SiPM device in use.

2. Front-End Optimization

Ultra-fast TCSPC applications require a front-
end architecture capable of converting optical
signals into electrical pulses with minimal dead
time. Starting from a previously developed
front-end architecture (Figure 3), a comprehen-
sive optimization of its parameters was carried-
out. The objectives were twofold: to minimize
system dead time, defined as the temporal width
at the base of the SiPM-induced pulse, and to
optimize the signal waveform by increasing edge
steepness, thereby reducing timing jitter in both
photon and reset arrival measurements.

Figure 3: Front-End Block Diagram.

Following detailed simulations aimed at optimiz-
ing the differential signal readout stage, it was
observed that the introduction of an RC network
connected in parallel with the SiPM, between
the cathode and anode terminals, was found to
effectively reshape the SiPM output pulse, si-
multaneously narrowing its width and preserv-
ing steep edges.
Increasing R or decreasing C raises the RC
branch impedance, diverting more signal cur-
rent to the output and thereby increasing the
signal amplitude. Higher resistance also damp-
ens oscillations, reducing undershoot. Moreover,
larger capacitance attenuates low-frequency
components, lowering the average signal tail
without affecting edge steepness.
The optimized values of the RC network, to-
gether with the resulting current pulse wave-
form, are shown in Figure 4.
Table 1 summarizes the optimal front-end pa-
rameters and the corresponding figures of merit
obtained from the analysis.

3. Monostable Cicuit Design

In research contexts where minimizing dead time
is critical to mitigate pile-up distortions, next-
generation acquisition systems must also re-
main compatible with commercial electronics.
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Figure 4: Optimized Current Pulse.

Table 1: Summary of the optimal parameters
and the corresponding performance metrics.

Parameter Value

Sensing Resistance [Ω] 100
Decoupling capacitance [pF] 50
RC Resistance [Ω] 20
RC Capacitance [pF] 500
FWHM [ps] ≈ 600
Signal Amplitude [uA] 12

In our case, where a ≈ 600ps signal FWHM was
achieved, a monostable circuit was implemented
to ensure compatibility with both the on-board
FPGA and external instrumentation. The de-
sign builds upon the differential comparator em-
ployed in the Front-End described in Section 2,
which can operate either in comparator or in
latch mode. By exploiting this dual-mode func-
tionality, the monostable circuit was designed
to automatically enter latch mode immediately
upon detection of a comparator event and to re-
lease it after a predefined time interval. Latch
activation is controlled by a differential OR gate
driven by the comparator outputs. One of the
differential signal paths is intentionally delayed
by a buffer prior to the OR gate, thereby defin-
ing the duration of the monostable output pulse.
The operational behavior of the monostable cir-
cuit was thoroughly characterized on a custom
PCB to validate its expected functionality. Tak-
ing into account both logic gate propagation de-
lays and PCB trace delays, precise experimen-
tal measurements were carried out to accurately
determine the resulting monostable pulse width,
which can be expressed as:

∆tpulse = tbuff + tOR + ttrace_delay + tlatch

= 210ps + 210ps + 120ps + 180ps

≈ 700ps

In addition, the introduction of an RC network
between the buffer output and the OR gate in-

put enables further fine tuning of the pulse du-
ration by selecting an appropriate capacitance
value. This ensures compatibility with both
commercial time-tagging electronics and FPGA-
based processing systems.

4. Front-End PCB Design

The next and crucial step consists in integrating
both the optimized front-end and the monos-
table circuit onto a single PCB, resulting in a
complete and compact photon-detection board.
The front-end PCB is designed to perform the
following core functions:
• Acquire the current pulses generated by the

SiPM upon photon detection.
• Amplify the photon-induced analog signal

and convert it into a differential CML out-
put.

• Monostabilize the differential signal to en-
sure robust compatibility with a wide range
of downstream processing systems.

• Transmit the differential outputs to a sec-
ond PCB, exclusively dedicated to FPGA-
based signal processing.

• Generate and distribute all supply voltages
required for the correct operation of the
analog and digital components.

• Enable system control and monitoring
through an on-board microcontroller, which
provides USB communication with a host
PC, controls the SiPM bias voltage, and
regulates the detector temperature via a
Peltier cell.

In parallel with the development of this board, a
detailed study was conducted on bypass capaci-
tance selection, signal and power trace routing,
ground plane and return current management,
as well as the implementation of stitching and
shielding vias. The outcomes of this analysis
were directly applied to the PCB layout to en-
sure optimal high-speed performance and signal
integrity.
Figure 5 presents a 3D view of the whole board.
The left side of the PCB hosts the buck and lin-
ear regulators used for on-board power supply
generation. The microcontroller is located in the
lower central region, with the Digital-to-Analog
Converter (DAC) positioned to its right, while a
USB 2.0 interface is placed along the top edge.
The central area accommodates the socket for
the sensor head containing the SiPM, followed
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by the cascade of three amplification stages.
The signal processing chain terminates with the
monostable circuit, located in the upper-right
corner of the board.

Figure 5: 3D layout view of the detection board.

5. FPGA-Based PCB Design

The primary objective of the proposed PCB is
to perform all signal processing and timing op-
erations directly on-chip. By integrating time-
tagging, histogram reconstruction, and signal
processing functionalities within the FPGA, the
overall measurement setup is considerably sim-
plified, removing the requirement for external
instrumentation and enabling a fully integrated
and portable data acquisition system. The main
functions of this board are summarized as fol-
lows:

• Acquisition of the differential CML signal
from the output of the monostable circuit,
and its conversion into logic levels compat-
ible with the FPGA input standards.

• Acquisition of the laser trigger signal, pro-
vided in NIM standard, and its conversion
into an FPGA-compatible logic format.

• Generation of all power supply rails re-
quired for the proper operation of the
FPGA and of the auxiliary components in-
tegrated on the board.

• Integration of the FPGA and all supporting
components necessary for its operation, in-
cluding flash memory, JTAG interface, and
a quartz-based clock generator.

• Serialization of the processed data gener-
ated by the FPGA through an FTDI inter-
face, enabling USB communication with an
external computer.

The PCB interfaces with the Front-End board
via three high-density board-to-board connec-
tors located on the bottom side of the PCB. The
use of three connectors was selected to improve
current distribution and reinforce the mechani-

cal robustness of the stacked assembly, obviat-
ing the need for additional structural supports.
Additionally, an SMA coaxial connector is po-
sitioned on the board edge to serve as the in-
put for the laser trigger signal in NIM standard,
which provides the synchronization reference re-
quired for TCSPC measurements and the cor-
rect construction of histograms. The selection of
the FPGA was primarily driven by the TDC ar-
chitecture implemented in this work, which was
developed and made available by the Depart-
ment of Informatics, Bioengineering, Robotics,
and Systems Engineering of the University of
Genova [4]. Since the TDC was previously vali-
dated on an XC7K325T FPGA and the available
resources were sufficient for the full processing
chain, the same device was selected to ensure
compatibility and minimize integration risk. A
complete 3D view of the board is presented in
Figures 6 and 7.

Figure 6: 3D Top view of the FPGA board.

Figure 7: 3D Bottom view of the FPGA board.

6. 1GHz Digital Shift-Register

The intrinsic dead time of the TDC employed
in this work is approximately 4ns, which is sig-
nificantly larger than the sub-nanosecond dead
time achieved by the front-end. Consequently,
the TDC constitutes the dominant bottleneck of
the overall system, ultimately limiting the max-
imum achievable throughput. Considering that

4



Executive summary Simone Basile

the Xilinx Kintex-7 XC7K325T FPGA can op-
erate at a maximum clock frequency of approx-
imately 710 MHz, corresponding to a clock pe-
riod of about 1.4 ns, the design objective was to
reduce the effective TDC dead time by a factor
of four. To achieve this goal, a four-channel dig-
ital shift-register architecture was implemented
on the FPGA. The primary challenge associ-
ated with the shift-register is the efficient and
deterministic routing of each incoming photon
event to a distinct TDC channel immediately
upon detection, while avoiding the introduction
of additional dead time. For this reason, an
asynchronous architecture was chosen; however,
this approach introduces the risk of metastabil-
ity, which requires careful design to ensure re-
liable operation. To mitigate the probability
of metastability, a finite state machine (FSM)
based on Gray coding was adopted in place of a
conventional shift-register implementation. In a
Gray code sequence, only a single bit transitions
between consecutive states, thereby minimizing
the probability of timing violations. The imple-
mented design is specifically developed to times-
tamp both the arrival of the photon signal and
the corresponding reset event, which represents
the end of the SiPM current. Consequently, by
knowing both the photon arrival and reset times,
it’s possible to measure the dead time of the sys-
tem, which is a prerequisite for the effective ap-
plication of the pile-up correction algorithm [3].
Following design synthesis and implementation,
the final stage consisted of in-depth debugging to
verify its correct functionality. A measurement
was carried out by simulating four consecutive
photon pulses with a period of 1 ns and a 50%
duty cycle. The results, shown in Figure 8, con-
firmed the correct operation of the shift-register
even at a frequency of 1 GHz, which exceeds the
maximum frequency of the BUFG (710 MHz).
The proposed architecture is therefore capable
of reliably detecting consecutive photon pulses
with a minimum period of 1 ns, provided that
each pulse exhibits a FWHM of at least 500 ps.
Implementing the entire processing chain di-
rectly on a commercial FPGA platform elimi-
nates the need for external instrumentation.

Figure 8: Between the two markers, exactly four
pulses are captured. Both the photon and re-
set counters increment by the number of input
pulses, transitioning from "00" and returning to
"00". The shift register advances its output pat-
tern accordingly.

7. 3GHz Discrete Shift-

Register

To overcome the limitations of the FPGA-
based implementation, represented by a maxi-
mum switching frequency of 1 GHz and photon
pulses no shorter than 500 ps FWHM, a discrete-
component four-channel shift register was de-
signed and implemented in the research labo-
ratory, on which I focused exclusively on its
characterization and validation. This module
is capable of operating at switching frequen-
cies up to 3 GHz and reliably processing pulses
as short as 150 ps FWHM. The overall sys-
tem comprises two identical four-channel shift-
register modules: one dedicated to photon de-
tection and the other to the associated reset
signal. The Gray counter is implemented as a
fully asynchronous sequential circuit composed
of two cascaded rising-edge–triggered flip-flops,
both clocked directly by the photon pulse. In
this configuration, the output Q1 of the first flip-
flop serves as the input to the second, while the
output Q2 of the second flip-flop is fed back, af-
ter inversion, to the input of the first. A block di-
agram of the implemented architecture is shown
in Figure 9.

Figure 9: Gray-code block diagram.

The circuit operates as follows: at each rising
edge of the photon signal, and after the associ-
ated clock-to-output propagation delay, the first
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flip-flop (FF1) updates its output Q1 with the
value present at its input D1, while the second
flip-flop (FF2) simultaneously latches the previ-
ous value of Q1 onto Q2. After the inverter de-
lay, the input D1 is refreshed with the inverted
value of Q2, thereby generating the canonical
two-bit Gray-code progression. The resulting
Gray-coded outputs are then fed into a bank of
four OR-gate decoding stages implementing the
channel-selection conditions.
To assess the practical advantages of this ar-
chitecture, comparative measurements were per-
formed against an external time-tagger instru-
mentation. The experiment intentionally em-
ployed input pulse conditions beyond those rec-
ommended in its datasheet, which specifies a
minimum FWHM of 450ps and a dead time be-
low 680ps. Two input pulses, each 200ps wide
and separated by 500ps, were applied first di-
rectly to the time-tagger and then through the
implemented shift-register. When applied di-
rectly to the time-tagger, the system failed to
detect all events and exhibited pronounced tim-
ing inaccuracies. Figure 10 illustrates this ef-
fect, showing the broadened, multi-peaked dis-
tribution produced by the commercial instru-
mentation, highlighting its inability to resolve
closely spaced photon events precisely. In con-
trast, the shift-register architecture successfully
resolves the two events, producing two narrow
and well-separated peaks, spaced by approxi-
mately 500ps, exactly matching the temporal
separation between them.

Figure 10: Time-tagger VS Shift-Register.

8. Conclusions

In conclusion, the resulting system combines
modularity, a dead time as low as 1ns, and
compatibility with the pile-up correction strat-
egy, making it particularly well suited for high
photon-flux applications such as Fluorescence

Lifetime Imaging Microscopy (FLIM) for real-
time visualization of biological dynamics [2] and
intraoperative tumor margin delineation [5].
Future developments may first focus on complet-
ing the FPGA firmware for full processing, in-
cluding pile-up correction, and subsequently on
extending the architecture to a multi-channel
configuration, thereby broadening its applica-
bility. Additionally, the integration of the
3 GHz shift-register architecture directly onto
the FPGA-based PCB could replace the current
digital shift-register implementation, further in-
creasing the maximum achievable photon detec-
tion rate and overall system throughput.
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