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In this paper, texts were experimentally transmitted by pulse width modulation (PWM)
using an underwater wireless optical communication system (UWOC) in a channel
containing water of varying salinity as a result of changes in the concentration of sodium
chloride (NaCl). Mathematical equations are used using a MATLAB program to compare
theoretical and practical results at different slop angle (𝜃𝜊 ). (NaCl) concentration was
changed from (0% w/v) to (90% w/v) to achieve different salinity of water (i.e., from
clear water to turbid water). A diode laser with a power of 30 mW and a wavelength of
532 nm has been employed in the transmitter. The experimental results show that the
extinction coefﬁcient or the overall attenuation C(λ) is equal to (0.083/m) in the water
containing a low concentration of (NaCl) which is consistent with pure seawater.
Additionally, the obtained optical power(𝑃𝑅 ) and the signal to noise ratio (S/N) decreases
to (27.6) mW and (23.99) dB, respectively. Furthermore, it was found that the water had
a maximum total attenuation C(λ) equal to (2.565/m) in the water containing a high
concentration of (NaCl) which was compatible with turbid harbour water, as well as the
received power and (S/N) decreases to (2.306) mW and (13.2) dB, respectively. The
theoretical results were similar to the practical results when the slope angle of the target
or detector relative to the optical transmitter was (zero).
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1. INTRODUCTION

band, while the freshwater attenuation is higher, which is 189
dB /m. Underwater RF work requires large antennas. At lower
frequencies, the attenuation decreases against a lower data
transmission rate [7]. Due to the limitation of the bandwidth
and low data rate in acoustic waves and RF waves for
underwater wireless communication, an alternative
underwater transmitter system, (UWOC) was used, which
provides high speed and large data transmission rate,
scalability, reliability, and flexibility [5, 8]. Optical
communication relative to acoustic communication and RF
waves has a higher bandwidth, better security and lower
response time, so optical communication has been used
photography and video transmission in real-time [9]. However,
despite absorption, dispersion and disturbance, optical
communications
remain
suitable
for
short-range
communications of less than 100 meters [10-13].
Optical communications have many defects such as
absorption, scattering, and disturbances, which lead to weak
signal and limit the range to less than 100 meters [14, 15].
Optical disturbances in water are due to random changes such
as temperature difference and salinity changes [16, 17] but
optical disturbances in the atmosphere due to changes in
pressure and temperature [18, 19]. In addition to the
attenuation in UWOC channel due to changes in temperature
and salinity, the air bubbles cause random disturbances, which
leads to attenuation of the optical signal [20]. Attenuation also
occurs when the diver sends optical signals due to the air
bubbles that come out from the diver [21].

Underwater optical communication has become dominant
in the telecommunications world due to the large bandwidth,
response speed and security. Underwater wireless
communication is possible through acoustic waves, radio
frequency (RF) waves and optical waves. The bandwidth of
light waves is greater than that of acoustic waves and radio
waves (RF), so more information can be sent in less time [1].
According to the US Oceanic and Atmospheric
Administration Statistics, 97% of the Earth's area is covered
by ocean waters [2].
Today, underwater communication is carried out using
acoustic waves, RF waves and optical waves. Acoustic
communication is the most common technology used
underwater and over long distances. However, Acoustic waves
have many disadvantages such as scattering, high attenuation,
low propagation velocity and negative effects on underwater
mammals [3, 4]. To eliminate this channel problem (UAWC)
the researchers used low frequency (RF) waves and
microwaves for underwater radio communication and were
able to transmit data for tens of kilometers [5, 6]. Data was
transmitted using microwaves in underwater wireless
communications for a horizontal distance of 85 m and 90 m at
a data rate of 500 Kbps. In other studies, the data rate is 100
Mbps for a distance of 100 meters. RF and microwaves suffer
from high attenuation.
The attenuation in Ocean is about 169 dB/m for the 2.4 kHz
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The random fluctuations of the optical signal due to the air
bubbles were studied in the laboratory [22]. The density of the
statistical distribution of the air bubbles was studied and
predicted. The performance of the UWOC system was
analyzed by estimating the density of the air bubbles. Bernotas
and Charles [23] and Oubei et al. [24] presented the statistical
distribution in the laboratory of the temperature gradient and
its effect on optical disturbances that lead to attenuation in the
optical signal. Comprehensive studies were done on the
UWOC channel, and it was found that the light propagation
within the optical channel is affected by 3 main factors:
absorption, scattering and turbulence [25].
When the light wave passes through the UWOC channel, it
became clear that the photons interact with water molecules
and particles, and in this case the photon energy will be
dissipated thermally and this is called the absorption process
and is expressed by the absorption coefficient 𝛼(𝜆)
mathematically [21], (𝜆) is the wavelength of the light used.
Moreover to the change in the direction of a portion of the
photons as a result of colliding with different objects in the
water, some photons will be captured in the receiver, this is
called the scattering process, which is represented by the
scattering coefficient 𝛽(𝜆) , in addition the scattering of
photons temporarily leads to diffuse and delay the optical
signal, which leads to the determination of the data
transmission rate in the UWOC channel. The loss of light
energy in the UWOC channel is described by the extinction
coefficient, which is 𝐶(𝜆) [26].
In the past few years, many valuable researches have been
carried out, such as designing a reliable and intelligent UWOC
channel to reduce the attenuation of the optical signal using
multi-input and multi-output (MIMO) [27, 28] using Monte
Carlo (MC) numerical simulations [29]. The serial and multihop relay reduced the attenuation in the channel and showed a
greater contact range from one point to another [30, 31].
The turbulence in water due to an increase in salinity or the
presence of air bubbles leads to an increase in the interaction
between optical photons and particles and objects in the water,
which leads to increased absorption and scattering and
increased losses, and this also depends on the type of water
and the strength of the turbulence. For example, in turbid
waters, the frequent scattering is very large, which reduces the
transmission range to 10 meters [5].
The sharp and transmitting laser beam will propagate over
a large spatial area at the level of the receiver. Therefore, the
received signal pattern which contains attenuation, scattering,
and propagation delay in the spatial and temporal domain is
similar to the LED pattern when transmitting [28]. This means
that in such type of water in the (UWOP) channel it is possible
to use the sharp laser beam or the LED beam because the
pattern will be similar in the receiver and this limits the use of
beam-collimator (BC) in such conditions [19]. On the other
hand, some researchers have created and analyzed the
performance of an underwater cellular wireless network based
on multiple access technology or optical code division
multiple access (OCDMA) [14, 20, 31].
Optical disturbances in the UWOC are the main cause of
fading optical signal propagation in turbulent seawater.
Optical disturbances in water are the result of random changes
in the refractive index, random changes in water due to random
changes in salinity and temperature of water. A lot of research
has been done in describing and calculating fade statistics [32,
33]. The power spectrum has been derived for the random
disturbance (UWOC) channel. The random disturbance in

(UWOC) channel is due to random changes of refractive index.
Based on the power spectrum, the scintillation coefficient
of the optical signal propagating in the turbulent medium was
calculated. The optical signal temporal statistics was achieved
in a moving aqueous medium with weak turbulence. Then, the
scintillation factor was formulated for the ray propagating in
the weak turbulent medium. And if we take into account the
logarithmic distribution of the changes in the light intensity,
the rate (BER) was calculated, for (MISO) system of (UWOC)
channel, the (BER) and brightness factor have been analyzed
too [34, 35].
In this research, a new method has been implemented to find
out the effect of increasing the angle of inclination on the rate
of transmitted data by analyzing the performance of some
parameters such as received optical power(𝑃𝑅 ), the amount of
signal to noise ratio (S/N) and the extinction coefﬁcient 𝐶(𝜆)in
the receiver. The parameters were extracting practically and
theoretically and comparing them when increasing or
changing the angle of inclination to find out the value of the
angles that lead to increase losses in the received data rate and
to improve the performance of (UWOC) system.

2. WATER TYPES
CHANNEL

AND

EFFECTS

IN

UWOC

The classification of ocean water depends on the percentage
of disturbances due to the concentration of dissolved salts and
the rate of light affected by the phenomenon of the absorption
and the scattering. Oceanic waters are classified into:
(1) Pure sea water: It consists of pure water molecules
(H2O) and dissolved salts (NaCl, MgCl, Na2SO, KCl, etc.),
which determine the total absorption in pure sea water as the
dispersion coefficient is neglected in pure sea water. In this
type of water, the light beam is spread in a straight line with
limited scattering.
(2) Coastal ocean waters: These waters contain a high
concentration of salts and dissolved particles and thus suffer
from more intense absorption and dispersion.
(3) Turbid harbor water: In these waters the most hostile
levels of absorption and dispersion appear due to the very high
concentration of suspended and solute particles. Which are
also restricted to optical waves diffusion due to dissolved and
suspended matter [5, 22, 23].

3. OPTICAL SIGNAL FADING DUE TO SALINITY OF
UWOC CHANNEL
In addition to random disturbances due to air bubbles and
temperatures, there are strong random disturbances due to
salinity of the water causing attenuation in the UWOC channel.
It can be expected that the salinity of the water will cause more
random disturbances in a channel UWOC as the random
disturbances of air bubbles and temperature changes [36].
A new term is channel coherence time which is considered
as a metric describing channel fading coefficient. Channel
coherence time represents the average time in which the
coefficient of channel fading is constant. When the salinity in
the water increases, the coherence time of the UWOC channel
will be shortened, which leads to an increase in the channel
fading coefficient [19, 37].
The aqueous medium contains about 80 different elements
dissolved or suspended in pure water with different
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concentrations and various dissolved salts, the most important
of which are Sodium chloride (NaCl), which absorbs light at
specific wavelengths and causes scattering. It has been
observed that the scattering and absorption of optical waves is
reduced in the blue-green region, In the range (300-700) nm of
turbid water [38, 39].
There are several types of communication link models like
Line of sight communication (LOS) where the line of sight
communication link between the transmitter and the receiver
is a straight line and is free of obstructions. The extinction
coefficient 𝐶(𝜆) of the aqueous medium consists of the
absorption coefficient and the scattering 𝛼(𝜆) , 𝛽(𝜆)
respectively [40, 41].

Concentration of NaCl and according to the refractive index
Eq. (3).
𝑛=

4.1 Experimental procedure
The current experimental study is following the steps below:
(1) By extract experimentally the performance of the
parameters such as received optical power(𝑃𝑅 ), the amount of
signal to noise ratio (S/N) and the extinction coefﬁcient 𝐶(𝜆)in
the receiver depending on the line of sight transmission
method (LOS) when the slope angle (𝜃𝜊 ) between the
transmitter and the receiver equal to (0o) and simulate the
results using Matlab program.
(2) The comparison between the practical and theoretical
results by simulate the results using Matlab program to
performance analysis for the same parameters above,
depending on the (LOS) method when the slope angle (𝜃𝜊 )
Between the transmitter and the receiver equal to (0 o).
(3)
Extraction the theoretical analysis of the
performance using Matlab program for the same parameters
above, depending on the (LOS) method and a comparison
between them when increase the slope angle (𝜃𝜊 ) between the
transmitter and the receiver from (0o) to (30o).

The propagation loss factor as a function of wavelength and
channel length according to Berr-lambert law is [3, 42].
𝐿Pr (𝜆, 𝑧) = exp(−𝐶(𝜆)𝑑) =

𝑃𝑅 (𝜆)
𝑃𝑇 (𝜆)

(2)

So,
𝐶(𝜆) =

1 𝑃𝑇 (𝜆)
ln
𝑑 𝑃𝑅 (𝜆)

(3)

where,
PT (λ): optical transmitting power;
PR (λ): optical receiver power;
d: The length of the water channel.

4.2 Experimental setup
From the value of the total attenuation 𝐶(λ) in the water, we
can know the type of water where the attenuation value 𝐶(λ)
equals to (0.15, 0.3, 2.19) m-1 which is equivalent to (clean
ocean, coastal ocean, turbid harbour) respectively [3], to
obtain different values of attenuation the amount of sodium
chloride NaCl was changed from (0 - 54) g, which is
equivalent to the salinity ratio (0-90) % w/v respectively and
each time the total attenuation value was calculated according
to Eq. (3) as in figures below.
Due to decreased scattering and absorption of optical waves
in the blue-green region within (300-700) nanometers for
turbid water, the laser source of 532 nm wavelength has been
used in our research. Practically the slope angle (𝜃) between
the transmitter and the receiver is (zero).
The schematic diagram of the experimental setup of the
underwater wireless optical communication system (UWOC)
using pulse width modulation (PWM) for diode laser
wavelength 532 nm is shown in Figure 1.
The texts are written by the computer and sent as a digital
signal to the Arduino (DAC) in the transmitter, which
regulates the pulse width according to the given program, as
each character has a different pulse width from the other.

The line of sight (LOS) method has been used between the
transmitter and the receiver, so theoretical received optical
power equation can be used [3]:
𝐶(𝜆)𝑑

𝑃𝑅 = 𝑃𝑇 𝜂 𝑇 𝜂𝑅 (𝑒 − cos 𝜃 )

𝐴𝑅𝑒𝑐 cos 𝜃
𝜋(𝑑 tan 𝜃𝜊 )2

(4)

When the divergence angle (𝜃𝜊 ) of the transmitter beam is
𝜋
very narrow (0.0344o), 𝜃𝜊 << .
20
where,
𝜂 𝑇 : Optical efficiency of the transmitter.
𝜂𝑅 : Optical efficiency of the receiver.
𝜃: is the angle between the perpendicular to the Rx plane
and the Tx-Rx trajectory (slop angle).
𝜃𝜊 : The divergence angle of the transmitter beam laser.
ARec: the receiver aperture area.
The practical signal-to-noise ratio S/N can be calculated by
the following rule [43].
SNR = 10𝑙𝑜𝑔10

𝑃𝑅
𝑃𝑛

(6)

4. EXPERIMENTAL DETAILS

(1)

𝐶(𝜆) = 𝛽(𝜆) + 𝛼(𝜆)

𝐶
𝜈

(5)

𝑃𝑛 : Average noise power.
The extinction coefficient 𝐶(𝜆) values for different types of
water are indicated as follows (0.15, 0.3, and 2.19) 𝑚−1 for
clean ocean water, coastal ocean water and turbid harbor water
respectively [3].
The measured refractive index of water using
Spectrophotometer is directly proportional to the

Figure 1. The schematic diagram of (UWOC)
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The Arduino device converts the digital signal into analog
and sends it to the laser driver circuit (LDC) that provide highspeed switching and supplies with the receiver
synchronization transmitted signal for each pulse. (LDC) is
consist of power supply, laser diode of a wavelength 532 nm,
Darlington transistor (BDx35), then the electrical analog
signals that represent the transmitted information are
converted into the optical signals by laser diode and sent
through the water channel.
The optical signals will suffer from different loses. This
information is detected by the photoresistor (LDR) in the
receiver, which converts the received optical signal into an
analog electrical signal, and then enters the Arduino device
(ADC), which converts it into digital signals and displays the
information on the computer screen. Figure 2 shows the
experimental setup for the research.

the water channel is similar to pure sea water and it consists of
pure water molecules (H2O) and some particles suspended in
it, which determine the total absorption in pure sea water,
where the scattering coefficient is neglected in this type of
water, so the beam of light is propagate in a straight line with
limited scattering. The extinction coefﬁcient 𝐶(𝜆) is slightly
increased due to the absorption of α (λ) and very little value of
scattering β (λ) of the laser beam through the water channel,
according to Eq. (1) [5]. When the NaCl concentration
becomes 1% (w/v) the water channel looks like pure sea water
because the salinity of the water is low, so the value of the
refractive index is less than (1), as shown in Figure 3, the
received experimental power of the laser source decreased to
26mW due to absorption and low scattering along the water
channel, the experimental value of (SNR) decreased to
(23.8dB),the practical extinction coefﬁcient or the overall
attenuation 𝐶(𝜆) increased to (0.15 / m) as shown in Figure 6.
The increase in 𝐶(𝜆) occurs for two reasons:
The first: The increase in absorption losses occurs due to
the photons interact with water molecules and particles, and in
this case, the photon energy will be dissipated thermally which
leads to a decrease in received power as shown in Figure 4,
this is called the absorption process, which is represented by
the absorption coefficient α (λ) [21].
0.03
experimental received power
0.025

0.02

Pr(W)

Figure 2. The experimental setup for the research

5. RESULTS AND DISCUSSION

0.015

0.01

The measured refractive index of water using
Spectrophotometer is directly proportional to the
Concentration of NaCl and according to the refractive index
equation as shown in Eq. (6). As the concentration of NaCl in
water increases the velocity of optical waves decreases. Figure
3 shows the relationship between the measured refractive
index and the concentration of NaCl in water.
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Figure 4. Received power VS (NaCl) concentration at slop
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Figure 3. Refractive index vs NaCl concentration
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In the experimental setup the slop angle value (𝜃) is (zero).
The power of the laser in the transmitter is 30mW, As shown
in Figures 4, 5, 6, when the salt concentration is equal to zero,
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Figure 5. Signal to noise ratio VS (NaCl) concentration at
slop angle = 0°
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[5, 44, 45].
A comparison was made between the results in two cases:
The first case: is a comparison between theoretical and
practical results, when the slop angle (𝜽) is equal to (zero)
degree between the transmitter and the receiver.
To calculate the theoretical optical power received in
underwater optical communications in the case of (LOS). An
Eq. (4) is used which takes into account transmitter power,
telescope gain and losses.
Where we see in Figure 7 when the salinity concentration is
low, the laboratory results of power is less than theoretical due
to different conditions inside the laboratory causes more
absorption and scattering losses. The rate of change of the
theoretical and practical power is similar, and they move
closer together as the salinity increases in the water, which
indicates that the practical results were correct. In the (SNR)
curve of Figure 8, equation No. 5 was used for theoretical
results. The same rate of change occurs for theoretical and
practical results, with very little difference from beginning to
end due to the readings of some practical devices.
In the curve 𝐶(𝜆) of Figure 9, equation No. 3 was used for
theoretical results. The same rate of change occurs for
theoretical and practical results, with very little difference
from beginning to end due to the readings of some practical
devices.
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Figure 6. Attenuation VS (NaCl) concentration at slop angle
= 0°
The second: The little increase in scattering losses occurs
because of the small increase in the concentration of NaCl that
leads to change in the direction of a portion of the photons as
a result of colliding with different objects in the water, some
photons will be captured in the receiver, in addition the
scattering of photons temporarily leads to diffuse and delay the
optical signal, which leads to the determination of the data
transmission rate in the UWOC channel, so this is why the
(SNR) decreases as shown in Figure 5, this is called the
scattering process, which is represented by the scattering
coefficient 𝛽(𝜆) [26].
From Figures 4, 5, 6, When increasing the concentration of
(NaCl) to 8% (w/v), The overall attenuation increases to (C (λ)
= 0.3 / m), which is equal to the value of the attenuation in
Coastal ocean waters [3], Which causes to increase the
refractive index, that leads to decrease in the speed of light
waves inside the water channel, the increase in salinity led to
an increase in optical disturbances in addition to the fading of
the optical signal spread in turbulent water. The random
changes in the water are due to changes in the refractive index
[32, 33] which led to a decrease in (SNR) to (22.8dB) and
decrease the value of received power to (21mW). The increase
in 𝐶(𝜆) is due to the large increase in absorption losses and
scattering losses as a result of the collision of large number of
photons with water molecules and particles that leads to
change in the direction of a portion of the photons and photons
energy will be dissipated thermally.
When the concentration of (NaCl) is increased to 73% (w /
v), the received experimental power decreases to 4mW and the
practical (SNR) value decreases to (15.7dB), which means that
the signal level appeared to decrease when the concentration
of (NaCl) increased and the value of practical overall
attenuation 𝐶(𝜆) increased to (2.19 / m), which is equivalent
to the overall attenuation in turbid harbor water, the increase
in 𝐶(𝜆) is due to the large increase in absorption losses and
scattering losses as a result of the collision of large number of
photons with water molecules and particles that leads to
change in the direction of a portion of the photons and photons
energy will be dissipated thermally and limits the optical
propagation due to dissolved and suspended matters [3], the
refractive index increases to more than (1.5) as in Figure 6. In
these waters the most hostile levels of absorption and
dispersion appear due to the very high concentration of
suspended and solute particles. Which are also restricted to
optical waves diffusion due to dissolved and suspended matter
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Figure 7. Received power VS (NaCl) concentration at slop
angle = 0°
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Figure 8. Signal to noise ratio VS (NaCl) concentration at
slop angle = 0°
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Figure 11. Theoretical signal to noise ratio VS (NaCl)
concentration at slop angle = 0o, 30o
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Figure 10. Theoretical Received power VS (NaCl)
concentration at slop angle = 0o, 30o

Figure 12. Theoretical attenuation VS (NaCl) concentration
at slop angle = 0o, 30o

In the second case: a comparison was made between
theoretical results only when increasing the slop angle (𝜽)
from zero to 30 degrees to find out the effect of this increase
on the received power (Pr), (SNR) and the overall
attenuation 𝐶(𝜆) by using (UWOC) channel and (LOS)
system. As above, equation No. 4 was used. From Figure 10,
they show the received power in the case of the slop angle
equal to 30 degrees less than it is in the case of the angle equal
to zero, meaning that the greater the angle of inclination
between the transmitter and the receiver, the less power in the
receiver. This increase in the degree of inclination occurs
when the target is moving in different directions, which leads
to misalignment of the transmitted beam, so a close and stable
connection must be maintained between the optical
transmitters and receivers [46].
As above, equation No. 4 was used. From Figure 10, they
show the received power in the case of the inclination angle
equal to 30 degrees less than it is in the case of the angle equal
to zero, which means the greater the angle of inclination
between the transmitter and the receiver, the less power in the
receiver. This increase in the degree of inclination occurs
when the target is moving in different directions, which leads
to a lack of alignment of the transmitted ray, so a close and
stable connection must be maintained between the optical
transmitters and receivers [5].

In Figure 11, we see that (SNR) in the case of the angle of
inclination is equal to 30 degrees less than it's in the case of
the angle equal to zero. This means that the greater the angle
of inclination between the sender and the receiver, the lower
the rate of information sent to the target.
In Figure 12 we see that 𝐶(𝜆) in the case of the angle of
inclination is 30 degrees greater than it is in the case of the
angle equal to zero, this means the greater the angle of
inclination between the transmitter and the receiver, the
greater the total attenuation, and this is due to the decrease in
the arrival of the optical power and the decrease (SNR) to the
target, which leads to an increase in the total attenuation.
6. CONCLUSIONS
The above results indicate that the effect of (NaCl) is
significant in all types of water in the world, as its increase
leads to an increase in the value of attenuation for the optical
signals in the (UWOC) system, which leads to decrease in the
signal to noise ratio (S/N) and the received optical power as in
Figures 4, 5, 6 in this paper, the (LOS) system was adopted, A
comparison was made between the results in two cases:
The first case is a comparison between theoretical and
practical results, when the slop angle (𝜽) is equal to (zero)
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degree between the transmitter and the receiver. The large
similarity in the rate of change between theoretical and
practical results was found, which means the validity of the
extracted results as shown in the Figures 7, 8, 9.
In the second case, a comparison was made between the
theoretical results only, when increasing the angle of
inclination between the transmitter and the receiver to 30
degrees, a large overall attenuation 𝐶(𝜆) was observed, a
decrease in the parameter of the received data (SNR) and a
decrease in the optical power (pr), and this increase in the angle
of inclination occurs during the movement and change of the
target's direction under the water, which causes misalignment
of the light beam which leads to large losses as shown in the
Figures 10, 11, 12.
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