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ABSTRACT

Underwater Visible Light Communication (UVLC) has the potential to replace
acoustic/RF systems with high-speed, low-latency oceanic exploration, research,
and environmental monitoring links. Turbulence, generated by
temperature/salinity gradients and water currents, causes performance
degradation through fading and path loss. In this paper, the effect of turbulence is
evaluated using a Nakagami-m channel model with consideration of Bit Error Rate
(BER) for On-off keying (OOK) and Binary Phase Shift Keying (BPSK)
modulations under weak (k=10), moderate (k=3), and strong turbulence (k=0.8).
Simulations probe single- and multi-LED configurations in pure, coastal, and turbid
waters. Results indicate that multi-LED arrays offer near-error-free links (BER
<10⁻⁴ at 40 dB Signal-to-Noise Ratio(SNR)) in weak turbulence, much better than
single-LED configurations by orders of magnitude. Coastal water has the poorest
BER due to scattering, with pure seawater having the best performance.
Turbulence strength k=0.8 demands higher SNR, indicating the effect of spatial
diversity in combating fading. Multi-LED architectures enhance UVLC resilience
by dispersing signal routes, reducing turbulence-induced fluctuations. In addition,
BPSK demonstrates greater resilience than OOK under high-turbulence regimes.
These findings provide critical design insight into building resilient underwater
networks, emphasizing spatial diversity and modulation selection to counteract
channel degradations. The study finds the feasibility of UVLC in turbulent
channels, supporting green solutions to underwater communication issues.
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صخلملا
  كلذ عمو ةباجتسلاا نمز ضفخنمو ةعرسلا يلاع لااصتا رفوی ثیح ةیكلسلالاو ةیتوصلا ةمظنلأل ادعاو لایدب ءاملا تحت يئرملا يئوضلا لاصتلاا دعی
  يف ةساردلا ه ذھ ثحبت ةراشلاا نادقفو يشلاتلا للاخ نم ءادلاا روھدت ىلا هایملا قفدتو ةحولملاو ةرارحلا ةجرد تاریغت نع ةمجانلا تابارطضلاا يدؤت
  ةفیعض  تابارطضا تحت روطلا يئانثو ضبنلا يئانث نیمضتلا ةمظنلأ تبلا أطخ تلادعم نراقت ثیح يماجاكان جذومن مادختساب تابارطضلاا هذھ تاریثأت
  ةمظنلأا نا جئاتنلا رھظت  ةركعو ةیلحاس ةیقن ةفلتخم ةیئام تائیب يف ةددعتمو ةدرفم ةیئوض حیباصم ىلع دمتعت تانیوكت ةساردلا يكاحت ةیوقو ةطسوتم
  أوسأ لجست حابصملا ةیداحأ ةمظنلأا ىلع ریبك قرافب ةقوفتم ةعفترم ءاضوض ىلا ةراشا ةبسن دنع ءاطخلاا نم لاخ ھبش لااصتا ققحت حیباصملا ةددعتم
  يف لاصتلاا ةیقوثوم ززعت حیباصملا ةددعتم لكایھلا نا ةساردلا دكؤت ءادأ لضفا ةیقنلا هایملا مدقت امنیب رثعبتلا ببسب ةیلحاسلا هایملا يف أطخلا تلادعم
  دصرو يملعلا ثحبلا يرحبلا فاشكتسلاا تلااجم يف ارارقتسا رثكا ءاملا تحت لاصتا تاكبش میمصتل ةیساسأ تاھیجوت رفوی امم ةبرطضملا تائیبلا
 .ةیئاملا ةئیبلا

OOKلیدعت ،PSKلیدعت ،يماغاكان عیزوت ،يطیحملا بارطضلاا ،ءاملا تحت ةیرصبلا تلااصتلاا: ةیحاتفملا تاملكلا

INTRODUCTION

Applications ranging from marine research to underwater exploration, military operations to
environmental monitoring depend on underwater communication. Underwater conditions provide
challenges for conventional means of communication including acoustic and radio frequency (RF)
communications [1-3]. While RF signals suffer great attenuation in water, especially at higher
frequencies, acoustic waves suffer from weak data rates and acute delay [4]. Underwater Visible
Light Communication (UVLC) has shown promise as a means of overcoming these difficulties.
UVLC uses visible light (wavelengths between 400–700 nm) underwater data transmission. UVLC
allows rapid, low-latency data transfer over short to moderate distances as light travels faster than
sound and suffers less attenuation in clear water than RF waves [5]. A data throughput of 3.24 Gb/s
was attained by using new two-color laser diodes, therefore underlining the possibilities of laser-
based UVLC systems for high-speed underwater transmission [6]. UVLC has problems including
absorption and scattering by water, alignment sensitivity, interference from ambient light and
turbulence resulting from temperature gradients, salinity changes, and water flow dynamics
notwithstanding its benefits. Absorption and scattering, even though described by exponential
attenuation functions, in UVLC systems [5] are still reliability-limited on their operational
deployment. There have been studies on modulation and signal processing techniques to reduce
such effect and enhance the system robustness to such channel impairments [7,8].
1.1. Related Works

Most of the studies have addressed different topics of UVLC like channel modeling, modulation,
and the influence of the environment on signal transmission. The impact of sea waves on vertical
UVLC links is discussed, therefore giving insight into environmental influences affecting
communication performance [9]. A UVLC system employing Phase-Shift Keying (PSK)
modulation is suggested, and its applicability underwater is emphasized, facilitating applications
in drones [10]. Most notably for the design of effective underwater communication networks, this
study offers a thorough examination of route loss in UVLC systems [11]. Examining data
transmission and energy harvesting, the performance of several modulation in climatology UVLC
under absorption and scattering in underwater communication was surveyed, while the hybrid and
adaptive modulation schemes were introduced to improve the BER performance for the optical
systems under both absorption and turbulence conditions, highlighting their practical performance
for realistic underwater applications [5,7,8]. Simultaneous Lightwave Information and Power
Transfer (SLIPT) for UVLC devices is studied [12]. A gain feedback control technique with a
dynamic threshold is proposed to improve communication dependability, hence addressing
mobility in UVLC systems [13]. Integrating route loss and time variety, the average bit error rate
(ABER) performance of Non-Line of Sight (NLOS) ultraviolet connections over strong turbulent
channels is assessed. The results imply that temporal diversity methods can efficiently minimize
the negative consequences of turbulence on UVLC systems [14]. Vertical UVLC connections under
high maritime turbulence were examined using probability density functions to evaluate
performance deterioration [15]. Emphasizing difficulties in preserving stable connections, research
on the combined impacts of underwater turbulence and wavy water surfaces on water-to-air visible
light communication linkages is presented. Using orbital angular momentum (OAM) light and
polarization coding to lower bit error rates and lengthen communication lengths, a channel
polarization system for ocean turbulence channels was presented [16,17].
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1.2. Motivation and Contributions

Underwater VLC is significantly affected by oceanic turbulence, which introduces signal
degradation caused by scattering, absorption, turbulence-induced fading, and geometric path loss.
This motivated us to Understand this effect is to improv the reliability and efficiency of underwater
VLC systems. The main contributions of this paper are:

1. using statistical models to offer an investigation of how ocean turbulence affects VLC signal
propagation. Nakagami distribution for On-off keying (OOK) and Binary Phase Shift
Keying (BPSK) modulation define the fading effects.

2. analyzing the Bit Error Rate (BER) under various turbulence situations helps one to
evaluate the effect of turbulence on system performance and so gain understanding of
system dependability.

3. comparing the performance variations between a single LED and several LED setups
underlining their efficiency in reducing signal degradation caused by turbulence.

4. providing insightful analysis of building strong underwater VLC systems helps to create
more dependable underwater communication networks by means of higher efficiency.

The paper arranged as follows. In section 2, underwater VLC system model under k and Nakagami
distributions is presented. In section 3, performance evaluation is shown through simulation results.
The conclusion is introduced in section 4

SYSTEM MODEL

Fig. 1 shows the block diagram of the UVLC system. The LED array comprises one or more LEDs.
Exploiting the spatial diversity that the LEDs can offer (either via a single LED or multiple LEDs)
our system transmits a digital bitstream OOK or BPSK modulated. The optical signal is transmitted
through the underwater link, where it suffers from an attenuation described by the Beer-Lambert
law, as well as from turbulence fading described by the Nakagami-k distribution. The optical signal
is detected with a photodetector, and then converted into an electrical signal, which is demodulated
by the demodulator and BER measured. This framework simulates the underwater communication
environment and system elements in different turbulent environments.

Fig. 1: UVLC system block diagram.

This paper employed a model based on Beer-Lambert equation [18], which incorporates
factors including the distance that exists between the two devices, the area of the photodiode (PD),
the half-angle, the optical gain, the concentrator gain, and the extinction parameters. The path
attenuation in an underwater optical communication channel is influenced by attenuation loss and
geometric loss. Attenuation loss, dependent on water type, is modeled using the recognized Beer-
Lambert equation.
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𝑃𝐿𝑎௧௧𝑒௡௨𝑎௧𝑖𝑜௡ = 𝑒−𝑐(𝜆)𝐷 (1)

where D represents the distance between the two devices, whereas c(λ) denotes the
extinction coefficient, which is contingent upon the absorption coefficient, a(λ), and the scattering
coefficient, b(λ). The extinction coefficient is articulated as follows [19].

𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆) (2)

The geometric loss in the system arises from the transferred beam between the emitter and
the PD receiver. This type of loss is based on the attributes of the system and can be represented
mathematically as follows [20], [21].

𝑃𝐿ீ𝑒𝑜𝑚𝑒௧𝑟𝑖𝑐 =
𝐴𝑃𝐷(𝑚 + 1) cos(𝜙)𝑚𝑔(𝜃) 𝑇𝑠(𝜃)cos (𝜃)

2𝜋𝐷2
(3)

In the aforementioned equation, APD represents the area of photodetector, m represents
Lambertian order of emission, ϕ is emission angle, θ represents the angle of incidence, g(θ) is
optical gain, Ts(θ) is the gain of filter, and D is the range of transmitter and receiver. With the
addition of route loss through attenuation and through geometric loss, we can derive the total route
loss expressed by the formula below [22].

𝐻௎ௐ =
𝐴𝑃𝐷(𝑚 + 1) cos(𝜙)𝑚𝑔(𝜃) 𝑇𝑠(𝜃)cos (𝜃)

2𝜋𝐷2 . 𝑒−𝑐(𝜆)𝐷 (4)

This research uses the Nakagami fading framework for turbulence analysis. This model
takes underwater turbulence's variances in received optical power into account.

𝑓(𝑥; 𝑘, Ω) = 2𝑘𝑘

୻(𝑘)Ω𝑘 𝑥2𝑘−1 exp ቀ− 𝑘
ఆ

𝑥2ቁ 𝑓𝑜𝑟 𝑥 ≥ 0 (5)

where k represents the form parameter, hence controlling the degree of fading; a higher
value of k indicates less fading severity. The spread parameter, Ω, indicates the average power of
the observed signal in a signatory sense. Γ(k) expresses the Gamma function. x is the fading
coefficient that denotes optical turbulence-induced signal fluctuations.

The Nakagami distribution is used in the present work since it is able to provide flexible
models for different turbulence conditions by knowing the shape parameter k; the larger the k (e.g.,
k = 10), the weaker the turbulence property, and the smaller the k (e.g., 0.8), the stronger the
turbulence property of the channel with severe signal fluctuations. The latter approximations are
similar to the physical ocean conditions (like temperature, salinity, and flow dynamics) in terms
of the known/unknown state, which result to amplitude changes received in the optical signal. The
Nakagami model reflects these characteristics and is therefore a useful model to employ to
investigate the turbulence effect on an UWA optical channel.

Under communication channels when a dominating Line of Sight (LOS) link is present, the
obtained power can be expressed as [23]:

𝑃𝑅 = 𝐻௎ௐ . 𝑃𝑇
(6)

In the above given sentence, PT stands for the transmitted power and PR for the received
power. Three types of noise were investigated in order to determine the Signal-to-Noise Ratio
(SNR) of the system: thermal noise, amplifier noise, and shot noise [24]. Shot noise resulting from
photon stochastic arrival at the PD was represented with the equation,

𝑁𝑜𝑖𝑠𝑒𝑠௛ = 2𝑞𝑅𝑃𝑅𝐵𝑒
(7)

where R shows the photodiode's responsivity, and q stands for the electron charge. Referring
to the noise the amplifier produced as amplifier noise, the following equation helped to depict it:

𝑁𝑜𝑖𝑠𝑒𝐴𝑚 = 𝐼𝑎
2𝐵𝑎

(8)
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where Ia and Ba represent the current, and the bandwidth of the amplifier, respectively. The
noise, resulting from the thermal agitating of electrons, was represented by:

𝑁𝑜𝑖𝑠𝑒𝑇௛ =
4𝐾𝑏𝑇𝐵𝑒

𝑅𝑠

(9)

where Kb indicates Boltzmann's constant, T represents the temperature (290 K) [24], and Rs
is the resistance represented by thermal noise originating from the thermal agitation of electrons
within the system. Addition of the separate noise components helped one to ascertain the total noise
level.

𝑁𝑜𝑖𝑠𝑒𝑇𝑜௧𝑎௟ = 𝑁𝑜𝑖𝑠𝑒𝑠௛ + 𝑁𝑜𝑖𝑠𝑒𝐴𝑚 + 𝑁𝑜𝑖𝑠𝑒𝑇௛
(١٠)

The SNR was finally computed by:

𝑆𝑁𝑅 =
(𝑅𝑃𝑅)2

𝑁𝑜𝑖𝑠𝑒𝑇𝑜௧𝑎௟

(١١)

The efficiency of the UVLC system is sensitive to the intensity of turbulence displaying
Nakagami shape parameter k. Operations of the system under weak turbulence (k=10) reveal that
a low BER results whether single or multiple LEDs are employed. That is, when the turbulence is
under moderate (k = 3) and strong (k = 0.8), the occurrence of the fading is enhanced and so when
a number of independent LEDs is employed, a better reliability can be achieved by spatial diversity.
Moreover, BPSK modulated signal, while being less power efficient if compared to OOK, is more
resilient to deep fading. The properties of the photo detector, i.e., its size and; field of view, also
affect signal reception. The robustness of the system is built on a proper choice of the modulation,
the hardware settings and the channel model in such a way that the communication is reliable.

SIMULATION RESULTS

This section is intended to show the BER of the UVLC system’s performance for both single and
multi-LED configurations in different turbulence conditions. The simulations were all carried out
through MATLAB R2023a which is a code. The UVLC-system communicates modulated light
through an LED-array - which here also can be performed by a single LED or several LEDs to
obtain a spatial diversity. Different modulation schemes, such as OOK and BPSK are proposed for
the flexibility to react with various degrees of robustness, to the presence of turbulence. The
Nakagami-k distribution is used to model turbulence, and the index is the shape parameter of
Nakagami probability distribution, of which k=10 is weak, k=3 is average and k=0.8 takes a high
level of turbulence. As K values decrease signal amplitude fluctuations become greater. So, by
using several LEDs, fading depth is quite reduced through the diversity order. At the receiver end,
the optical signal is received by a photodetector and is demodulated to decode original data. The
system performance, in terms of the BER, is dependent on the intensity of the turbulence,
modulation conditions and the arrangement of LEDs. The full customizability and reproducibility
of the process were achieved by setting the parameters through the structure of the code, without
GUI use.
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Table 1: The simulation parameters

Parameter Value
Modulation Types BPSK, OOK

Channel model Nakagami

Weak Turbulence K=10

Moderate Turbulence K=3

Strong turbulence K=0.8

Number of transmitted bits 106

Refractive Index of the Lens 1.5

Field of View of the Photodiode 70°

Semi-angle of LED at half-power 70°

Area of the Photodiode 0.05

Irradiance angle 40°

Receiver angle 60°

Power of LED 1 Watt

Distance 10 m

Number of LEDs Single LED, Multiple
LEDs=10

Building on Table 1, the specific parameter values for the representation of each simulation
scenario can be found. These values have been taken from real-life situations and are considered
to be valid and real. Furthermore, the qualities of UVLC systems that have been well-documented
in the literature have been adopted as well as the rest of the system parameters [23,24].

The parameters of the simulation are based on the values supported by data in the literature.
For example, the extinctive coefficient in water types is estimated based on measured values, such
as 0.151 m⁻¹ in pure seawater (a = 0.114 m⁻¹, b = 0.037 m⁻¹), 0.398 m⁻¹ in coastal waters that
shows higher scattering and absorption [25]. Furthermore, the experimental results in the Southern
Indian Ocean show BER of about10-4 when the strong turbulence is experienced with SNR lying
from 45 to 80 dB [26]. These observations are consistent with our simulation results and support
the credibility of the turbulence and attenuation models employed.

To verify our simulation model, we compared our simulations with those in [15], where
they studied the performance of UVLC in moderate turbulence with the help of gamma-gamma
distribution. Matching key parameters, we took care of a meaningful comparison. Such
benchmarking validates the correctness of the Nakagami fading model and puts in perspective the
BER results presented in the next figures.

Figs. 2 and 3 show the BER performance versus SNR for BPSK and OOK at weak
turbulence (K=10), moderate turbulence (K=3) and strong turbulence (K=0.8), respectively. Figs.
4 and 5 depict BER versus SNR of BPSK and OOK for different types of water, namely, pure sea,
ocean, and coastal water, respectively. Figs. 1 to 4 show the BER at single LED and Multiple LEDs.

The BER vs. SNR curve shows the influence of Nakagami-k fading and the number of
LEDs on the performance of an UVLC system. For higher Nakagami-k values (k = 10, weak
turbulence), the BER is significantly lower, indicating more stable channel conditions, whereas
higher turbulence (k = 0.8) generates higher BER for all SNR levels due to the heavy fading. Also,
the use of multiple LEDs improves performance by means of minimum BER reduction by using
spatial diversity for the mitigation of turbulence-induced ripples. Systems of k = 10 and multiple
LEDs achieve very close-to-zero BER at high SNR values (>40 dB), yielding particularly good
communication but conditions with high turbulence are still errored, with a more need for high
levels of power or advanced signal-processing algorithms.
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The BER vs. SNR curve shows the influence of Nakagami-k fading and the number of
LEDs on the performance of an UVLC system. For higher Nakagami-k values (k = 10, weak
turbulence), the BER is significantly lower, indicating more stable channel conditions, whereas
higher turbulence (k = 0.8) generates higher BER for all SNR levels due to the heavy fading. Also,
the use of multiple LEDs improves performance by means of minimum BER reduction by using
spatial diversity for the mitigation of turbulence-induced ripples. Systems of k = 10 and multiple
LEDs achieve very close-to-zero BER at high SNR values (>40 dB), yielding particularly good
communication but conditions with high turbulence are still errored, with a more need for high
levels of power or advanced signal-processing algorithms.

Fig. 3 presents the BER performance of an OOK underwater VLC system under different
turbulence strengths (weak, moderate, and strong) for multiple and single LED arrangements. As
observed, increased turbulence (lower values of k) leads to larger BER due to more intense signal
fading. Multiple LEDs significantly improve BER performance compared to a single LED as
spatial diversity can combat the impacts of turbulence. At high SNR values, the BER of multi-LED
under weak turbulence (K=10) falls below 10−4, indicating near error-free transmission. On the
contrary, strong turbulence (k=0.8) with single LED offers the worst performance with relatively
high BER even at high SNR. This analysis brings to light that the deployment of multi-LED in
underwater VLC systems enhances reliability, especially in turbulent channels.

Fig. 2: BER for BPSK versus SNR at different cases of turbulence.

Fig. 3: BER for OOK versus SNR at different cases of Turbulence.
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(a)

(b)

Fig. 4: BER for BPSK versus SNR at different water types (a- single LED, b- multiple LEDs).

Fig. 4 explores the BER performance of the BPSK considering different water types such
as pure sea water, ocean water and costal water and keeping the turbulent intensity parameter to
moderate level [k = 3]. Results for a single LED configuration are shown in subfigure (a). The one
with the worst BER performance is the coastal water and then the ocean water and pure sea water.
Subfigure (b) compares the performance with additional LEDs, which significantly improves the
overall detection result for all water types. In pure and ocean water, BER decreases to close to zero
at high SNR. In the BER, even in the case of the coastal water, the ratio is much lower than when
it is single LED. This demonstrates the joint advantage of BPSK modulation and space diversity
in types of environments.

A similar water-type comparison for OOK modulated signals is shown in Fig. 5. Sub Figure
a indicates that in the single-LED systems the BER is still kept high by all water types, with a
higher value for the coastal water. The results are worse than BPSK, even though multiple LEDs
are used (Subfig. (b)). This confirms that OOK is not useful in harsh environments containing
scattering and turbulence and shows that BPSK is a better choice for robust UVLC system design.
Our comparison has highlighted how, in addition to the turbulence model, the choice of modulation
and the LED architecture have a direct impact on the practical reliability of a system.
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(a)

(b)
Fig. 5: BER for OOK versus SNR at different water types (a- single LED, b- multiple LEDs).

Fig. 6: The relation between power and BER for single LED.
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When moderate turbulence phenomenon is modelled using the gamma-gamma distribution
and results of [15] is compared, it is clearly seen from Figs. 2 to 5 that our results can achieve a
similar BER performance in both OOK, and BPSK modulation at k = 3. This alignment also
verifies the applicability of the Nakagami model in moderate turbulence. Furthermore, figures
also reveal that BPSK always outperforms OOK for same value of turbulence and exhibits lower
BER for all values of SNR. This demonstrates the better reliability of BPSK in turbulent
underwater channels.

Fig. 6 shows the BER performance of a single-LED UVLC system under varying
transmitted power levels (1 W, 10 W and 20 W) using BPSK and OOK modulation formats. From
the graph, It can be observed that there is an obvious tendency in BPSK: increasing the transmitted
power remarkably decreases BER, notably at mid-high SNR values. For example, BPSK at 20 W
at a BER of 10-4 is reached at about 40 dB SNR, whereas BPSK at 1 W would need some 55 dB
SNR to reach a similar BER. In comparison, OOK modulation scheme has poor power scaling
gain. Even at 20 W transmission, OOK still cannot get the same BER improvement as BPSK,
which means OOK is more affected by the turbulence and cannot make good use of the power gain
effectively. These results indicate the BPSK is more robust to power fluctuation and thus further
confirm the BPSK is promising to the power-limited UVLC systems.

CONCLUSIONS

This research simulates and examines the impact of oceanic turbulence on UVLC systems using
statistical modeling. Employing the Nakagami-k distribution to model the fading effect, we have
calculated numerically the BER performance of OOK and BPSK modulation schemes for various
regimes of turbulence (k = 0.8, 3, and 10) and for various types of water. Results indicate that
turbulence severity has a reverse correlation with system reliability and that high turbulence (k =
0.8) causes BER degradation orders of magnitude in comparison to low turbulence (k = 10). Multi-
LED systems, by spatial diversity, are far superior to single-LED systems and offer close-to-error-
free transmission (BER <10⁻⁴ at 40 dB SNR) in low turbulence and pure seawater.

Oceanic water with higher scattering and absorption presented the greatest challenge and
emphasized the need for adaptive turbid water designs. The results validate the need for turbulence-
sensitive modeling and diversity techniques in the development of UVLC resilience for practical
applications. More advanced modulation and error-correcting codes must be explored for higher
spectral efficiency, and hybrid UVLC-acoustic/RF must be explored for a larger range, while
machine learning-based adaptive algorithms must be created to predict turbulence. Experimental
verification, power-efficient LED topologies, and integration with underwater sensor networks will
ultimately drive UVLC to scalable and reliable underwater communications.

Water eddies, which are small swirling motions in water, can distort light paths and cause
fluctuations in signal strength. These high-frequency variations differ from larger turbulence effects
and can further degrade communication quality. Studying their impact will be part of future work.
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