Analyzing the Propagation Behavior of a Gaussian Laser Beam
through Seawater and Comparing with Atmosphere
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Abstract: Study of the beam propagation behavior through oceanic media is a challenging
subject. In this paper, based on generalized Collins integral, the mean irradiance profile of
Gaussian laser beam propagation through ocean is investigated. Power In Special Bucket
(PIB) is calculated. Using analytical expressions and calculating seawater transmission, the
effects of absorption and scattering on beam propagation are studied. Based on these
formulae, propagation in ocean and atmosphere are compared. The effects of some optical
and environmental specifications, such as divergence angle and chlorophyll concentration
in seawater on beam propagation by using mean irradiance, PIB and analytical formula of
oceanic transmission are studied. The calculated results are shown graphically.
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1 Introduction

With the increasing human presence in the seas and
oceans, also the development of electro-optics devices
based on detection of lights propagating through water,
nowadays, investigation of behavior of light
propagating through this dynamic fluid has a significant
importance. Since humans are limited in their ability to
work underwater, Remotely Operated Vehicles (ROVs)
and Autonomous Underwater Vehicles (AUVs) have
been in service since 1950s to perform underwater
tasks, such as collecting data and retrieving items. The
mobility requirements of submarines and autonomous
underwater vehicles make tethered links infeasible. The
radio frequency electromagnetic waves are highly
attenuated in ocean water, preventing their wide spread
use and acoustic communication are limited in
bandwidth. Optical wireless communications that
exploit the blue/green transparency window of seawater
potentially offer high bandwidth with short-range
communications [1-6]. The biggest challenges of
underwater optical communications originate from the
fundamental characteristics of ocean water. Light
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sources and detector technologies are relatively well
developed on the component level, but there is little
information available concerning the use of ocean water
as an optical communication media compared to the
other ones such as atmosphere [7, §]. It is necessary to
have a comparison between two media, water and
atmosphere, to find similarities and dissimilarities. In
this paper, first, analytical formula for intensity
distribution of laser diode Gaussian beam, which
propagates through optical path in seawater, is derived.
In next step, quantitative effects of seawater scattering
and absorption as an optical power attenuation factor
(transmission function), in the fixed deep, is calculated.
It is worth mentioning that the effects of ocean
phenomena are classified in two groups: 1- Scattering
and absorption, 2- Turbulence (The pressure and
temperature gradient and sea waves cause oceanic
turbulence and affect optical wave propagation). In this
paper, the effects of scattering and absorption are
investigated but the effect of turbulence is neglected.
After the selection of appropriate wavelength for
underwater propagation, the comparison between
atmosphere and water attenuation is done. The detector's
received power is calculated analytically. Based on the
analytical formulae of intensity distribution and optical
power, the effects of chlorophyll concentration, initial
beam divergence and optical path on propagation
behavior are investigated. The related results from
calculation and simulation are illustrated by graphs and
tables.
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2 Gaussian Beam Propagation through Ocean

For a Gaussian beam with circular symmetry at the
plane z' (distance from beam waist location), the
electrical field distribution can be expressed as follows

[9]:
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where w,, w(z') and F,(z') are beam waist, a

)

measure of the beam width and wave front radius of
curvature, respectively. A4, 1is the field constant

amplitude. £(z') is longitudinal phase. Propagation of

the light electrical field is calculated based on
generalized Collins formula as follows [10]:

- —Jjk, .
U(r,z) = 271[]; exp(]koz)

2

xT TUO(ﬁ,O)exp{gz (A,o2 -2pF+Dr’ )}dzp

where 7 and p are the transverse coordinate vectors at
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receiver and transmitter planes, respectively. A, B, C
and D are ABCD matrix elements of the optical system.
The ABCD matrix elements for media with constant
refractive index as follow [11]:
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To achieve the formula for describing laser beam
intensity distribution, it is necessary to substitute Eq. (1)
in Eq. (2), and solve the related integral using ABCD
matrix elements (Eq. (3)). Using the integral results and
the cross-spectral density function,

I(F,z)= <U(F,Z)U* (F,z)> , the intensity distribution

formula is calculated as follows:
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where A, is vacuum wavelength. Considering this fact

that only some part of the receiving power can reach the
detector, the received power must be calculated over a
circular area with radius “a” as follows [9]:

alm

P =[[1(F.z)rd¢dr (5)

where [(7,z) is intensity distribution in (7,z).
Substituting Eq. (4) into Eq. (5), the power on the
surface of optical receiver can be calculated as follows:
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In this calculation, the ocean water effects have not
been included. However, in almost all applications, it is
necessary to take ocean water effects and transmission
function of ocean into the account. In Section (3) the
ocean transmission function due to absorption and
scattering are calculated.

3 Ocean Water Transmission Calculation

The basic formula for a typical optical intensity
distribution propagating through ocean water is an
exponential decaying function, Beer’s Law [12]:

1(7,2)=1,(7,z)e"F )
where 1(7,z) is the intensity distribution after traveling

the path length z through the medium with loss,
1,(7,z) is the intensity distribution without considering

medium attenuation, and (/) is the total attenuation
coefficient of the medium. Attenuation underwater is
the loss of beam intensity due to both intrinsic
absorption by water, dissolved impurities, organic
matter and scattering from the water, impurities
including organic and inorganic particulates. The
amount of attenuation changes with each water type.
The total attenuation coefficient of seawater is
calculated as follows:

a(2)=a(2)+b(A) ®)

where a(4) is spectral absorption coefficient and b(4)

is the spectral scattering coefficient. Considering the
absorptions of Chlorophyll, fulvic and humic acids, the
total absorption coefficient is obtained as follows [4, 7,
13]:

a(z)zaw(l)wf(ﬂ)(%fjm ©)
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where

a ( /1) Absorption coefficient of pure
water
a()( ﬂ) Specific absorption coefficient of
¢ chlorophyll
& =35.959 m’ Specific absorption coefficient of
! T mg fulvic acid
4" =18.828 m’ Specific absorption coefficient of
T mg humic acid
C The total concentration of

chlorophyll in mg/m’
c=1"8

3

m
_ 1
k,=00189
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k,=0.01105 1/

C, The concentration of fulvic acid

C, The concentration of humic acid

For chlorophyll concentrations 0<C, < 12 A 3y
C, and C, are as follows [4, 7, 13]:

C, =1.74098C. exp(0.12327 [ g )] (10-a)

¢

C, =0.19334C_exp [O. 12343[5; D (10-b)

Scattering can be thought of as the redirection of
incident photons into new directions, so it prevents the
forward on-axis transmission of photons, thereby
casting a shadow. This effect is taken into account as an
extinction (Total scattering) coefficient. The total

scattering, b(l), is a linear combination of the
scattering coefficient of pure water, b, (1), scattering

from small particles, b'(4), as a function of

wavelength and concentration, and scattering from large
particle, b/ (/1) , as a function of wavelength and

concentration. b(/l) is given by [4. 7, 13]:
b(A)=b,(2)+b'(A)C +b(2)C, (11

where
C_ = Total concentration of small particles

C, = Total concentration of large particles

b, (1) =0.005826 4000
: 2

s

b (A)= 1.151302(4%)

400
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Adding all three functions together gives:
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Using Egs. (8)-(14), the ocean water total
attenuation coefficient is calculated as a chlorophyll
concentration function. Mean chlorophyll concentration
is estimated with Satellite Ocean Color Sensor. In 1976,
N. G. Jerlov published the book Marine optics that
proposed a system for classifying the clarity of the
water based on chlorophyll concentration value. This
system 1is still widely used since it is convenient. The

various water types are divided into two categories:
oceanic (blue water) and coastal waters (littoral zone).
The oceanic group is subdivided into 3 groups, type I-11I
and the coastal groups are subdivided into types 1
through 9. The chlorophyll concentrations in the five
different Jerlov Water types are summarized in Table 1
and it is the basis of next section calculations and
simulations.

4 Results and Discussions

In this section, based on Egs. (4)-(14), the
calculations related to investigation of the source
parameter’s effects (Such as initial beam divergence)
and environmental factors (such as chlorophyll
concentration, optical path length) on propagation
properties are done and the results are shown as tables
and graphs.

Table 1 Chlorophyll concentrations for five different Jerlov
Water types [13].

Concentrations of chlorophyll
Jerlov Water type 3 Py
mg/m
I 0.03
1A 0.1
1B 0.4
I 1.25
111 3
3 : T T T T T :
£ —Water type I
3 ===Water type IA
E 25X Water type IB
5 X == Water type IT
Z 9 x X Water type Il
g X
5 Xy
Z 150 Xy
H XX %X x XXX
L Xx o x XXX XX
: 1-\,\‘ xxXxxxxxX
=
S
=
=
g
é

Wavelength (107 m)

(@)

—Water type I

===Water type IA
““““ ‘Water type IB
==+Water type II
X Water type 111

3 35 4 45 5 55 6 6.5 7
Wavelength (107 m)

(b)
Fig. 1 (a) The total spectral attenuation coefficient for five
Jerlov water types in range 300-700 nm, (b) The total
transmission for five Jerlov water types in range 300-700 nm.
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Table 2 The amount of five different water types transmission
for four different wavelengths

Jerlov Transmi.ssio Transmi.ssio Transmi_ssio Transmi.ssio
Water|™ coefficient|n coefficient|n coefficient|n coefficient
type (dB/m) (dB/m) (dB/m) (dB/m)
A=405nm | A=450 nm | A =532 nm | A =632 nm

I -0.17 -0.16 -0.27 -1.42
IA -0.31 -0.30 -0.35 -1.50
IB -0.85 -0.84 -0.72 -1.83
11 -2.39 -2.27 -1.78 -2.78
I -5.89 -5.42 -4.20 -4.59

Fig. 1(a) shows the graph of total attenuation
coefficient (m™) as a(/l)=a(/l)+b(/1) for five

different Jerlov Water types. Fig. 1(b) shows the
transmission values as a function of wavelength and
chlorophyll concentration value and Table 2 illustrates
the amount of five Jerlov water types’ transmission
coefficients for four different wavelengths.

Examining Fig. 1 and Table 2 will notice that the
minimum for the a(A) shifts to right, from blue region,
~450nm for first two type of Jerlov water, to the more
greenish region, ~525nm for water type IB, II and III.
The different concentrations of absorptive debris
suspended in the different water types cause the shift in
wavelength minimum. The loss due to the attenuation
coefficient will cause a change in the power reached to
the receiver. As a(A) increases, the distance at which the
minimum power can be achieve decreases. Therefore,
the laser diodes with wavelength 450 nm and 532 nm
are selected to compare the propagation through water
with atmosphere. Similarly, 1550 nm laser diode
experiences small amount of attenuation propagating
through atmosphere. Based on this fact, transmission
coefficient of laser beam with 1550 nm wavelength
through some worse weather conditions, dense fog and
low visibility, are summarized in Table 3.

Comparing the values in Tables 2 and 3 shows that
atmospheric transmission in the worst case is more than
the amount of oceanic water transmission in the best
condition. Thus the laser propagation path length is
about a few tens to several hundred meters, unlike the
atmosphere. Laser beam intensity distributions
propagating through IA water, in z=60m for four

different wavelengths are shown in Fig. 2. The laser
source  properties are assumed as follows:
P =200 mw,8, =1.5mrad and w,=1cm .

As mentioned before and based on Fig. 1 and Fig. 2,
450 nm laser diodes propagating through I and IA
waters have maximum transmission values and
minimum attenuation amounts. However, through IB, 11
and III water with more chlorophyll concentration, 532
nm laser diode experience minimum amount of
attenuation.

Table 3 Atmospheric transmission through fog conditions
Weather condition| Visibility (m) cozf;fc‘;:ﬁ‘zf;]‘;;'m)
Dense fog 50 -0.24
Thick fog 200 -0.058
Moderate fog 500 -0.022
Light fog 1000 -0.01
Light mist 2000 -0.004

Considering this fact, first, propagation properties of
450 nm laser diode through I and IA waters are
analyzed, then, 532 nm laser diode propagation through
IB, II and III water types are studied in Fig. 3. This
figure shows intensity distribution for four different
wavelengths in z=30m. In this figure, laser beam

propagates through II water and the other parameters are
the same as Fig. 2.

Fig. 4 shows intensity distributions in three different
propagation path lengths. 450 nm and 532 nm laser
diodes are investigated in Fig. 4(a) and 4(b),
respectively. As it is expected, increasing propagation
path length causes an increase in attenuation amount.
Fig. 4(c) shows 450 nm laser diode propagating through
IA water type.

Propagation behaviors of laser diode with different
initial beam divergence are the same as propagation
properties through atmosphere. Fig. 5 illustrates this
phenomenon. Any increase in initial divergence angle
causes an increase in beam spatial broadening.

0.2 T T T T T T T

—Wave length= 405 nm ||
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““““ Wave length=532 nm
==-Wave length=632 nm

-0.25 -0.2 -0.15 -0.1 -0.05 0.05 0.1 0.15 0.2 0.25

0
X(m)
Fig. 2 Intensity distribution in z= 60 m for four different
wavelengths through IA water.
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Fig. 3 Intensity distribution in z= 30 m for four different
wavelengths through II water.
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Fig. 4 (a) Intensity distribution of 450 nm laser beam for three
different propagation path lengths through II water, (b)
Intensity distribution of 532 nm laser beam for three different
propagation path lengths through IA water, (c) Intensity
distribution of 450 nm laser beam for three different
propagation path lengths through IA water.

The propagation properties of laser diode with
A=532 nm in different water conditions are the same as
450 nm laser diode in IA water type. Any increase in
chlorophyll concentration causes an increase in
attenuation due to absorption and scattering and leads to
reduction in intensity peak value. Fig. 6 shows the effect
of chlorophyll concentration variation. Fig. 6(a) shows
this effect on 450 nm laser beam. Chlorophyll
concentration variation influence for 532 nm laser diode
is shown in Fig. 6(b).

In Fig. 6, as it is expected, increasing chlorophyll
concentration causes a decrease in intensity peak values
and this behavior is the same for both wavelengths. Fig.
7 shows the intensity distribution of 532 nm laser diode
propagating through IB, II and III water types.
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Fig. 5 Intensity distribution in z= 60 m for three different
initial beam divergence.
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Fig. 6 (a) Intensity distribution of 450 nm laser diode for two
different Jerlov water types, (b) Intensity distribution of 532
nm laser diode for two different Jerlov water types.

As it is shown, propagation behavior through IB, II
and IIT waters are the same as I and IA water types. As
it is mentioned, the amounts of attenuation are different
for IB, IT and III Jerlov water types.

The other important factor in propagation behavior
investigation is received power of the detector. The
amount of received power with 20 cm diameter’s
detector for 450 and 532 nm laser diodes propagating
through different water types are summarized in Table
4.

Based on the above mentioned calculations, in I and
IA water types, the 450 nm laser diode attenuation
values are lower than 532 nm ones. However, through
IB, II and III water types, 532 nm laser beams
experience less attenuation. Results of Table 4 indicate
this behavior. For two water types, I and IA types, the
amount of received power values for 450 nm
wavelengths are more than 532 nm lasers. However, for

Kashani et al: Analyzing the Propagation Behavior of a Gaussian Laser Beam through ... 201



0.35 T T T T T T T
““““ Water type IB
0.3r —Water type Il |
Y ---Water type Ill
0.25 B
2 02 E
[}
8
g 015 1
[R13 E
0.05 1
1 L L o o 1 1 L i, 1 L 1
0.25 -0.2 -0.15 -01 -0.05 0 0.05 01 015 0.2 0.25
x(m)
(a)
x10° : :
—Water type Il
---Water type Il
2
2 10 R
2
£

n L L n
-0.1 -0.05 0.05 01

X(lll'n)
(b)

Fig. 7 (a) Intensity distribution in three water types with
different chlorophyll concentration values, (b) Intensity
distribution in two water types with different chlorophyll
concentration values.

Table 4 Received power for two different laser diode
wavelengths.

Water | Received power for | Received power for
type 532 nm (dBm) 450 nm (dBm)
| 14.94 18.10
1A 12.37 13.83
1B 1.48 -2.09
I -30.37 -45.10
111 -102.61 -139.53

532 nm laser beams the amounts of received power in
IB, II and III Jerlov waters are higher than the other
wavelength received power values in the same
conditions. Fig. 8 shows variation of received power
values versus propagation path length for two
wavelengths, 450 nm and 532 nm, through different
water types.

As it is shown in Fig. 8, increasing propagation path
length causes an increase in laser and water interaction
and consequently a decrease in water transmission. This
transmission reduction leads to decrease in the amount
of received power by increasing optical path length.

The other parameter, which can have significant
effects on propagation behavior, is initial beam
divergence. Fig. 9 shows the effects of initial source
divergence on received power which the 450 nm laser
beam propagates through IA water types.
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Fig. 8 (a) Received power values versus propagation path
length for 532 nm laser, (b) Received power values versus
propagation path length for 450 nm laser.
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Fig. 9 Received power for three different initial beam
divergence.

It is clear that due to the short propagation path
length and small value of divergence angle, divergence
value has no significant effect on received power
values. It is worth mentioning that in the other
situations- such as longer propagation path length,
larger initial divergence angle or smaller aperture
diameter- this behavior changes.

5 Conclusions

The absorption and scattering of laser beams through
ocean water have a significant effect on the performance
of imaging and communication systems. Therefore,
investigation of propagation behavior is very important.
In this paper, analytical formula for intensity
distribution on receiver plane is derived. By considering
transmission of atmosphere and water, the effects of
water attenuation is compared with atmospheric
attenuation. Also, the effects of initial beam divergence
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and chlorophyll concentration are investigated and it is
clarified that: 1- The laser beams with different
divergence values experience different amount of
spreading as same as propagation behavior through
atmosphere. However, divergence has no strong
influence on received power due to short propagation
path length and small amount of divergence. 2- Any
increase in chlorophyll concentration causes a decrease
in the amount of water transmission which leads to
decrease in intensity peak and received power values. 3-
Water transmission values through I and TA waters are
lower in 450 nm wavelength. 532 nm laser diode
propagating through IB, II and III water types
experience less attenuation. 4- As it is expected,
increasing optical path length causes an increase in
attenuation values.
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