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Abstract

People around the globe are immensely trying to connect using light as carrier due to
its low power consumption and high data transfer rates. Sound and microwaves are
examples of other carriers that can be used, although they aren’t nearly as efficient
as light.A method of communicating is using light beneath the surface of the water.
As the depth of the water increases, the temperature, pressure, and salinity of the
water are changed. The refractive index of water is determined by the combination
of all of these variable parameters.

The goal of this thesis is to establish a relationship between changes in water
temperature, salinity, and pressure resulting in changes of the refractive Index of the
sea water.This thesis will demonstrate an empirical model of travelling the ultraviolet
wave under sea water.We are acknowledging all of the properties that are change as
the depth of the water is increasing. MATLAB was used to create a simulation of this
scenario. Based on previous model of light traveling which covers the wavelengths
between 400-700 nm, we have extended the model to ultraviolet range of light (200-
400 nm).We design an experimental set up according to sea water parameters and
then the experimental results are compared to the simulation results.The comparison
shows the validity of our extension model.

Keywords: Optical Communication, Underwater communication Underwater com-
munication Optical communication, Underwater communication Acoustic communi-
cation, Underwater communication Microwave communication, Visible Light Com-
munication, Refractive Index.
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Chapter 1

Conceptual Background

1.1 Evolution of light communication

The entire world is focused on ensuring a more prosperous future for all human be-
ings. A revolutionary upgrade is needed in the field of communication, which is one
of the most interesting fields in the world right now. For communication purposes,
radio waves and microwaves from the electromagnetic spectrum are now being used
to their fullest extent possible. The bandwidth and frequencies of radio waves and
microwaves are completely consumed by the transmission of information and data.
The entire planet is already on the hunt for new bandwidth and frequencies, such
as millimeter waves, sound, and light, to use as carriers for information transmis-
sion. Despite the fact that studies on the use of light communication began decades
ago, the field of light communication is flourishing. It has been demonstrated that,
among all the waves in the electromagnetic spectrum, using the light spectrum for
communication has the greatest potential benefit[2]. Aspects such as high data rates,
wide bandwidth, and high security are some of the important benefits that can be
obtained when using light as a communication carrier. Light is also a cost-effective,
low-maintenance, and energy-efficient carrier for communication.

Figure 1.1: EM Spectrum [1]

Several industries are considering using visible light communication (VLC) for
the majority of their future projects in the current digital world. Light Fidelity
(LIFI) is one of the most promising projects in the VLC. Light can also be used in a
variety of mediums with high data rates, such as optical fiber. The authors of these
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2 Chapter 1. Conceptual Background

papers[2] and[5] were successful in demonstrating VLC underwater at a high data
rate and over a long distance.

1.1.1 UV Spectrum

We investigate UV penetration depths in our thesis. Ultraviolet (UV) radiation
falls within the electromagnetic spectrum and has wavelengths that range from 10
nanometers (about 30 PHz) to 400 nanometers (750 THz), which is shorter than
visible light but longer than X-rays[6]. Roughly 10% of the electromagnetic energy
produced by the sun comes from UV radiation, and it is present in sunlight. It is
created by specific lighting fixtures such as mercury-vapor, tanning, and black lights.
UV long-wavelength radiation, which does not ionize atoms, is able to initiate chem-
ical reactions and cause things to fluoresce or glow. Compared to more fundamental
heat effects, UV causes many chemical and biological outcomes, and its interactions
with organic molecules provide many practical applications.

There are three kinds of UV radiation: long wave, medium wave, and short wave.
UVA, the longest wavelength (315–400 nm), is able to penetrate the deepest and
is responsible for upwards of 95% of the UV light that passes through the Earth’s
atmosphere[7]. Radiation of this type promotes skin aging since it penetrates the
skin layers deeply (through to the dermis layer). UV radiation may produce skin
tanning immediately, and studies have indicated that they are connected to cancer.
Unlike the other rays, UVA rays permeate glass and clouds, which causes injury on
days with gloomy skies or through your windshield.

The second shortest wavelength, UVB(280nm–315nm), is the major cause of
sunburn[7]. The ozone layer largely soaks it up, but some still slips through (about
5 percent gets through overall). You’ll burn your skin in as little as 15 minutes with
exposure to the sun’s rays. Depending on the time of day and season, UVB rays
might be more or less intense. UVB rays have a significant correlation with skin
cancer. Long-term exposure to UVB radiation can lead to premature aging of the
skin.

The 100nm–280nm wavelength is the shortest of the three UV spectrums[8]. UV
radiation is more damaging when the wavelength is shorter. Nevertheless, since it
is incapable of penetrating the earth’s atmosphere, we are in luck. But because the
natural UV radiation of the sun cannot pass through skin, the threat is minimal to
the average individual. They don’t naturally enter the atmosphere of the planet at
all. The ozone layer totally absorbs UVC.

The light generator we utilized for this thesis has a maximum range of around
200nm to 1200nm. To carry out our simulation, we put a filter on the camera that
blocks all wavelengths except UV-A.

1.2 Underwater Communication

Water is one of the most vital elements in the natural world. It is estimated that
water covers around 70% of the earth’s surface. Scientists believe that the seas all
over the world are responsible for the majority of the changes that occur on Earth.
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Researchers have been attempting to model the variations in the behavior of water.
Several variables, such as salinity, pressure, and temperature, make water a challeng-
ing subject to represent or simulate in computer simulations.

The researchers developed a number of models that provide insight into the link
between water salinity, temperature change, and pressure change. These data are es-
sential for the development of better sensors and hence for improved communication.
A range of underwater technical activities for real-time monitoring and data transmis-
sion, such as Underwater Sensor Networks (UWSNs), Remotely Operated Vehicles
(ROVs), and Autonomous Underwater Vehicles (AUVs), are being developed. Be-
cause of these activities, it is necessary to have effective systems and procedures. It
is also possible for the military to utilize underwater communication to communicate
with submarines while on the sea bed, which is referred to as submarine communi-
cation. The refractive index of seawater is a function of wavelength (nm), salinity
(%o), temperature ( ◦C), and pressure (kg/cm2).To be able to mimic the variations
in refractive index behavior, we must first conduct some investigation further into
properties of water.

Figure 1.2: Different carriers of Underwater communication[2]

1.2.1 Underwater Acoustic Communication

Underwater Acoustic Communication (UWAC) is a technology for underwater com-
munication that involves use of sound as a means of transmission. The UWAC is
a system that has the ability to broadcast signals to a reasonable depth. UWAC
systems with 64 quadrature amplitude modulation (QAM) data and 32KHZ band-
width were proven by Song et al[2]. In a saltwater environment more than 100 meters
deep, while Ochi et al. suggested utilizing 32-QAM to create systems with 125 KBPS
speeds and low symbol error rates[2]. As a result of these trials, we can observe that
the UWAC system is capable of transmitting to greater depths, although the data
transfer speed is only 60 KBPS or 12 KBPS (very low). This is due to the fact
that the data has a long propagation delay and has a low signal-to-noise ratio (SNR)
when compared to the background noise from the water. UWAC systems work best
with less distracting backdrops and lighter streaming content. These shortcomings
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contribute to the low reliability of UWAC systems.

1.2.2 Underwater Microwave Communication

The Underwater Microwave Communication (UWMC) is the system which had a
particular problem. Uribez et al. proposed a UWMC system with an enhanced
transmission capacity of 10MBPS per 100m for underwater communication[9]. Due
to high attenuation of the microwave, the UWMC system has limited transmission
distance i.e. at higher frequencies the UWMC system can provide more bandwidth
than the UWAC system. To achieve this bandwidth the power required is about tens
of kilowatts which makes UWMC unreliable.

1.2.3 Underwater optical communication

In 2015,[2]demonstrated an LED based single input multi output model. Underwa-
ter Optical Communication (UWOC) system that enabled an effective transmission
distance over 60 meters. there are several experiments proving its speed. So far it is
proved that transmission rates of the underwater optical communication system are
high up to 4.3GBPS and 10.2m of distance, When a sub-carrier levelling technique
is used on a blue laser diode. The blue color from the sunlight travels up 200 meters
of distance. So, if the research on UWOC increases, then the chances of building a
better underwater wireless system are more. The problems in UWAC and UWMC
can be resolved by using UWOC because the light does not attenuate heavily and is
not affected by background noises.

1.3 Characteristics of water

The change in one characteristics of water result in change of another factor. These
characteristics of water are completely dependent on each other.

1.3.1 Refractive index

The movement of the light is based on one main feature called refractive index(RI).
When the light is travelling from air into water, part of light is reflected and part of
it is refracted. Refractive index is defined as the measure of bending of light when it
passes from one medium to another. When it come to water the light is affected by
temperature, salinity and pressure at respective depth.

Refractive index can be calculated by Snell‘s law.
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Figure 1.3: Refraction of Light

Figure 1.4: Snell’s law

where, n1 is incident index, sinθ1 is incident angle, n2 is refracted index, sinθ2 is
refracted angle.

When the refractive index is more, then the velocity of the light is low and vice
versa. So, if the refractive index is more than the propagation of light decreases. In
this thesis, we have considered the optical refractive index with respect to air. The
refractive index of water depends upon temperature, pressure, and salinity.

1.3.2 Underwater Pressure and Density

The pressure and density has an integral relationship. The density of a liquid, soild
or gas is the same, which is mass per unit volume. We know that the pressure is
defined as force(F) per unit area(A). But when comes to liquids the pressure defined
as below [10],

P = r ∗ g ∗ h
where r is density of liquid, g is acceleration due to gravity and h is height (or) depth.
The above formulae is a function of density, acceleration and height because of the
disordered motion of the liquid molecules that is why, in this thesis we consider
pressure as a variable parameter over density. Pressure is directly proportional to
density. If density increases pressure also increases and vise-versa.
The pressure of the underwater is more when compared to the pressure on surface
of water. The pressure increases with the depth due the weight exerted by above
layers. National Ocean Service(NOS) According to research work by National Ocean
Service in National Oceanic and Atmospheric Administration, the pressure of water
increases to 1atm for every 10.03m[11]. We consider the above research value in our
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thesis for modeling the pressure component.

1.3.3 Underwater Temperature

In general, we know that the temperature of ocean or sea water ranges from -2◦C to
40◦C[12]. These temperatures are observed when we consider all the water bodies
present between north pole and south pole.

In this thesis we consider a balanced temperatures range from 10◦C – 30◦C. The
temperature of water varies with depth. Most of the oceans surface water is has
more rapid temperature changes due to sunlight and movement of water.

The surface water sinks towards bottom if it gets colder due to cold weather.
The reason why the surface water sinks is because the cold water is denser than
the warm water. When the water gets cold the H2O molecules are tightly packed
resulting in increase in density. Since the density increases, they will sink towards
bottom. Hence, the colder the water the more it sinks. So, the temperature will
decrease with increase in depth due to the increase in density.When the density of
sea water is 1.0240 g/cm3 then the temperature will be 20 ◦C at 0 ◦C the density is
1.0273g/cm3 [13].

When compared with salinity changes, the temperature changes will affect the
density more. While simulation or experimenting, we must control the temperature
more accurately and take good care in maintaining them, so that we get better values
of refractive index.

1.3.4 Underwater Salinity

Salinity of ocean water is the measurement of salt present in it. Oceanographers
measure the salinity in parts per thousand (ppt). The salinity of water ranges 28 to
40 ppt. The seawater ranges from salinity ranges between 33 to 37 ppt. The salinity
of sea water decreases from 3 ppt at the surface to 35 ppt in the deep water. So, in
this thesis we will consider the salinity from a ranger of 35 to 36 ppt[14].

Salinity also affects the temperature of seawater. The freezing point of fresh
water is 0◦C, the freezing point of sea water is -2 ◦C. Salinity is one of the reasons
for maintaining the deep-water temperature constant. Since the change in salinity
is low, the change in water density is also low with increasing depth, so does the
temperature change.
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1.4 Changes in Underwater with Depth

When the depth of the water bodies increases the characteristics of water also
changes[?]. These changes are are denoted by certain names when certain char-
acteristics changes.

Figure 1.5: Changes in depth

1.4.1 Thermocline

A thermocline is a zone of rapid temperature change that exists in water or air.
Because water is not a perfect medium for transmitting light, virtually all sunlight
is absorbed in the first few centimeters of the surface layer, resulting in the water
heating up. The first few hundred feet of the water’s surface layer are well mixed,
with the water’s temperature more or less consistent. The temperature of the wa-
ter becomes significantly cooler—potentially dropping by as much as 20 ◦C with an
additional 150 meters (500 feet) of depth[15]. The thermocline, or transition zone,
is a region of high temperature variability. At the level of the thermocline, temper-
ature starts to decrease, although it does so gradually. Nearly all of the water in
the Earth’s sea is located below the thermocline. There are several strata of similar
density within this deep ocean, which are not combined well.

1.4.2 Pycnocline

It is a fast density gradient in water that occurs when the density of the water
changes between the surface layer of water and bottom layer of water. When it
comes to freshwater environments, temperature and salinity are the primary factors
that influence density change, whereas temperature and salinity may both play a
role in changing density when it comes to seawater settings.
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1.4.3 Halocline

A halocline is a vertical density gradient that contains a salt-enriched layer at the
bottom. Because the salinity of saltwater has an effect on its density, it is possible
that it is involved in the process of vertical stratification. Because low-salinity water
has a lower density than high-salinity water, it can be found on top of high-salinity
water. When it comes to the effects of vertical blending, the results of the density
gradient have a significant impact. A deep salt gradient will be difficult to blend,
whereas a shallow salt gradient will be simple to blend. Temperature alone does not
rule in some sub-Arctic North Pacific waters due to the influence of temperature on
density, which is a result of the influence of temperature on density.



Chapter 2

Introduction to thesis

2.1 Motivation

We are fascinated by the concept of a VLC system, which is the primary reason
for our thesis. The VLC is the communication method of the future, and it is the
most efficient and effective means of doing so. Currently, researchers are studying
the use of light underwater. This novel concept for establishing under water light
communication inspired us to work on this thesis. To establish underwater optical
communication, refractive index is one of the most important properties. In this
thesis, we explore the effects of refractive index changes on MATLAB[16] through
simulation. We created a real-world environment to test how U.V light penetrates
water and also verified our simulation.

2.2 Aim and Objectives

2.2.1 Aim

Aim of this thesis is to replicate the changes of sea water with depth. Since the
temperature, salinity and pressure of the water varies with depth very rapidly due
to several parameter’s .

2.2.2 Objectives

In this thesis we try and simulate a variable environment and model the refractive
index. Later we create an real life environment in lab and test the penetration of U.V
rays into sea water and compare refractive index values generated with simulation
and compare the results.

2.3 Research Questions

RQ1 What parameter’s have an impact on the UV region’s implementation of un-
derwater communication?

9
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RQ2 How do these parameter’s impact the value of the Refractive Index as the depth
increases?

RQ3 Determine whether the empirical formula used to calculate the refractive index
in the ultraviolet region is accurate or not?

RQ4 How precise are the simulated values in comparison to the experimental ones?

2.4 Outline of thesis

There are four chapters in this thesis. The first chapter of the thesis is about intro-
duction to the underwater communication and light communication. Then we wrote
about all possible ways for underwater communication, characteristics of water. We
wrote motivation, aim and objective end research questions for this thesis. In second
chapter research method, where we wrote about the research method of the thesis,
there we discussed about how we gathered the required material for this thesis, sim-
ulation, and the experiment. In chapter 3 results and discussion, be sure the results
obtained from simulation and the results obtained from experiment and see how bad
it is or accurate are the simulated results to experimental results. We also answered
all the research questions. a last chapter conclusion and future work, we wrote the
conclusion English problems raised in this thesis in the research gap as future work
for this thesis.

2.5 Related work

Several different types of methods have been used to find out the feasibility of light
penetration under water, The detection of UV penetration in nearshore tropical wa-
ters was measured using a easily deploy-able polymer screen by Esther. M. Fleish-
man. In[17], he used chemical film made up of O-Nitrobenzaldehyde. This chemical
polymer film turns into O-nitrobenzoic acid in presence of UV light. Radiation at
the surface varies from 5 μmol qunta s−1m−2 at the surface to 0.005 at 25m. In this
paper a diurnal observations of UV radiation at 1 meter showed a curve comparable
to surface plot a synthetically active radiation with a peak of around 1200 hours.

A single mode-laser diode operating inside a Fraunhofer line in coastal water is
studied. Numerically in this paper to determine the predicted improvements in an
underwater optical system. The performance of silicone PIN direct-detection in the
euphotic zone is investigated. In clear sky condition, the solar irradiance is assumed
using a lithium niobate interference with various field of view(FOV) properties.

In [18] research they placed an optical filter in front of a receiver, the Power Spec-
tral Density (PSD) of the solar background and the range of transmitted wavelength
is treated as noise. Based on standard solar irradians data in parameters of silicone
PIN direct-detection receiver, the SNR and FOV of the system is analyzed.
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The above two methods does not give us any model considering all the changes in
underwater parameters. Later on several instruments are designed to calculate the
salinity, temperature and depth of the ocean. The techniques used are proposed in
[17].

The research done by Xiaohong QUAN and Edward,to determine an empirical
equation for the index of refraction based on changes in temperature, salinity and
wavelength[19]. MC.Neil is another author used another empirical formula where it
has pressure changes[20]. The paper by Xiaohong has empirical formula at atmo-
spheric pressure.

Both of these authors wrote the empirical formulae from one common research.
That research was done by W.austin and George. In [21] paper they tabulated a
huge data. Basically, the paper is a review of all the methods during that time and
additionally some of advanced changes have been mentioned. In order to get the
exact changes in underwater, they considered all of the affecting factors and also
their sub factors. This paper and several insitu [22] are also base to my thesis.

A 450nm blue-laser diode modulated with pre-leveled 16-quadrater amplitude
modulation(QAM) orthogonal frequency division multiplexing data has been used
to achieve it’s measurement of transmission capacity. This successfully enabled high
speed underwater optical communication over long distances.[2]





Chapter 3

Research Method

The whole thesis was carried out as below:

• Literature Review.

• Simulation.

• Experimentation.

• Documentation.

3.1 Literature Review

IEEE Xplore Digital library and Springe are the data bases used to find most of the
papers for this thesis. Since the research towards the underwater optical communi-
cation is very less in the aspect that we need, we used some scientific webpages and
research papers have been ordered through BTH library are used. To find the papers
that answer the question in this thesis we created a Boolean search like “Underwater
communication” or “Refractive index of sea water”. All the papers that are shown in
results of the Boolean search are later selected according to the inclusive and exclu-
sive criteria.

3.1.1 Search Strategy

As a result of string underwater communication, 63 papers have been filtered and
selected. Based on paper title 30 papers were picked, while the remaining 33 papers
are eliminated from considerations.
Some of old incite measurements and early access papers were opted to leave due
to lack of better information. Among the 30 selected papers, only 16 papers were
selected after going through the abstracts and relevant topics.

3.1.2 Inclusive and Exclusive Criteria

Inclusive criteria

• Research papers with clear aim.

13
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• Research papers that answer out research questions.

• Research papers having in-site measurement.

• Research papers that are available with full text.

Exclusive criteria

• Research papers that do not address our research topics.

• Research papers that are not in English.

• Research papers that have same or similar topics are eliminated to avoid du-
plication.

3.1.3 Data Extraction

The papers are divided into 3 types based on the research questions.
The first type of the papers are the papers that discuss about the requirements of
RQ1. These papers don’t have any empirical formulae or table data to follow.
The second type of the papers are the papers that have the tables and in-site mea-
surements. They have the table and help to answer RQ2.
The third type of the papers are the papers that help in selecting the values for
simulation and experimentation. Both second and third type of papers are used to
answer RQ3 and RQ4.
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Figure 3.1: Flow chart
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3.2 Simulation
For the simulation, we have generated random variables of temperature, salinity,
lambda and depth. To calculate the refractive index values, we created a function.
The Input to this function is (T,S,λ,depth)=RI, the temperature salinity, λ and
depth are picked randomly. This will generate some random refractive index values.
We generated it for 10000 × 10000 values of refractive index in MATLAB, as shown
in the figure 3.2. If you want a certain set of values or for certain environment like,
at T=24◦ λ=200-400, S=34 to 37 and depth=90m to 100m, we will build this above
environment by selecting these values with “AND” condition and collect these refrac-
tive index values and then use it to find the shift through equation.

Figure 3.2: Point cloud with Refractive index as intensity

In the paper [19] empirical equation for the index of refraction of seawater written
by Xiahong Quan abd Edward S Fry derived an expression to the refractive index as
a function of temperature, salinity and wavelength at atmospheric pressure as shown
below

n(S, T, λ) = n0 + (n1 + n2T + n3T
2)S + n4T

2 + n5 + n6S + n7T +
n8

λ2
+

n9

λ3
(3.1)

where n0 = 1.31405, n1 = 1.779 × 10−4, n2 = −1.05 × 10−6, n3 = 1.6 ×
10−8,n4 = −2.02 × 10−6,n5 = 15.868,n6 = 0.01155,n7 = −0.00423,n8 = −4382and
n9 = 1.1455× 106 are constants [19].

At first, we built the function with the above expression in matlab end simulated.
Since the expression is built with the constant there were some abnormal refractive
index values generated. This expression is also not depended upon the pressure which
is also one of the reasons for not choosing it. The pressure variation is also one of
the most important parameter to be considered when we are dealing with water at
increasing depth. In the same paper authors mentioned the origin of the formula[20].
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We started working on that empirical formula. The empirical formula that is gen-
erated by Gomer T Mcniel in “Material fundamentals of underwater systems” given
by Roswell W Austin and George halter in their “inside of refraction of seawater”
paper[21].
T Mc Neil loaded the values in a magnetic computer and trained the data to get the
following empirical equation for refractive index.

n = 1.3247 + 3.3 ∗ 103λ−2 − 3.2 ∗ 107λ−6 − 2.5 ∗ 10−6T 2 + (5− 2 ∗ 102T )
(4 ∗ 10−5S) + (1.45 ∗ 10−5P )− (1.021− 6 ∗ 104S)(1− 4.510−3T ) (3.2)

Where, n = refractive index
λ = wavelength of light in nm
T = temperature of water in Celsius
S= salinity of water in KG per sqcm
P= pressure of water in KG per sqcm

Since the simulation we want to do is the change in refractive index with increase
in depth. As the depth increases the pressure increases because the density changes
with increasing depth.
So here the pressure will be per-calculated and will be assigned to formula directly.
There is given in the paper that[21]

P = (p0 + p)0.05 ∗ Z
p0 = water density at surface.
p= water density at depth Z.

For the studies of the upper mixed larger of the ocean, the pressure variations
are small and is given by P= 0.00000137Z kg/cm2

If the depth is greater than 100m then we have to follow the pressure value given
by Mc Neil, P=0.104Z kg/cm2[20].

In matlab, the function was created with underwater conditions like temperature,
0 ◦C < T < 30◦C, salinity 33%o < S < 37%o.

The generated refractive index function is then simulated for a random value
within these boundary conditions of temperature, salinity for different λ sets.

All the papers so far proposed the empirical formula only for λ range between
400nm to 700nm. So, we check whether this empirical formula can be used for U.V
region between 200nm to 400nm. We generated graphs for the change in refractive
index values in different ranges of Lambda. We choose the below three ranges ran-
domly,
1. 350 nm < λ < 400nm
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2. 200 nm < λ < 400nm
3. 400 nm < λ < 600nm

The generated graphs are then compared to see whether the refractive index
values for empirical formula is accurate or not.

3.3 Experimentation

The aim of this experiment is to find out whether the generated refractive index
values for wavelengths in UV range are accurate or not. The simulated results that
we got might have an error. So in order to find out how much error is in the sim-
ulated values,experiments are conducted and values are tabulated.The experiments
are conducted in a perfectly aligned and isolated environment.

3.3.1 Apparatus

The main components of the experiment are Hamamatsu CCD camera and Hama-
matsu light generator.

Figure 3.3: CCD Camera[3]

Figure 3.4: Light Generator[4]
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The light generator is a lamp based light generator. The light generator can gen-
erate a light from 200nm to 1600nm wavelength. Since the entire U.V range which
is 200nm to 400nm which is harmful.The whole set up is enclosed in the chamber.
The walls of the chamber are made of UV absorbers. This chamber avoids any UV
to pass out from the chamber and helps to be safe from UV radiation.

3.3.2 Experiment procedure

The camera is set perfectly in alignment to the light source. The light source gen-
erates a beam of light. This beam of light is converted into a thin collimated beam
using collimator. The collimator gather all the beam of light originating from the
light generator and collimates it into a narrow light.

The camera we used is C800-30 employees on ultra-high sensitivity back thinned
CCD sensor which appears in extremely high quantum efficiency in a wide range of
UV, VOS and nearby wavelength. This camera has high UV sensitivity from 120nm.

Since the output from the collimator is 200nm to 1600nm but our region of inter-
est is non-visible light region which is 200nm to 400nm. To restrict the band above
400nm, we use a filter in front of the lens of CCD camera. The filter that we chose
for our experiment is a bandpass filter. This filter will allow 20nm of band from
370nm-390nm where as the peak of transmission range is 385nm.
The experimental setup is as shown below,

Figure 3.5: Side and Top views of Experimental setup

The generated light is passed through a fiber optic cable into collimator. This
collimator is maintained exactly perpendicular to the camera, i.e, the collimator is
exactly in 90◦C and at the center of the camera lens.
At first, we take an image without placing anything in the background. Then since
the container with the water also have refractive index that refracts when take an
image , while light is penetrating through it. Each and every time the container is
kept at the same position to achieve accurate results. Then the water is placed into
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the container. The water we used have different salinity values. As for the salinity
values are concern, the procedure of making this sea water is according to this[23],
where they explained about recreating a simple ocean water.

The images are captured and processed in separate programs. The images are
captured using Hammantsu software called HCImageLive as shown in 3.6. While
taking the image, the exposure time is kept constant. The exposure time for all the
images is and trigger made is fast frame method used is fast from rate.

Figure 3.6: HCImageLive

The images are captured and then processed in MATLAB. In MATLAB, we wrote
a code that calculate the brightest points of two image and then we calculate the shift
by calculating the distance between each of them. The same procedure is repeated
on all images from all experiments. Based on this we can find the refractive index.
The refractive index depends on that distance derivation is as shown in section 3.4.4.
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3.3.3 Calibration of image

Figure 3.7: Checker board

Figure 3.8: Horizontal values on black and white boxes on checkerboard



22 Chapter 3. Research Method

Figure 3.9: Vertical values on black and white boxes on checkerboard

In order to get the distance between two pixels in metric units from the images.
The images need to be calibrated. We take the pictures of the checkerboard with 2×
2cm then generate the below graphs.

In this graph we can see the point repeat the values on black and white boxes on
checkerboard. By calculating the pixel difference, we get number of pixels for each
box. For more accuracy, we repeat this process for vertical image also.From figure
3.8 and 3.9, the average number of pixels is 136. So, according to that distance of the
pixels are 2

136
= 0.1471mm. We use this value to calculate distances as in equations

3.3 and 3.4

For the calculation of Xexp we’ll use the photographs of background, empty con-
tainer, and container with water. We calculate the shift between empty container
with a respective to background eq 3.3 and container filled with water 3.4 with the
respective to background.
This shift is calculated by calculating the distance between two points including real
world pixel distances as shown below.

DstBGPC =
√

(((PCX − BGX) ∗ 0.1471)2 + ((PCY − BGY ) ∗ 0.1471)2) (3.3)

DstBGimg1 =
√
(((x1− BGX) ∗ 0.1471)2 + ((y1− BGY ) ∗ 0.1471)2) (3.4)

where, PCX and PCY are coordinates of brightest point of an empty container
image figure 3.10. BGX and BGY are coordinates of brightest point of background
image figure 3.9. x1 and y1 are coordinates of brightest point of container with water
image figure 3.10.

Then we subtract the both obtained shifts to get the Xexp value. The images of
background, empty container, and container with water as shown below in 3.10,3.11,
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Figure 3.10: Background

Figure 3.11: Empty container and Container with water

3.3.4 Derivation for shift distance

From Snell’s law we know that,

n2

n1

=
sinθ1
sinθ2

(3.5)

where n1 = refractive index of air
n2 = refractive index of water
θ1 = angle of incidence
θ2 = angle of refraction

In the experiment, we know that the camera angle is at 90◦ and n1 is 1 (refractive
index of air)

n2

1
=

sin90◦

sinθ2

sinθ2 =
1

n2

θ2 = sin−1 1

n2

(3.6)
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Figure 3.12: Shift distance from snells law

θ2 ∝ 1

n2

n2 ∝ 1

θ2
(3.7)

from the figure 3.12

tanθ2 =
AB

OA
=

X

d

X = d ∗ tanθ2 (3.8)

From 3.8, we know that
X ∝ θ2 (3.9)

Susitution 3.9 in 3.7, we get

n2 ∝ 1

θ2
∝ 1

X
(3.10)

From the figures we know that the light is going to shift due to presence of water.
So, the distance between this is due to change in refractive angle. Then this distance
X is compared with the refractive index generated.
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Results and discussions

4.1 Results

From the literature review that we did for this thesis, we found that certain factor
like temperature, pressure and salinity will effect refractive index. In [20] at et.al
Mc.Neil presented the refractive index of sea water at different depths. In his re-
search he presented an empirical equation to determine the refractive index of sea
water and fresh water for practical operational purposes. Mc.Neil determined this
empirical equation from the data recorded in research done by Roswell W. Austin
and George Halikas. They recorded huge data, based on this data Mc.Neil proposed
the empirical equation of refractive index as a function of temperature, salinity, wave-
length and pressure at different depths.

The empirical formula is valid for the certain condition of temperatures(0◦C <
T < 30◦C), salinity (0%o < S < 30%o) and wavelengths (400nm < λ < 700nm). In
this thesis we consider the values observed by the researchers at National Ocean Ser-
vice (NOS) in National Oceanic and Atmospheric Administration (NOAA), Optical
society (OSA publishers). According to their research, the temperature changes with
depth is 10◦C < T < 30◦C [15] and salinity changes with depth is 33%o < S < 37%o.

In the simulation, we considered the above values of temperature, salinity, pres-
sure and wavelengths for different depths. Then we calculate the refractive index
values, which are decreasing for 400nm < λ < 700nm. The refractive index value
700nm wavelength is 1.3316 and refractive index value 400nm wavelength is 1.3748.
Clearly we can say that with decreasing wavelength the value of refractive index is
high. The velocity of light is low at lower wavelengths since the refractive index
values is high. This phenomenon does not effect much for the changes temperature,
salinity and depth.

We created graphs to illustrate the change in refractive index values over a variety
of λ values. We select randomly three ranges below.In order to compare and judge on
continuity we consider lambda that are valid for the eq 3.2 and also the wavelengths
of UV region. 1 and 2 are in UV region 3 is in between 400nm < λ < 700nm[20].
1.350nm < λ < 400nm
2.200nm < λ < 400nm
3.400nm < λ < 600nm

25
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Figure 4.1: RI vs 400nm < λ < 600nm

The above graph is generated for the wavelengths ranging from 400nm < λ <
600nm.

Figure 4.2: RI vs 350nm < λ < 400nm and 200nm < λ < 400nm

The above figure 4.2, is generated wavelengths ranging from 350nm < λ < 400nm
and 200nm < λ < 400nm which are wavelengths of UV range.
It is clear from the patterns in the graphs, the refractive index values generated
by empirical formula at wavelengths 200nm < λ < 400 nm range follows the same
pattern as we generated in figure 4.2. So, we can consider this continuity in the
pattern as a proof that the chosen empirical formula is valid for wavelengths 200nm
< λ < 400nm i.e, UV range.

As seen above, similar empirical formulae are now also employed in the ultraviolet
area. Thus, we now construct several instances for the purpose of comparing the
values obtained by simulations and experiments. In these real-time tests, we utilize
a camera to see the shift in the light, but in simulation, we will compute the shift in
the picture (X) using the produced RI values. We will compare the shift values of
experimented and simulate and then determine the inaccuracy and the simulation’s
accuracy based on the difference between them.
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4.1.1 Experiments conducted

We assumed the five partitions of our container to be 100m deep in all of our trials.
Thus, each partition is 20 m deep, and in Experiment Set 4, we will fill in the salinity
values at those depths for each partition and measure the difference in that order.
To determine the outcome of the experiment, their individual background pictures
and exposure times are factored into the final output. All studies utilized a single
band-pass filter with a pass-band of 370nm to 390nm.

Experiment No. 1: The first partition of the water container contains 33 percent
salty water. The shutter speed of the camera is set at 5.6. 120.76ms is the exposure
time. At 24 degrees, the temperature is considered to be at room temperature.

Experiment No. 2: The water container with the first partition filled to 35%
with saline water. The shutter speed of the camera is set at 5.6. 120.76ms is the ex-
posure time. At 24 degrees, the temperature is considered to be at room temperature.

Experiment No. 3: Fill a water container with 36 percent saline water in the
fifth partition. The shutter speed of the camera is set at 5.6. 512.13ms is the ex-
posure time. At 24 degrees, the temperature is considered to be at room temperature.

Experiment No. 4:
Case 4.1: Fill a water container with 36% saline water in the fifth partition and

35% saline water in the fourth partition.The shutter speed of the camera is set at
5.6. 512.13ms is the exposure time. At 24 degrees, the temperature is considered to
be at room temperature.

Case 4.2: Fill a water container with 36% saline water in the fifth partition, 35%
saline water in the fourth partition, and 34% saline water in the third partition. The
shutter speed of the camera is set at 5.6. 512.13ms is the exposure time. At 24
degrees, the temperature is considered to be at room temperature.

Case 4.3: Fill a water container with 36% saline water in the fifth partition, 35%
saline water in the fourth divider, 34% saline water in the third partition, and 33%
saline water in the second partition. The shutter speed of the camera is set at 5.6.
512.13ms is the exposure time. At 24 degrees, the temperature is considered to be
at room temperature.

Case 4.4: Fill a water container to the brim with 36% saline water in the fifth
partition, 35% saline water in the fourth partition, 34% saline water in the third
partition, 33% saline water in the second partition, and surface seawater in the first
partition. The shutter speed of the camera is set at 5.6. 512.13ms is the exposure
time. At 24 degrees, the temperature is considered to be at room temperature.
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EXPERIMENT NO Xexp(mm) X(mm) Error(mm) Variance(mm)
Experiment NO1 1.4906 4.7239 3.2333 9.8471e−06

Experiment NO2 0.4161 4.7226 4.3065 9.0121e−06

Experiment NO3 0.1135 4.7215 4.6080 9.0035e−06

Experiment NO4(Case4.1) 1.2273 4.7218 3.4945 1.0683e−05

Experiment NO4(Case4.2) 0.2137 4.7216 4.5079 1.2502e−05

Experiment NO4(Case4.3) 1.6049 4.7215 3.1167 1.4466e−05

Experiment NO4(Case4.4) 3.1458 4.7216 1.5758 1.4468e−05

Table 4.1: Comparison of shift distances in experiment and simulated values

4.2 Discussions
In this section, research questions that are mentioned in research method section are
answered.

[RQ1] What parameter’s have an impact on the UV region’s imple-
mentation of underwater communication?

From this thesis literature review, we have found that the parameter’s that
are effecting the UV penetration is temperature, salinity, pressure and depth.That
means the refractive index is function of temperature, salinity, pressure and wave-
lengths.Salinity is the amount of salt present in 1 liter of water. The tempera-
ture, salinity, pressure changes with depth so does the refractive index of water
changes.This change in the parameter’s leads to change in refractive index.Due to
change in refractive index it is hard to penetrate the UV range wavelengths to pen-
etrate.

[RQ2] How do these parameter’s impact the value of the Refractive
Index as the depth increases?

Figure 4.3: Change in Refractive index

From the figure 4.3, we can see that the Refractive index values changes linearly
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with the wavelength of the light. In UV region when the values increases from 200nm
to 400nm, the values of the refractive refractive index decreases. It is clear from the
section 4.1, how the shifting of the light changes within UV region.

It is clear from [20] Table 2 that the pressure increases with depth. The amount
of water above increases with increase in depth so do the pressure. From [21] Table
A-5, we can see that the refractive index is increasing with increase in pressure.

From [21] Table A-1, at atmospheric pressures with increase in salinity the value
of the refractive index is also increasing. But when the salinity is kept constant and
the temperatures are increased then the refractive index is decreasing.

[RQ3] Determine whether or not the empirical formula used to calcu-
late the refractive index in the ultraviolet region is accurate ?

We have generated a very big matrix (10000*10000) as shown in fig?? of RI val-
ues. Each refractive index values are generated from a random values of temperature,
salinity,wavelengths and depths.Among all these values we have collected few sets of
data based on its wavelengths to check the continuity in the pattern.According to
[20] the empirical formulae eq?? is valid only for 400nm < λ < 700nm.

Before using the empirical formulae in UV region we need to check if the formulae
is valid in 200nm < λ < 400nm or not. So we select the values 350nm < λ < 400nm
and 200nm < λ < 400nm in UV range 200nm < λ < 400nm. In the results sec-
tion, we have proved how the values of the chosen empirical formulae is following
the pattern for the UV region also. Since the chosen empirical formulae followed the
pattern we used it in our experiments.

[RQ4] How precise are the simulated values in comparison to the ex-
perimental ones?

We know that the empirical formulae are true in the ultraviolet area. We’re now
going to construct the experimental setup. We can alter the salinity of water and
add varying quantities of salt. For example, if we want a salinity value of 36%, we
combine 64 ml water with 36g salt. Now, in accordance with the experiments de-
tailed in the results section, we build an environment and conduct the experimental
method. The same image processing is followed for all the experiments. Then we
will select the RI values generated from simulation according to the values used in
each experiment and calculate the shift distance from them.

In the results, we have shown how much difference the values i.e. errors and
their respective variances. We found that The experiment’s shift value is decreasing,
indicating that the experimental and simulated findings are profoundly in the same
order. As the shift values are decreasing with the increase in salinity ,the refractive
index of water decreases, eq3.10 .From the literature review we know that refractive
index of water decreases with increase in salinity.





Chapter 5
Conclusions and Future Work

5.1 Conclusion
The shifts that are generated from simulation have maintained almost constant vari-
ation. But the shifts that are generated from experiment are interestingly increasing
with increasing depth i.e, when there is only one partition is filled with different
salinity in experiment 1, experiment 2, experiment 3, there is more error. As the
salinity of water is increased from 33%o, 35%o, 36%o respectively. The shift value of
the experiment is decreasing which means, actually the experiment results and simu-
lated results are following the same order as we found from literature reviews. Since
the refractive index of water is increasing with increase in salinity. If the refractive
index increases, shift values of experiment or simulation decrease as from eq 3.9.

From the experiment four, we have seen that Xexp is increasing with increasing in
depth except in case 4. But clearly from eq 3.10, we can say that Xexp value is rapidly
increasing for rest of the cases(1,2,3). If the refractive index values are decreased
the velocity of light is increased that is the chances of penetration are more. The
experimented values are following a correct flow but when comparing them with the
simulated results, but the error is high. The X values a decreasing when we are
moving towards creating a real time scenario. There are between both the shifts
are high but if we observe the values of X, they are also following a pattern. For
experiment 1, experiment 2 an experiment 3 the X values decreased with increasing
salinity. But when the depth is increasing ,the X values from simulation are constant.

5.2 Future work
Due to lack of time and resources, numerous modifications, testing and study have
been left for future. the following hypothesis could be tested,

• If we observed from the from table 3.1, we could see that shift difference of sim-
ulated and experimented shift value is large. This is due to empirical formula
generated at real depths in experiments are done at assumed depths.

• The experiment needs to change do an exact simulating scenario then we can
see more accurate results.

• The experiment we have conducted are very less, it could be better if more
experiments were conducted by considering real environment like using actual
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sea water than a substitute sea water.

• It would be more interesting if one can simulator the temperature changes into
experiment.

• Experimenting in a 100m deep tank will also be more interesting because with
more depth, pressure can be taken into consideration.

• Finding a better filter with 100% efficiency in transmitting the UV light at dif-
ferent wavelengths will help in finding the penetration at different wavelengths
of light.

• Conducting more experiments by changing different band pass filters in UV
range.
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