
Monte Carlo Modeling and Optimization of SPAD
Arrays for Spaceborne LiDAR Applications

Michela Baiocchi1, Angelo Gulinatti2, Alessio Buzzin3, Franco Zappa2, and Rita Asquini1
1 Dipartimento di Ingegneria dell’Informazione, Elettronica e Telecomunicazioni, Sapienza Università di Roma, Rome, Italy
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Abstract—Spaceborne LiDARs have long been used to investi-
gate the Earth’s atmosphere, glaciers, and canopies, historically
relying on photomultiplier tubes and avalanche photodiodes.
Recently, attention has expanded to ocean ecosystems, imposing
new challenges for the next generation of LiDAR instruments. In
this context, Single-Photon Avalanche Diode (SPAD) arrays rep-
resent a promising alternative to conventional photodetectors, as
they combine single-photon sensitivity, picosecond-level temporal
resolution, and high dynamic range. To define the optimal SPAD
array architecture and manage the associated design trade-offs,
we developed a Monte Carlo model to predict device operation at
the single-pixel level, including the dominant noise mechanisms.
The proposed tool enables accurate prediction of the array
response under varying incident photon fluxes and provides
quantitative design guidelines for architecture optimization.

Index Terms—SPAD, LiDAR, Satellite, Modeling, Monte Carlo

I. INTRODUCTION

Spaceborne LiDAR have long been used to study the Earth’s
atmosphere, glaciers, and vegetation canopies, and are now
attracting increasing interest for the vertical structure of marine
ecosystems [1]. Signal propagation is strongly governed by
attenuation and radiative transfer effects [2], introducing new
challenges for applications for LiDAR photodetection applica-
tions: (i) managing of extremely high photon fluxes generated
at the air-water interface (up to 1012 photons/s [3]); (ii) detect-
ing of weak subsurface signal due to rapid light attenuation
in water, requiring a dynamic range of 80–100 dB [3]; and
(iii) achieving temporal resolution of tens of nanoseconds to
ensure meter-scale vertical resolution [4]. Conventional atmo-
spheric LiDAR systems based on photomultiplier tubes and
avalanche photodiodes show limited capability in resolving
oceanic backscatter profiles [1], [4]. Silicon Single-Photon
Avalanche Diodes (SPADs) represent a promising alternative,
as they combine single-photon sensitivity with picosecond
temporal resolution and, when operated in arrays, can sustain
extremely high photon fluxes. However, defining the optimal
array architecture requires balancing several design trade-
offs. To address this challenge, we developed a Monte Carlo
model that predicts the SPAD array behavior at the single-
pixel level, accounting for the stochastic nature of physical
processes governing SPAD operation and the dominant noise
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mechanisms. The proposed tool enables accurate prediction of
the array response under varying incident photon fluxes and
provides quantitative guidelines for architecture optimization.

II. SIMULATION ARCHITECTURE

The Monte Carlo simulations are implemented in MATLAB
using a temporal discretization of ∆t = 10 ps. The SPAD
array is modeled as a square grid of N×N pixels, and each
of them contains a circular region representing the SPAD
active area. The pixel side length is LP = dSPAD + 2 dP,
where dSPAD is the SPAD diameter, and dP is the inactive
spacing between adjacent active regions. In these simulations,
a realistic value of dP = 10 µm was adopted. Each SPAD
operates independently: the photon absorption may initiate a
self-sustaining avalanche that constitutes the detection event
and it is followed by a dead time needed to quench the
avalanche. The dead time is typically on the order of a few to
tens of nanoseconds, during which the device remains inactive;
therefore, to sustain high photon fluxes, a parallel SPAD array
configuration is necessary. Detection events from individual
pixels are accumulated within a temporal integration window
selected according to the desired vertical resolution [4], [5].
As a representative example, a window of 8 ns, corresponding
to a vertical resolution ≈ 1 m, is considered. For each time
step and a given incident photon flux ϕ, the expected number
of interacting photons is given by Nph = ϕ · ∆t · FF· PDE,
where FF is the array fill factor, defined as the ratio of
SPAD active area to total pixel area, and PDE is the photon
detection efficiency of an individual SPAD, set to 50% in
these simulations [5]. To account for the stochastic nature
of photon arrivals, the actual number of interacting photons
is sampled from a Poisson distribution with mean Nph and
randomly assigned, one by one, to the pixels of the array.
Photons assigned to pixels in dead time are not detected.

A. Noise Modeling

The dominant noise mechanisms in SPAD arrays are dark
counts, afterpulsing and crosstalk [6]. The dark count rate
(DCR) originates from carriers promoted to the conduction
band which trigger avalanche events in the absence of incident
light. For this architecture, the DCR was set to 1 cps/µm2

[6]; although increasing the pixel area enhances the FF,
it simultaneously increases the DCR. Moreover, hot pixels,
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Fig. 1. Dynamic range (a)–(b) and maximum detectable signal (c) obtained with the Monte Carlo simulations as a function of pixel number, SPAD diameter,
integration time window (i.e., vertical resolution), and SPAD dead time.

located in correspondence of extended crystal defects in the
silicon wafer, exhibit significantly higher DCR. The number
of hot pixels scales with the SPAD active area, and a Poisson
distribution of defects with a surface density of ∼ 4·104 cm−2

[7] was here considered. Disabling hot pixels reduces the
overall DCR but also decreases FF and the effective number of
detectors operating in parallel. The result is a trade-off between
the maximum detectable signal and the noise level, which
impacts the capability to detect weak signals. Afterpulsing is
related to carriers trapped in lattice defects during an avalanche
event, thereby generating a secondary avalanche when they
are released from the trap. To model afterpulsing, a binary
matrix M of size N×N is defined at each time step to track
the pixels that have fired within that interval. For these pixels,
afterpulsing may occur with a probability typically in the range
of 1% − 2%, with a release delay following an exponential
distribution characterized by a mean lifetime ranging from a
few to hundreds of nanoseconds [7]. Since afterpulse events
occurring during the dead time cannot be detected, increasing
the dead time mitigates afterpulsing but simultaneously limits
the maximum count rate, requiring a larger number of pixels
to sustain high incident photon fluxes. Crosstalk arises from
secondary photons emitted during an avalanche event, which
may propagate to neighboring pixels and trigger additional
avalanches. At each time step, M identifies firing pixels, and
crosstalk is modeled as a Poisson process whose mean value
depends on the intrinsic crosstalk probability, typically in the
range of 1%−2% [8], and on the number of firing neighboring
pixels. The procedure is iterated within the same time step
to account for higher-order crosstalk effects. Afterpulsing and
crosstalk may be triggered by all prior events, resulting in a
cascade process consistent with SPAD array operation.

III. RESULTS

The simulations outputs are temporal sequences of events
accumulated by the SPAD array within the defined integration
window, with contributions from both detected photons and
noise events. For a given incident photon flux profile, it
allows the direct evaluation of how the array reproduces the
input signal. By sweeping the incident photon flux over a

wide range, the simulations allows the identification of the
minimum and maximum detectable signals and the corre-
sponding dynamic range. The minimum detectable signal is
defined as the flux for which the signal to noise ratio equals
unity [9], whereas the maximum detectable signal corresponds
to the onset of saturation in the array response. Figure 1
reports representative results obtained by sweeping some of
the key design parameters, demonstrating more than 95 dB of
dynamic range: this highlights the capability of the model as
a quantitative tool for a SPAD array configuration to meet,
and potentially exceed, the requirements of future spaceborne
LiDAR applications.
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