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Abstract—This article investigates the feasibility of a
visible-light-based indoor positioning system (IPS) using
position-sensitive detectors (PSDs) and commercial lumi-
naires in smoke-filled environments. A dataset comprising
285 measurements was collected over 79 min in a controlled
test room, with visibility levels ranging from 3 to 300 m.
The system was evaluated under varying smoke densities
using visibility as the principal metric, calculated via the
Beer–Lambert law and Koschmieder equation. Experimen-
tal results show that positioning accuracy degrades with
increasing smoke levels, with errors remaining below 270 mm
even under extreme conditions (visibility ≈ 3 m). Notably, the
system detects signals from emitters outside the nominal
field of view (FoV) via multipath reflections, with received
power increasing under moderate smoke due to enhanced diffusion. In a challenging scenario—receiver placed 3 m
away, behind an obstacle, and under dense smoke—the system maintained signal detection, enabling reliable room-
level localization. These findings demonstrate the robustness of PSD-based IPSs in adverse environments and highlight
their potential for emergency response applications, such as firefighter tracking and evacuation support, where coarse
localization is critical.

Index Terms— Emergencies, indoor positioning system (IPS), position-sensitive detector (PSD), smoke, visible light
positioning (VLP).

I. INTRODUCTION

CHEMICAL, biological, radiological, and nuclear
(CBRN) incidents represent some of the most
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challenging scenarios for emergency response teams. These
events often occur in enclosed or industrial environments
where visibility is drastically reduced due to smoke, toxic
gases, or aerosols. The simultaneous lack of visibility
and reliable situational information—combined with the
absence of GNSS signals and the uncertainty regarding
the nature of the hazardous agent—creates a critical
operational risk. In such conditions, responders face severe
limitations in orientation and decision-making, highlighting
the need for robust indoor localization systems capable of
situating both personnel and the focus of the emergency [1],
[2], [3].

Traditional indoor positioning technologies such as iner-
tial measurement units (IMUs) [4], ultrawideband (UWB),
and simultaneous localization and mapping (SLAM) have
shown promise in various applications [5], [6], [7]. How-
ever, their performance can degrade significantly in CBRN
scenarios due to environmental factors such as smoke,
gas clouds, and structural occlusions. In contrast, visible
light positioning (VLP) systems—particularly those based
on commercial luminaires and position-sensitive detectors
(PSDs)—offer immunity to electromagnetic interference and
do not rely on external networks. These systems provide
not only spatial coordinates but also contextual awareness,
which is essential for identifying critical zones and anticipating
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risks during emergency interventions [8], [9], [10], [11],
[12].

Among optical systems, PSD-based VLP solutions stand
out for their fine angular resolution and fast response times,
making them suitable for real-time applications. However,
their resilience under highly degraded visibility conditions,
such as dense smoke, remains underexplored. Existing studies
have primarily focused on received signal strength (RSS)- or
time-of-flight-based VLP systems under moderate smoke or
fog, leaving a gap in understanding the behavior of PSD-based
systems in extreme scenarios.

This article addresses that gap by evaluating the feasibility
of a PSD-based VLP system in smoke-filled environments,
using visibility as the principal metric. Visibility is quantified
via the Koschmieder equation and the Beer–Lambert law,
which relate light attenuation to scattering and absorption [13].
This framework enables a systematic analysis of how smoke
affects positioning accuracy and signal detectability.

Beyond smoke as a representative degradation factor, this
study reflects broader challenges typical of CBRN-related
scenarios, where airborne particles and toxic agents impair
localization technologies. In such conditions, the availability
of robust positioning methods is critical not only for tracking
responders but also for providing situational awareness of the
intervention space. Optical indoor positioning must address the
dual effect of attenuation and scattering, which compromise
angular accuracy, while also leveraging potential benefits of
multipath diffusion that may enhance signal detectability under
specific conditions.

The main contributions of this article are listed below.

1) A quantitative analysis of the degradation in positioning
accuracy of a PSD-based indoor positioning system
(IPS) under varying smoke densities, using visibility as
the key metric.

2) Experimental validation of the system’s ability to detect
signals from emitters both within and outside the field
of view (FoV), including multipath propagation effects.

3) Demonstration of room-level localization capabilities
under extreme smoke conditions, even in the absence
of direct line-of-sight (LOS).

4) Insights into the potential of VLP systems for coarse
localization in emergency scenarios, where precise posi-
tioning is compromised but detection remains critical.

The rest of this article is organized as follows. Section II
reviews related work on optical IPS and the effects of smoke
on light propagation. Section III describes the system archi-
tecture, including the positioning model and the measurement
system for visibility. Section IV details the experimental setup,
while Section V presents and analyzes the results. Section VI
discusses the implications of the findings, and Section VII
concludes the study.

II. BACKGROUND AND RELATED WORK

IPSs are essential for enhancing situational awareness dur-
ing emergencies, particularly in environments where GPS
coverage is unavailable [14]. These systems use a variety

of technologies to provide accurate location data to first
responders.

Among the most relevant technologies are inertial sensors,
which are often integrated into hybrid systems to improve
accuracy, such as the REFIRE project, which combines IMUs
with RFID readers [15]. UWB systems are widely used due to
their high accuracy and ability to penetrate structural obstacles
[16]. In addition, arrays of virtual reference nodes allow for
precise 3-D positioning without cumulative errors [17].

VLP systems are increasingly used for indoor localization,
especially in industrial environments. However, smoke can
significantly affect their performance by increasing positioning
errors and reducing the RSS. Studies such as [18] have
shown that smoke can increase positioning errors from 6.53 to
46.64 cm and reduce RSS more than fog for the same visibility
range. Nevertheless, machine learning (ML) techniques, such
as artificial neural networks (ANNs), have been used to miti-
gate these effects, improving accuracy and enabling reliable
real-time position estimation even under smoky conditions,
with root mean square error (RMSE) values as low as 0.04 m
and high R2 values of 0.999 [19].

Table I summarizes the main characteristics of indoor
localization technologies applied in emergency and industrial
scenarios. While UWB and hybrid systems offer high accu-
racy, they require infrastructure that may not be available
during CBRN incidents. Optical systems such as VLP with
PSDs provide infrastructure-free solutions with promising
robustness under smoke conditions. The proposed system
builds upon these advantages, offering coarse localization
capabilities even in severely degraded environments.

Despite these advances, most existing studies have focused
on controlled scenarios with moderate smoke or fog condi-
tions, where positioning errors were evaluated mainly in terms
of RSS or time-of-flight metrics.

To the best of our knowledge, there is still a lack of
quantitative analyses of PSD-based VLP systems in highly
degraded environments, such as dense smoke or CBRN-related
scenarios, where both attenuation and scattering fundamentally
affect angular estimation.

Recent works have explored mitigation strategies through
ML and hybrid approaches [14], [18], [19], yet they do not
address the specific resilience of PSD-based positioning under
extreme visibility loss.

This research gap motivates our study, which experimentally
evaluates the feasibility of PSD-based localization in severe
smoke conditions and discusses its potential role in broader
emergency and CBRN applications.

However, challenges remain, such as infrastructure limi-
tations during emergencies, which require systems capable
of operating independently or adapting to partially available
infrastructure [20]. The integration of multiple sensors and
technologies is critical for maintaining accuracy overextended
periods, and cooperative localization enhances both accuracy
and reliability [21].

Future research should focus on better integration of addi-
tional sensors and the development of systems that can adapt
in real time to changing environmental conditions and infras-
tructure availability [21].
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TABLE I
COMPARISON OF INDOOR LOCALIZATION TECHNOLOGIES IN EMERGENCY AND INDUSTRIAL SCENARIOS

Fig. 1. Scheme of the proposed positioning system.

III. SYSTEM DESCRIPTION

A. IPS Using PSD Sensors
The proposed positioning system is illustrated in Fig. 1.

LED emitters are installed at known fixed positions on the ceil-
ing, each transmitting a modulated signal identifiable through a
frequency-division multiple access (FDMA) scheme. The PSD
sensor receives these signals simultaneously, and the angle of
arrival (AoA) for each emitter signal is calculated considering
the optical system attached to the PSD. For this study, emitters
are treated as point sources with a Lambertian radiance pattern,
making their orientation irrelevant for AoA measurements.

Fig. 1 also illustrates potential applications, such as a ter-
restrial robot needing signals from two emitters, a robot with
integrated sensors (e.g., IMU or odometry) requiring only one
emitter signal and an uncrewed aerial vehicle (UAV) needing
signals from three or more emitters for 3-D positioning.

The receiver used in this work is a PSD sensor with four
anodes and a common cathode. A lens is attached to focus
the light from each emitter onto a point on the PSD surface,
as shown in Fig. 1. Fig. 2 depicts the equivalent circuit of a
2-D pin-cushion PSD sensor.

The PSD sensor allows us to calculate the impact point of
the signal on the PSD surface based on the four electrical
currents or voltages obtained from each PSD anode. The
relationships are given by the following equations:

x =
L X

2
(IX2 + IY 1) − (IX1 + IY 2)

IX1 + IX2 + IY 1 + IY 2
(1)

y =
LY

2
(IX2 + IY 2) − (IX1 + IY 1)

IX1 + IX2 + IY 1 + IY 2
(2)

Fig. 2. Equivalent circuit of the PSD pin-cushion (image courtesy of
Hamamatsu, obtained from the PSD technical information).

where L X and LY are the dimensions of the PSD sensor, and
IX1, IX2, IY 1, and IY 2 are the currents from each of the four
PSD anodes. The electrical current from the PSD is very low
(about nA), so each channel is amplified by a transimpedance
amplifier to reduce error.

The system model relating the 3-D points of the emitters
(Xe, Ye, Ze) to their impact points on the PSD surface (xi , yi )

is detailed in [10] and [22]. The authors also include in [10]
an analysis of the precision and accuracy of the positioning
system in the absence of smoke.

To clarify the experimental approach, although the posi-
tioning system is designed to determine the receiver’s position
based on emitters placed at known locations, this study adopts
an equivalent simplification: the receiver is assumed to be
located at the origin of coordinates (0, 0), and the positions
of the emitters are calculated relative to this point. This
simplification does not affect the functionality of the system,
as the relative geometry between the emitter and the receiver
remains unchanged. Moreover, it allows the analysis to focus
solely on the impact of smoke on positioning accuracy by
eliminating potential calibration errors or external noise related
to the receiver’s placement. In this case, the one-emitter, one-
receiver positioning system described in [10] is used, assuming
that the receiver’s orientation is known. The main objective of
this work is to analyze how smoke affects the light impact
point from the emitter on the PSD surface, as this point is
critical for accurate position estimation.

The choice of PSDs in this work is motivated by their
unique suitability for real-time indoor positioning in chal-
lenging environments. PSDs provide continuous 2-D position
information with high angular resolution and fast response,
enabling direct AoA estimation from a single device. This
allows for low-latency operation and avoids the need for
complex image processing required by camera-based systems,
which can be sensitive to ambient lighting and computa-
tional delays. Compared with discrete photodiode arrays, PSDs
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simplify the system architecture by eliminating the need for
multiple sensors and calibration, thus improving robustness
and reliability—key requirements in emergency scenarios such
as smoke-filled environments.

The sensor used in this study is the Hamamatsu S5991-01,
which features a 9 × 9 mm active area and four anode outputs.
It offers a typical position resolution better than 0.1 mm under
optimal conditions, a spectral response from 320 to 1100 nm
(with peak sensitivity at 980 nm and approximately 50%
sensitivity in the visible range), and a maximum frequency
response of 200 kHz. The attached lens (focal length 7 mm)
focuses the incoming light onto the PSD surface, optimizing
spatial resolution and signal-to-noise ratio. These specifica-
tions were selected to ensure accurate and robust position
estimation even under severe smoke attenuation and scattering,
as demonstrated in our experiments. The combination of high
speed, fine resolution, and broad spectral sensitivity makes the
PSD sensor particularly suitable for VLP using commercial
luminaires in degraded visibility conditions.

B. Measurement System for Visibility
To perform a visibility measurement in a smoke-filled room,

a system was designed to measure the attenuation of a directed
light beam due to scattering and absorption by smoke particles.
Visibility was chosen as a metric because it directly relates
to the attenuation of light by airborne particles, making it
a standard measure in atmospheric optics and air quality
studies [13], [23].

1) Setup: A narrow-beam light source was placed on one
side of the room, and a light detector (photodetector or
photodiode) on the opposite side, separated by a known
distance D [13], [23].

2) Calibration: The initial intensity of the light beam in
clear air (no smoke) was measured to establish a baseline
intensity, I0 [24], [25].

3) Smoke Introduction: Smoke was introduced into the
room, and the attenuated intensity I was recorded at
the detector.

4) Extinction Coefficient Calculation: The attenuation of
light was modeled using the Beer–Lambert law

I = I0 · e−β D. (3)

Solving for the extinction coefficient β

β = −
ln (I/I0)

D
(4)

where I is the detected intensity after attenuation and
I0 is the initial intensity [25], [26]. Equation (4) allows
us to quantify the light attenuation due to smoke parti-
cles.

5) Visibility Calculation: The meteorological range V was
estimated using the Koschmieder formula

V =
3
β

(5)

which assumes a contrast threshold of 5% for object
visibility [13]. Equation (5) provides a direct relationship
between extinction and visibility.

IV. EXPERIMENTAL SETUP

A. Test Environment and Smoke Levels
The visibility measurement system consists of an emitter

and a photodiode placed at a distance D = 2710 mm in the
test environment. To avoid ambient light interference, the LED
signal was modulated at a frequency of 1300 Hz. The receiver
acquired the signal using an oscilloscope (model Tektronix
DPO2014) as the acquisition card. A sampling frequency of
12.5 million samples per second was used, and for each
measurement, a total of 1 million samples were acquired.
The acquired samples were processed using FFT to obtain
the value at 1300 Hz, which was used as the received power
in the photodiode. The high sampling frequency ensured that
the acquisition time for 1 million samples was below 100 ms,
minimizing the difference in smoke levels between the first
and last acquired samples.

The emitter used was the CH-LED-3W-45MIL-D-CW
model, with an emission power of 3 W and a warm white
light spectrum. A lens was attached to narrow and direct the
emission pattern. The receiver was a commercial silicon-based
photodiode (model HCA-S-200M-SI) with a conditioned out-
put.

Visibility was calculated using (4) and (5), based on a
smoke-free measurement and various measurements with dif-
ferent smoke levels.

For the experiments, the Audibax smoke 3000 smoke
generator was used with Audibax FFH-5 Heavy Fog Fluid,
composed of a mixture of glycol (1,2-dihydroxypane) and
osmosis water. Due to the characteristics of this type of cold
smoke, once it stabilizes, there are no appreciable differences
in smoke density between the lower and upper parts of the
room. Therefore, the smoke concentration is considered to be
uniform throughout the entire space.

Fig. 3 shows several examples of the smoke-filled environ-
ment and the corresponding visibility levels as measured using
the procedure described earlier. It is important to emphasize
that these images are intended solely to provide an approx-
imate visual reference of the smoke density associated with
each visibility level. One must keep in mind that the perception
of a camera differs significantly from that of the human eye
and, more importantly, from that of the PSD sensor used in
the experiments. Nevertheless, the photographs offer a useful
approximation for understanding the general level of smoke
in each test scenario.

B. Positioning System Setup
The receiver consists of a PSD sensor along with filtering

and amplification stages. It includes a high-pass filter to elim-
inate the dc component and low-frequency components where
conventional luminaires emit, and a low-pass filter at 200 kHz,
which is the maximum response frequency of the PSD sensor.
The PSD sensor used is model Hamamatsu S5991-01 with a
surface area of 9 × 9 mm and it has a lens system with a focal
length of 7 mm. The PSD sensor exhibits the typical spectral
sensitivity of silicon-based sensors, with a peak response
around 980 nm and approximately half that sensitivity in the
visible spectrum. The emitters are commercial warm white
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Fig. 3. Visual examples of the test environment under different smoke
conditions, corresponding to various measured visibility levels. These
images provide an approximate reference of smoke density. Note that
the visual perception of the camera differs from that of the human eye
and the PSD sensor used in the experiments.

Fig. 4. Positions of the emitters and the receiver in the environment.

light fixtures rated at 18 W, which have been modified to
emit a square wave signal. When operating with an on–off
modulated square wave, the effective emission power is 9 W.

Four emitters were distributed on the ceiling of the room,
and the receiver with the PSD sensor was placed on the floor.
The positions of the emitters and the receiver are shown in
Fig. 4, with the receiver’s position chosen as the origin of
coordinates.

Fig. 5 shows a photograph of the test environment, includ-
ing the four emitters and the receiver. The LED and the

Fig. 5. Photograph of the test environment showing the four emitters
and the receiver. The LED and photodiode used to measure visibility are
labeled as LED and PD, respectively.

TABLE II
EMITTER IDs AND MODULATION FREQUENCIES

photodiode used to measure visibility are labeled as LED and
PD, respectively, in the figure.

Table II shows the modulation frequencies and identifiers
for each of the four emitters. The emission frequencies for
the emitters were chosen to ensure they were sufficiently
separated from each other and from the modulation frequency
of the LED used for visibility measurement. This separation
minimizes interference and allows for clear differentiation of
signals from each emitter, ensuring accurate positioning and
visibility measurements.

Emitters 1 and 3 were within the receiver’s FOV, while
Emitters 2 and 4 were further away and outside the FOV. This
configuration was chosen to analyze the impact of smoke on
both the nearby emitters within the FOV and distant emitters
outside the FOV.

C. Measurement Procedure
The room was filled with smoke up to a defined smoke den-

sity, and the system continuously acquired data as the smoke
gradually dispersed. This ensured that changes in visibility and
smoke levels occurred progressively, without abrupt variations.
A total of 285 measurements were taken over a period of
79 min. For each measurement, the photodiode signal was
acquired as previously described, and the signals from the
four receiver channels were recorded using an oscilloscope
(Tektronix MSO 4104) as the data acquisition device, with a
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Fig. 6. Workflow of the experimental procedure and data acquisition.

Fig. 7. Test environment under visibility levels of (a) 3 m and (b) 11 m.

sampling rate of 1 million samples per second. The workflow
of the experimental procedure and data acquisition is shown
in Fig. 6.

V. RESULTS AND ANALYSIS

A. Impact of Smoke on Positioning Accuracy
To analyze the influence of smoke on the accuracy of the

positioning system, the estimated positions were evaluated for
different visibility levels. A total of 285 different smoke levels
were analyzed, corresponding to visibility values ranging
from 3 to 300 m.

Fig. 7 shows two examples of the test environment under
different smoke levels. Fig. 7(a) illustrates a visibility level of
3 m, while Fig. 7(b) corresponds to a visibility level of 11 m.

First, the positioning results of the emitters located within
the FoV of the receiver, specifically emitters Tx1 and Tx3,
are analyzed. Fig. 8 presents the x and y coordinates of the

Fig. 8. Estimated emitter coordinates as a function of visibility.

Fig. 9. X and Y coordinates of the emitters as a function of visibility.

emitters obtained from the receiver signal for various smoke
levels and, consequently, different visibility conditions. The
colors represent the xy coordinates as a function of visibility.
To improve figure readability, the coordinates are plotted
against the logarithm of visibility. The red square indicates
the position obtained under smoke-free conditions.

Under smoke-free conditions, the estimated coordinates for
Emitters 1 and 3 are very close to the actual positions, with
only a slight error due to the rotation of the receiver. This
rotation, caused by a minor misalignment of the receiver,
results in a small angular deviation of the coordinate system.
Since the primary focus is on comparing the effect of smoke
relative to smoke-free values, this small rotation does not affect
the overall conclusions of the study.

Fig. 8 shows that the accuracy of the estimated emitter
positions deteriorates as the smoke level increases, with the
coordinates gradually approaching the origin (0, 0), which
corresponds to the receiver’s position. This occurs because
the smoke causes the signal to scatter and diffuse, resulting
in more similar values across the four channels of the PSD
sensor and, consequently, estimates that are biased toward the
origin.

Fig. 9 displays the x and y coordinates of the two emitters
as a function of visibility. It can be clearly observed that as vis-
ibility decreases (i.e., smoke levels increase), the coordinates
approach the origin.

Fig. 10 presents the positioning error as a function of vis-
ibility. The positioning error was calculated as the Euclidean
distance between the coordinates obtained under smoky con-
ditions and those obtained in smoke-free conditions. It can be



44798 IEEE SENSORS JOURNAL, VOL. 25, NO. 24, 15 DECEMBER 2025

Fig. 10. Positioning error as a function of visibility.

Fig. 11. Emitters RSS as a function of visibility. Normalized RSS relative
to each emitter’s smoke-free signal strength level.

observed that under dense smoke conditions, with visibility
close to 3 m, the positioning error remains below 270 mm.

The positioning results for emitters located outside the
receiver’s FoV are not included in this section, as the signal
reaching the detector in these cases is solely due to multipath
propagation. A thorough analysis of multipath effects can be
found in [27]. Since the system relies on the AoA estimation
based on direct LOS detection, computing a positioning error
is not meaningful when no direct path is present. Nevertheless,
the receiver is still able to detect signals from these out-of-FoV
emitters via indirect paths. The corresponding signal analysis
is presented in Section. V-B.

B. Detection of Emitters Outside the FoV
After analyzing how smoke affects the precise positioning

of the emitters, we now focus on how smoke levels, and
consequently visibility, impact the RSS. Fig. 11 shows the
RSS from each emitter, normalized with respect to the signal
strength measured under smoke-free conditions.

Since normalization does not allow for the observation of
absolute power levels between the emitters and the receiver,
it is important to note that under smoke-free conditions, the
signal power received from emitters within the receiver’s FoV
is approximately one order of magnitude higher than that
received from emitters outside the FoV.

The key aspect is to observe the behavior of the signal
strength received by the receiver as a function of smoke levels.
It can be seen that for the emitters within the receiver’s FOV,
the signal strength decreases as the amount of smoke increases
and visibility decreases. In contrast, the signal strength from
the emitters outside the receiver’s FOV increases with the level
of smoke. This is because the receiver receives the signal from
these emitters through multipath reflections; in the presence of
smoke, the light diffuses in the environment, and the signal is
received with higher strength. This is one of the advantages
of this system in smoky environments. It allows for better
detection of signals from emitters outside the FoV under
certain smoke conditions compared to smoke-free conditions.
It is important to note that if the tests had been conducted with
a higher amount of smoke, at some point, the signal strength
level would also decrease.

C. Room-Level Detection Under Severe Smoke
Conditions

To further analyze the system’s detection capabilities in
smoke-filled environments, an experiment was conducted to
evaluate whether it is possible to determine, at the very least,
the presence of the receiver within a given room under extreme
smoke conditions. The test setup involved placing the receiver
approximately 3 m away from the emitter, fully outside the
direct LOS and positioned behind a large cabinet, as illustrated
in Fig. 12. This setup was designed to simulate an environment
where the light signal is completely obstructed by furniture and
attenuated by dense smoke.

Fig. 13 shows the received signal power normalized to the
value obtained under smoke-free conditions. As expected, the
received power in this configuration is very low, as it is entirely
the result of multipath light reflections within the environment.
However, even under these challenging conditions—dense
smoke, physical obstructions, and increased distance—the
signal remains detectable.

As shown in the figure, for visibility levels between 1 and
10 m, the receiver continues to detect the signal. Interest-
ingly, for extremely low visibility values (below approximately
1.3 m), the received power drops below the smoke-free base-
line. In contrast, for visibility levels above this threshold,
the signal received in the presence of smoke exceeds the
level obtained without smoke. This result demonstrates that
under certain smoke conditions, light scattering enhances
signal propagation via multipath, which improves detection
in obstructed areas.

These findings lead to a significant conclusion: even in
highly adverse conditions—dense smoke, emitter–receiver
occlusion, and large separation distances—the system is capa-
ble of detecting signals sufficient for room-level positioning.
Moreover, the increase in received power due to smoke diffu-
sion suggests that, in some cases, detection may be feasible
at longer distances than in clear-air conditions. Since visible
light does not penetrate walls, this behavior highlights the
potential of the system for detecting the presence and location
of individuals or objects at room scale during smoke-filled
emergencies.
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Fig. 12. Photograph of the experimental setup. The receiver is placed
behind a cabinet at a distance of approximately 3 m from the emitter.

Fig. 13. Normalized received power as a function of visibility under
extreme smoke conditions and full LOS obstruction.

VI. DISCUSSION

This study has evaluated the impact of smoke on an IPS
based on PSDs using ceiling-mounted building luminaires
as emitters. The results demonstrate that the presence of
smoke significantly affects the system’s positioning accuracy,
particularly in the angular estimation of the incident light,
which is essential in AoA-based localization.

As visibility decreases due to increasing smoke density, the
calculated positions of the emitters tend to converge toward the
origin. This effect arises from the attenuation and diffusion
of the optical signal, which reduces the signal asymmetry
required for accurate coordinate computation. Consequently,
the positioning error increases as the optical path becomes
more disturbed by suspended particles in the environment.

It is important to note that the experiments in this study
were conducted in a controlled, enclosed environment to
ensure homogeneous smoke distribution and precise visibility
measurements. This approach allows for a systematic analysis
of how visibility loss (regardless of the specific room geom-
etry) affects the performance of the PSD-based positioning
system. The main physical mechanisms governing the results,
namely, the attenuation and scattering of visible light by smoke
particles, are intrinsic to the optical properties of the medium
and do not depend on whether the environment is restricted or
open, provided that the visibility is comparable. Therefore, the

observed degradation in positioning accuracy and the ability
to detect signals at very low visibility levels are expected to be
representative of other indoor environments, including larger
or less confined spaces, as long as similar visibility conditions
are present. However, in open or very large environments,
it may be more challenging to achieve and maintain uniform
smoke density, which could introduce additional variability in
the measurements. Despite this, the fundamental conclusions,
included in the following section, regarding the impact of
smoke on system performance remain valid and generalizable.

VII. CONCLUSION

On this work we have evaluated the feasibility of a
PSD-based VLP system in smoke-filled indoor environments,
with a focus on emergency scenarios. The experimental results
demonstrate several key findings. First, the system is capable
of preserving room-level detection performance even under
severe smoke conditions, maintaining positioning errors below
270 mm for visibility levels as low as 3 m. Second, multipath
propagation in smoky environments can enhance detectability,
allowing the receiver to detect signals from emitters outside
the nominal FoV and, in certain ranges, even producing
higher received power than in smoke-free conditions. Finally,
the system maintains localization capability in challenging
obstructed scenarios, where signals derived from reflections
remain detectable despite the absence of a direct line of sight.

These findings support the feasibility of using PSD-based
optical positioning systems for coarse localization (e.g., deter-
mining the room or zone in which a target is located), even
when precise coordinate estimation is compromised. In many
practical applications, such as emergency response, search and
rescue, or firefighter tracking, the ability to determine presence
at room-level resolution may be sufficient and, in some cases,
preferable due to reduced system complexity and faster detec-
tion.

To provide a comprehensive validation, the proposed
approach was evaluated across several complementary dimen-
sions: 1) positioning accuracy as a function of visibility
degradation, 2) detectability of emitters both inside and outside
the FoV considering multipath propagation, and 3) system
behavior under obstructed and dense smoke scenarios.

This multidimensional validation ensures that the system is
not only accurate under controlled smoke levels but also robust
in highly degraded and realistic emergency environments.

Future work will involve testing with higher smoke levels
and different types of smoke to gain deeper insights into
the system’s performance. In addition, integrating PSD-based
VLP with inertial sensors and exploring hybrid localization
strategies could enhance robustness and continuity in dynamic
and obstructed environments.
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