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Abstract— This paper has presented the deep analytical study of free space and under water optical wireless communication systems
performance parameters estimation over wide range of the affecting parameters. The effect of fog attenuation on optical wireless
communication link is deeply investigated. Scattering coefficient, signal attenuation, receiver signal power, signal transmission, optical
thickness or optical depth, link margin, data rate, signal to noise ratio (SNR), and bit error rate (BER) are the major interesting
performance parameters in the current study for free space optics. On the other underwater optical wireless communication systems are
also deeply investigated. Due to its high attenuation in water, a radio frequency (RF) carrier is not the optimum choice. Acoustic
techniques have made tremendous progress in establishing wireless underwater links, but they are ultimately limited in bandwidth. In
traditional communication systems, constructing a link budget is often relatively straight forward. In the case of underwater optical
systems the variations in the optical properties of sea water lead to interesting problems when considering the feasibility and reliability of
underwater optical links. The main focus of this paper is to construct an underwater link budget which includes the effects of scattering
and absorption of realistic sea water.
Index Terms— Free space optics, Under Water optical wireless, Fog attenuation, Link margin, Data rate, and Performance
parameters.

I. INTRODUCTION
An optical wireless (OW) or Free Space Optics (FSO) link
can be established using Lasers or light emitting diode (LED)
between any two line of sight points in free space for a certain link
distance, enabling point-to-point data links at rates exceeding 1
Gbit/sec. Lasers work in the visible and near infrared spectrum of
the electromagnetic radiations. The inherent advantage of using
lasers for establishing connection between two geographically
separated line of sight points provides a well-focused narrow beam
that on one hand is secured and on the other hand is less scattered
as it traverses the free space mostly the earth atmosphere [1, 2].
OW is now finding niche applications both in military as well as
commercial services sectors and is being researched for scenarios
involving communication between fixed as well as mobile
platforms. Few of the potential application scenarios of OW links
are transmission links between satellites, links for deep space
missions, links between unmanned aerial vehicles (UAV), high
altitude platforms (HAP), data links from earth to satellites and
reestablishing high speed connections in case of emergency or
disaster recovery situations [2]. The optical beam traversing
through the earth atmosphere is attenuated by absorption and
scattering of radiation from fog, clouds, snow, rain, sleet and dust
etc. This attenuation is typically dominated by fog, clouds and
snow. However, the attenuation due to snow, rain and sleet etc., is
generally less significant as compared to signal transmission
through fog and clouds, such that the optical signal becomes weak
enough that the communication system will cease to operate [3].
The real challenge to these optical wireless links arise in the
presence of different fog conditions: as the size of the fog particles
is comparable to the optical wavelengths used for transmission [4].
The most commonly used wavelengths (850 nm, 1300 nm, 1550
nm) in FSO fall inside the transmission window such that the
contribution of attenuations from phenomena like absorption to
total extinction are almost negligible as compared to scattering, the
most dominant factor of optical signal attenuation in free space[5].
A resurgence is occurring in the area of underwater laser
communications. While acoustic systems are currently the more
mature technology, they are ultimately band-limited to sub MHz
type data rates due to the frequency dependent absorption of
acoustic energies in water [6]. Advances in fiber optic and free
space links have shown promise for optical links to provide data

rates in excess of a gigabit per second. It is not surprising then, that
laser links are being considered for Naval applications involving
high bandwidth communications undersea. A major challenge in
implementing optical links underwater arises from the spatial
dispersion of photons due to scattering. Spatial spreading of the
optical beam reduces the photon density at the receiver position. A
such [7], optical links are only expected to be of greatest utility in
links <100 m. Nonetheless, it appears that end users may accept
limited link range in exchange for the gain in information
bandwidth that optical links may provide. Additionally, researchers
continue to study how spatial spreading affects the time encoded
portion of the transmitted optical signal. Temporal dispersion
arising from multiple scattering events may result in inter-symbol
interference (ISI), further limiting link range and/or capacity [8].
The challenges of underwater communication while at speed and
depth are widely known in Naval communities. Despite rapid
growth in radio frequency (RF) wireless technologies, undersea
applications were relatively unaffected, as radio frequencies do not
penetrate the sea surface and are highly absorbed by water. RF
communication from land to submarines, but it is terribly
inefficient due to the large ground stations required and results in
dreadfully low bandwidths compared to today‘s communication
standards. Acoustic techniques on the other hand have enjoyed
large success in providing moderate data rates undersea [9].

II. MATHEMATICAL MODELING ANALYSIS
II. 1. FREE SPACE OPTICS MODEL
Fogs are composed of very fine water droplets of water,
smoke, ice or combination of these suspended in the air near the
Earth's surface [10]. The presences of these droplets act to scatter
the light and so reduce the visibility near the ground. A fog layer is
reported whenever the horizontal visibility at the surface is less
than 1 km [7, 8]. Normally, after sunset a strong cooling takes
place near the earth surface through the divergence effect of long
wave radiation. As the cooling increases, the relative humidity (the
ratio of absolute humidity to saturation) increases until fog droplets
are activated. Typically, fog formation takes place as the difference
between temperature and dew point becomes (5 °F) 3 °C, or less
and as a result water vapors in the air begin to condense into liquid
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water form while relative humidity reaches to 100% [11]. The
scattering coefficient can be expressed as a function of the
visibility and wavelength. The scattering coefficient in hazy days
can be determined by using the following formula [12]:
q

3.912  550 nm 
(1)


V   
Where V is the visibility in meters, λ is the optical signal
wavelength in nanometers and q is the size distribution of the
scattering particles (0.16 V+0.34 if 1 km < V < 6 km, q=V-0.5 for
0.5 km < V < 1 km, and q=0 for V < 0.5 km). The atmospheric
attenuation is described by the following Beer‘s Law equation [13]:
(2)
  10 log exp ( L)
Where L is the optical path length. As well as the signal
transmission, T can be described by the following equation:
(3)
T  exp    L



It is possible to identify a fog condition with a visibility range and
relate it to the optical attenuation by using the Kruse formula.
However, this formula is inapplicable to fog because the
wavelength dependence of fog is too small in the visible and
infrared range [14]. The parameter that indicates the thickness of
fog is the optical depth. Optical depth generally indicates the
average number of interactions that light will incur when
propagating through a multiple-scatter channel. The optical depth τ
is defined as a function of atmosphere attenuation and optical path
length as follows:
L
(4)

4.343
Advection fog is formed by the movement of wet and warm air
masses above colder maritime or terrestrial surfaces. It is
characterized by liquid water content higher than 0.20 g/m3 and a
particle diameter close to 20 μm [16]. Therefore the advection fog
attenuation coefficients is given as [15]:
0.11478  3.8367
(5)
 adv  
V
Radiation fog is related to the ground cooling by radiation. It
appears when the air is sufficiently cool and becomes saturated.
This fog generally appears during the night and at the end of the
day. Particle diameter is around 4 μm and the liquid water content
varies between 0.01 and 0.1 g/m3 [16]. Therefore the radiation fog
attenuation coefficients is described by:
0.18127 2  0.13709   3.7502
(6)
V
Consider a laser transmitting a total signal power P S at the
specified wavelength. The signal power received at the
communications detector can be expressed as [16]:
D
PR  PS R2 10(  adv  rad   ) L / 10T  R (7)
L
Where DR is the receiver diameter, θ is the transmitter divergence
angle, α is the atmospheric attenuation factor (dB/m), η T, ηR are the
transmitter and receiver optical efficiency respectively. As well as
the achievable data rate R can be obtained from [16]:

 rad   

R

PS PR 10(  adv  rad  ) L / 10 DR2

(8)
2
  2
   L EP N b
2
Where EP=hc/λ is the photon energy at wavelength λ and Nb is the
receiver sensitivity. Another important parameter in optical
communications link analysis is "Link Margin", which is the ratio
of available received power to the receiver power required to
achieve a specified bit error rate (BER) at a given data rate. Note
that the required power at the receiver to achieve a given data rate,
R (Tb/s), we can define the link margin LM as [16]:
 P    DR2  (  adv  rad   ) L / 10


LM   S
T R (9)
  2 2  10
 Nb R h c    L 

By using the least squares method, a simple quadratic relationship
between the time delay spread, D and the optical depth, τ is
expressed as the following formula [17]:
(10)
D  9.9 x1011 2  1.4 x109   1.9 x109
Noise in the system depends on the characteristics of a receiver. A
receiver is basically composed of photodetector and detection
components. A photodetector changes the optical signal to an
electrical signal. Detection components process and demodulate an
electrical signal. A simple OOK system with an integrate and dump
receiver, so that the transmitter and receiver filters are identical and
its behavior is similar to a band pass filter. The optical signal with
OOK encoding carries no negative power, but when optical signal
is converted to an electrical signal, both DC and AC components
occur. The DC component is filtered out before the detection
process and that only the AC component undergoes maximumlikelihood detection [11, 12]. The background power noise can be
defined by:
(11)
PBG  H KBG  FOV 2 AR  TF exp  
Where HKBG is the background radiance, FOV is the receiver field
of view, AR is the receiver area defined as AR= π(DR/2)2, Δλ is
fiber optic bandwidth, and TF is the filter transmissivity. For noise
consideration, the variances in detected current resulting from
background radiation, thermal and shot noise are defined [14, 15]:

 BG  2 q  PBG B ,  TH 

4 k Te F B / RL

,

 SS  2 q  PR B
(12)
Where F is the noise figure, k is the Boatmen's constant, Te is the
equivalent temperature, q is the electron charge, B is the detector
electronic bandwidth, and ζ is the responsivity (in amperes per
watt) is used to characterize the efficiency of a photodiode in
converting light to an electrical signal. However, interested in
correlating the Q-factor for a range of transmittance of the received
signal and for different fog conditions. The Q-factor, which
represents the signal to noise ratio (SNR) at the receiver with no
fog, is given as:
I I
(13)
Q  T0 1 0
 0  1
Where T0 is the maximum transmittance and is equal to the unity.
I1 and I0 are the average detected signal current for bit ‗1‘ (on state)
and ‗0‘ (off state) where as σ0 and σ1 are the standard deviation of
the noise values for bit ‗1‘ and ‗0‘ which are defined by [13, 14]:
2
2
2
  TH
  BG
I1   PR  PBG , 1   SS

(14)

2
2
  BG
I 0   PBG ,  0   TH

(15)

However, with fog and assuming the ambient noise level does not
change with fog density, the Q-factor in dB Units can be
approximated as [14]:
(16)
Q dB  10 log10 T Q
The connection between BER and SNR or Q-factor is given by the
following equation [15]:
Q
1
BER 
exp ( )
(17)
4
Q

II. 2. UNDER WATER OPTICAL WIRELESS COMMUNICATION
SYSTEMS MODEL

In the design of optical fiber systems, one computes a link
budget to determine if information can be successfully transmitted
over the desired distance [16]. Typically one considers an optical
power budget and a bandwidth budget. The power budget is to
determine that there is sufficient signal to noise for a specific bit
error rate. The bandwidth budget determines the rate at which bits
can be distinguished from adjacent bits in the bit stream and is a
function of the rise and fall times of the light source and receiver,
which are typically fast, and the dispersion of the optical pulse
introduced by the fiber which depends on the information channel.
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Typically the dispersion of the information channel is the limiting
factor of the bandwidth budget [17].

II. 2. 1. WIRELESS POWER LINK BUDGET
The basic formula for a typical optical link is an exponential
decaying as function of the optical path length L as the following
expression [18]:
Dr
  L
(18)
PR  PT
e
,
2
DT    L







Where PR is the received power after traveling the optical path
length L through the lossy medium, PT is the initial transmitted
signal power, and α is the total attenuation coefficient of the
medium, Dr is the diameter of the receiver aperture, D T is the
diameter of the transmitter lens, θ is the transmitter divergence of
the beam in mradians, and θ is the transmitter divergence of the
beam which can be given by:
720 
(19)

,
 2 DT

II. 2. 2. UNDERWATER OPTICAL LINK BUDGET MODEL
II. 2. 2. 1. ABSORPTION MODEL
The absorption as the spectral absorption coefficient, a(λ),
which is the change in the beam of light due to the absorption by
the medium per meter of path length [19]. The total absorption is a
linear combination of the absorption properties of pure seawater,
chlorophyll absorption as a function of wavelength and
concentration, and the two components colored dissolved organic
materials (CDOM). The splitting of the yellow substance into two
components allows the model to be universal for all biologically
stable waters and it permits models in the future to include the
effects of fluorescence in a more consistent manner. The
absorption coefficient a(λ) is given by:
a(λ)=aw(λ)+acl(λ)+af(λ)+ah(λ) ,
(20)
Where aw(λ) is the absorption coefficient of water as a function of
wavelength (m-1), acl(λ) is the absorption chlorophyll acid
coefficient as a function of wavelength, a f(λ) is the fulvic acid
absorption coefficient and ah(λ) is the humic acid absorption
coefficient both as a function of wavelength. The absorption
coefficient for sea water type, a w(λ), was interpolated from data
from [20] with respect to water concentration of wc0 = 1 mg/m3,
and water concentrations 0 ≤ wc ≤ 15 mg/m3. It then became:
aw   

aw0

 
  wc0 
 wc 

0
aw

,

(21)

0 
0
  aw
  0.0405. As well as the absorption
For sea water aw
coefficient for chlorophyll, acl(λ), was interpolated from data from

[21] with respect to a chlorophyll concentration of Cc0 = 1 mg/m3
and chlorophyll concentrations 0 ≤ Cc ≤ 12 mg/m3. It then became:




C
a cl    a c0    c 
 C c0 



0.0602 Dw

,

(22)

For ac0    0.0602, Dw is the water depth then next, the
absorption coefficient of the yellow substance which is broken into
two separate components: humic, ah(λ), and fulvic, af(λ) acid.

ah    ah0 Ch exp kh   ,

(23)

a f   

(24)

a0f





C f exp  k f  ,

Where kh= 0.01105/nm, ah0 =18.828 m2/mg is the specific
absorption coefficient of humic acid, the first component of
CDOM and kf= 0.0189/nm, a0f = 35.959 m2/mg is the specific
absorption coefficient of fulvic acid, the second component of

CDOM. Also, Ch and Cf are the concentration of humic acids and
fulvic acids in mg/m3, respectively and can be expressed [22]:

 C 
(25)
C f  1.74098Cc exp 0.12327 c0  ,
 C 

 c 

 C 
Ch  0.19334Cc exp 0.12343 c0  ,
 C 

 c 

(26)

II. 2. 2. 2. SCATTERING MODEL
This phenomenon as called the spectral beam scattering
coefficient, b(λ), which describes the loss of flux due to the
redirection of photons by means of total scattering. The total
scattering is a linear combination of the scattering coefficient of
water, bw(λ), scattering from small particles, bs0 (λ) as a function of
wavelength and concentration, and scattering form large particle,

bl0 (λ) as a function of wavelength and concentration. From Ref.
[23] b(λ) is given by:

(27)
b   bw    bs0  Cs  bl0  C1 ,
The equation for bw(λ) is derived by interpolating the data
published by Ref. [24] to get:
 0.4 
bw    0.005826

  

4.322 P

, m-1

(28)

Where P is the water pressure, the spectral dependencies for
scattering coefficients of small and large particulate matter are
given by the formulas below:
1.7

 0.4 
bs0  1.151302

  

, m2/g

(29)

0.3

 0.4 
2
(30)
bl0  0.3411 
 , m /g
  
Where Cs and Cl are the total concentration of small and large
particles in g/m3, respectively given by:

 C 
(31)
Cs  0.01739 Cc exp 0.11631 c0  , g/m3
 C 

 c 

 C 
(32)
Cl  0.76284 Cc exp 0.03092  c0  , g/m3
 C 

 c 
The total spectral attenuation coefficient, α(λ) is defined as the sum
of the spectral absorption coefficient and spectral scattering
coefficient:
α(λ)=a(λ)+b(λ)
,
(33)
Then the total attenuation can be expressed in dB/m as the
following expression:
(34)
  dB / m  10 log a   10 log b  ,

II. 2.3. OPTICAL WIRELESS COMMUNICATION LINK
To consider the design of underwater optical communications
systems for propagation of light in water, the light noise, and the
basic light in water attenuation parameters as analyzed above. The
main parameters in underwater communications are shown in the
evaluation criterion for optical communication, Signal-to-noise
(SNR), noise equivalent power (NEP) and bit rate (BR). The SNR
is defined as the ratio of a signal power to the noise power
corrupting the signal [25]:
2





 D R2 cos FOV   
 PT   exp  3    L  


SNR  
(35)

 tan   

 
NEP

4 L2
 TX 

 RX 


medium


This equation assumes the beam pattern of the transmitter is a
constant for angles up to the 3-dB (halfway) point and zero beyond
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that angle. Where PT is the transmitter power in mWatt, θ half
angle transmitter beamwidth in degree, α(λ) is the signal
attenuation as a function of wavelength, L is the transmission
distance in km, DR is the receiver a aperture diameter in meter,
FOV is the receiver field of view which is defined as the angle
between the optical axis of the receiver and the line of sight
between transmitter and receiver, noise equivalent power (NEP) is
defined as the incident optical power at a particular wavelength or
with a specified spectral content required to produce a

Under water wireless medium

photodetector current equal to the root mean square noise current
and can be [26]:
2hc
(36)
NEP 
,



Where h is the Planck's constant (6.02x10-34 J/sec), c is the velocity
of light (3x108 m/sec), η is the quantum efficiency, and λ is the
operation optical signal wavelength. The basic components of
optical wireless communication system links are shown in Fig. 1,
to Illustrate of signal to noise ratio equation concept [27, 28].

FOV
Rx

Tx

2θ
Optical path length, L
Fig. 1. Block diagram of under optical wireless communication model.

By using MATLAB curve fitting program, the fitting the
relationship between the optical received power and bit error rate
(BER) can be expressed as [29]:

BER  0.4969x109  0.1077 PR  0.001PR2 ,

(37)

Table 2: List of operating parameters used in the simulation for
under water optical wireless system [18, 20, 23, 27].
Operating parameter
Transmitted signal power, PT
Operating signal wavelength, λ

Value and unit
100 mW
1300nm-1550 nm

III. SIMULATION RESULTS AND PERFORMANCE ANALYSIS

Transmitter lens diameter, Dt

20 cm

The model has been investigated to enhance the high signal
quality and best performance of wireless optical under water and
free space communication networks for different visibility line of
sight between transmitter and receiver to upgrade signal to noise
ratio, received power, link margin, transmission bit rate and
decreased BER and then to upgrade the transmission bit distance
product over wide range of the affecting parameters al listed in
Tables 1, 2.
Table 1: List of operating parameters used in the simulation for
free space optics system [1, 5, 9, 12].

Receiver aperture diameter, Dr

10 cm

Operating parameter
Transmitted signal power, PT
Operating signal wavelength, λ

Value and unit
100 mW
1300 ≤ , nm ≤ 1550

Visibility range with thick fog, VThick

0.07 ≤ VThick, km ≤ 0.25

Visibility range with moderate fog, VModerate

0.25 ≤ VModerate, km ≤ 0.5

Visibility range with light fog, VLight
Low visibility, VLow

0.5 ≤ VLight, km ≤ 1
1 ≤ VLow, km ≤ 6

Transmitter efficiency, ηT

0.9

Receiver efficiency, ηR

0.9

Receiver diameter, DR

10 cm

Transmitter divergence angle, θ

2 mrad

Receiver sensitivity, Nb
Optical path length, L

-30 dBm
0.5 ≤ L, km ≤ 5

Background radiance, HKBG

0.2 Wm−2 nm−1 sr−1

Receiver field of view, FOV

5 mrad

Filter optic bandwidth, Δλ

10 nm

Filter transmissivity, TF
Electron charge, q

0.5
1.6x10-19 C

Detector electronic bandwidth, B

10 MHz

Receiver responsivity, ζ

0.9 A/W

Noise figure, F
Boltzmann‘s constant, k
Equivalent temperature, Te

2.5 dB
1.381×10-23 J/K
300 K

Receiver angle, υ
Pure sea water

60 degree
Cc=0.03 mg/m3, wc=0.035
mg/m3

Quantum efficiency, η

0.9

Receiver diameter, DR

10 cm

Transmitter divergence angle, θ
Optical path length, L
Receiver field of view, FOV

2 mrad
0.5 ≤ L, km ≤ 5
5 mrad

Water depth, Dw

0 km-10 km

Water pressure, P

10 MN/m2

III. 1. FREE SPACE OPTICS COMMUNICATIONS
Based on the modeling equations analysis and the assumed set
of the operating system parameters as shown in Table 1, the
following facts are assured as shown in the series of Figs. (2-21):
i) Figs. (2-7) have assured that allowable signal attenuation
decreases for increasing of both operating optical signal
wavelength and visibility range. It is observed that the
lowest allowable signal attenuation verified with the
highest visibility range under the same operating
conditions and different fog density level weather.
ii) Figs. (8-10) have indicated that the allowable signal
transmission increases for increasing of both operating
optical signal wavelength and visibility range. It is
observed that the highest allowable signal transmission
verified with the highest visibility range under the same
operating conditions and different fog density level
weather.
iii) Figs. (11-13) have assured that allowable optical depth
increases for increasing of optical path length and
decreasing of operating optical signal wavelength for
different visibility range. It is observed that the lowest
allowable optical depth verified with the highest
visibility range and the lowest optical path length under
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the same operating conditions and different fog density
level weather.
iv) Figs. (14-16) have assured that received signal power,
link margin, and transmission data rates decrease with
increasing optical path length for different visibility
ranges. It is observed that with low visibility has
presented the highest received signal power, link margin,
and transmission data rates in comparison with other
visibilities depend on different fog density levels.
v) Figs. (17-19) have indicated that signal propagation
delay increases with increasing optical path length and
decreasing operating optical signal wavelength. It is
observed that with low visibility has presented the lowest
signal propagation delay in comparison with other
visibilities depend on different fog density levels.
vi) As shown in Figs. (20, 21) have indicated that signal
transmission quality decreases and bit error rate increases
with increasing optical path length and decreasing
operating optical signal wavelength. It is observed that
with low visibility has presented the highest signal
transmission quality and the lowest bit error rate in

comparison with other visibilities depend on different fog
density levels.

III. 2. SUBMARINE WIRELESS OPTICS COMMUNICATIONS
Also in the same way, based on the modeling equations analysis
and the assumed set of the operating system parameters as shown
in Table 2, the following facts are assured as shown in the series of
Figs. (22-30):
i)
Figs. (22-24) have demonstrated that for submarine
wireless communication systems in wireless
medium, the increased of both water depth and
optical path length, leads to the decreased received
signal power.
ii) Figs. (25-30) have indicated that that for submarine
wireless communication systems in wireless medium, the
increased of both actual water depth and optical path
length, leads to the decreased signal to noise ratio and the
increased bit error rate. It is also observed that the
recommend operation at third optical transmission
spectrum region with λ=1550 nm to give the best signal
to noise ratio and the lowest bit error rate.

Atmospheric attenuation, α, dB/km

5.04
4.82
4.6
4.38
4.16
λ=1300 nm (model)
λ=1550 nm (model)
λ=1300 nm (measured [12])
λ=1550 nm (measured [12])

3.94
3.72
3.5
0.07

0.085

0.1

0.115

0.13

0.145

0.16

0.175

0.19

0.205

0.22

0.235

0.25

Visibility with thick fog, VThick, km
Fig. 2. Specific atmospheric signal attenuation in relation to visibility with thick fog, optical path length L=5 km and operating optical
signal wavelengths at the assumed set of the operating parameters.
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Atmospheric attenuation, α, dB/km

3.9
3.7
3.5
3.3
3.1
λ=1300 nm (model)
λ=1550 nm (model)
λ=1300 nm (measured [12])
λ=1550 nm (measured [12])

2.9
2.7
2.5
0.25

0.275

0.3

0.325

0.35

0.375

0.4

0.425

0.45

0.475

0.5

Visibility with moderate fog, VModerate, km
Fig. 3. Specific atmospheric signal attenuation in relation to visibility with moderate fog, optical path length L=5 km and operating optical
signal wavelengths at the assumed set of the operating parameters.

Atmospheric attenuation, α, dB/km

3.1
2.9
2.7
2.5
2.3
2.1

λ=1300 nm (model)
λ=1550 nm (model)
λ=1300 nm (measured [12])
λ=1550 nm (measured [12])

1.9
1.7
1.5
0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Visibility with light fog, VLight, km
Fig. 4. Specific atmospheric signal attenuation in relation to visibility with light fog, optical path length L=5 km and operating optical
signal wavelengths at the assumed set of the operating parameters.
12.2

Specific attenuation, γ, dB/km

12
11.8
11.6
11.4
11.2

advection fog (λ=1550 nm-model)

11

radiation fog (λ=1550 nm-model)
advection fog (λ=1550 nm-measured [14])

10.8

radiation fog (λ=1550 nm-measured [14])

10.6
10.4
0.07

0.085

0.1

0.115

0.13

0.145

0.16

0.175

0.19

0.205

0.22

0.235

0.25

Visibility with thick fog, VThick, km
Fig. 5. Specific attenuation in relation to visibility with thick fog, optical path length L=5 km and operating optical signal wave lengths at
the assumed set of the operating parameters.
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11.1

Specific attenuation, γ, dB/km

10.9
10.7
10.5
10.3
10.1

advection fog (λ=1550 nm-model)
radiation fog (λ=1550 nm-model)
advection fog (λ=1550 nm-measured [14])
radiation fog (λ=1550 nm-measured [14])

9.9
9.7
9.5
0.25

0.275

0.3

0.325

0.35

0.375

0.4

0.425

0.45

0.475

0.5

Visibility with moderate fog, VModerate, km
Fig. 6. Specific attenuation in relation to visibility with moderate fog, optical path length L=5 km and operating optical signal wavelengths
at the assumed set of the operating parameters.
9.2

Specific attenuation, γ, dB/km

9
8.8
8.6
8.4
8.2

advection fog (λ=1550 nm-model)
radiation fog (λ=1550 nm-model)

8

advection fog (λ=1550 nm-measured [14])
radiation fog (λ=1550 nm-measured [14])

7.8
7.6
0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Visibility with light fog, VLight, km
Fig. 7. Specific attenuation in relation to visibility with light fog, optical path length L=5 km and operating optical signal wave lengths at
the assumed set of the operating parameters.
0.39
λ=1300 nm (model)
λ=1550 nm (model)
λ=1300 nm (measured [12])
λ=1550 nm (measured [12])

Signal transmission, T

0.37
0.35
0.33
0.31
0.29
0.27
0.07

0.09

0.11

0.13

0.15

0.17

0.19

0.21

0.23

0.25

Visibility with thick fog, VThick, km
Fig. 8. Signal transmission in relation to visibility with thick fog, optical path length L=5 km and operating optical signal wavel engths at
the assumed set of the operating parameters.
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Fig. 9. Signal transmission in relation to visibility with moderate fog, optical path length L=5 km and operating optical signal wavelengths
at the assumed set of the operating parameters.
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Fig. 10. Signal transmission in relation to visibility with light fog, optical path length L=5 km and operating optical signal wavel engths at
the assumed set of the operating parameters.
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Fig. 11. Optical depth in relation to optical path length, visibility with thick fog (V Thick=0.24 km), and operating optical signal wavelengths
at the assumed set of the operating parameters.
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Fig. 12. Optical depth in relation to optical path length, visibility with moderate fog (V Moderate=0.49 km), and operating optical signal
wavelengths at the assumed set of the operating parameters.
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Fig. 13. Optical depth in relation to optical path length, visibility with light fog (V Light=0.98 km), and operating optical signal wavelengths
at the assumed set of the operating parameters.
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Fig. 14. Variations of Received signal power against variations of optical path length and different visibilities with operating opt ical signal
wavelength λ=1550 nm at the assumed set of the operating parameters.
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Fig. 15. Variations of link margin against variations of optical path length and different visibilities with operating optical signa l
wavelength λ=1550 nm at the assumed set of the operating parameters.
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Fig. 16. Variations of transmission data rate against variations of optical path length and different visibilities with operating op tical signal
wavelength λ=1550 nm at the assumed set of the operating parameters.
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Fig. 17. Signal delay in relation to optical path length, visibility with thick fog (V Thick=0.24 km), and operating optical signal wavelengths
at the assumed set of the operating parameters.
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Fig. 18. Signal delay in relation to optical path length, visibility with moderate fog (V Moderate=0.49 km), and operating optical signal
wavelengths at the assumed set of the operating parameters.
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Fig. 19. Signal delay in relation to optical path length, visibility with light fog (V Light=0.98 km), and operating optical signal wavelengths
at the assumed set of the operating parameters.
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Fig. 20. Variations of signal transmission quality against variations of optical path length and different visibilities with operati ng optical
signal wavelength λ=1550 nm at the assumed set of the operating parameters.
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Fig. 21. Variations of bit error rate against variations of optical path length and different visibilities with operating optical si gnal
wavelength λ=1550 nm at the assumed set of the operating parameters.
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Fig. 22. Variations of received signal power against variations of optical path length and different operating optical signal wavele ngths
through the surface of the water (D=0 km) at the assumed set of the operating parameters.
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Fig. 23. Variations of received signal power against variations of optical path length and different operating optical signal wavele ngths
through the actual water depth (D=5 km) at the assumed set of the operating parameters.
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Fig. 24. Variations of received signal power against variations of optical path length and different operating optical signal wavele ngths
through the actual water depth (D=10 km) at the assumed set of the operating parameters.
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Fig. 25. Variations of signal to noise ratio against variations of optical path length and different operating optical signal wavele ngths
through the surface of the water (D=0 km) at the assumed set of the operating parameters.
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Fig. 26. Variations of bit error rate against variations of optical path length and different operating optical signa l wavelengths through the
surface of the water (D=0 km) at the assumed set of the operating parameters.
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Fig. 27. Variations of signal to noise ratio against variations of optical path length and different operating optical signal wavelengths
through the actual depth of the water (D=5 km) at the assumed set of the operating parameters.
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Fig. 28. Variations of bit error rate against variations of optical path length and different operating optical signal wavelengths through the
actual depth of the water (D=5 km) at the assumed set of the operating parameter.
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Fig. 29. Variations of signal to noise ratio against variations of optical path length and different operating optical signal wavelengths
through the actual depth of the water (D=10 km) at the assumed set of the operating parameters.
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Fig. 30. Variations of bit error rate against variations of optical path length and different operating optical signal wavelengths t hrough the
actual depth of the water (D=10 km) at the assumed set of the operating parameters.
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