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Abstract

Performance of underwater wireless optical communication (UWOC) with different vertical water channel conditions is
experimentally analyzed. Experiment has been carried out by varying temperature and salinity of the vertical water chan-
nel. Underwater vertical channel is modeled by obtaining the best fit with the experimental data in terms of received optical
power as a function of transmission depth and attenuation. This mathematical model is used to simulate UWOC system in
Optisystem software to analyze the performance of UWOC in terms of Q factor and BER. Analysis has been carried out to
obtain maximum reachable transmission depth at different data rates for fixed input power and maximum achievable data
rate at different input power for fixed transmission depth. Maximum reachable transmission depth is also analyzed for differ-
ent modulation index of the amplitude modulator. These analyses are carried out for optimal performance parameters such
as Q factor (>6) and BER (<107). Apart from Q factor and BER, performance of the UWOC channel is analyzed through
eye diagrams obtained at the receiver of the UWOC system in terms of eye height which reflects the quality of signal. This
analysis will be helpful for power budgeting, data rate restriction with transmission depth in different water channel condi-

tions to establish vertical UWOC link.

Keywords Underwater wireless optical communication - Vertical water channel - Transmission depth - Blue laser

1 Introduction

About seventy percent of the earth surface is covered with
water, out of which ninety five percent belongs to ocean. Due
to resource depletion and global climate change, there has
been increasing interest to explore the ocean. Underwater
wireless communication (UWC) attracts much attention as it
enables the realization of ocean exploring system [1]. Some
of the main applications which require UWC include tactical
surveillance under water, communications between subma-
rines and ships, oil and gas control maintenance, underwa-
ter construction and subsea factories, offshore explorations,
pollution and climate change monitoring and oceanography
research [2, 3]. Deployment of large number of sophisti-
cated sensors and multiple autonomous underwater vehicles
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(AUVs) is required for all aforesaid applications and there-
fore high data rate is required for information transfer under
water. Underwater tethers or fibers can be used to achieve
such a high data rates but this may be very resistive, expen-
sive or in some case impractical [4].

Acoustic waves, radio frequency (RF) waves and optical
waves are three physical carriers for underwater wireless
signals. Out of these, acoustic wave system can be used for
long range of communication (up to 1000 km) but due to its
narrow modulation bandwidth and high frequency depend-
ent attenuation, its data rate is limited to tens of kbps [2]. RF
system has been explored as it provides large bandwidth of
several MHz and high data rate up to Mbps in underwater
environment, but due to its extremely high attenuation in
seawater, transmission distance is limited up to 10 m [2, 5].

Optical system can provide high data rates up to few tens
of Gbps as required for various underwater communica-
tions [6]. A lot of research works have been carried out for
space and terrestrial optical communication links [7-12]
but underwater wireless optical communication (UWOC)
is more challenging than atmospheric wireless optical com-
munication. This is because of the limited availability of
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aquatic optics, LOS, turbulent media and severe attenuation
of optical signal in underwater environment [1]. There is
wide range of physical processes which occurs in underwa-
ter environments ranging from coastal water to deep ocean
which are the significant hurdle for reliable UWOC [2].
However, optical waves provide high data rates [13, 14] but
it is highly affected by scattering, temperature variations,
dispersion, salinity, air bubbles in the medium, etc. Optical
signals are highly attenuated due to severe water absorption
at optical frequency and back scattered from suspended par-
ticles [15], but for blue-green wavelength of EM spectrum
the channel has low attenuation [1]. Even after using blue-
green wavelength the communication range is limited up to
100 s of meters for high data rate [2].

To enhance the communication range and improve the
performance of UWOC, many analysis and investigations
have been carried out and also different techniques have
been proposed by various researchers. In [16], Multiple-
input multiple-output (MIMO) technique is used to mitigate
the channel turbulence—induced fading; bit error rate (BER)
performance has also been analyzed for MIMO — UWOC.
Performance of MIMO-UWOC system with on—off key-
ing modulation and equal gain or optimal combiner has
been studied. Exact and upper bound BER expressions are
obtained analytically for both equal gain and optimal com-
bining. Performance improvement of 8 dB at BER of 10~
for 3 x 1 multiple output single output transmission in a
link length of 25 m coastal water has been found in [17]. A
weighted Gamma function polynomial has been proposed to
model the impulse response of general UWOC-MIMO links
to investigate the transmission properties of light beams for
underwater communications in [18]. Improvement of 32 dB
has been achieved at BER of 107 by using only a dual—
hop propagation in a 90 m clear ocean link in [19]. Authors
have analytically evaluated the BER of multi-hop UWOC
systems and demonstrated that, alleviating channel impair-
ments, multi-hop transmission can significantly improve the
performance of the system and enhance the communication
range [20]. A routing algorithm for decode and forward as
well as amplify and forward relaying schemes are developed
to maximize the end-to-end performance. Numerical results
demonstrated that network performance and communication
range are enhanced significantly [21]. A theoretical fading
model has been introduced which accounts for absorption,
scattering and turbulence. Numerical results show that tur-
bulence will boost the average capacity under low SNR
and at high SNR; average capacity is reduced [22]. A novel
UWOC system which is fully compatible with 10Base—T
Ethernet transmission, useful for practical marine experi-
ments has been designed and demonstrated [23].

In this study, a wireless optical communication link has
been established for a vertical water channel as beam trans-
mission medium and performance analysis of underwater
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wireless optical communication (UWOC) is carried out in
terms of transmission depth, received optical power and data
rate. The organization of the paper is as follows: Sect. 2 dis-
cusses the optical characteristics of underwater channel.
Section 3 presents the experimental set up for analysis of
UWOC with vertical water channel for different channel
conditions. The mathematical channel modeling is discussed
in Sect. 4. Simulation results of the UWOC system with
vertical water channel are presented in Sect. 5. Section 6
concludes the paper.

2 Optical characteristics of underwater
channel

As from the literature, it is clear that absorption and scatter-
ing property of ocean water affect the signal transmission.
Optical property of water depends upon the refractive index
of water. Temperature is an important factor which affects
the refractive index of water. As we go deeper from the
surface of ocean water, the temperature decreases [24]. As
the temperature of different layers of ocean is different, the
refractive index will be different. So, optical signal propagat-
ing through these layers will deviate from its original path
due to refraction and dispersion which affects the received
optical power.

Refractive index of water increases as salinity of water
increases. For different oceanic regions of the world, salinity
is different for different layers of ocean [25]. The value of
salinity ranges from 34 gm/L to 37 gm/L. As the salinity is
different for different layers of ocean, the refractive indices
will change layer by layer. The change in optical property
of water will alter the behavior of optical signal propagating
it thereby resulting in changes in the received power [26].

Therefore, behavior of optical signal transmitted through
the vertical water channel is different from the horizontal
water channel. Hence, the analysis of underwater wireless
optical communication with vertical water channel as trans-
mission medium is also needed.

3 Experimental testbed for analysis
of UWOC with vertical water channel

To monitor most of the phenomena in underwater environ-
ment, a base station can be established on the ocean’s sur-
face. An optical wireless link can be established between
base station and underwater devices like submarines, auton-
omous underwater vehicles, unmanned underwater vehicles,
etc. to achieve large bandwidth and high data rate.

An experimental testbed has been established to analyze
the behavior of optical signal in terms of received power
for vertical water channel with respect to earth’s surface.
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Testbed consists of different length of PVC pipes filled with
tap water and saline water fixed vertically with respect to
ground. A continuous wave (CW) laser [27] of wavelength
450 nm is used as transmitter which is fixed at upper end
of the water column, a silicon photodetector [28] is placed
at the lower end to receive the transmitted signal. Power
meter [29] is connected to the photodetector to measure the
received power. Schematic of experimental testbed is shown
in Fig. 1. Specifications of equipment used in establishing
experimental testbed taken from the specification sheet of
the corresponding equipment are summarized in Table 1.

A UWOC system for vertical water channel has been
established in laboratory environment. With the help of this
testbed, we analyze UWOC in terms of received power for a
vertical column of tap water as channel at the room tempera-
ture of 27°C. The experimental testbed is shown in Fig. 2a.
Figure 2b shows the laser beam propagating through the
channel.

Received power is measured at different depth of trans-
mission by using different length of PVC pipes filled with
tap water. The experiment has been repeated in an experi-
mental pool of dimension 180 cm X 50 cm X 65 cm filled
with tap water as shown in Fig. 2c. Figure 3 shows the
comparison of received optical power at different transmis-
sion depth for developed test bed and experimental pool.

Laser ——
Water
Channel
Glass Slab
Detector: Power Meter

Fig.1 Schematic of UWOC testbed for a vertical water channel

Table 1 Specifications of experimental testbed equipment

Equipments Parameters Values
Laser Beam diameter (d,,,) 4.75 mm
Wavelength 450 nm
Maximum output power 30 mW
Output power with water- 2.145 mW
proof encasing (P)
Angle of divergence (6,) 1.31 milli radians
Modulation Up to 100 kHz
Photodetector Aperture diameter (d,..) 10 mm

420 nm to 1080 nm
6 nW to 300 mW
0.45 A/W

4 pW to 30 kW

Spectral range of detection
Measurable power
Responsivity

Power meter Power range

It can be observed from Fig. 3 that the received power in
both the test bed and the experimental pool is almost same
and hence the difference in attenuation coefficient (o) will
be negligible. Attenuation coefficient being dependent on
absorption and scattering coefficient. Vertical channel with
PVC pipes which is narrow shows some variation in ‘o’.
However, as the depth of pool is limited to 65 cm and vari-
ation in attenuation coefficient is negligible, experiments
have been performed using PVC pipe for longer transmis-
sion depth for analysis.

Experiment has also been performed for saline water
at room temperature (27° C)with salt concentration of 30
gm/L, 35 g/L and 40 gm/L. Received optical power at dif-
ferent transmission depths obtained from the experiment
is plotted in Fig. 4.

It is clear from Fig. 4 that as the transmission depth
increases, received optical power decreases for all water
channels. The main reason of attenuation of received
power is absorption by water channel and scattering due
to suspended particles present in the water channel. As the
concentration of suspended particles is low in tap water as
well as in saline water, the overall attenuation is dominated
by absorption. So in this case, absorption is the limiting
factor. The concentration of salt present in tap water used
in the current experiment is around 0.2 gm/L which is very
less as compared to saline water used. Therefore, received
power is very less in saline water channel as compared
to tap water channel as depicted from Fig. 4. It is also
observed from Fig. 4 that as the concentration of saline
water is increased, received power decreases. As the atten-
uation is very high in case of saline water as compared to
tap water, the transmission depth is restricted to around
60 cm for saline water channel whereas for tap water, the
received power value is decent even at 200 cm.
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Fig.2 a UWOC testbed for

vertical water channel b Laser

beam propagating through the Laser
vertical water channel in testbed

¢ UWOC experimental pool for

vertical water channel
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Fig.3 Comparison of received optical power at different transmission
depth for developed test bed and experimental pool

3.1 Analysis of UWOC for a water channel
with different salinity level between layers

As could be seen in the literature [30], the salinity of ocean
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Laser beam

Power
Meter

(b)

Experimental Pool
filled with Water

layers varies with depth. In order to study the variation in the
optical signal transmission through different saline layers, an
experimental setup with the schematic diagram is shown in
Fig. 5. Two columns of water channel are separated by a trans-
parent glass. The lower channel is maintained at fixed salinity
value of 34 gm/L, whereas the salinity of upper channel is
varied by adding salt using weighing machine.

Received optical power is measured for different values of
salinity difference between two layers of water channels which
is plotted as shown in Fig. 6. It is clear from figure that as the
salinity difference increases, received optical power decreases
significantly. Hence, when establishing the vertical opti-
cal wireless communication, depending on the ocean layers
through which the signal has to traverse, power budgeting need
to be done appropriately for successful link establishment.

3.2 Analysis of UOWC for two layers of water layers
maintained at different temperature

The temperature of ocean layers varies with depth [24]. In
order to study the variation in the optical signal transmission
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Fig.4 Variation of received
optical power with depth of
water channel
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Fig.5 a Schematic diagram, b Experimental set-up of UOWC for two layers of water channels maintained at different salinity

Fig.6 Received optical power 0.512 T T T T T T T
for varying salinity difference
between two layers of water

channels 0.510

0.508

0.506

Received Optical Power (mW)

0.504 1 1 1 | 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4

Difference in salinity between two layers (gm/L)

through different layers at varying temperature, an experi-
mental setup with the schematic diagram is shown in Fig. 7.

The temperature of lower water channel is fixed at room
temperature of 27°c, whereas temperature of upper water
channel has been varied so that the temperature differ-
ence between two layers of water channel is varied and

for each temperature difference, power has been received
at detector end.

Received optical power at different temperature dif-
ference between two layers of water channel is plotted
as shown in Fig. 8. It is clear from the figure that with
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Power

Detector ——» Met
eter

Water Channel at varying
temperature T1

Glass Slab separating two
layers of water channel

Water Channel at
fixed temperature
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Water at
Fixed
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(23.4°C)

Laser -
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Fig.7 a Schematic diagram b Experimental setup of UOWC for two layers of water channels maintained at different temperature

increasing temperature difference, the received optical
power is decreased significantly.

It is observed from experimental results obtained in
Sect. 3.1 and 3.2 that the received power decreases sig-
nificantly with salinity and temperature difference between
layers, resulting in very short range of underwater opti-
cal communication link. With proper power budgeting,
a vertical optical wireless communication link can be
established through ocean layers of different salinity and
temperature conditions.

Mathematical modeling is further proposed for homog-
enous layers of different water channel types for further
analysis, using which an UWOC link is simulated and per-
formance is analyzed for different power levels and data
rates in terms of BER and Q factor, which are discussed
in the followed sections.

4 Mathematical channel modeling

For mathematical modeling of underwater channel, we assume
homogenous layer of tap water (comparable with clear ocean
water [31]) and saline water with salt concentration of 35
gm/L (salinity comparable with sea bed [30]). Therefore, a
mathematical equation is fitted to describe the behavior of
UWOC in terms of received optical power for vertical water
channel based on the experimental results plotted in Fig. 4.
Beer-Lambert’s law can be used to analyze the received opti-
cal power as function of transmission depth and attenuation
[1, 31]. Two assumptions have been considered to use the
Beer—Lambert’s law for wireless optical communication. First,
perfect line-of-sight (LOS) should be maintained between
transmitter and receiver. Second, during the propagation of
optical signal, the photons which are scattered are lost theoreti-
cally but in real-time scenario, some of the scattered photon

Fig.8 Received power at dif- 1.10 T
ferent temperature difference
between two layers

Received Optical Power (mW)

Temperature difference between two layers (°c)
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might be received by receiver [1]. In this analysis, experiment
has been performed in laboratory environment. Therefore, it
is assumed that LOS can be maintained. Also, it is observed
during the experiment that received power decreases with
increase in channel length which implies that number of pho-
tons undergo absorption and scattering increases with chan-
nel length. Obtained experimental data have been fitted in a
standard mathematical expression which governs Beer—Lam-
bert Law which is given as in Eq. (1).

P.. =Py *xexp(—a * h) D

where P is the received optical power at a depth of &,
P, is the output of laser with waterproof encasing and a
is the attenuation coefficient depends on attenuation due to
scattering and absorption. The attenuation coefficient ‘@’ is
obtained after fitting the Beer-Lambert’s equation as in (1).
Root Mean Square Error (RMSE) which measures the
goodness of fit as given by [32] is shown in Eq. (2).

(@)

where ‘n’ is the number of samples of error calculated as e,
(i=1,2,3,...,n).

Comparison of received optical power at different transmis-
sion depth from experiment carried out and analytical values
of received power obtained from curve fitting using experi-
mental data is depicted in Fig. 9.

It can be observed from Fig. 9 that experimental and
analytical values are almost same. The obtained « value is
0.1806 m~! with RMSE of 0.01877 for tap water, whereas
7.987 m~! with RMSE of 0.01137 for saline water means that
Eq. (3) and (4) are the best fit and closely models the experi-
mental data distribution for tap water channel and saline water
channel, respectively.

As optical signal propagates beam diverges resulting in the
received beam diameter to be greater than the receiver aper-
ture. Therefore, combined with absorption and scattering loss,
beam divergence plays a vital role in signal deterioration. By
using a spatial coherent laser source, the beam divergence can
be minimized [33]. However, the beam divergence is really
determined by the optical channel and the range of communi-
cation. For limited range of communication, beam divergence
is not significant and therefore Eq. (1) is valid for limited range
of communication whereas, beam divergence significantly
increases for long range of communication. Therefore, Eq. (1)
requires modification for long range of communication.

The fraction the transmitted optical power received at the
receiver side due to beam divergence at transmission depth of
‘h’ can be described by Eq. (5) [33].

2

P rec = P 0 L ®)
dtrans + eSh

where P is the transmitted optical power, d, ., and d,.. are

the diameters of transmitter and receiver aperture.d, is the
angle of divergence. The values of all these parameters are
listed in Table 1.

The generalized mathematical expression governing long
range optical communication for long range optical com-
munication can be obtained by combining Egs. (1) and (5)
and is given by Eq. (6).

2
Prec = P0< > exp(_a * h) (6)

rec
dogans + O,

trans

Equation (6) explicitly accounts for the beam divergence
and hence can be considered for long distance communica-
tion. Effect of beam divergence can be experienced after a
particular minimum communication range and this particu-
lar minimum communication range depends upon the trans-
mitter aperture, receiver aperture and angle of divergence.

P..=2.145 % exp(—0.1806 = h . . .
rec p( ) S For the current study, Eq. (6) is valid for communication
range greater than 4 m.

P..=2.145 + exp(—=7.9870 * h) )

Fig.9 Comparison of experi- s 25

mental and analytical fitted E” ' ' ' ' ' ' ' ' '

values of received optical power o 20F _
g
= 1.5 ]
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8— 1.0 —«—Tap Water (Analytical)
- h ——Saline Water (Experimental)
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5 Simulation of UWOC system in vertical
water channel

In order to analyze the performance of UWOC system
with vertical channel for different system parameters such
as input power, transmission depth, data rate and modu-
lation index in terms of Q factor and BER, the proposed
system is simulated in optisystem (v. 13.0). To simulate
the UWOC system, a UWOC vertical channel has been
developed in MATLAB using Eq. (5) which models the
characteristics of the proposed UWOC channel. The
block diagram of UWOC system in optisystem is shown
in Fig. 10.

A CW laser of wavelength 450 nm is used as an opti-
cal source. The maximum power of the laser which is
used in this simulation analysis is 200 mW considering
marine life safety [34]. Electrical signal generator gener-
ates electrical pulses based on the bit sequence pattern of
the pseudo random bit sequence generator. The optical
power of CW laser is modulated by the electrical signal in
amplitude modulator. The DSB modulated optical signal
is then transmitted through the underwater vertical chan-
nel. The received signal is detected by a photodetector
(PD). The electrical signal, obtained at the output of PD
is then analyzed by an electrical signal analyzer. The BER
and eye diagram can be analyzed with the help of eye
diagram analyzer. Simulation parameters are presented
in Table 2.

Different parameters such as input power of CW laser,
data rate, transmission depth of the channel, modulation
index of the amplitude modulator are varied. The effect
of these variations on the UWOC system are analyzed in
terms of Q factor and BER for optimal performance of
UWOC system with vertical water channel and are dis-
cussed in the following sections.

Table 2 Simulation parameters

Parameters Values

Wavelength of laser 450 nm
1-200 mW
1 Mbps—5 Gbps

Input power of laser

Input data rate

Modulation index of AM 0.1-1
Responsivity of PD 0.45 A/W
Dark current of PD 10 nA
Shot noise of PD 1.56 nA

Thermal noise of PD 31.52 nA

5.1 Impact of transmitted power on transmission
depth

The input data rate is fixed at 1 Gbps, modulation index of
amplitude modulator is fixed at 1, responsivity of detector
is 0.45 A/W and the input power of the CW laser is varied
in order to obtain the maximum depth for acceptable BER
(<107) and Q factor (> 6) [35-38]. The transmission depth
for various input power for tap water channel and saline
water channel are presented in Table 3.

It can be observed from Table 3 that when the input
power is 1 mW, the reachable transmission depth is 7.7 m for
tap water channel, whereas (.27 m for saline water channel.
Similarly, when the input power is increased to 200 mW, the
reachable transmission depths are 16.3 m and 0.60 m for tap
and saline water channels, respectively. Transmission depth
for fixed data rate of 1 Gbps with input power for tap and
saline water channels are illustrated in Fig. 11.

It is clear from the slope of the curve in Fig. 11 that as
input power increases, the effect of increment in depth of
transmission with input power decreases for both the water
channel conditions. This is due to the optical property of
water, increment in transmission depth follows exponential

Electrical
PRBS > signa'
generator generator
- Underwater -
Amplitude - Eye diagram
CW Laser Modulator :ﬁ:rl\f\aell FEER analyzer

Fig. 10 Block diagram of UWOC system with vertical water channel
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Table 3 Maximum transmission

. Input power
depth reachable at different

Tap water channel

Saline water channel

input powers (mW) Depth (m) Q factor BER Depth (m) Q factor BER

1 7.7 6.23 2.34e—010 0.27 6.15 3.81e-010
5 10.1 6.09 5.57e-010 0.37 6.37 9.42e—011
10 11.1 6.11 4.90e—-010 0.41 6.39 7.9e-011

20 12.3 6.05 7.25e—010 0.46 6.28 1.61e—-010
30 12.9 6.29 1.53e-010 0.48 6.25 1.99¢ -010
40 134 6.18 3.11e-010 0.50 6.03 8.18e—010
50 13.7 6.23 2.28e—010 0.51 6.68 1.12e—-011
100 14.9 6.18 3.16e—010 0.55 6.79 5.47e-012
150 15.7 6.43 6.29e—011 0.58 6.25 1.97e-010
200 16.3 6.11 4.90e—-010 0.60 6.15 3.82e—-010

T T T 1

60 .
E 50 4
- —=— Saline water channel | |
s —e— Tap water channel
2 40 -
[
o
c
=}
‘n 30 4
2
£
2
o 20 =
= ] - - B

10 _r/.",.—.—/_" ]

T T T

1 1 1
100 150 200

Input Power (mW)

0 50

Fig. 11 Maximum transmission depth at different input powers for a
fixed data rate of 1 Gbps for vertical tap and saline water channels

function. Therefore, as input power increases, the effect
of increment in depth of transmission with input power
decreases significantly. Thus, it is not always true that effi-
ciency of UWOC can be improved significantly in terms of
transmission depth by using a high power laser source.

Figure 12 shows the eye diagram of received signal at a
depth of 7.7 m and 16.3 m for a fixed input power of 200
mW for tap water channel.

Eye diagram for saline water channel at a depth of 0.27 m
and 0.60 m for input power of 200 mW is shown in Fig. 13.

It is found that eye height at transmission depth of 7.7 m
is 5.2e —3 a.u. and the same at 16.3 m is 1.2e —5 a.u for tap
water channel. For saline water channel the eye heights are
5.3e—3 a.u. and 1.4e —5 a.u at transmission depth of 0.24 m
and 0.60 m, respectively. For a given data rate and input
power, the decreased eye height with increased transmis-
sion depth affects the quality of received signal as the signal
strength deteriorates because of absorption and scattering.

5.2 Impact of data rate on transmission depth

In order to find the maximum reachable depth at varying
data rates, the input power is fixed at 200 mW, modula-
tion index at 1 and data rate is varied from 1 Mbps to 5
Gbps. Reachable transmission depth at varying data rate
are presented in Table 4. It is observed from Table 4 that
as the data rate increases, the maximum reachable trans-
mission depth decreases for a fixed input power in order
to obtain acceptable BER and Q factor. This is because
as the data rate increases, the identified photodetector is
not able to respond to fast changes in signal, resulting
in higher error. This leads to decrease in transmission
depth. As observed from Table 4, when the data rate is 1
Mbps, the maximum reachable depth for tap water chan-
nel is 22.7 m and for saline water channel it is 0.81 m for
acceptable Q factor and BER. Similarly, when the data
rate is increased to 5 Gbps, the maximum depth that can
be achieved for optimal performance is 15 m for tap water
and 0.55 m for saline water at fixed input power of 200
mW. Maximum reachable transmission depth at different
data rate as recorded in Table 4 is plotted and the result-
ant graph is shown in Fig. 14.

5.3 Estimation of maximum possible data rate
for different input powers

For this analysis, maximum transmission depth of 15 m and
0.55 m are considered for tap water and saline water, respec-
tively. The modulation index of the amplitude modulator
and responsivity of the detector are fixed at 1 and 0.45 A/W,
respectively. The data rates are optimized at different input
powers for acceptable Q factor and BER. Table 5 shows
maximum achievable data rates at different input powers for
tap water and saline water.

It is clear from Table 5 that maximum achievable data rate
at input power of 1 mW is 150 Kbps for tap water and 140
Kbps for saline water, whereas at 200 mW, the maximum
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Fig. 13 Eye diagram of the received signal at a depth of (a) 0.27 m (b) 0.60 m at input power of 200 mW for saline water channel water channel

achievable data rate is 5 Gbps for a fixed transmission depth
of 15 m for tap water and and 0.55 m transmission depth of
saline water, respectively.

5.4 Impact of modulation index of the amplitude
modulator on transmission depth

The maximum reachable transmission depth depends upon
the modulation index at fixed data rate and input power [39].
The data rate is fixed at 1 Gbps, input power is 200 mW
and maximum transmission depth is achieved at different

@ Springer

modulation indices of the amplitude modulator varied from
0.1 to 1 in steps of 0.1 at acceptable Q factor and BER.
Maximum transmission depth achieved at different modula-
tion indices for tap water channel and saline water channel
is presented in Table 6.

It is observed from Table 6 that maximum reachable
transmission depth increases with modulation index. As
observed, when the modulation index is 0.1, the maximum
transmission depth is 11.9 m and 0.44 m for tap and saline
water, respectively, whereas when the modulation index is
1, the maximum transmission depth is 16.3 m and 0.60 m
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Tab|e4. Maximum reachab?e Data rate Tap water channel Saline water channel

transmission depth for varying

data rate for fixed input power Depth (m) Q factor BER Depth (m) Q factor BER
1 Mbps 227 6.07 6.39¢e—010 81 6.95 1.78e—012
5 Mbps 21.1 6.21 2.53e—010 76 6.93 1.96e—012
10 Mbps 20.5 6.02 8.64e—010 74 6.76 6.74e—012
50 Mbps 18.9 6.31 1.42¢-010 69 6.74 7.88e—012
100 Mbps 18.3 6.16 3.58e—010 67 6.56 2.64e—011
500 Mbps 16.8 6.00 9.36e—010 62 6.53 3.18¢—011
1 Gbps 16.3 6.11 4.89¢—-010 60 6.15 3.82e—010
2.5 Gbps 15.4 6.07 6.36e—010 57 6.40 7.76e—011
5 Gbps 15 6.04 7.49¢—-010 55 6.17 3.31e-010

80
70
60

50

—=— Saline water channel

40 1 —— Tap water channel

30

Transmission Depth (m)

20 +

10

T T
2 3

Data Rate (Gbps)

Fig. 14 Maximum transmission depth at varying data rate at a fixed
input power of 200 mW for tap water channel and saline water chan-
nel

for tap and saline water, respectively. The variation of maxi-
mum reachable transmission depth with modulation indices
is plotted as shown in Fig. 15.

It can be inferred from Fig. 15 that as the modulation
index increases and approaches to unity, the maximum trans-
mission depth also increases.

6 Conclusion

In the current study, experimental and simulation analysis is
carried out to observe the impact of transmitted power and
data rate on the maximum reachable depth of transmission
for different vertical water channel conditions. Based on the
experimental data, attenuation coefficient of the water chan-
nels under study is obtained by curve fitting, which is later
used to model the vertical water channels for simulation. The
modeled vertical water channel is then simulated at different
data rate, transmission depth, input power and modulation
index of amplitude modulator. The performance of UWOC
system with vertical water channel is analyzed in terms of
Q-factor and BER for the aforementioned parameter vari-
ations. It is observed that for tap water channel, when the
input power is 200 mW, the maximum reachable transmis-
sion depth is 16.3 m for acceptable BER and Q factor at a
data rate of 1 Gbps and the maximum reachable transmission
depth is reduced to 15 m if data rate is increased to 5 Gbps.

Table 5 Maximum data rate at

‘ . Input power
different input powers for fixed

Tap water channel

Saline water channel

transmission depth of 15 m for (mW) Data Rate Q factor BER Data Rate Q Factor BER

tap water and 0.55 m for saline

water 1 0.15 Mbps 6.00 9.58e—-010 0.14 Mbps 6.04 7.36e-010
5 3.7 Mbps 6.04 7.49¢—-010 3.5 Mbps 6.04 7.40e-010
10 14.8 Mbps 6.00 9.81e-010 14 Mbps 6.04 7.56e-010
20 59.4 Mbps 6.02 8.64e—010 55 Mbps 6.08 5.68e—010
30 131 Mbps 6.07 6.33e—010 120 Mbps 6.15 3.84e—-010
40 236 Mbps 6.02 8.70e—-010 220 Mbps 6.06 6.47¢—010
50 269 Mbps 6.00 9.44e-010 340 Mbps 6.03 7.97e-010
100 1.4 Gbps 6.10 5.02e-010 1 Gbps 6.79 5.47e-012
150 3.2 Gbps 6.00 9.79¢e-010 3 Gbps 6.03 7.94e-010
200 5 Gbps 6.34 1.14e-010 5 Gbps 6.17 3.31e-010
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Table 6 Maximum transrgission Modulation  Tap water channel Saline water channel

depth at different modulation index

indices of the amplitude Depth (m) Q factor BER Depth (m) Q factor BER

modulator for tap water channel

and saline water channel 0.1 11.9 6.16 3.59e-010 0.44 6.26 1.87e—010
0.2 13.2 6.28 1.68e—010 0.49 6.58 2.30e—-011
0.3 14 6.04 7.54e-010 0.52 6.24 2.15e-010
0.4 14.5 6.28 1.66e—010 0.54 6.08 5.90e-010
0.5 14.9 6.01 9.08e—010 0.55 6.55 2.86e—011
0.6 15.2 6.38 8.59e—-011 0.56 7.02 1.05e-012
0.7 15.5 6.03 7.92e—010 0.57 6.71 9.45e-012
0.8 15.7 6.21 2.60e—010 0.58 6.58 2.24e—011
0.9 16.0 6.00 9.44e—010 0.59 6.95 1.71e—012
1 16.3 6.11 4.89e—010 0.60 6.15 3.82e-010

T T T T T
60 =
— 50 4 .
E
;g_ —=— Saline water channel
8 40 - —e— Tap water channel .
c
o
@
E 30 -
(2]
c
o
= 20 4 1
10 — ————————————
0.0 0.2 0.4 0.6 0.8 1.0

Modulation Index

Fig. 15 Maximum reachable transmission depth at varying modula-
tion indices of the amplitude modulator for tap water channel and
saline water channel

Whereas for saline water channel, at a fixed input power
of 200 mW, the maximum reachable transmission depth is
0.60 m at 1 Gbps data rate and 0.55 m at 5 Gbps data rate
for acceptable BER and Q factor. Therefore for saline water
channel, the transmission depth is significantly decreased at
fixed power and data rate as compared to saline water chan-
nel due to high attenuation of optical signal in saline water.
It has also been observed that at higher input power, incre-
ment in transmission depth with increment in input power is
negligible in any water channel. Therefore, it is not always
true that efficiency of UWOC can be improved significantly
in terms of transmission depth by using a high power laser
source. Another parameter of interest which affects the per-
formance of the UWOC system is modulation index of the
amplitude modulator. As, the modulation index increases
from 0.1 and approaches unity, the transmission depth is
observed to increase for fixed input power and data rate.

@ Springer

Once the channel attenuation is known, the required system
can be proposed using the simulation model developed to
study the vertical water channel.

As a future scope, the current study can be extended
to analyze the performance of UWOC system for vertical
water channel medium using different advanced modulation
schemes such as QAM, QPSK, and OFDM. Also, this study
can be carried out for different water channels such as turbid
harbor and coastal ocean water.
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