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ABSTRACT The influence of the oceanic medium on the underwater optical wireless communication
(UOWC) highlights the need for an accurate mathematical channel characterization that models the
properties of realistic oceanic environments, significantly optimizing the development of practical UOWC
system designs. However, a need remains to provide a deeper insight into the behavior of air bubbles in
turbid waters. This article presents an analysis and a statistical characterization of the received optical
power fluctuations when considering different air bubble sizes and levels of particle-induced scattering.
Experimental measurements were conducted in a water tank, manipulating water turbidity levels by
dissolving a commercial antacid. Afterward, some evaluation metrics, such as the scintillation index, the
average outage duration, and the coherence time, are calculated to provide an analytical framework of
the air bubbles-induced fading in turbid environments. Additionally, the statistical behavior of small and
large air bubbles are analytically described through the generalized Gamma distribution and a mixture of
two generalized Gamma distributions, respectively, and validated with a coefficient of determination above
0.95 for all the considered turbid waters. Results demonstrate that water turbidity dramatically affects the
stochastic behavior of the underwater channel in the presence of air bubbles, resulting in a significant
reduction in light blockage due to the collection of scattered photons. As a result, the scintillation index
and the average outage duration are noticeably reduced for more turbid water.

INDEX TERMS Air bubbles, fading channel, oceanic turbulence, scattering, turbid water, underwater optical
wireless communication, underwater free-space optical.

I. INTRODUCTION
In recent years, a growing interest in marine exploration
has motivated the development of new wireless systems that
support high speed communications, particularly in real-time
applications. Underwater optical wireless communications
(UOWC) systems have emerged as a viable candidate for
these bandwidth-hungry and delay-sensitive applications
thanks to its broad bandwidth and high data rate with

The associate editor coordinating the review of this manuscript and

approving it for publication was Leo Spiekman .

low latency [1], [2], [3]. However, the major drawback of
deploying UOWC links is the inherent impairments of the
underwater optical channel, such as the absorption and scat-
tering processes due to dissolved and in-suspension particles,
which noticeably reduce the link span and the maximum
achievable data rate. The severity of these constraints varies
significantly depending on the underwater environments,
commonly classified according to their turbidity as clear
ocean, coastal and harbor waters, as well as the different
Jerlov water types [4], [5], [6], [7]. In addition to these
effects, the transmitted optical beam is affected by random
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fluctuations in the irradiance as a result of small variations in
temperature and salinity concentrations, commonly referred
to as oceanic turbulence [8], [9]. Likewise, the presence
of air bubbles also causes random fluctuations in the
refractive index owe to the interface between water and
air bubbles [10]. Extensive research has been conducted on
the origin of air bubbles in underwater medium, including
the breaking waves, cavitation caused by marine vehicle
propellers, phytoplankton photosynthesis, or zooplankton
respiration [11], [12], [13], [14]. However, the lack of realistic
experimental studies in UOWC channel modeling under air
bubbles has obstructed the development of accurate channel
models, impeding an optimal design of optical transceivers.
Despite the complexities of conducting measurements in
open oceans, cost-effective results can be obtained under
controlled laboratory conditions.

In contrast to the vast literature on oceanic turbulence,
there have been few investigations into the statistical behavior
of the bubbles-induced scattering in UOWC channels [15],
[16], [17], [18], [19], [20] (and references therein). In [15],
an experimental UOWC system is evaluated in terms of
the bit error rate (BER) under bubbles-induced scattering.
The authors highlight that the UOWC system design can
be adapted in order to properly mitigate the UOWC
channel effects considering the density and size of air
bubbles. In [16], a statistical characterization of the intensity
fluctuations is experimentally analyzed under air bubbles and
oceanic turbulence. In that article, the authors concluded
that the generalized Gamma and the Weibull probability
density functions (PDF) are the most suitable for fitting
the experimental data. In [17], a unified statistical model
under temperature gradients in the presence of air bubbles
for fresh and salty waters is proposed, utilizing a mixture
Exponential–generalized Gamma distribution. However, the
derived UOWC system performance expressions have not
been validated through experimental results. In [18], it is
demonstrated that the BER performance of a UOWC system
depends on the density and the size of air bubbles. In [19],
the authors proposed a statistical model that describes the
size and the horizontal distribution of air bubbles to calculate
the combined obstruction of all generated air bubbles via
simulation. Regarding the combined impact of air bubbles
and marine particles, as far as we know, only one study in
terms of simulation has been published [20]. In this piece of
work, they calculated the increase in the delay spread of the
channel due to air bubbles in different types of water.

As mentioned above, the air bubbles represent one of the
main inconveniences when deploying practical UOWC sys-
tems. Although some theoretical and experimental insights
have been gained about the impact of air bubbles on
UOWC links, this has not been considered in isolation yet
in channel modeling based on experimental measurements,
since it has been always analyzed along with other turbulent
phenomena such as temperature gradients that obscured its
analysis. Furthermore, to our knowledge, there is no research
on thoroughly analyzing the effect of the bubbles-induced

fluctuations and its changing nature with the water turbidity.
This is quite remarkable since the generation of air bubbles
is directly related with some of important scattering agents
such as phytoplankton and zooplankton [13], [14]. This
will be critical for the design of the next UOWC systems
generation, because significant underwater activities such
as oceanographic observation, underwater environmental
monitoring, or submerged infrastructure inspection are
conducted in turbid water environments. It is notewor-
thy that current commercial UOWC systems such as the
Sonardyne BlueComm 200 and the LUMA X solely offer
high transmission speeds in clear water environments [21],
[22]. Therefore, it is crucial first to establish a UOWC
channel model that accurately characterizes the effects of
the underwater environment across all types of water types,
especially in turbid water in the presence of air bubbles,
for which the scientific community has not yet developed
high-speed UOWC systems tailored to activities mentioned
above. In addition, conducting only a statistical model may
not offer sufficient information for overall system design and
configuration, particularly in adaptive transmission schemes.
In such cases, measuring the coherence time and the average
outage duration (AOD) becomes essential for adequately
selecting the transmission symbol rate.

In this paper, we analyze and statistically model, for
the first time, the impact of the water turbidity on the
received optical power fluctuations due to air bubbles. Unlike
previous papers which only use tap or salty water [16],
[17], [18], [19], we modify the particle-induced scattering,
i.e., the water turbidity, with a commercial antacid solution.
Additionally, experiments are conducted for different air
bubble sizes, which helps to extend the existing knowledge
about the impact of scattering in realistic underwater
environments. On the one hand, air bubble diameters range
from approximately 1mm for small bubbles to approximately
1 cm for large bubbles. On the other hand, the range of water
turbidity levels in the emulated environments covers Jerlov IB
to Jerlov 5C water types. For that, several evaluation metrics
are obtained from the experimental measurements. These
metrics provide a theoretical framework to analytically study
the stochastic behavior of air bubbles-induced fading under
different UOWC scenarios. Thus, the main contributions of
this study are summarized as follows:

• We develop a UOWC experimental setup capable of
emulating different underwater environments in terms
of water turbidity with a commercial antacid. The
generation of realistic columns of air bubbles with
different sizes and marine currents is controlled by
employing an air pump and two brushless motors with
propellers.

• We analyze the losses, the received optical power
fluctuations and the optical wavefront distortions due
to small and large air bubbles through the scintillation
index, the average outage duration, the coherence time,
and the received footprint.
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FIGURE 1. Experimental setup. (1) Current controller (CC). (2) Temperature
controller (TC). (3) Pigtailed laser diode mount. (4) Fiber Collimator. (5)
Water tank. (6) Propeller pump (PP). (7) Diffusers. (8) Air pump (AP). (9)
Dielectric mirror. (10) Beamsplitter (BS). (11) Plano-convex lens (L). (12)
Photodetector (PD). (13) Camera CMOS. (14) RedPitaya STEMlab.

• We propose and validate experimentally the generalized
Gamma and a mixture of two generalized Gamma
distributions in order to analytically model the statistical
behavior of small and large air bubbles under several
levels of scattering. These distributions allow to describe
accurately bubbles-induced fluctuations with a goodness
of fit in terms of the coefficient of determination above
0.95 for all the considered turbid waters.

• The experimental results show that bubbles-induced
fluctuations are highly influenced by particle-induced
scattering, resulting in a significant reduction in light
obstruction due to the capture of scattered photons. Our
data analysis reports for the first time a decrease in both
the scintillation index and the average outage duration
under more turbid water conditions.

This novel approach provides more accurate knowl-
edge about the joint effect of ocean impairments and
the degradation of UOWC systems in realistic and nat-
ural waters. The modeling of the channel encompasses
an advancement of the design of high-quality and long-
range UOWC transceivers specifically adapted to turbid
environments.

The following sections are organized as follows: Section II
describes the experimental setup and the measurement
procedure in greater detail. Section III introduces the eval-
uation metrics used to characterize the air bubbles-induced
fluctuations. Section IV presents the results of the channel
measurements, along with the probability distribution fitting
and data analysis. Finally, Section V sums up the concluding
remarks of the article.

FIGURE 2. A green laser beam propagating through the water tank filled
with tap water (a) with no antacid, and (b) with 7.3 mg/L of Maalox
antacid.

II. EXPERIMENTAL SETUP
In this section, the conducted experiment is described in
greater detail, as well as how the measurements were
performed. For illustration purposes, the experimental con-
figuration of the UOWC system is depicted in Fig. 1.

A. UNDERWATER OPTICAL CHANNEL
The UOWC channel is emulated by a rectangular glass tank
of 1.5 × 0.2 × 0.3 m filled with tap water. The water tank is
filled with 60 liters of tap water, resulting in a water height
within the tank of 0.22 m.

The turbidity of water is modified by adding Maalox,
a commercial antacid commonly used to simulate different
types of marine environments due to the similarity of its
volume scattering function to those obtained from realistic
oceanic water samples [23], [24]. In order to guarantee the
reproducibility in the turbidity levels, the amount of Maalox
used in each experiment is accurately determined using a
precision scale with resolution of 0.01 g. By way of example,
Fig. 2 visually shows the impact of the antacid solution in
terms of visibility in the water tank with 7.3 mg/L of Maalox
dissolved in tap water, which in 60 liters of water is an amount
of 0.44 g of Maalox.

Furthermore, a broadband dielectric mirror (Thorlabs,
BBSQ2-E02) positioned on the side of the water tank is
employed to extend the distance of the UOWC link.

B. AIR BUBBLES-INDUCED SCATTERING GENERATION
Regarding air bubbles characteristics, two key aspects are
considered. Firstly, the density of air bubbles, or bubbles
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population, is controlled by manipulating the airflow rate
of an air pump with 4 air outlets. The air pump employed
in this experiment has a maximum capacity of 16 L/min.
To manually regulate the airflow, we use the flow regulator
valves, which control each air outlet. Secondly, the size of
the air bubbles is determined by 4 porous stones connected
to each air outlet, acting as an air diffuser. To produce
larger bubbles, these porous stones are removed from the air
outlet. Because of the heterogeneity of the porous stones,
the diameter of small air bubbles ranges from 1 to 4 mm.
Conversely, large bubbles measure approximately 1 cm. The
two considered density levels of air bubbles as well as both
sizes of air bubbles, are shown in Fig. 3. It is important to
note that the diameter measurements were conducted using
digital image processing techniques. Photographic images of
the bubbles with a resolution of 4032 × 3024 pixels taken
at a distance of 5 cm were acquired during experiments and
analyzed using software such as GIMP to determine their
diameter in pixels. In order to translate the pixel measure-
ments into physical distances, a reference distance between
identifiable landmarks within the imagewas necessary, which
in this study was determined as the distance of the metal
pipe connected to the experimental setup. The diversity of
bubble sizes presented here represents the different sources
of air bubbles in marine environments, such as propeller
cavitation and breaking wind waves. At the same time,
the interactions among bubbles and with propellers lead to
a random division and merging of bubbles. As a result,
this process promotes increased diversity in the bubble size
and shape across the medium. This emulation captures the
imperfections and variations in bubbles characteristic of
realistic underwater environments with natural air bubbles
sources. The air outlets are positioned to simulate realistic
clusters of air bubbles that tend towards the surface in the
form of column, typically generated by biological processes
of marine organisms. Furthermore, the bubble column is
randomly distributed throughout the water tank using two
propeller pumps, or brushless motors, which also emulate
natural wind-generated currents.

C. TRANSMITTER AND RECEIVER SETUP
At the transmitter side, a 520 nm laser diode (Thorlabs,
LP520-SF15) is used with a collimator lens adapted to
free space. The laser diode mount includes a temperature
controller (Thorlabs, TED200C) and a current controller
(Thorlabs, LDC205C) to set the current and the temperature
during the experiment to 90 mA and 25 ◦C, respectively.
At the receiver side, a 2.5 mm convergent lens focused
into a silicon photodetector (Thorlabs, PDA10A2) collects
the received light after passing through the water tank.
The PDA10A2 photodetector includes a transimpedance
amplifier with gain of G = 10 kV/A. The output electrical
signal from the photodetector is acquired by a development
board Red Pitaya STEMlab, which is supported by a ARM
Cortex-A9 and a Field Programmable Gate Array (FPGA)

FIGURE 3. Proposed air bubbles scenarios: (a) small bubbles with low
density (b) small bubbles with high density, (c) large bubbles with low
density, and (d) large bubbles with high density.

Xilinx Zynq 7010 [25]. Simultaneously, a high resolution
camera (The Imaging Source, DFK 38UX253) with a CMOS
image sensor (Sony, Pregius IMX253) collects the received
footprint after passing through a beamsplitter.

III. EVALUATION METRICS
In this section, we define the evaluation metrics used to
characterize the underwater optical channel and the received
optical power fluctuations. In addition to the well-known
parameters such as the attenuation coefficient of the water,
and the scintillation index of the irradiance fluctuations, other
key parameters are also measured with the goal of providing
better understanding of the behavior of air bubbles-induced
scattering fading. Specifically, we also characterize the
coherence time of the fluctuations due to air bubbles and the
average outage duration.

A. ATTENUATION COEFFICIENT
As stated previously, the absorption, a, and scattering,
b, determine how light propagates over the underwater
environment. Both effects are considered in the attenuation
coefficient as c = a + b, which is usually used to classify
the water type [1]. This approach allows us to estimate the
attenuation coefficient by using the Beer-Lambert’s law as
follows

c =
− ln (Lp)

d
(1)

where d is the link distance, and Lp is the propagation loss
due to marine particles.

B. SCINTILLATION INDEX
Irradiance fluctuations are measured through the scintillation
index, σ 2 given by [26]

σ 2
=
E[r2] − E2[r]

E2[r]
, (2)
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FIGURE 4. Normalized autocovariance of channel fluctuations.

where r is the received signal at the receiver, and E[·] is the
expected value.

C. COHERENCE TIME
The coherence time (Tc) measures the period of time over
which the fading process is correlated, and may be used for
covariance function characterization. The correlation time
is related with the normalized temporal covariance function
as [27]

b̂τ (Tc) = exp(−1), (3)

where b̂τ is the normalized temporal covariance function
given by

b̂τ (t) =
Bτ (t)
Bτ (0)

, (4)

where Bτ (t) is the temporal covariance function. As an
example, in Fig. 4, the normalized temporal autocovariance
function and the mentioned threshold in e−1 are depicted
when small bubbles in tap water are considered.

D. AVERAGE OUTAGE DURATION
According to [28], the average outage duration (AOD)
quantifies the average time during which the received signal
remains in the outage state. Mathematically, the AOD (in
seconds) is given by

AOD =
Pout
N

, (5)

where Pout is the outage probability and N is the frequency
of outages at a certain level, defined here as the 10% of the
mean received power.

IV. AIR BUBBLES-INDUCED FADING ANALYSIS
In this section, the evaluation metrics discussed above
are analyzed when considering an UOWC channel under
air bubbles-induced fading with different concentrations of
antacid, i.e., different scattering scenarios. Prior to this, it is
necessary to study the fluctuations induced by air bubbles in
tap water when considering different air bubble sizes. It will
serve as a baseline for a comprehensive investigation into

the influence of different turbidity levels on the scintillation
effects caused by air bubbles and the rest of the evaluation
metrics. Furthermore, we analytically model the optical
fluctuations under different turbidwaters with the generalized
Gamma distribution and amixture of two generalizedGamma
distributions.

A. CHANNEL MEASUREMENTS AND CALIBRATION
Before conducting the experimental measurements presented
here, an in-depth calibration process was conducted for
both the bubble generation device (the air pump) and the
antacid solutions utilized to modify the water turbidity.
This procedure ensured the consistency of the random
behavior of air bubbles across various time moments, leading
to a consistent scintillation index for a given air bubble
population. Likewise, it was confirmed that the turbidity
level, as indicated by the attenuation coefficient for a specific
concentration of Maalox per liter, remains reproducible
across different time instants.

After the calibration process, channel fluctuations are
captured at a sampling rate of 25 kHz at 14 bits resolution
for 5 minutes. Then, the collected samples are analyzed in
Matlab, where the received optical power is calculated and
normalized to the mean of the received optical power in order
to obtain the UOWC channel statistics. Finally, histograms
and the fitted distributions are also obtained with the help of
Matlab.

B. MEASUREMENTS IN TAP WATER
As mentioned in Section II, the irradiance fluctuations due
to air bubbles, hb, are obtained after normalizing the received
signal to the mean of the received optical power. In Fig. 5, the
histograms of the received optical power fluctuations caused
by the stochastic behavior of small and large bubbles with
low and high density at link distances of 3 meters in tap
water, i.e., no antacid, are represented. These experimental
findings demonstrate that the formation of air bubble clusters
in a UOWC link leads to significant fluctuations. From Fig. 5,
it can be also inferred that the density of air bubbles is a key
parameter in the UOWC channel. These preliminary results
are in line with previous studies: as the bigger air bubbles
population, the stronger intensity fluctuations, both in small
and large air bubbles. Additionally, the light blockage, i.e.,
bins nearby 0, also becomes more pronounced when the
density of the bubbles cluster is getting bigger. However, the
behavior of these fluctuations depends mainly on the size of
the bubbles. On the one hand, fluctuations produced by small
bubbles, as depicted in Fig. 5(a), exhibit a behavior similar
to those induced by oceanic turbulence, showing fluctuations
around the average received power [16]. On the other hand,
Fig. 5(b) illustrates how large bubbles-induced fading also
manifest a blockage component, which describes the partial
or total obstruction of the transmitted optical beam. These
findings are also discernible by analyzing the footprints at
the receiver plane. Fig. 6(a) illustrates the optical wavefront
distortions induced by small bubbles, whereas Fig. 6(a) shows
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FIGURE 5. Histograms of channel fluctuations due to (a) small and
(b) large air bubbles.

the blockage of the transmitted optical beam caused by large
bubbles.

As can be observed in Table 1, an attenuation coefficient
of 0.16 m−1 is obtained without air bubbles, which indicates
that the tap water is similar to clear ocean water, as well
as to the Jerlov IB water type [1], [7]. Secondly, as can be
seen in the AOD results, air bubbles produce light blockages
of milliseconds on average, which can result in the loss of
thousands of consecutive bits for high-data rates UOWC links
operating in the order of Mbits/s, especially in the case of
large bubbles. Finally, as expected, a slight difference exists
in the coherence time between small and large bubbles, where
small bubbles exhibit a slightly lower Tc. While previous
studies have analyzed the Tc in UOWC channel under
oceanic turbulence [16], our findings extend previous reports.
We illustrates for the first time that the UOWC channel,
exclusively under bubbles-induced scattering, represents a
slow-fading channel model for both small and large bubbles
since Tc are greater than 1 millisecond for both cases. For
the sake of illustration, Fig. 7 show the captured channel
fluctuations at different time scales caused by the stochastic
behavior of small bubbles with high density at a link distance
of 3 meters in tap water. As can be observed, on a timescale of
less than milliseconds, the received signal remains constant,
indicating the slow-fading nature of fluctuations induced by
air bubbles.

C. LOSSES ANALYSIS
As concluded above, the statistical behavior of both small
and large bubbles differs qualitatively and quantitatively,
as evidenced by the evaluation metrics. Therefore, under-
standing the impact of air bubbles in terms of propagation
losses in the UOWC link for the two analyzed bubble

FIGURE 6. Received footprints: (a) small bubbles, and (b) large bubbles in
high density scenarios.

TABLE 1. Experiment results of the losses due to particles, attenuation
coefficient, losses due to air bubbles, AOD and coherence time of the
histograms in high density scenarios of small and large bubbles in
Fig. 5(a) and Fig. 5(b), respectively.

sizes is necessary before characterizing and analyzing the
received optical power fluctuations under various turbidity
levels. In Fig. 8, the received voltage when tap water and
tap water in the presence of small and large air bubbles is
represented. It should be noted that the received voltage is
obtained after compensate the responsivity of the photodiode,
R = 0.25 A/W when a wavelength of 520 nm according
to their datasheets. The reflectance of the dielectric mirror
and the transmission coefficient of the plano-convex lens
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FIGURE 7. Normalized power fluctuations exclusively due to small air
bubbles at different time scales.

can be assumed as the unity. As can be observed, the mean
value of the received voltage drastically drops in the scenario
with bubbles, indicating the presence of losses attributable
solely to air bubbles. Furthermore, as can be observed in
Fig. 8, losses due to small and large air bubbles present
different behavior. For this reason, it is necessary to isolate
the losses due to air bubbles, Lb, from the losses due to in-
suspension particles, Lp. For this purpose, a measurement
is conducted without air bubbles to estimate Lp. Then, the
attenuation coefficient can be estimated by using the Eq.
(1). Subsequently, the exact measurement is performed in
the presence of air bubbles, and hence the total losses, LT ,
is estimated from the mean value of the received optical
power. Therefore, losses attributable to air bubbles can
be isolated based on the measurement of total losses by
subtracting the loss due to exclusively in-suspension particles
as follows

Lb[dB] = LT [dB] − Lp[dB]. (6)

In Table 1, we also present the losses attributable to
particles as well as the losses attributable to air bubbles in the
measurements of the respective histograms depicted Fig. 5.
Our experimental results are consistent with simulation
results obtained in [20], which conclude that small bubbles
make the propagation losses greater than large bubbles.

D. GENERALIZED GAMMA FITTING
As mentioned in the Introduction, one of the best statistical
distributions to model the behavior of experimental measure-
ments in relation to the goodness of fit is the generalized
Gamma (0G) as follows [16]

0G(hb; a, d, p) =
p

ad0(d/p)
hd−1
b e−(hb/a)p , (7)

where 0(·) is the Gamma function, a is the scale parameter, d
and p are the shape parameters. Given the bimodal behavior

FIGURE 8. Received voltage when tap water and tap water with (a) small
air bubbles and (b) large air bubbles are considered.

exhibited by large air bubbles, we propose for the first time
the use of a mixture distribution whose PDF is given as a sum
of two 0G distributions as follows

0G0G(hb) = w10G(hb; a1, d1, p1)

+ w20G(hb; a2, d2, p2), (8)

where w1 and w2 are the weights of the blockage and
the fluctuation components, respectively. Hence, we model
the probability of total or partial blockage due to large
bubbles and power fluctuations resulting from particles,
wind-generated currents, and small bubbles that are formed
through the collision of large bubbles.

E. IMPACT OF WATER TURBIDITY
Figs. 9 and 10 illustrate the impact of particle-induced scatter-
ing on the received optical power for different concentrations
of antacid solution, considering small and large air bubbles,
respectively. As detailed Tables 2 and 3, both proposed
models accurately show good fit with the measured data of
small and large air bubbles with a coefficient of determination
R2 above 0.95 for all the considered scattering conditions.
As expected, the path loss due to marine particles, Lp,
increases quickly with the addition of the antacid. It should be
noted that the presented scenarios cover a wide range of water
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FIGURE 9. Statistical distribution model fitting under different levels of
water turbidity when small air bubbles are considered.

types in terms of attenuation. Specifically, the emulated water
environments cover from the Jerlov IB to the Jerlov 5C water
type when a wavelength of 520 nm is considered [7].
Furthermore, our results go beyond the current literature,

as we have demonstrated for the first time that the scintillation
index decreases with increasing water turbidity, as can be
observed in Fig. 11 in both air bubble sizes. In addition, it is
worth noting that the probability of blockage is dramatically
reduced when increasing the antacid concentration per liter
in the water tank. While this effect is observed in both
sizes of air bubbles, it is particularly pronounced in larger
bubbles, as depicted in Fig. 10. Physically, it appears that the
fluctuations caused by air bubbles can be mitigated through
a more significant collection of scattered photons resulting
from the particle-induced scattering effect. Moreover, it is
well known that increasing the level of scattering results in
greater beamwidth broadening due to propagation through
a more dispersive medium [29]. This results in a smaller
relative size of the air bubble compared to the beam width,
thereby reducing the likelihood of blockage. Therefore, while
higher geometric and propagation losses are incurred as the
antacid concentration, i.e., the turbidity levels, increases,
a higher robustness to air bubble fading is achieved due to the
beam expansion. This effect could similarly be achieved by
employingUOWC systemswith LD sources that have a larger

FIGURE 10. Statistical distribution model fitting under different levels of
water turbidity when large air bubbles are considered.

FIGURE 11. Scintillation index of small and large air bubbles under
different levels of water turbidity.

beam width, as well as utilizing lenses with larger diameters
at the receiver.

In line with the decrease in light blockage, the AOD
represented in Fig. 12(a) is also significantly reduced due
to water turbidity in both air bubbles cases. Most notably,
this study presents compelling evidence for mitigating light
blockage caused by air bubbles, thanks to the particle-induced
scattering effect. Nevertheless, as depicted in Fig. 12(b),
the coherence time remains constant for all the considered
amounts of antacid, both small and large air bubbles. Thus,
it can be concluded that water turbidity has no impact on the
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TABLE 2. Experiment results of losses due to particles, attenuation coefficient, losses due to air bubbles, fitting parameters for generalized Gamma and
R2 of the histograms in Fig. 9.

TABLE 3. Experiment results of losses due to particles, attenuation coefficient, losses due to air bubbles, fitting parameters for the mixture of generalized
Gamma and R2 of the histograms in Fig. 10.

FIGURE 12. (a) Average outage duration and (b) coherence time of small
and large air bubbles under different levels of water turbidity.

temporal correlation of UOWC channels under air bubbles-
induced fading. As far as we know, these findings have not
been presented yet in the context of experimental UOWC
channel characterization. Our current research contributes to

the existing understanding of the impact of particle-induced
scattering in UOWC systems affected by random variations
in the refractive index due to air bubbles or oceanic
turbulence [6], [30]. Consequently, our experiments can be
used to accuratelymodel natural waters bodies by considering
the relationship between air bubbles and water turbidity.

V. CONCLUSION
In conclusion, this work provides a comprehensive analysis
and characterization of the UOWC channel based on
experimental measurements, focusing on the influence of
the air bubbles size and the water turbidity. The presented
results shed light on the different behaviors exhibited by small
and large bubbles in terms of fading effect and obstruction
of light. Unlike previous studies of air bubbles in UOWC
channels have overlooked the scattering phenomenon, this
work provides UOWC system designers with valuable
insights for efficiently adapting future designs of advanced
UOWC transceivers to realistic ocean conditions. Specifi-
cally, our experimental findings indicate that despite the high
attenuation produced by the scattering, it can also reduce the
fluctuations caused by air bubbles, by mitigating the partial
or total light blockage. The scintillation index and the AOD
are significantly lowered when the antacid concentration
increases. These novel insights about the underwater channel
offers UOWC system designers valuable insights to adeptly
future UOWC systems designs for enhanced efficiency in
turbid maritime environments in presence of air bubbles.

This research could be extended by thoroughly examining
the influence of additional link parameters, such as trans-
mission distance, on the fitted parameters of the proposed
distribution and the probability of blockage. Future work
should also include an experimental UOWC system in
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order to evaluate the BER performance under the proposed
channel model with different turbid scenarios. Additionally,
the water tank could be filled with different real water
samples to validate the channel model comprehensively.
Lastly, the proposed theoretical channel model could be
enhanced by incorporating the impact of linkmisalignment of
optical transceivers and light scintillation caused by oceanic
turbulence.
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