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Abstract. This paper compares coherent optical sources operating in the visible to short
wavelength infrared (SWIR) spectral bands at various wavelengths, such as lasers operating
in longer-range terrestrial free space optical links under varying atmospheric
circumstances. For the link range of five kilometers, different laser sources have been taken
into consideration in this comparison research. For instance, two visible wavelengths (532
nm, 640 nm), two near infrared wavelengths (NIR) (808 nm, 980 nm), and one short
wavelength infrared (SWIR) (1550 nm) have all been discussed. Additional characteristics
include a 100 MHz data transmission frequency and Return to Zero On-Off Keying (RZ-
OOK) modulation technique. Fog, rain, snow, turbulence, and other atmospheric
phenomena have a significant impact on the terrestrial FSO link. Thus, in order to retain
dependable connection performance and recover the conveniently supplied information in
inclement weather, transmitted optical power is a crucial requirement. Other parameters
like optical power attenuation, signal to noise ratio (SNR), bit error rate (BER), etc. have
been analyzed at the receiver end using proper optics for each wavelength at a distance of 5
km in various adverse atmospheric conditions. From the link analysis computation, it has
been revealed that the link margin for 1550 nm, 980 nm, 808 nm, 640 nm, and 532 nm
Lasers are about 63.1 dB, 60.6 dB, 59 dB, 57 dB, and 56 dB respectively for 5 km link range
at adverse atmospheric scenario.
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1. INTRODUCTION

In modern times, LASERS are effectively used for a variety of tasks, including welding,
surgery, holography, range finding, optical communication, etc. One of the key uses for next-
generation communication networks is free space optical communication. The FSO
communication system is becoming more and more popular because to its long-range
operation, fast data rate, immunity to electromagnetic interference, high level of security,
and lack of need for underground fibre cables or spectrum licenses [1]. In a terrestrial free
space optical communication system, message signals or information can be transmitted
through an unguided channel using different wavelength coherent optical sources between
two points. This unguided channel can be established in different mediums like atmosphere,
underwater, combination of free space and under water and space (inter-satellite), but in this
article terrestrial free space communication link is the main concern. Because the functioning
of this sort of system is heavily dependent on the weather, installation of this type of system in
any place or region requires a thorough investigation of the local meteorological conditions.
For installation of this type of system in any location or area, the proper survey of the weather
condition for that particular location or area is required because the performance of this
system is very much weather dependent. Since the weather varies depending on the location,
the system’s ability to work successfully at a given distance depends on the computation of
sent and received power. In both favorable and unfavorable weather circumstances, the
system's ability to maintain an appropriate signal to noise ratio (SNR), minimal bit error rate
(BER), and minimum received power at a given distance is crucial.

In addition, another crucial factor in the terrestrial FSO communication system is
connection distance, or data bandwidth. For visible light communication, visible wavelengths
between 400 and 700 nm are often utilized. Terrestrial FSO systems employ wavelengths in
the near infrared (780nm-1400nm) and shortwave infrared (1400 nm—3000 nm), among other
ranges. The predominant spectral wavelength range for this kind of long-distance terrestrial
communication system, when it comes to SWIR wavelengths, is 1530 nm-1560 nm [2][3][4].
When compared to 1550 nm laser sources, visible wavelength and near-infrared laser sources
are often less expensive [5][6]. As free space optical communication technology has different
attractive features, the local area network (LAN), metropolitan area network (MAN), and
wide area network (WAN) connections may be established using FSO. As a result, in different
countries, many researchers are involved in this field of research and some of their works have
been reported in this section. Some of the articles are focused on comparative studies of
different wavelength laser sources in different environmental conditions like fog, rain, etc. and
attenuation of the sources has been reported. In this regard, three optical wavelengths—850,
950, and 1550 nm—with a link distance of one kilometer and three primary atmospheric
conditions—fog, rain, and humidity—have been taken into consideration in [7]. Here, an
optical source operating at 1550 nm has reached 10 BER at a link range of 0.95 km, whereas
optical sources operating at 850 nm and 950 nm have achieved the same BER at 0.84 km and
0.86 km, respectively, of same link distance. Two optical wavelengths, 850 nm and 1550 nm,
are compared in another article [8] with a varied connection distance ranging from 0.2 km to
1.6 km and corresponding differences in visibility from 0.2 km to 1.2 km. From this article, it
has been understood that 850 nm optical source provides the 9.49 dB and 1550 nm optical
source provides the 14.87 dB link margin at a link distance of 1.6 km and visibility 1.2 km
respectively. In [9], three wavelengths like 850 nm, 1310 nm & 1550 nm, with a link range of
0.5 km and atmospheric attenuation of 70 dB/km were considered. At the receiver end it has
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been found that those three optical sources gave -40.8880 dBm, -40.9990 dBm, -40.7786 dBm
signal power respectively. A 1550 nm laser was employed for experiments in [10], and a 100
Mbps data throughput was taken into consideration when using the RZ encoding approach.
The laser's maximum power of 5 mW is taken into consideration, and its diameter is 3 mm.
Temperature and wind speed are the two categories of meteorological parameters that have
been taken into account for the link reliability study. Different wind speeds have been
established, with a maximum speed of 15 km/h being taken into consideration. When it comes
to temperature, 500° C is thought to be the maximum average temperature. It is evident from
the experiment's outcome that when temperature and wind speed increased, the Q factor also
dropped. As a result, in both scenarios—the rising temperature and wind speed scenario—
BER performance has deteriorated. Another investigation, conducted in [11], using a laser
source with a wavelength of 1550 nm and a data speed of 10 Mbps. The OOK modulation
approach was taken into consideration. A 0.5 x 0.5 x 5 m3 rain chamber has been introduced
in this experiment. For this experiment, a maximum rain rate of 210 mm/hr was taken into
consideration. Based on the least square mean equation method, the estimated values of o and
k are 0.91 and 0.63, respectively. The discovery aids in power margin reporting and enhances
system performance while implementing an optical link in regions with heavier precipitation.
The optical power attenuation increased along with the rain rate, which led to deteriorate in
the BER value. Another investigation with an 850 nm wavelength laser source and 10 Mbps
data transmission was conducted in [12]. Two sorts of elements have been introduced in this
experiment: Single Input Multiple Output (SIMO) and aperture averaging. The two previously
mentioned methods were implemented in order to enhance the system. In deteriorating
atmospheric (rainy) circumstances, the SIMO technique outperformed the aperture averaging
technique. A hybrid FSO-RF system has been introduced in [13]. This system has been
exposed to three different kinds of meteorological anomalies: fog, rain, and snow. Maximum
fog visibility was 1.5 km, maximum rain rate was 250 mm/hr, and maximum snowfall rate
was 10 mm/hr. According to the testing results, data was communicated over the FSO link with
an effective FSO transmission range of up to 1 km during the wet season and up to half a km
during fog and snow events for a favourable BER value. Another investigation with an 850 nm
wavelength laser source and 10 Mbps data transmission was conducted in [14]. Direct intensity
modulation (D-IM), pulse width modulation (PWM), subcarrier intensity modulated frequency
shift keying (SIM-FSK), subcarrier intensity modulated amplitude modulation (SIM-AM),
subcarrier intensity modulated phase modulation (SIM-PM), and subcarrier intensity
modulated frequency modulation (SIM-FM) are some of the modulation schemes that have
been introduced in this study. PWM and SIM-FSK perform better in more precipitation.

A Ro-VLC system with a 25 Mbps data throughput was introduced in [15]. Three
wavelengths of LEDs—650 nm, 530 nm, and 450 nm—have been employed in this
investigation for communication. For this work, two encoding methods—RZ and NRZ—
have been taken into consideration. When compared to the RZ encoding approach, the
RZ encoding technique yields better BER values. A 40 Gbps FSO communication system
that is affordable has been demonstrated in [16]. The study has taken into account
wavelengths between 1550 and 1553 nm, with a link distance ranging from 100 to 2000
m. This communication system introduced the EDFA amplifier. In various visibility
circumstances (from bad to clear), the link dependability has been improved with the use
of this amplifier. A 10 x 100 Gbps MDM-WDM terrestrial FSO communication system
was proposed in [17]. The system incorporates a dual polarization-quadrature phase shift
keying (DP-QPSK) modulation technology. The wavelengths ranged from 1550 nm to
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1554 nm, and the link distance was evaluated between 1.2 and 20 km. 850 nm and 851
nm wavelength lasers have been taken into consideration in a low-cost, high-speed Ro-
FSO communication system that was proposed in [18]. To transmit four 10 GHz channels,
WDM and MDM techniques are combined. In clear weather conditions, all channels have
successfully communicated data at a link range of 1200 m. In low, medium, and intense fog
situations, on the other hand, data may be transferred with a link range of 570 m, 500 m, and
440 m, respectively, while maintaining a Bit Error Rate of 10-. A mode division multiplexing
(FSO) system with a 20 Mbps data transmission speed was introduced in [19] for healthcare
infrastructure. In a clear weather situation, the data was successfully delivered over a 27
kilometer link distance. The identical system has been examined under low, medium, and
strong fog (visibility) circumstances. Under strong foggy, condition, the performance has
deteriorated.

In [20], an 850 nm wavelength has been used to depict a hybrid division multiplexing
(MDM) and polarization division multiplexing (PDM) based Ro-FSO system. Various
meteorological conditions have been used to test the aforementioned link. According to
the simulation's outcome, 3400 meters might be reached as the link distance in a clear
weather scenario, with a BER of 107 that is acceptable. However, due to attenuation, the
suggested MDM-PDM-Ro-FSO link could only tolerate up to 1000 m when the weather
changed to partial haze/rain. Furthermore, the suggested link could only endure up to 650
meters with an acceptable bit-rate error (BER) when the meteorological state changed
from partial haze/rain to dense fog/heavy rain.

This section includes certain particular geographic regions and meteorological data
collected during testing to improve the findings' dependability. A FSO-based experimental
investigation using an 808 nm laser source was carried out in Changchun, Jilin, China in [21].
This experiment has taken into consideration the OOK modulation approach at speeds of 100
Mbps and 500 Mbps across a 6.2 kilometre link distance. It has been assessed how much of an
impact scintillation has on the FSO link for a whole day. This study found that for both of the
studied data rates, the BER values increased when the scintillation index increased over 0.2.
Similarly, another FSO-based work that was presented in Saudi Arabia may be found in [22].
This experiment has examined the FSO system's optical power attenuation in a dusty
situation. A 90 x 40 x 40 cm?® artificial dust box and a Laser source with a wavelength of 1520
nm were taken into consideration for this experiment. This study indicates that dust
attenuation of light is approximately seven times that of fog attenuation. In Qatar, another
FSO experimental study has been conducted [23]. This experimental effort has taken into
consideration a 1550 nm laser source operating at 1 Gbps data speed over a 600 m connection
distance. In this experiment, the performance of the packet delivery ratio (PDR) has been
measured in several seasons, such as winter, summer, spring, etc., with varying levels of
scintillation throughout the day. This study indicates that PDR performance is higher in the
winter than in the summer. With the aid of theoretical and simulation models, feasibility
studies for free space optical (FSO) communication for the city of Bhubaneswar are described
in [24]. The last five years' worth of visibility, precipitation, and wind speed data for
Bhubaneswar are used to compute the atmospheric losses. The outcome indicates that the
highest FSO distance that can be achieved for Bhubaneswar in poor visibility conditions is
633.5 meters when the loss is 28 dB. In clear weather, however, an FSO connection distance
of 1558 meters was obtained with a loss of 16.7 dB. In [25], a software simulation-based work
has been carried out in Lahore, Pakistan. From this study, it has been shown that the lowest
visibility of dust was 2.6187 km & the highest visibility was 5.2936 km in that place, as a
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result, the attenuation was 8.1236 dB & 4.8256 dB respectively. The maximum rain rate of
150 mm/hr and the related attenuation of 30 dB/km were taken into consideration. The highest
allowed transmitted laser power is 20 dBm, and for link distances up to 2 km, the allowable
attenuations for dust and rain rate are 8.1 dB/km and 11.59 dB/km, respectively. In [26], an
experiment in Milan, Italy, revealed that the greatest attenuation caused by snowfall was 21
dB, and that it occasionally exceeded 45 dB/km, leading to connection failure. A work based
on simulation has been done in [27]. The wintertime fog in Delhi, India has been taken into
consideration in this study. This research examines five years' worth of data, and from that
data, it can be found that January has the lowest visibility, with visibility of about 0.9 km and
a corresponding attenuation of 3.64 dB/km. The 850 nm wavelength has been taken into
consideration in this study. It is suggested that transmitting power between 25 and 35 dBm be
employed for the best transmission range of 6 to 8 Km in order to provide error-free data
transmission during the fog months. A fog attenuation model has been developed from the
observed values of the optical attenuation of fog in several locations of Europe and the United
States, as published by the authors in [28]. According to this study, in moderate fog, 12 dBm
of transmitted optical power is required to achieve BER (10-%) under 500 m connection length.

Some commercially available, visible to SWIR laser sources with wavelengths of 532 nm,
640 nm, 808 nm, 980 nm, and 1550 nm have been analyzed in this current article. Each
wavelength (532 nm, 640 nm, 808 nm, 980 nm, 1550 nm) of Laser source is transmitted with
30 dBm peak optical power, at a link range of 5 km, data transmission frequency of 100 MHz,
considering Bit Error Rate (BER) 10 with relevant 16 dB Signal to Noise ratio along with
suitable optics corresponding to their relevant technical specifications. Here main atmospheric
condition has been considered as fog. An optical modulator unit, which modulates the
continuous wave laser beam in accordance with the incoming message signal, has been taken
into consideration for the establishment of the terrestrial FSO link. The analytical findings
section discusses several computations related to link margin with the considered wavelengths
in different visibility circumstances. Several visibility (for low to high visibility) and their
attenuation (dB) at five-kilometer distances are assessed in this article. This article also covers
the use of carefully selected optics to reduce beam divergence loss.

2. ESTABLISHMENT OF TERRESTRIAL FSO LINK

The terrestrial FSO system comprises mainly three units- transmitter, receiver, and
free space terrestrial channel. For reliable and rugged communication system, different
optical accessories like lens, optical filter, beam expander, etc. are required in clear as
well as adverse weather conditions.

The transmitter unit consists of continuous wavelength Laser source, optical modulator
unit and beam expander. The beam expander is a combination of concave and convex lenses.
The beam expander is used at the transmitter side to reduce the beam divergence with the
same power expansion; as a result, beam diameter at receiving end as well as beam
divergence loss is decreased at the longer distance [29][30]. The specifications of the Lasers
and the beam expander are given in Table 1.
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Fig. 1 Effect of different optics used in terrestrial FSO system [30][31]

The beam diameter (Dg) at the receiver side is defined by equation (1) [32]
D, =D, +(L*tan o) (1)

O represents Laser beam divergence angle, L indicates Terrestrial FSO link distance, D
defines Laser beam aperture, as O is very small, tan © can be written as ©. After using
the beam expander at the transmitter side, the beam diameter at the receiver side can be
obtained from equation (2). The effect of the beam expander and other optics is illustrated
in Fig 1.

D, =(MF*DL)+(L*tan(%)) (2)

Dg; indicates Beam diameter at the receiver side using beam expander, MF represents
Magnifying factor of beam expander

The atmospheric channel consists of different gas, molecules, aerosols, etc., with different
hazards like fog, rain, dust, snow, etc. The attenuation of laser power of different hazardous
atmospheric conditions is discussed in the next section.

Table 1 Specifications of Laser sources, beam expander

S| No. Parameter Value
1. Laser wavelength 532nm, 640nm, 808nm, 980nm, 1550nm
2. Beam Divergence Angle 0.1 mrad
3. Transmitted peak Laser power 1 Watt
4. Beam Waist 2.5 mm
5. Operating Mode Continuous-wave (CW), Tunable optical power
5. Transmittance of beam expander 96 %
6.  Magnifying Power of beam expander 20x
7. Entrance aperture of beam expander 2.5 mm
8.  Exit aperture of beam expander 50 mm

After traversing the aforesaid free space terrestrial channel, the modulated transmitted
optical signal must be received by the properly aligned photodetector. Different optical
accessories like lens, optical filter, etc. are incorporated or attached before the photo-
detector for reliable and rugged communication [33]. To accumulate or converge the
transmitted beam at a particular focal length at the receiver side, convex lens is mainly
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used. An optical filter rejects the unwanted radiation and passes the desired wavelength
beam. In this comparative study, two types of photodetectors are considered. For 532 nm,
640 nm, 808 nm Laser sources, Silicon-based, PIN photodetector is considered which is
denoted as photodetector 1 and for 980 nm and 1550 nm Laser, InGaAs [34] based PIN
detector is considered which is denoted as photodetector 2. The specifications of photo-
detector 1 and 2, are given in Table 2.

Table 2 Specifications of Photo-detector 1 and 2

Sl. No. Parameter Photo-detector 1 Photo-Detector 2

1.  Operative Wavelength Range 320 nm - 1000 nm 850 nm — 1700 nm

2. Active Diameter 0.4 mm? 0.3 mm?

3. Responsivity at peak (Rx) 0.51 A/W, 800 nm 1 A/W, 1550 nm

4. Responsivity (Rar) at 532 nm- 0.35 A/W  (R’u1) at 980 nm- 0.64 A/W
(Rx2) at 640 nm- 0.415 A/W  (R’»2) at 1550 nm- 1 A/W
(Ru3) at 808 nm- 0.505 A/W [35][36]

5. 3 dB Bandwidth 125 MHz 125 MHz

6.  Dark Current (id) 5nA 2nA

The materials that are used for the fabrication of photodetectors or photodiodes greatly
influence the characteristics of the detectors or diodes itself. Amongst them, one of the
mentionable characteristics is their response to particular wavelengths. The sole reason behind
this varying response to particular wavelengths is that the different materials, used in the
manufacture of the concerned photodetectors or photodiodes, generate photons, which in turn
is responsible for the generation of sufficient energy for the electrons to travel across the
bandgap inducing current across the detectors or diodes. The wavelength sensitivity of Silicon
is 190 nm to 1100 nm and Indium Gallium Arsenide is sensitive for 850 nm - 1700 nm
wavelength. Besides the wavelength sensitivity of the material of the photodetector, another
key factor is the level of noise is produced in the photodetector which can have a major impact
on the performance of the system [37].

Quantum efficiency is another important parameter of the photodetector, which is
defined as the photodetector capability to convert light energy to electrical energy and it
is expressed in percentage which is expressed in equation (3) [38]. Quantum efficiency
(n) is related to the responsivity (A/W) of photodetector or photodiode, photon energy of
incident light.

®)

R, denotes Responsivity of photodetector, E indicates Energy of incident photon on
photodetector, q represents Charge of electron.
The energy of a particular wavelength of the photon is given by equation (4) [38]

_h*C
A

E (4)

The quantum energy for the above-mentioned wavelength is given in Table 3.
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Table 3 Quantum efficiency of photodetector, quantum energy of different wavelength

laser
SI. No. Different Quantum energy of Responsivity of Quantum
Wavelength of Wavelength (J) photodetector of different  Efficiency
Lasers (nm) wavelength Lasers(A/W) (%)
1. 532 3.7x101 0.35 ~81
2. 640 3.12x107% 0.415 ~81
3. 808 2.56 x 1018 0.505 ~81
4. 980 2.03x10%° 0.64 ~81
5. 1550 1.3x10%° 1.00 ~ 81

The specifications of convex lens & optical filter are given in Table 4. These are
applicable for above mentioned all the wavelengths of coherent beam optical sources.
Above mentioned units and accessories are shown in Fig 1.

Table 4 Specifications of Convex lens & optical filter

SI. No.  Parameter

Value
1. Diameter & Focal length of lens 75 mm, 300 mm
2. Transmittance of lens 98%
4, Diameter of optical filter 25 mm
5. FWHM of optical filter 10 nm
6. Transmittance of optical filter 50%-70%

The block diagram of the terrestrial FSO system is shown in Fig 2. In this system,
continuous wave coherent optical beam has been modulated by an optical modulator unit

according to the coming message signal. The optical modulator is used to shutter the
coherent beam on and off.

Message
Signal
& Transmitted Modulated
Cont W Laser Beam
ontinuous Wave Optical Beam
Fiber Laser Source [~

Modulation Unit |

E d
Transmitted peak ‘Ipa: er‘
Laser power 1 Watt

1 1 \

] ] ]

Terrestrial Free Space Channel | i 1

(Scattering, absorption, fog, rain, dust, snow, I. : :

efc.,

<) o

[ |
| W |
Mes C tor | Trans- Photo- Optical . c p—
N sage omparator l Hj l‘el onvex

Signal [ Circuit P .afu:e Detector Filter Lens

Amplifier

Fig. 2 Block diagram of terrestrial FSO system [38]

By applying the digital data input which is coming from the message signal fed to the
optical modulator unit, the optical modulator modulates the laser beam according to the
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message signal. The modulated coherent beam is fed to the transmitting optics i.e., the
beam expander. The transmitted modulated beam is propagated through terrestrial free
space, and then it is fallen on the convex lens. The size of the convex lens is an important
factor to reduce the background noise of the receiver side, the size of the convex lens may
be equal to the beam size of the receiver side. Larger size of the convex lens may create
background noise in the FSO system and the small size (less than the beam size of the
receiver side) of the convex lens may create the beam expansion loss. After collecting the
modulated coherent beam from convex lens, it is fed to optical filter. Then desired
wavelength, noise-free, the modulated beam reaches to the properly aligned photo-
detector. By trans-impedance amplifier, the current signal in photo-detector has been
converted to amplified voltage level. The main advantage of using the trans-impedance
amplifier is that it has a high dynamic range, the numbing effect of negative feedback
makes the stability of receiver response over time, temperature, etc., commendable. A
high-speed comparator (around 200 MHz bandwidth) is used for evens out the signal
peaks; as a result, a clean signal is obtained.

3. TERRESTRIAL FSo CHANNEL

When the optical coherent source i.e. Laser is propagated through the terrestrial or
atmospheric path, scattering and absorption has occurred on the link because gases,
particles, aerosols, etc. are suspended in the atmosphere or terrestrial path. The terrestrial
FSO link can be attenuated by the different atmospheric precipitations like rain, fog, snow,
etc. The precipitations present in the atmosphere vary with season, longitude, latitude of the
area. Obviously, near the earth's surface (troposphere), the concentration of particles is high.
This type of concentration is low with increasing altitude is also high (in the ionosphere).
For a particular terrestrial link range (L), the Laser power attenuation through the
atmosphere is determined by equation (5) which is called Beers-Lambert law [39]:

P -
r(4,L) = FR =e 7t (5)

T

T(A,L) &Y'1()) indicates total attenuation or extinction coefficient, Pr indicates received
optical power, Prindicates transmitted optical power.

The attenuation coefficient of aerosols and molecular constituents of the atmosphere
is shown in equation (6) [40].

7 () = o (D) + 0, (A) + 4, (A) + 14, (A) (6)

am(A), aa(A) indicates the molecular and aerosol absorption coefficients, while pa(d),
Mm(A) indicates the molecular and aerosol scattering coefficients respectively.

Generally, atmospheric absorption is wavelength dependent phenomenon, molecular
absorption of different wavelengths is different. Generally, the total molecular and
aerosol absorption coefficient is very less than the molecular and aerosol scattering
coefficient. So, Equation (6) can be written as which is represented in equation (7)

¥ () = 1, (A) + pt, (A) (")

The scattering effects are very much wavelength (1) dependent, as well as scattering
effect depends upon the radius (R) or size of the molecule, aerosols (fog, mist, etc.).
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According to size parameter (no = 2zR/1), mainly three types of scattering phenomenon
can be observed which is depicted in Fig. 3[41][42].

Scattering Phenomenon

|
L ‘ |

Rayleigh Mie Geometrical
Scattering Scattering Scattering
(ne<<1) (n,=1) (ng>>1)

Fig. 3 Classification of scattering phenomenon

In this article, the effect of fog is only considered, hence the effect of fog on FSO
channel has been discussed below:

3.1. Effect of Fog

The term ‘fog’ is very small, but the impact on the terrestrial FSO link is high. The radius
of the fog droplets in between 1~20 pum, the scattering phenomenon occurred mainly Mie or
sometimes geometrical scattering in foggy conditions. Fog contributes the major optical
power attenuation because the terrestrial-based FSO system wavelength band (0.5um - 2um)
falls within the fog particle droplet size. The attenuation coefficient (dB/km) can be measured
with a common Mie scattering empirical model which is related to very much visibility, the
wavelength of the optical source is given in equation (8)[43][44].

~ /391, 550,
AF(/i)(v)(ﬂ) )
Ar(4) represents Attenuation coefficient, V indicates Visibility (km), 4 depicts Wavelength
(nm) of optical coherent source, q indicates Constant parameter which is related to particle
size distribution and visibility.

Total attenuation (Lrog) (dB) due to fog for a particular link range is given by equation
(9)[45][46],

L. =-10*log(e ¥ V™) )

The visibility range of dense fog to thin fog varies between 150 m to 2000 m. According
to the visibility range, the attenuation coefficients are also varying for a particular optical
wavelength source. The value of q is defined by two models which are given in Table 5.
The attenuation (dB) due to fog with different visibility (km) and wavelength of Laser at
link range of 5 km is illustrated in Fig 4.

fog

Table 5 The value of g according to different visibility range [47][48]

Sl. No. Visibility Range (m) Value of g (According to Kim Model)
1. V>50000 1.6
2. 6000<V<50000 13
3. 1000<Vv<6000 0.16V+0.34
4. 500<V<1000 V-0.5
5. V<500 0
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The attenuation is determined using above mentioned formula and for g value, Kim
model is used. From the figure, it has been shown that the attenuation (dB) for visibility,
SWIR Wavelengths Laser source is less attenuated compared to other Wavelengths.

160
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Fig. 4 Lasers power attenuation due to fog vs Visibility

The KIM model was utilized for this simulation, and the value of q was utilized up to 5
km vision range. Equation 9 was utilized to produce Figure 4. Thus, for each visibility range,
the value of g was 0, V-0.5, and 0.16VV+0.34, as the visibility was considered 500 m —5 km.

3.2. Effect of Rain

Rain is another important attenuation factor for terrestrial-based FSO system. The rain
droplet size (radius) may vary from 100 um - 10000 pm. As a result, geometrical scattering
occurs for rain in the above-mentioned system. In tropical areas or country, where rain has
occurred abundantly, there is a big problem with the FSO system. The attenuation
coefficient (dB/km) due to rain is in terrestrial-based FSO system can be measured from
equation (10) [45]

A, =b*R? (10)

Ar indicates attenuation coefficient, a (=0.67) & b (=1.076) are parameters that depend upon
rain droplet size, rain temperature, etc., and the value is obtained from Carbonneau’s model, R
depicts Rain rate (mm/hr).
The total attenuation (Lrain) (dB) due to rain for a particular link range can be determined
by equation (11)[45],
Lo = A *L (11)
As the attenuation due to rain is mainly occurred for geometrical scattering, so the

attenuation is wavelength-independent which is depicted in Fig 5, that is attenuation due
to rain (dB) with different rain rates (mm/hr) at a link range of 5 km.
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Fig. 5 Lasers power attenuation due to rain Vs Rain rate

The abovementioned equations (10 & 11) have been related to the optical power
attenuation due to rain. These equations are directly related to rain rates. But this equation
can be represented in terms of visibility. The optical power attenuation due to rain for a
certain visibility can be expressed in the equation 12.

2.8
VRain = 7 (12)

3.3. Effect of Scintillation

Radiation from the sun is heating the earth’s surface, as a result near the earth’s surface
air is heated up, becomes lighter, and goes upward. Then the surrounding cool air rushes to
that place creating turbulence. This temperature inhomogeneity of the atmosphere creates
changes in the refractive index of the atmosphere; this is called scintillation. The more
heated air pockets are mixed with other air pocket and as a result, this acts as lens, focusing
and defocusing the coherent optical beam as it propagates through the terrestrial path. The
size of the air pockets or cells varies from 0.1 cm to 10 m. Attenuation due to scintillation
(ascin) (dB) can be determined from the given equation (13) [37].

11

7 i
Ay = 2\/23.17*(27”*109)6 G2 xS (13)

C. indicates refractive index parameter structure (m22), A indicates Wavelength of the
coherent optical source (nm), L = Terrestrial FSO link range (m).

The value of the refractive index parameter structure is different for different turbulence
strengths which are given in Table 6. Various models, such as the gamma-gamma distribution
model, the lognormal model, the negative exponential model, the k-distribution model, etc.,
have been utilized for the FSO system analytical purposes in various turbulence intensities.
For extremely strong and strong turbulence strength, respectively, the negative exponential
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model and the k-distribution model are employed; for lower turbulence strength, the
lognormal model is employed; and for low to strong turbulence strength, the gamma-gamma
distribution is employed [49][50][51]. Since high to low turbulence strength has been taken
into consideration in the current article, the gamma-gamma distribution model has been taken
into consideration for this simulation.

Table 6 Value of refractive index parameter structure for different turbulence strength

Sl. No. Low Turbulence Moderate Turbulence High Turbulence
1. 10716 10 10713

Attenuation (dB) due to different turbulent conditions are depicted in Fig 6, 1550 nm
Laser source is less attenuated compared to other wavelengths for considering all three
types of refractive index parameter structure.
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Fig. 6 Lasers power attenuation due to Scintillation Vs Refractive Index Parameter Structure

3.4. Effect of Snow

Mainly two types of snow are observed dry snow and wet snow which can attenuate
the terrestrial-based FSO system.

The attenuation coefficient (dB/km) due to snow is in terrestrial-based FSO system can be
measured from equation (14). Table 7 represents the different types of snow corresponding to
different values of c & d.

A, =cS° (14)

As represents attenuation coefficient doe to snow, S indicates Snowfall rate (mm/hr), ¢ &
d indicates Attenuation constant.
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Table 7 Different type of snow corresponding different value of ¢ & d

Sl. No. Type of snow Value of ¢ Value of d
1. Wet Snow 1.02*10°%4 + 3.79 0.72
2. Dry Snow 5.42*105. + 5.5 1.38

The total attenuation due to snow (Lsnow) (dB) for both dry and wet types of snow for
a particular link range can be determined by the multiplication of the attenuation
coefficient due to snow and link range which is given in equation (15).

— *
LSnow_AS L (15)
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Fig. 7 Lasers power attenuation due to different snow rates

From the Fig 7, it has shown that Laser power attenuation due to dry snow is higher
compared to wet snow.

The equation 14 has been represented the optical power attenuation due to snow, this
equation is entirely dependent upon the snow rate. Again, the optical power attenuation due to
snow has been represented in terms of visibility which is represented by the equation 16.

58
}/Snow V (16)

Fig. 8 shows the attenuation (dB) for different atmospheric conditions like fog, rain
and snow for 5 km link distance. From this figure, it has been clear that attenuation due to
snow is highest and the attenuation due to rain is lower compared to fog and snow.
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Fig. 8 Attenuation (dB) for different atmospheric conditions like fog, rain, snow for 5 km
link distance

4, ANALYTICAL RESULT

In this section, the analytical result of the above-mentioned wavelengths of the coherent
optical beam with different parameters like beam divergence loss, power attenuation, BER,
SNR, link margin at different wavelengths, etc. in different atmospheric conditions is discussed.

The MATLAB 2019 software version was used to run the whole simulation. Equations (1-
29) that have already been covered in the article were used for the MATLAB programming,
and the necessary values for these equations' evaluation were taken from Tables 1, 2, and 4,
respectively.

4.1. Received Optical Power in Different Visibility

The received optical power, terrestrial-based FSO system can be obtained from the
equation (17)[52][53].
2
P :H*(%)*Talm*rp*rr*lpT*lpR (17)
R
Pr indicates received optical power, Pr represents Transmitted optical power, zam depicts
Total atmospheric attenuation for a particular link range, 7, indicates transmittance of
transmitted optics (Transmittance of beam expander) z, depicts transmittance of receiver
optics (Transmittance of convex lens * transmittance of optical filter), Dr depicts Diameter of
receiver lens, Dg1 represents beam Diameter of Laser Source at the receiver side using the
beam expander, lyr indicates pointing loss at transmitter side, lpr represents pointing loss at
receiver side
The received power at the 5 km link range, with different wavelengths and different
visibility (up to 1.5 km) is depicted in Fig 8. It has been shown from the figure that the
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received power for the 1550 nm Laser source is more compare to other wavelengths at a
distance of 5 km. and different visibility ranges. The ratio of the receiver aperture (Dr)
(convex lens aperture) to laser beam diameter (using beam expander) at the receiver side
(Deg1) is maintained to 1 for eliminating the beam expansion loss.
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Fig. 9 Received optical power Vs Visibility

Since rain causes optical power attenuation, which is a phenomenon that is
independent of wavelength, the power attenuation caused by those anomalies is the same
for all wavelengths that are taken into consideration at a link range of five kilometers.
Equation 17 has been used to imitate Fig. 9, and it has also been used to simulate Fig. 10,
11, and 12. When the weather is taken into account, the atmosphere transmittance has
altered. Equation 8 is applied when the foggy weather condition is taken into account.
Likewise, equation 10 is applied when rainy circumstances are taken into account.
Likewise, equation 14 is employed to assess the attenuation of various snow kinds.
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Fig. 10 refers the received optical power for different rain rates conditions.

Since varying snow conditions cause optical power attenuation, which is a phenomenon
regardless of wavelength, the power attenuation caused by those anomalies is the same for all
wavelengths taken into consideration for a 5 km connection range.

The optical power acquired because of varying wet snow and dry snow rates is depicted in
Fig. 11 & 12. The received optical power for different snow rate is different, but the received
optical power for dry snow is less compared to wet snow. So, from this, it has been revealed
that in dry snow fall condition, the Laser beam attenuated more compared to wet snow.
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Fig. 11 Received optical power Vs different wet snow rates
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Fig. 12 Received optical power Vs different dry snow rates

4.2. Pointing Loss at the Receiver and Transmitter Sides

Since the appropriate line of sight phenomena between the transmitter and receiver sides is
essential to the operation of the FSO system, pointing loss is another crucial component. A
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significant degree of pointing error may have happened during the formation of the optical
link between the transmitter and receiver if the correct line of sight is not maintained. The
pointing error angle of the transmitter and receiver sides, as well as the transmitter gain
(Grransmiter) and receiver gain (Greceiver), all affect the pointing loss of the transmitter and
receiver sides. The gain of the transmitter side and the receiver side, respectively, might be
expressed using equations (18), and (19) [54].

7D;

Transmitter — ﬂ (18)
7D
Receiver TR (19)

After employing a beam expander, the wavelength (1) and diameter (Dr) of the optical
source determine the transmitter gain, and the wavelength and receiver diameter (Dreceiver)
determine the receiver gain as well. Finally, equations (20) and (21) respectively represent the
pointing loss factor of the transmitter side and receiver side.

IPT = &XP(~Gryangmiter *HTZ) (20)

| = EXP(~Grgogyer “6F) (21)

Receiver
6r and 6k are the corresponding pointing error angles for the transmitter and receiver sides.

As can be seen from Fig 13, the allowable pointing error angle is smaller at the lower
visibility range than it is at the higher visibility circumstances because optical power loss is
often larger at lower visibility conditions than it is at higher visibility conditions. The higher
wavelength (1550 nm) optical Laser source offers a more allowable pointing error angle than
other IR & visible wavelengths from a lower visibility range in higher visibility weather
situations, which is another point that has been illustrated from the same picture.
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Fig. 13 Pointing error angle at various levels of visibility
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The pointing error angle for the transmitter and receiver side at various rain rates is
shown in Fig. 14. In order to preserve the intended BER value (10), the pointing error
angle is also altered from a high value to a low value since the optical power loss is low
to high for the low to high rate of rain.
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Fig. 14 Pointing error angle at various levels of Rain Rates

The pointing error angle for the transmitter and receiver side of varying wet snow
rate, and dry snow rate is shown in Fig. 15 and 16 respectively.
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The pointing error angle is also altered from a high value to a low value in order to
maintain the required BER value (10°), since the optical power loss is low to high for the low
to high rate of snow (dry and wet).
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Fig. 16 Pointing error angle at various levels of Wet snow rate

4.3. Signal to Noise Ratio (SNR)

In photo-detector, SNR is the ratio of the generated signal current to the generated
noise signal. The amount of generated signal current (Ip) in the photodetector depends
upon the responsivity of the photo-detector (R;) and the incident optical signal on the
photo-detector. The generated signal current is represented by equation (22).

l, =P, *R, (22)

Ip indicates generated signal current, Pr represents received optical power on the photo-
detector, R, indicates responsivity of photo-detector (A/W)

Thermal noise is occurred due to the thermal fluctuation of the electron in a photodetector
or receiver circuit. The thermal noise variance is given in equation (23)[55][56]

o; = \/4*kB *Temp™* BF:N

(23)

L

Where, o7 indicates thermal noise, kg represents Boltzmann’s constant, Temp indicates
ambient temperature (300K considered), BW represents Bandwidth of photo-detector, R,
indicates Load resistance.

Dark current noise represents in equation (24)[55][56]

Op =27 e*BW*1, (24)

Where, op represents dark current noise, e indicates Charge of electron, iy indicates dark
current of photo-detector
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The Shot noise depends upon the background noise, the responsivity of the photo-
detector, and generated signal current in the photo-detector, again background noise
depends on the spectral radiance of the sky. The power of the receiver due to background
noise (Ps) is given in equation (25)[57]

Dy L, FOV,
Rx_ 7 25
2 2 ) ()

Where Ng indicates Irradiance (W/m?pum) 7, represents receiver optics transmittance, Bor
indicates bandwidth of optical filter, Dr represents Receiver (photo-detector) aperture,
FOV indicates field of view of receiving lens.

Therefore, the shot noise current represents in equation (26),
i =1, +(R*R)) (26)

P, = Ny *7, * By, *(7*

Is indicates total shot current, Ps represents the power of the receiver due to background
noise.

The shot noise can be represented by equation (27)[56][57]

oy = [2%e*BW *i 7)

Where, o5 indicates Shot current noise, is denotes Shot current of photo-detector
The total signal to noise (dB) ratio is determined by the equation (28)[56][57]

SNR = 10*Iog(|—") (28)

In essence, SNR has been reliant on the intensity of the optical signal at the receiving end of

a specific connection distance. However, increasing the rate of rain or snow has significantly

reduced or weakened the optical signal intensity. Equations 10 and 14 have already been used

to illustrate the attenuation of optical power caused by rain and snow. Once more, equation 17

has demonstrated that the optical power received at the receiver side directly affects the

produced current signal at the receiver side. According to equation 28, the SNR value is

likewise directly related to the amount of current produced at the receiver or photodetector. As
a result, the SNR value is dominantly dependent upon the rain rate as well as snow rates.
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Fig. 17 Signal to Noise ratio Vs Visibility
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In order to retain the same efficiency, the responsivity varies for each wavelength
under consideration from the receiver's perspective.
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Fig. 19 Signal to Noise ratio Vs different levels of dry snow rates

As a result, the shot noise varies depending on the wavelength. Corresponding to this,
the solar background noise varies with wavelength due to variations in the sun irradiance
(W.m2.nm?) factor. Because of this, the signal-to-noise ratio varies depending on the
wavelength, and the BER varies depending on the wavelength due to the SNR's variable
value. Fig 16 shows the various SNR values resulting from the various visibility ranges in
the foggy situations. The scattering coefficient is lower at 1550 nm than other wavelengths
since fog occurrences are often wavelength-dependent, with the exception of situations in
which the vision range is shorter than 500 m (as per the KIM model).
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Rain and snow conditions are wavelength independent phenomena, meaning that the
received optical power is nearly constant over a range of rain and snow rates. However,
because the produced signal current in the photodetector varies, the SNR and BER values
have varied for the various wavelengths. To keep the photodetector system's optical
efficiency, the wavelengths' responsiveness varies. Another reason for variations in SNR
and related BER values is that the noise figure varies between wavelengths.
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Fig. 20 Signal to Noise ratio Vs different levels of wet snow rates

The SNR fluctuates with varying rain rates, respectively, as seen in Fig. 18. Fig. 19
shows the various SNR values for various dry snow rates, whereas Fig. 20 shows the
comparable SNR values for various wet snow rates. The data makes it evident that the
SWIR wavelength (1550 nm) outperform the visible & other IR wavelengths.

4.4, Bit Error Rate (BER)

The reliability of the terrestrial-based FSO system can be expressed by the probability
of bit error which is called Bit Error Rate (BER). Smaller the Bit Error Rate, the more
reliable the FSO communication system. The value of BER is dependent upon directly
the received signal level and photo-detector noise level.

Moreover, the RZ-OOK modulation scheme is considered, the BER of the above
mention modulation scheme is given by equation (29) [58][59]. The Signal to Noise ratio
and corresponding Bit Error Rate of different wavelength Laser sources and different
visibility (up to 1.5 km.) is illustrated in Fig 21.

1 JSNR
2

BER:; ook = E*erfc(

) (29)
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As the SNR varies, the BER also changes in different atmospheric conditions like rain, &
snowy (wet & dry) conditions.
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Fig. 23 Bit Error Rate Vs different level of dry snow rates



Comparative Investigation of Visible to SWIR Lasers for Terrestrial FSO Link 329

Fig. 22, Fig. 23 & Fig. 24 show the BER variation due to different level of rain rates,
snow rates (dry & wet).
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Fig. 24 Bit Error Rate Vs different level of wet snow rates

In all the aforesaid considered atmospheric anomalies conditions, with an increment
of anomalies rate the performance of BER is increased, irrespective of wavelengths.

5. LINK MARGIN FOR DIFFERENT WAVELENGTH COHERENT OPTICAL SOURCES

The link margin for above mentioned different wavelength Laser source using
terrestrial-based FSO calculation is shown in Table 6, the link range considered is 5 km at
a data rate of 100 MHz using a photo-detector of 125 MHz bandwidth.

Table 8 Link margin of different wavelength Laser sources at a link range of 5 km

Different Wavelength

Parameter 532 nm 640 nm 808 nm 980 nm 1550 nm
Transmitted peak Laser output power +30dBm +30dBm +30dBm +30dBm +30dBm
Transmitter optical loss -0.2dB -0.2dB -0.2dB -02dB -0.2dB

Atmospheric loss for clear sky condition -1.8dB -14dB  -1.05dB -0.82dB -045dB
(Visibility > 30 km.)
Scintillation Loss (Cn? = 1016 m) -32dB -2.8dB -25d8  -22dB -1.7dB

Receiver optical loss -155dB  -155dB -155dB -155dB -1.55dB
(Consider Convex lens & Optical Filter)

Photo-detector sensitivity for 16 dB SNR  -32dBm  -33dBm -34.2dBm -35.4dBm -37 dBm
Obtained link margin ~56dB ~57dB ~59dB ~60.6dB ~63.1dB

Mainly, two reasons are responsible for the variation of the link margin of different
Laser sources are used in terrestrial FSO link. The first reason is the optical power
attenuation of different wavelength in different atmospheric conditions are not same. As
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seen from the ‘Beer Lambert’ law, the lower range of optical wavelength is more attenuated
than the higher range of optical wavelength, when it is propagated through the atmospheric
channel. Therefore, received optical power at the receiver side is not the same for all
considered wavelengths. Another reason is the generated signal current in the photodetector
which is dependent upon the received optical power and responsivity of the photo-detector.
As the responsivity of the photo-detector of each wavelength is different so the generated
signal current is different for different wavelengths which creates an impact on photo-
detector sensitivity. Shot noise or background noise which is generated in photo-detector,
dependent on the spectral irradiance of sky, this value is (the value of irradiance is different
with different values of wavelength, in general, the values of irradiance for 532 nm, 640 nm,
808 nm, 980 nm, and 1550 nm are 1200 W/m?um, 1160 W/m2um, 910 W/m?um, 605
W/m2um, 210 W/m?2um) [60] different for different wavelength. This can create an impact
on photo-detector sensitivity for different wavelength Laser sources. As a result, the link
margin value is varying for different wavelength optical sources and SWIR wavelengths are
given the higher link margin value. The terrestrial link using aforesaid wavelengths can be
worked in atmospheric visibility condition is summarized in Table 7. This table depicts the
maximum permissible limit of visibility of fog using 5 km link range and different wavelengths
are considered.

Table 9 Link margin matrix for 5 km link range with different Laser sources in foggy
weather conditions

Wavelengths
532 nm 640 nm 808 nm 980 nm 1550 nm
Visibility: Visibility: Visibility: Visibility: Visibility:
1.45 km 1.3km 1.14 km 1.02 km 0.88 km
Rain Rate: Rain Rate: Rain Rate: Rain Rate: Rain Rate:
33.0 mm/hr 33.9 mm/hr 34.8 mm/hr 35.6 mm/hr 36.4 mm/hr
Dry Snow Rate:  Dry Snow Rate: ~ Dry Snow Rate:  Dry Snow Rate: ~ Dry Snow Rate:
1.4 mm/hr 1.5 mm/hr 1.62 mm/hr 1.75 mm/hr 1.94 mm/hr
Wet Snow Rate: ~ Wet Snow Rate:  Wet Snow Rate: Wet Snow Rate: 6 Wet Snow Rate:
4.2 mm/hr 4.8 mm/hr 5.6 mm/hr mm/hr 6.5 mm/hr

As the link margin is different for different considered wavelengths, therefore, the
link performance has been different for different considered wavelength for a particular
environmental situation. From the Table 8, it has been depicted that 1550 nm Laser
source provides highest link margin & 532 nm provides lower link margin, as a result
1550 nm provides better link performance in lower visibility as well as higher visibility
condition, whereas 532 nm performs worse in lower as well as higher visibility condition.

From the link margin table, it can be seen that the 1550 nm Laser source offers a link
margin of 63.1 dB followed by the 980 nm Laser source which offers a link margin of
60.6 dB. Hence, from the cost-effective or economic point of view, 980 nm Laser source
may be used in terrestrial FSO system instead of 1550 nm Laser source. In case of visible
light communication systems, 640 nm Laser source may give an effective result than
532 nm Laser source.
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Tentative Price of Different Wavelength Laser
Source (<5 W)
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Fig. 25 Tentative price of considered different wavelength Laser Source [61][62]

Fig. 25 presents a preliminary cost estimate for the various wavelengths of laser sources
under consideration. This cost study has demonstrated that the cost of the 980 nm laser is less
than that of the 1550 nm laser source. InGaAs-type photodetectors are typically needed for
1550 nm wavelength laser sources because they have greater response at this wavelength than
Si type detectors, which are not appropriate for this wavelength. Conversely, 980 nm
wavelength responds in Si and InGaAs types of photodetectors. However, this study has taken
into consideration an InGaAs type detector for a 980 nm laser source. When considering cost-
effectiveness, Si detectors are more economical than InGaAs type detectors. Fig. 26 shows the
tentative price of of p-i-n type Si & InGaAs photodetector.

2500

InGaAs

2000

1500 )
Si

1000

Price (in Dollar)

500

1 2

Types of Photodetector

Fig. 26 Tentative price of p-i-n type Si & InGaAs photodetector [63][64][65]

6. CONCLUSION

In this article, a detailed comparative study of different wavelengths like 532 nm, 640 nm,
808 nm, 980 nm, 1550 nm in different atmospheric conditions, has been analyzed with
corresponding actual technical specifications of optical accessories. These accessories are
required in a typical terrestrial FSO communication system. Therefore, from this study, it has
been found that the SWIR wavelength Laser source (1550 hm) poses as a better option in the
foggy weather situations than other wavelengths especially, the visible Laser sources.
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The attractive features of a typical FSO system make it suitable for remote applications.
This system can also be used to establish different networks like building to building, ground
to hill, hill to hill, military application, tactical communication, etc. In disaster areas, where a
temporary link is required due to the disintegration of any existing communication link, this
system can perform very well. The main drawback of the terrestrial FSO system is that the
optical beam or optical power is attenuated by atmospheric anomalies like rain, fog, etc. The
primary disadvantage of this kind of system is its extreme reliance on the weather. Under very
unfavorable weather circumstances, this device can malfunction or stop working altogether.
Consequently, efforts are being made in a number of countries to improve system resilience
during inclement weather. Various diversity methods, such as Multiple Input Single Output
(MISO0), Single Input Multiple Output (SIMO), and Multiple Output Multiple Input (MIMO)
etc., are well-known for their ability to reduce the atmospheric attenuation level
[66][67][68][69]. In the event of unfavorable weather, the wavelength diversity scheme (using
mid-wave infrared) may be advantageous [70][71][72][73][74][75]. A further noteworthy
deployment is the integration of this system with the traditional radio frequency system [76].
In inclement weather, the RF system is turned on and the FSO is turned off. To install this
type of terrestrial FSO system as per requirement, in the above-mentioned applications area,
this comparative study can be resourceful. Compared to other wavelengths, the 1550 nm laser
source works better in various atmospheric anomalies and offers a superior pointing error
angle in both favourable and unfavourable weather situations. The technical specifications of
optical accessories mentioned in this article may help to estimate the link performance for a
longer link range (5 km), subjected to hazardous atmospheric conditions for establishing
reliable communication.

The five principal wavelengths, which are phenomena, have been linked to the current
investigation. Longer connection distance was also linked to this study. The main
atmospheric factors are taken into account, and using carefully selected optics, the impact
of each meteorological factor on each wavelength is thoroughly assessed. Consequently,
the link margin has been successfully raised. Finally, the link margin has been assessed
for each wavelength after accounting for the pointing error in this simulation.

This system is mostly used in disaster situations when traditional internet connections
have failed or been damaged. In these cases, it may be quickly set up for short-term
communication needs. The results of this study's evaluation of several wavelengths,
including visible, SWIR, and others, show the link margins for each wavelength separately.
Several relevant investigations have been conducted from the literature survey portion (in
the introduction section), although the link distance has not been very great, and
comparisons have been made at a maximum of two or three wavelengths for a certain
atmospheric condition. Prior to deploying this kind of system in specific application areas,
however, a thorough investigation with suitable optical accessories has been conducted with
five significant wavelengths and various significant atmospheric scenarios. This study was
conducted with a large link distance (5 km). By suitably choosing the optical accessories,
the link margin has been increased efficiently.
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