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Attenuation analysis of an underwater optical wireless
communication system, based on red light-emitting diodes, in
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ABSTRACT

Underwater communication traditionally relies on acoustic systems, which suffer from high energy consumption, significant latency,
and undesirable environmental impact. Optical wireless communication (OWC) technologies represent a promising alternative, yet they
are strongly limited by light attenuation in water, especially under turbid conditions. In this work, an innovative low-cost underwater
optical wireless communication (UOWC) system based on red LEDs (light-emitting diodes) and photodiodes was developed, allowing not
only data transmission, but also experimental characterisation of signal degradation in turbid water. The system was tested by varying
the concentration of suspended clay to evaluate the reduction in optical intensity and data transmission rate. Results show a maximum
data rate of 1.5 Mbit/s in clear seawater, followed by an exponential decrease in performance as turbidity increases. The proposed
approach provides a reproducible and low-cost method for studying the underwater optical channel and represents a foundation for
future developments aimed at optimising UOWC systems in more complex and realistic scenarios.
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1. INTRODUCTION

In recent years, there has been growing interest in high-speed,
long-range underwater wireless data transmission, aimed at
supporting both scientific research activities (such as the
monitoring of marine ecosystems, biodiversity, and
environmental parameters, as well as geological and geophysical
studies) and the development and management of marine
infrastructure, including the control and maintenance of offshore
installations, the deployment of underwater sensor networks, and
communication with autonomous underwater vehicles (AUVs),
remotely operated vehicles (ROVs), and marine drones [1].
Traditionally, underwater communication has relied primarily on
the use of acoustic waves, as they offer the most effective
solution for long-range transmission due to their lower
attenuation compared to radio or optical signals [2]. However,
acoustic communication presents several limitations, particularly
in terms of limited available bandwidth (approximately a few
kilohertz), high latency, and strong sensitivity to ambient noise

3]

These constraints introduce delays in data transmission,
reducing efficiency in applications that require high data transfer
rates and real-time responsiveness. Moreover, the extensive use
of acoustic signals may negatively impact the marine ecosystem,
contributing to noise pollution and interfering with marine fauna
[4]. Finally, in military applications, acoustic communication
requires the use of advanced technologies to minimise the risk of
interception and ensure the confidentiality of transmitted
information [5], [6].

A promising alternative is underwater optical wireless
(UOWC), which exploits optical signal
propagation in water to support high-data-rate communication
for underwater sensing applications, including geological and
geophysical observations [7], as well as for the monitoring and
operation of marine infrastructure [8]. UOWC applications
include underwater wireless sensor networks (UWSNs), used for
optical interconnection with aerospace and terrestrial systems
through the integration of AUVs, ROVs, communication buoys,
and satellites [9].
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Figure 1. Possible scenario of UOWC application.

Figure 1 shows a possible scenario of an UOWC system
supporting high-speed data exchange between submerged
sensors, AUVs, and surface stations. The system supports real-
time monitoring, infrastructure inspection, and data transmission
in marine environments.

Compared to traditional acoustic systems, optical systems
offer several advantages, including high bandwidth, low latency,
and high data transmission rates, supporting real-time data
exchange [9], [10]. These features make them particularly suitable
for application scenarios such as AUV control, intensive data
collection from sensor networks, and high-definition image or
video transmission [11]. Moreover, optical transceivers are
generally low-cost and energy-efficient, contributing to a reduced
overall environmental impact of the system. Finally, optical
systems provide a higher level of security and confidentiality,
lowering the risk of interception [12].

Despite its numerous advantages, UOWC has limitations that
constrain its widespread use. Notably, the propagation of light in
the marine environment is significantly affected by absorption
and scattering phenomena, which reduce the effective
communication range to a few tens of meters in clear water and
just a few meters in turbid or coastal waters [13]. Furthermore,
the performance of this technology is highly sensitive to
environmental conditions: the presence of suspended particles,
phytoplankton, air bubbles, and turbidity can degrade link quality
by attenuating the optical signal [14]; ambient light in shallow
waters can also cause interference in systems operating within the
visible spectrum. Another critical constraint is the requirement
for precise alignment between the transmitter and receiver [14],
which can be challenging in turbulent underwater environments
and may lead to link loss. Finally, the performance and lifespan
of optical devices are affected by environmental parameters such
as the temperature, pressure, and salinity of seawater [2], [15].
Table 1 summarises the main characteristics of the acoustic and
optical systems discussed above.

UOWC therefore represents a technology of significant
scientific interest, due to its potential in terms of speed,
efficiency, and security [2]. However, the limitations associated
with optical signal attenuation in a marine environment and its
sensitivity to environmental conditions highlight the need for in-
depth research aimed at evaluating its practical applicability and
deployment strategies in real-world operational scenarios. The
ultimate goal is to define its limitations, optimise system
performance, and promote its integration into intelligent
underwater infrastructures.

Table 1. Comparison of the main characteristics of acoustic and optical
systems in underwater environments.

Parameter Acoustic systems Optical systems
Bandwidth Low (kHz) High (MHz-GHz)
Latency High Low

- . . Lower consumption
Energy efficiency High power required (LED-based)
Security Weak (wide dispersion)  High (narrow beam)
Communication range >100 km <500 m

In this context, the present work aims to develop a wireless
optical communication system capable of providing high data
transmission rates in highly turbid marine environments, such as
ports, river mouths, lakes, and aquaculture facilities.

Specifically, a low-cost and environmentally friendly
underwater optical prototype has been developed, capable of
transmitting data at high speed in clear water, laying the
groundwork for its future evolution towards effective operation
in turbid waters. Based on a literature review, red light was
selected, as it is less harmful to the marine ecosystem and shows
a more favourable attenuation coefficient in turbid water than
other wavelengths in the visible spectrum [16], [17].

Furthermore,  although  most  underwater  optical
communication systems focus on high-performance blue LEDs
and photodiodes, they are highly vulnerable to turbidity and
often require expensive components. In this work, we propose a
novel approach based on red LEDs and low-cost photodiodes,
designed to ensure reliable data transmission even in the
presence of suspended particles. The system allows the
experimental evaluation of signal attenuation and transmission
speed as a function of clay concentration, providing a
quantitative method to characterise the optical channel under
realistic conditions.

At the same time, the system has been designed for
educational purposes, specifically to enable the experimental
verification of the Lambert—Beer attenuation law, providing a
real-world context for observing optical propagation in
absorbing media such as water.

Thanks to the combination of technology, sustainability, and
educational application, this work represents a new low-cost
experimental approach for the study of underwater optical
communication in turbid scenarios, and provides a starting point
for the development of more robust and adaptive systems.

This paper is organised as follows. Section 2 reviews the state
of the art on underwater optical communication systems. Section
3 presents the architecture of the proposed system, while Section
4 details the development of the transmitter and receiver
modules. Section 5 describes the experimental setup and the test
procedures adopted for performance evaluation. The obtained
results are reported and discussed in Section 6. Section 7 presents
the analysis of the experimental uncertainties, the assessment of
measurement repeatability and fit quality. Finally, Section 8
summarises the main conclusions and outlines possible
directions for future work.

2. STATE OF THE ART

An underwater optical wireless communication system
typically consists of three main components: the optical
transmitter, the underwater propagation channel, and the optical
receiver (Figure 2) [18].
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Figure 2. Schematic representation of an underwater optical communication
system.

2.1. Transmitter

The transmitter is responsible for converting an electrical
signal into an optical signal by generating light pulses that are sent
into the optical channel. It integrates several subcomponents,
including a modulator, a light source, and an optical driver used
to drive the light source itself. The choice of modulation
technique plays a crucial role in enhancing both the transmission
speed and the communication range, given the high attenuation
of light in the marine environment. Therefore, it is essential to
select the most appropriate modulation scheme based on the
specific requirements of the communication system [19].

The light source can consist of either light-emitting diodes
(LEDs) or laser diodes (LDs). Laser diodes offer higher
bandwidth and optical power, generating coherent radiation.
However, due to their narrow divergence angle, they are highly
directional and require precise alignment between the transmitter
and receiver. For this reason, they are mainly involved in point-
to-point communications with a line-of-sight (LOS)
configuration, which can be challenging to maintain in marine
environments subject to turbulence [18]. Conversely, LEDs emit
an incoherent and wide light beam, allowing diffuse LOS
communications without the need for strict alignment between
the transmitter and receiver [18]. Although they offer lower
energy consumption and longer operational lifetime, LEDs have
a limited bandwidth, which restricts their use to short-range and
low-data-rate communications. Figure 3 shows the typical
configurations used with LEDs and laser diodes.

Optical link

Figure 3. Schematic representation of diffuse LOS configuration used with
LEDs and point-to-point LOS configuration employed with laser diodes.

2.2. Receiver

The receiver is responsible for detecting the incoming optical
signal and for its conversion into an electrical signal. The main
element of this process is the photodetector, typically a
photodiode, whose selection depends on the performance
specifications required by the system, as these devices differ in
terms of sensitivity, operating voltage, cost, and size. The most
commonly used types include PIN photodiodes and avalanche
photodiodes (APDs) [20].

To operate effectively in an underwater environment, the
receiver must ensure high sensitivity and substantial gain, to
detect weak signals. Moreover, maintaining a high signal-to-noise
ratio (SNR) is crucial to ensure accurate decoding of the
transmitted information.

2.3. Optical channel

The optical channel, represented by the underwater
environment, is a highly dispersive and attenuating medium
composed of water molecules, suspended and dissolved
particles, as well as organic and inorganic components. The
interaction of light with these elements causes significant signal
attenuation, which can be modelled using the Lambert—Beer law
[18]:

I=le®a, ®

where Iy and I are the intensity of the incident and outgoing
radiation, respectively; d is the optical path, and ¢(A) is the total
attenuation coefficient, defined as the sum of the absorption
coefficient a(4) and the scattering coefficient b(4):

c(D) =ald) +bQ1). 2

The attenuation of the aquatic medium depends both on the
wavelength of the incident radiation and on the optical properties
of the water, such as turbidity and the presence of dissolved
substances or suspended particles.

Figure 4 [21] shows the absorption and scattering coefficients
in pure seawater. For wavelengths within the visible range, the
scattering coefficient is almost zero, suggesting that signal
attenuation is dominated primarily by absorption [17]. Moreover,
the plot highlights that light in the blue-green spectral region
(450550 nm) has the lowest attenuation in seawater compared
to other wavelengths.

Absorption and Scattering coefficients of pure sea water
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Figure 4. Absorption and scattering coefficients of pure seawater as a
function of wavelength. The plot highlights that attenuation in the visible
range is dominated by absorption, and that the blue-green region (450—
550 nm) exhibits the lowest overall attenuation [18].
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However, optical transmission is significantly affected by
chlorophyll concentration and turbidity levels, which respectively
increase light absorption and scattering. Chlorophyll, a
photosynthetic pigment found in algae and phytoplankton,
selectively absorbs light in the blue and red bands while
predominantly reflecting green light [22]. Its presence enhances
spectral absorption, patticularly in the blue region, thereby
reducing the efficiency of optical transmission at those
wavelengths.

Turbidity, on the other hand, is a measure of the
concentration of suspended particles in water, and contributes to
an increase in the scattering coefficient, leading to greater light
diffusion [23]. This phenomenon results in a reduction of the
effective communication range, an increase in noise in the
received signal, and, overall, a degradation of the optical channel
quality.

Different types of water are classified based on their optical
properties, that is, on the ability of the water to attenuate or
absorb light radiation, depending on the dissolved or suspended
particles [24], [25]. The Jetlov classification distinguishes
between clear open-ocean waters (types I, 1A, IB, 11, III) and
more turbid coastal waters (types 1-9).

As shown in Figure 5 [206], in clear waters (I, IA, IB, II, III),
the attenuation coefficient shows a minimum in the blue
wavelength region. As turbidity increases, this minimum
progressively shifts towards the green region, eventually reaching
the amber wavelengths (approximately 590 nm) in type 9C
waters. This behaviour directly reflects the influence of the
concentration and nature of suspended patticles on light
propagation in water.

In turbid waters, such as those found in coastal or harbour
areas, or environments with high concentrations of suspended
particulate matter, scattering tends to dominate over absorption,
making the spectral attenuation coefficient ¢(4) approximately
equivalent to the scattering coefficient b(A4). Undet these
conditions, shorter wavelengths (despite their deeper penetration
in clear waters) undergo more pronounced angular scattering,
which limits their direct transmission towards the receiver. Since,
according to Rayleigh’s law, scattering is inversely proportional
to the fourth power of the wavelength (¢ A™%), light in the red
range (600—700 nm) is subject to less diffusion and tends to
better preserve beam directionality, enhancing signal
concentration at the detector [27]. Moreover,
photodiodes, commonly used in underwater optical systems,
show high spectral sensitivity in this region [28]. The
combination of reduced scattering and increased detector
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Figure 5. Attenuation coefficient versus wavelength for different Jerlov water
types. The minimum shifts from the blue region in clear waters (I-lll) to the
amber region (~¥590 nm) in turbid coastal waters (type 9C) [25].

Table 2. Optimal wavelengths for underwater communication according to
water type and optical properties.

Water type Light used Reason

Clear water Blue-green Lower absorbtion
(ocean, open sea) 450-550 nm P
Coastal waters with Green Biological optical window
chlorophyll 520-550 nm el

Highly turbid waters Red Lower scattering, more
(ports, sediments) 600-700 nm directional beam

responsivity makes red light particulatly effective for short-range
optical communications in high-turbidity environments [16].

Table 2 reports the water types and the corresponding
wavelengths to be used.

3. DESCRIPTION OF THE PROPOSED SYSTEM

The proposed system is based on optical wireless
communication (OWC) for short-range, high-speed underwater
applications. A digital system for data transmission and reception
has been developed by using on-off keying (OOK) modulation.

The system architecture consists of two main nodes: a
transmitting unit and a receiving unit. In this preliminary
experimental phase, both units are placed outside the water, with
the transmission medium represented by a 33 X 21.4 X 16 cm?
aquarium filled with water, used as the optical channel. Data
transmission occurs in an LOS configuration.

The transmitting node consists of an optical driver, a
modulator, and an array of six high-power LEDs operating at a
wavelength of 625 nm (red), selected for its higher effectiveness
in turbid water conditions. The receiving node integrates a
photodiode, along with signal amplification and filtering circuits.

A computer via a USB-TTL interface, which allows for
modulation frequency configuration and data transmission,
manages digital communication. A Python-based application
handles the generation and transmission of the data stream to the
transmitter, as well as the reception and decoding on the
receiving side.

The implementation of this type of transmission was based
on the diagram shown in Figure 6.

The system is designed to be low-cost and easily replicable.
The use of LEDs ensures high energy efficiency, a long
operational lifetime, and a reduced environmental impact
compared to alternatives based on high-power laser sources.

ush-ttl converter

‘ il

Amplification and
signal conditioning

ush-ttl converter

Light source driver

Il R T
Light source Photo detector
Transmitter Receiver
Water tank

Figure 6. Schematic diagram of the optical wireless communication system
used for short-range underwater data transmission. The setup includes the
transmitting and receiving units, as well as the optical channel represented
by a water-filled aquarium.
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4. SYSTEM DEVELOPMENT

The main objective of this project was the development of a
low-cost, environmentally friendly underwater wireless optical
communication system, operating in the red spectral band. This
choice makes the system particulatly suitable for turbid aquatic
environments, such as coastal waters, river mouths, or lakes,
where light propagation is significantly limited.

4.1. Transmission system

The light source used in the system consists of a cluster of 40
high-power red LEDs (151053RS03000) [29], powered at 12 V
through a voltage regulator to ensure a constant and stable light
output. Figure 7 shows the electrical circuit designed for the
transmission system.

The optical transmitter was implemented using a 5 V TTL
digital signal, generated by a computer through a USB-TTL
interface, and used as the circuit input. This signal drives an
LM311P comparator, considered as an interface between the
TTL logic and the power MOSFET. The comparator threshold
voltage is set using a 1 MQ potentiometer, which provides a
reference level to the non-inverting terminal. A 0.47 pIF capacitor
is incorporated into the same network to stabilise the threshold
voltage, reduce low-frequency noise, and mitigate transient
effects associated with digital switching. The inverting terminal
of the LM311P receives the logical input from the TTL-USB
converter.

The comparator output, equipped with a 470 € pull-up
resistor to the 12 'V rail, directly drives the gate of the IRF530N
MOSFET configured as a switch. In this configuration, the
MOSFET allows the commutation of currents significantly
higher than those deliverable by the TTL signal, enabling the
control of a high-brightness LED array.

The optical load consists of multiple strings of red LEDs,
each equipped with a 220 Q current-limiting resistor. These
strings are connected in parallel and powered from the 12 V
supply line. The IRF530N operates as an electronically
controlled switch driven by the comparator, ensuring fast, stable,
and reliable switching of the entire LED array.

This architecture enables the realisation of a robust optical
transmitter compatible with TTL digital signals and capable of
delivering  sufficient optical power for the experiments
conducted, while maintaining high immunity to electrical noise
thanks to the stabilised comparator threshold and the separation
between the control and power stages.
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Figure 7. Electrical schematic of the optical transmission circuit, including the
TTL-driven LM311P comparator, IRF530N MOSFET switch, and high-power
LED array powered at 12 V.

BN

Vgl e 180 k2

o I 1pF
1.5 pF

&

4

, |

1k
O
1MQ g- UT

1M S
1k

il

Figure 8. Electrical schematic of the optical receiver, featuring the SFH203
photodiode, the two-stage AD818N transimpedance and amplification
stages, and the TTL-USB interface for signal acquisition.

4.2. Reception system

Figure 8 shows the electrical circuit designed for the optical
reception system.

For the detection of the optical signal, an SFH203 photodiode
[30] was considered, selected for its spectral sensitivity and low
intrinsic noise. As shown in the circuit, the photodiode is reverse-
biased. The photocurrent generated by the sensor is converted
into a voltage by a transimpedance amplifier (TTA) based on an
ADBS818N operational amplifier, designed to provide adequate
signal amplification and high response linearity. The TTA stage
uses a 180 kQ feedback resistor in parallel with a 1pF
compensation capacitor, a configuration that defines the
transimpedance gain and stabilises the frequency response,
limiting the useful bandwidth and preventing oscillations.

A 1MQ potentiometer is integrated into the amplifier’s
control network to allow adjustment of the threshold voltage or
signal level, supporting compensation for environmental
variations such as incident light or changes in water turbidity. A
capacitor placed in the conditioning network (as highlighted in
the schematic) helps to damp threshold voltage fluctuations,
reducing low-frequency noise and transient effects.

The output signal from the TIA is fed into a second
conditioning stage, also based on an AD818N, which provides
additional amplification and impedance matching for the
acquisition circuitry. This stage includes a feedback network with
a 1.5 pF capacitor and an output resistor of 1 kQ, which together
shape the frequency response and stabilise the DC level. A
second 1 MQ potentiometer on the input path of this stage
allows further adjustment of the operating point (offset).

The final output is isolated through a 1 k€ output resistor and
delivered to a TTL-USB converter for digitisation and transfer
to the computer for data acquisition and numerical processing.
This interface requires a properly conditioned logic-level signal;
the output resistor protects the operational amplifier from
external loads and limits accidental short-circuit currents.

Overall, the two-stage architecture ensures a linear conversion
of photocurrent into voltage, effective noise mitigation, and
flexible adjustment of the operating point. This configuration
provides stable and reliable optical signal reception, even in the
presence of fluctuations in light intensity or variable
experimental conditions such as water turbidity, while
maintaining the linearity required for subsequent quantitative
data analysis.
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Figure 9. Experimental setup showing the aquarium with clear water. The
transmitter and receiver are visible, together with the water-recirculation
pump that ensures uniform conditions inside the tank. The
spectrophotometer is positioned to monitor the optical intensity during the
measurements.

5. EXPERIMENTAL TEST

The system was initially validated in air and subsequently
tested in an underwater environment using an aquarium
containing approximately 11.3 litres of water under static
conditions. The transmitted and received signals were monitored
in real time on a PC. Under these conditions, the system achieved
a data transmission rate of Mbit/s, operating at a modulation
frequency of 1.5 MHz.

Figure 9 shows the experimental setup in clear water. The
transmitter and receiver are visible, along with the water-
recirculation pump and the spectrophotometer used to measure
the optical intensity.

To simulate seawater salinity, 395.5 g of NaCl were dissolved
in the aquarium water, corresponding to a concentration of
35g/l, representative of the average ocean salinity [31].
Subsequently, varying amounts of clay were added to reproduce
different turbidity levels.

Table 3 reports the clay concentrations introduced into the
aquarium during the various measurements.

To prevent particle sedimentation and ensure a homogeneous
suspension, a continuous recirculation hydraulic pump was
employed. This setup also allowed the simulation of turbulence
conditions typical of the marine environment. In the laboratory
tests, the data transmission rate and the optical signal intensity
were evaluated as a function of different water turbidity levels.

The measurements of the light intensity emitted by the LEDs
were carried out using an SR6 Ocean Optics spectrophotometer
[29], featuring a spectral range of 180—1100 nm and a resolution
of 0.36-11.52 nm, and interfaced with its dedicated acquisition
and analysis software. Light was collected through a multimode
optical fibre (400 um core diameter), which ensured efficient
coupling from the source while minimizing alighment sensitivity.
This setup allowed an accurate monitoring of the optical power
at the transmitter side, supporting the validation of the

Table 3. Clay concentrations for the different measurement conditions.

Clay (g) Clay concentration (mg/1)
0.32 30
0.42 40
0.53 50
0.82 70

Water-
recirculation
pump

Figure 10. Optical transmission using red LEDs inside the aquarium at
maximum clay concentration. The water-recirculation pump is also visible.

attenuation behaviour of both the emitted signal and the light
intensity detected by the receiver as the concentration of
suspended clay increased.

Figure 10 shows the optical transmission using red LEDs
inside the aquarium under the condition of maximum clay
concentration. The water-recirculation pump, used to maintain a
homogeneous suspension, is also visible.

6. RESULTS

Data analysis was carried out to evaluate the transmission rate
of the developed optical communication system under turbid
water conditions. For this purpose, a Python-based script was
implemented for the graphical processing of the experimental
data and for an exponential regression analysis, aimed at
describing the relationships between the transmission rate and
signal attenuation as a function of turbidity level.

Figure 11 shows the emission spectrum of the red LEDs,
acquired using an Ocean Optics spectrophotometer [32]. The
main emission peak is centred around 635 nm, in accordance
with the device specifications.

Spectral analysis highlights that, as the clay concentration (and
consequently the water turbidity) increases, a progressive
reduction in the emission peak intensity occurs. This behaviour
is consistent with the increase in optical attenuation caused by

LED Spectrum

70000 - —— Water and salt
—— 30 mg/l
—— 40 mg/l
60000 - 50 mg/
—— 70 mag/l
__ 50000 A
=)
c
=4
o
=2 40000 4
z
2
g 30000 4
£
20000 -
10000 ~
0 . . ‘ ‘
400 500 600 700 800

Wavelenght (nm)

Figure 11. Emission spectrum of the red LEDs measured with an Ocean Optics
spectrophotometer. The main peak is centred around 635 nm, consistent
with the device specifications. A decrease in emission intensity is observed
with increasing clay concentration, indicating enhanced optical attenuation
due to scattering and absorption effects.
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scattering and absorption phenomena induced by suspended
particles, which reduce the amount of light transmitted through
the medium. The decrease amounts to approximately 80 %
between the clearest and the most turbid samples.

Subsequently, the light intensity values were analysed as a
function of clay concentration to verify the validity of the Beer—
Lambert attenuation law.

According to this law, the intensity of the light radiation IIT
transmitted through a turbid medium is described by the
equation:

I=1e%¢, ©)

where I is the initial system intensity in clear water, C is the clay
concentration, and & is the attenuation coefficient accounting for
light absorption and scattering within the medium.

The experimental data (Figure 12) show a decreasing
exponential trend of light intensity with increasing turbidity, in
accordance with the theoretical model. The exponential
regression analysis provided a coefficient of determination (R?)
of 97 %, confirming the high reliability of the Beer—Lambert law
in describing the attenuation of light radiation as a function of
clay concentration.

As observed for light intensity, the data analysis highlighted
that the system’s transmission rate decreases exponentially with
increasing turbidity, as shown in Figure 13. This behaviour can
be attributed to the higher optical signal attenuation caused by
light scattering and absorption from suspended clay particles.

Since the transmission rate is related to the signal-to-noise
ratio (SNR), which is in turn directly proportional to the received
optical power, the observed relationship can be described by the
following equation:

v=v,e*C, ©)

where v is the initial system transmission rate in clear water. The
coefficient of determination (R? = 0.99) confirms the goodness
of fit and the validity of the proposed model.

7. UNCERTAINTY ANALYSIS

The proposed system shows that the transmission rate
reaches 1.5 Mbit/s in clear water, and that its decrease with
increasing turbidity follows an exponential trend, consistent with
what is observed for the light intensity. The setup was not
designed to achieve high-precision measurements, but rather to

Intensity Attenuation vs. Clay Concentration
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Figure 12. Exponential decay of light intensity as a function of clay
concentration, fitted according to the Beer—Lambert law.

Transmission Rate Attenuation vs. Clay Concentration
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Figure 13. Exponential decrease of data transmission rate as a function of
water turbidity.

reliably assess the behaviour of data transmission as the
conditions of the optical channel vary. The uncertainties
associated with the transmission system (photodiode sensitivity,
LED optical power, possible fluctuations in the supply voltage,
stability of the digital signal) and with the receiving system
(electronic noise, amplifier stability, alignhment variability) are
overall smaller than the uncertainties introduced by the
experimental setup, particularly those related to the properties of
the optical channel itself and to the system geometry.

In this context, different concentrations of clay were
introduced to simulate various turbidity levels and the resulting
changes in light-propagation conditions, also due to refractive-
index variations introduced by suspended particles. In addition,
possible reflections from the aquarium walls, turbulence, and air
bubbles generated by the recirculation pump should be taken
into account. All these factors represent the main source of
uncertainty and dominantly affect the measurement of the
transmission rate and of the light intensity.

The experimental setup was designed to obtain repeatable
measurements under identical conditions:

e The turbidity is

concentrations;

controlled through known clay

e The system geometry, ie., the transmitter—receiver

distance and alignment, is kept fixed;

e Measurements were taken in darkness to minimise

ambient-light noise.

To best evaluate the system performance, five measurements
of the light intensity were carried out for each turbidity level
using the optical fibre and spectrophotometer, to minimise
counting fluctuations and assess the signal stability. Repeating
the acquisitions allowed us to reduce the influence of statistical
noise and of possible variations related to optical sampling.

Conversely, since the transmission rate does not show
continuous fluctuations but varies in discrete steps determined
by the modulation protocol, the data-rate measurement was
carried out only once for each turbidity level. Repeating the
measurement would not have provided significant benefits in
terms of reducing statistical uncertainty.

The quality of the fits (Figure 12 and Figure 13) demonstrates
that the system is stable, confirming the exponential trend
predicted by the Lambert—Beer law and the reliability of the
measurements.

ACTA IMEKO | www.imeko.org

March 2026 | Volume 15 | Number 1 | 7



8. CONCLUSION

Underwater optical communication systems represent a low-
cost alternative for transmissions in marine environments. In this
work, an LED-based system was developed to investigate signal
degradation as a function of water turbidity.

Experimental tests confirmed the feasibility of low-power,
low-cost optical transmissions, achieving data rates on the order
of Mbps in seawater, with performance decreasing as turbidity
increased. The collected data provide a solid foundation for
further developments aimed at optimising the system in complex
and dynamic underwater scenarios, as well as for a more in-depth
study of the optical channel.

The use of red LEDs and photodiodes proved effective in
controlled environments; however, the observed exponential
behaviour indicates that even small variations in turbidity can
significantly ~ reduce channel capacity, limiting optical
communication performance. The innovation of the proposed
system lies in its ability to experimentally characterise the optical
channel under realistic conditions, providing a low-cost and
reproducible approach for studying optical propagation in turbid
water.

Future work will focus on extending the experimental
campaign through a larger set of controlled measurements,
including a wider range of turbidity levels and transmission
distances, to improve the statistical characterisation of the optical
channel. Additional investigations will address the evaluation of
different system configurations, such as alternative optical
wavelengths and receiver sensitivities, as well as the measurement
of further physical-layer performance metrics, including bit error
rate  and  signal-to-noise  ratio. Moteover, dedicated
measurements will be conducted to achieve a more detailed
characterisation of the optical channel, including absorption,
scattering, and noise contributions. These experimental activities
will contribute to a more accurate empirical modelling of optical
signal propagation in turbid water, and to the identification of
the operational limits of underwater optical
communication systems.

low-cost
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