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Abstract: Underwater wireless optical communication (UWOC) is a promising solution for Gb/s rate
and long-distance underwater communication. However, random changes in the local temperature
and salinity of seawater have caused different refractive indices of ocean water. This study investi-
gated the UWOC system in different saline water while simultaneously changing the temperature
and water flow. A maximum bit error rate (BER) of 4.851 × 10−6 was measured at −7.41 dBm in
3 m of 45.56 g/L saline water. By changing the temperature to 30 ◦C, the bit error rate (BER) value
reached 5.12 × 10−6 in the saline water. On the other hand, water flow was generated in various
types of water salinity to compare simultaneous environmental effects in the UWOC system. In
45.56 g/L of saline water with water flow, the UWOC system was still capable of reaching a BER
value of 4 × 10−4.

Keywords: underwater wireless optical communication; BER; saline water; environmental factors

1. Introduction

Long-distance and high data transmission in wireless optical communication has been
an exciting topic that has been developed by many researchers in recent years. Optical
wireless communication (OWC) transmits information or data received by the detector
through a free-space medium. So far, in our lab, the data transmission medium for the
OWC system has already been measured in the air [1], water [2], and hybrid mode [3].
Many researchers have investigated OWC in an underwater medium. Light wavelengths
and radio frequency [4,5] are usually used to transmit data in underwater communication.

Underwater wireless optical communication (UWOC) plays a vital role in ocean
communication, military, education, and many fields that connect several parts of the world.
UWOC can obtain high data rate transmission [6–8], low optical power consumption [9],
and secure information [10]. It refers to a wireless data transmission that uses the light
wavelength as the optical link in the medium underwater. Due to its high bandwidth
and immunity to electromagnetic interference, visible light communication (VLC) is the
preferred communication technology. Recently, researchers have conducted a study in
UWOC using a high-speed communication bandwidth over a wide range of distances.
Most experiments were conducted in clear or tap water; however, only a few measurements
were conducted in the research on seawater salinity. In seawater, environmental changes
such as the temperature [11], water flow [12], and salinity of water [13] cause attenuation
in the UWOC. Random changes in the local temperature and salinity of seawater cause
unexpected fluctuations in the refractive index of ocean water [14]. This study investigated
UWOC performance in different water salinity. As we know, when water has more particles
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dissolved, the salinity is higher, and the water becomes turbid. In our experiment, we
measured the water with different types of salinity to compare the impact on the UWOC
system. Chao Li et al. proposed a high-sensitive long-reach UWOC system with an Mbps-
scale data rate across a 10 m underwater channel. Their experiment investigated different
water types, and the maximum distance that the 2 Mbps signal could be extended up to was
100 m in the first type (c = 0.056 m−1) of seawater [15]. Tian et al. proposed a blue gallium
nitride (GaN) micro-light-emitting-diode (micro-LED)-based UWOC system at a distance
of 2.3 m with a maximum data rate of 790 Mbps. They found that as sea salt, Maalox,
and chlorophyll increased, it affected the light attenuation mechanism [16]. Therefore, we
measured the UWOC system in various types of salinity by using 155 Mbps, 622 Mbps,
and 1.25 Gbps to compare the environmental impact at a 3 m distance.

In our previous work [2], tap water was used to measure the impact of temperature
and turbulence (water flow) issues; we did not study temperature issues on seawater or
the various types of salinity experiments. This paper further discusses the impact of saline
water on the UWOC system with two simultaneous and changing environmental factors
such as temperature (or water flow) and various types of saline water. Furthermore, the
transmission channel in saline water could degrade the light beam’s power more than in
tap water, which could impact the data transmission’s quality.

2. Experimental Scheme

Underwater wireless optical communication consists of the transmitter, channel path,
and receiver side. The proposed scheme is shown in Figure 1 below:
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Figure 1. UWOC experimental scheme for environmental measurement.

The experiment scheme consists of the transmitter, medium, and receiver. At the trans-
mitter side, a current driver (ILX Lightwave LDC3722, ILX Lightwave Corporation, Boze-
man, US) drove the current to the blue laser diode (OSRAM PL450 TO-38, OSRAM Licht AG,
Munich, Germany). The laser diode (LD) used collimation to focus the light and a cooler to
control the laser temperature. The light was transmitted through a 1.5 m × 0.3 m × 0.3 m
size water tank. Secondly, the medium was seawater with different types of salinity. The
heater, fan, and water pump were placed inside the tank to vary the temperature and water
condition. A digital thermometer showed the temperature measurement inside the water
tank. Then, an optical mirror reflected the laser beam and expanded the transmission dis-
tance to 3 m. In the receiver part, the focus mirror lens and avalanche photodiode (APD 210,
Menlo System GmbH, Martinsried, Germany) were used to receive the laser beam. Then,
the information signal was evaluated using a bit error rate test (BERT). The modulation in
this experiment used NRZ-OOK. This experiment used a pseudorandom binary sequence
7 with a repetition period of 127 values. The equation can be found in N = 2k − 1, where
‘k’ indicates the size of random data for each sequence. For a maximum length sequence,
where N = 2k − 1, the duty cycle is 1

2 . A bias tee was used to superimpose a modulation
current onto the laser diode DC-supply current, thereby modulating the output power of
the laser. The modulation speed was 1.25 Gbps, and the signal generator could modulate
up to 2.5 Gbps. Due to limitations in our laboratory, the APD frequency could only receive
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modulations up to 1.25 Gbps. In the demodulation part, we used a Photodetector (Menlo
System GmbH, Martinsried, Germany) APD 210 to change the optical signal to an electrical
signal. The BERT measurement was used to compare the modulated signal transmitted and
the demodulated signal received by the photodetector. The relationship between salinity,
mass, and volume is shown in the equation below:

Salinity =
Mass

Volume
, (1)

As shown in Equation (1), the salinity value is mass (g) divided by volume (L). When
the salt was dissolved in the tap water, salinity increased. Therefore, the amount of mass
added to a particular volume of water increases the salinity of the water. The authors did
measure using a hydrometer first to see the density in the hydrometer scale. Since there
may have been undissolved salt inside the water tank, the extra salt could have drowned in
the bottom of the water tank. The hydrometer scale of seawater was around 1.025 at 25 ◦C
and 37 salinity in parts per 1000 [17]. The volume was obtained by multiplying the width
0.3 m × length 1.5 m × height 0.12 m; the result was 54 L.

Based on Table 1, sea salt was added to vary the environment of the water in this
experiment. In our experiment, the salinity of water, based on the hydrometer scale, was
1.03 by adding 45.56 g/L sea salt into the tap water. The water tank was filled with salt
water, and a hydrometer was used to measure water salinity, as shown in Figure 2. Typically,
the salinity increases from the ocean’s surface to deep water; thus, the saltwater density
increases as seawater depth increases at a constant temperature (R1Q3). Based on the
halocline or a vertical salinity gradient, low-salinity water floats on top of high-salinity
water. When the density increases, the amount of salt in the water, or salinity, also increases.
Many factors may change the seawater density. Whether the polar ice is melting or frozen
can affect salinity. The sea salt was evenly distributed. A salinity of 22.78 g/L or density
of 1.01 was in the surface or mixed layer; a salinity of 37.96 g/L or density of 1.02 was
in the depth of 0–500 m; the salinity of 45.56 g/L or density of 1.03 was in the depth of
500–2500 m. The depth of the ocean can be identified by salinity and temperature. For
example, near the surface, the salinity is low, and the temperature is high. This is influenced
by sunshine and the greenhouse effect.

Table 1. Water salinity measurements at various hydrometer scales.

Hydrometer Scale Salinity (g/L) Salt Added (g) Volume (L)

1.01 22.78 1230 54
1.02 37.96 2050 54
1.03 45.56 2460 54

Photonics 2023, 10, x FOR PEER REVIEW 4 of 11 
 

 

   
(a) (b) (c) 

Figure 2. The hydrometer measurement of different types of water salinity: (a) 1.01; (b) 1.02; and (c) 

1.03 hydrometer scale. 

3. Measurement Results 

3.1. The UWOC System in Different Water Conditions 

In this experiment, a 450 nm blue-light laser beam was transmitted in different me-

diums, such as free space, tap water, and seawater. The different refractive indexes caused 

the scintillation of the focused laser beam, which caused signal fading and beam wander-

ing in the transmission channel. This experiment was measured at a 1.5 m distance. The 

distance measurement of 1.5 m was used to compare measurements of the UWOC system 

in tap water, seawater, and free space with no additional loss from the mirror. The thresh-

old current was around 15 mA using OSRAM PL-450B. As shown in Figure 3, when the 

blue LD had a typical drive current of 100 mA, the optical power of tap water decreased 

by about 21.6% compared to the free space medium. In 45.56 g/L of saline water, the laser 

optical power was reduced by approximately 58.62% compared to the tap water. The op-

tical power decreased by about 80.22% in total because of the different mediums of sea-

water. Some of the factors involved in attenuating laser optical power were the transmis-

sion distance, the wavelength used in the UWOC system, and the different refractive in-

dexes in the air and water. 

 

Figure 3. Laser attenuation in a different medium of transmission. 

21.6% 

58.62% 

Figure 2. The hydrometer measurement of different types of water salinity: (a) 1.01; (b) 1.02; and
(c) 1.03 hydrometer scale.



Photonics 2023, 10, 383 4 of 10

3. Measurement Results
3.1. The UWOC System in Different Water Conditions

In this experiment, a 450 nm blue-light laser beam was transmitted in different medi-
ums, such as free space, tap water, and seawater. The different refractive indexes caused the
scintillation of the focused laser beam, which caused signal fading and beam wandering in
the transmission channel. This experiment was measured at a 1.5 m distance. The distance
measurement of 1.5 m was used to compare measurements of the UWOC system in tap
water, seawater, and free space with no additional loss from the mirror. The threshold
current was around 15 mA using OSRAM PL-450B. As shown in Figure 3, when the blue LD
had a typical drive current of 100 mA, the optical power of tap water decreased by about
21.6% compared to the free space medium. In 45.56 g/L of saline water, the laser optical
power was reduced by approximately 58.62% compared to the tap water. The optical power
decreased by about 80.22% in total because of the different mediums of seawater. Some
of the factors involved in attenuating laser optical power were the transmission distance,
the wavelength used in the UWOC system, and the different refractive indexes in the air
and water.

Photonics 2023, 10, x FOR PEER REVIEW 4 of 11 
 

 

   
(a) (b) (c) 

Figure 2. The hydrometer measurement of different types of water salinity: (a) 1.01; (b) 1.02; and (c) 

1.03 hydrometer scale. 

3. Measurement Results 

3.1. The UWOC System in Different Water Conditions 

In this experiment, a 450 nm blue-light laser beam was transmitted in different me-

diums, such as free space, tap water, and seawater. The different refractive indexes caused 

the scintillation of the focused laser beam, which caused signal fading and beam wander-

ing in the transmission channel. This experiment was measured at a 1.5 m distance. The 

distance measurement of 1.5 m was used to compare measurements of the UWOC system 

in tap water, seawater, and free space with no additional loss from the mirror. The thresh-

old current was around 15 mA using OSRAM PL-450B. As shown in Figure 3, when the 

blue LD had a typical drive current of 100 mA, the optical power of tap water decreased 

by about 21.6% compared to the free space medium. In 45.56 g/L of saline water, the laser 

optical power was reduced by approximately 58.62% compared to the tap water. The op-

tical power decreased by about 80.22% in total because of the different mediums of sea-

water. Some of the factors involved in attenuating laser optical power were the transmis-

sion distance, the wavelength used in the UWOC system, and the different refractive in-

dexes in the air and water. 

 

Figure 3. Laser attenuation in a different medium of transmission. 

21.6% 

58.62% 

Figure 3. Laser attenuation in a different medium of transmission.

In Figure 4a, we measured the bit error rate (BER) curve of the tap water and seawater
at a distance of 1.5 m. Know that, the value of hyphen (-) in the x axis defined as a minus
sign from the Sigmaplot software. The explanation is the same for some of the following
figures. The back-to-back measurement was measured directly from the LD into the APD
without the medium of water. This experiment aimed to find the optical power difference
between the tap and seawater to reach the maximum BER. Scattering and absorption in the
seawater were significant reasons for the signal attenuation. The forward error correction
(FEC) value for underwater communication was around 10−3. In the FEC limit line, the
BER value recorded for the back-to-back system was 1.022 × 10−3 at 21.83 dBm (R1Q4).
The BER value of tap water at a −16.96 dBm receiving power was 2.97 × 10−3. The BER
value of saline water was 3.72 × 10−3 at a −9.18 dBm receiving power. The difference in
the receiving power between tap water and sea water at 10−3 was 7.78 dB (R1Q1). The
BER measurement of the UWOC system in the seawater needed more optical power than
in tap water. However, the BER curve in seawater had a nearly vertical graph, indicating
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that BER could drift to the worst by only minor changes in optical power. Figure 4b shows
the BER comparison between the Optisystem 13 simulation and experimental saline water-
based UWOC system measurement. The difference in the receiving power between the
experimental and simulation study was 5.65 dB at BER of 3 × 10−6 (R1Q1).
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3.2. Seawater Salinity and Temperature Combination

In seawater, different areas have different temperatures. Seawater temperature is
affected by factors such as sunlight, atmospheric heat transfer, turbidity, and water depth.
It also changes from place to place and from one season to another [18]. The temperature
effect makes it possible for researchers to simulate the temperature of the actual ocean inside
a laboratory. Ocean water with a median salinity of 35 psu freezes at −1.94 degrees Celsius
(28.5 degrees Fahrenheit). Therefore, it follows that sea ice can form at high latitudes. The
average temperature of water at the ocean’s surface is about 17 degrees Celsius (62.6 degrees
Fahrenheit) [19]. As the temperature increases, the salinity of water decreases. Therefore,
we measured the impact of temperature changes on seawater density.

A heater was turned on to reach a specific temperature, as shown in the digital ther-
mometer, for higher temperature measurements. The lower temperature measurement used
a cooler fan to generate a wind breeze and an ice pack inside the water. The temperature
within the water tank changed automatically based on the temperature measurement tool.
We conducted the experiment while the temperature automatically increased to the desired
level. The heater and cooler fan made the temperature stable; however, the water temper-
ature was non-uniform. The non-uniform water temperature caused the water to move
in a turbulent manner, which was similar to realistic conditions in the ocean. The water
tank could have had a temperature variation up to ±2 ◦C; therefore, the optical attenuation
in the water was increased due to non-uniform water refractive indices and non-uniform
water temperatures. Each measurement was taken under the same environmental factors,
and different data rates resulted in different BERs. Therefore, the data rate caused signal
distortion as higher speeds led to faster modulation. In this experiment, we used data rates
of 155 Mbps, 622 Mbps, and 1.25 Gbps.

The graphs in Figure 5, for 155 Mbps and 622 Mbps, were nearly identical. The
1.25 Gbps drifted to a higher and worse BER even though it was still receiving higher optical
power. In Figure 5, the 1.25 Gbps BER floor slightly changed as the temperature increased.
The modulation speed of 155 Mbps and 622 Mbps was slightly different since the range was
still in the ~Mbps. In the ~Gbps order of modulation speed, the noise of the information
signal increased, which could have impacted the attenuation in the UWOC system. When
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the modulation speed increased, the optical power also needed to be higher. The BER floor
at a lower temperature of 15 ◦C was 1.07 × 10−5, while at a higher temperature of 30 ◦C, the
BER floor reached up to 5.12 × 10−6. As we know, ocean temperature changes and is non-
uniform, along with the depth of the ocean. Temperature decreases while depth increases.
Based on the Thermocline (a layer within a body of water or air where the temperature
changes rapidly along with depth), a temperature of 15 ◦C is around 600 m in depth, 26 ◦C
is around 20–80 m depth in the summertime, and the highest ocean temperature is 30 ◦C
on the surface. A higher temperature affects a lower salinity which can lower the density of
seawater. In this measurement, the optical power slightly differed in various temperatures.
Therefore, the UWOC system could still reach the information in seawater salinity with
different temperatures. The main cause of optical signal fading in a typical UWOC channel
is temperature or salinity-induced turbulence [20]. Therefore, we provide the statistical
distribution of received optical power due to temperature changes in Figure 6. The received
optical signal faded as the temperature increased. Figure 7 shows the time in the bit period
against the received amplitude in various temperatures. Considering the high data rate
of 1.25 Gbps used in this paper, the channel coherence time of the signal amplitude was
relatively slow, fading in the 0.2 to 1-bit period as the temperature increased.
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3.3. Seawater Salinity and Water Turbulence Combination

A motor pump with 1200 L/h speed was placed inside the water tank to simulate
water flow in the water tank. The water turbulence (flow) caused small particles to float
around the entire water tank. In oceanic water flow, temperature and salinity fluctuations
are the main factors influencing a laser beam’s propagating properties [21,22]. Underwater
water flow can be defined as random refractive index variations that affect the beam
propagation through the transmission path. Based on [23], when the water pump is turned
on, the bubble breaking increases due to high flow rates. The quicker the water flow is
moving, the more particles are visible in the signal light path, and these impurities soon
float throughout the entire water tank. The difference in the −9 dBm transmitter power
was needed to gain the same received power when the pump was turned off. The UWOC
system design could be significantly changed depending on the salinity and size of air
bubbles in the optical link. The water flow was measured in different hydrometer scales of
1.01, 1.02, and 1.03 to compare with the UWOC system performance. Some undissolved sea
salt and dust made the UWOC system worse. The laser beam became unclear as the tiny
particles floated around the water. This phenomenon caused attenuation in the UWOC
transmission system. The data rate was generated using NRZ OOK modulation. This
measurement aimed to compare the difference between data rates in general.

As shown in Figure 8, in 22.78 g/L saline water, the best BER of 8 × 10−6 was
obtained when the motor pump was turned on, and the best BER of 3 × 10−6 was obtained
when turning off the motor pump. In 37.96 g/L saline water, the BER reached 3 × 10−5

and 4 × 10−6, respectively, when turning the motor pump on and off. Moreover, as the
hydrometer scale increased to 1.03, or in the 45.56 g/L saline water, smaller floating particles
caused different refractive indexes. When turning it on and off, the motor pump drifted
into 4 × 10−4 and 5 × 10−6, respectively. The seawater salinity contributed to the UWOC
system attenuation and degraded the signal. Figure 9 shows the statistical distribution
of the received optical power due to the water flow changes in various water densities.
Figure 10 shows the time (bit period) against the received power amplitude due to water
flow changes in various water densities of 1.01, 1.02, and 1.03. As water salinity increased
simultaneously with the water flow, the channel coherence time of the amplitude signal
had more fluctuations in the 0.2 to 1-bit period. As the salinity increased, the signal
distribution became large, indicating the signal fading condition. Figure 11 shows the
channel estimation for each water flow measurement.

Prx = Ptx × H, (2)
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The channel estimation was obtained by Equation (2), where Prx is the received power,
Ptx is the transmitted power, and H is the number of the channel.

4. Conclusions

This paper measured and evaluated the UWOC system in different types of seawater
salinity alongside simultaneous environmental factors, such as turbulence and water flow,
using a 450 nm blue-light LD. The saline water was measured at 22.78 g/L, 37.96 g/L, and
45.56 g/L by adding sea salt into the water tank. The 45.56 g/L saline water could reach a
maximum bit error rate (BER) of 4.851 × 10−6 at −7.41 dBm at a 3 m distance. In 45.56 g/L
saline water, the optical power decreased by about 80.22% more than in tap water. The
UWOC system was also evaluated in various water temperatures ranging from 15 ◦C to
room temperature (Typ. 26 ◦C) until 30 ◦C. As the temperature increased to 30 ◦C, the BER
degraded to 5.12 × 10−6. The water temperature was non-uniform, causing a different
refractive index and higher attenuation. Water flow was generated in the various types of
water salinity to compare simultaneous environmental effects in the UWOC system. In the
45.56 g/L saline water with water flow, the UWOC system was still capable of reaching a
BER of 4 × 10−4. The seawater salinity contributed to the UWOC system’s attenuation and
degraded the signal. The differences between the simulation and experiment for UOWC
were compared in this study, in conjunction with the results comparing salinity in seawater
with various densities.
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