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ABSTRACT

Free space optical communication FSO links havers¢veatures that make them attractive
because they supply equip high bandwidth, highdés, low bit error rates, low cost, security, &@nd a
reliable communication medium. However, the graatgdsallenge for FSO communications link
originates from the fundamental characteristicked# space channel; tackling these challengesnexjai
detailed understanding of the factors affectingaaptsignal propagation through free space. The @im
this paper is to provide detailed analysis of ttiect of different parameters of FSO communicatioe
of sight LOS link, including the effect of the céefents of absorption, Rayleigh and Mie scattering
turbulence, and visibility on Propagation of Optis@nal in free space for three selected typespbical
sources namely Gallium Arsenide GaAs LED (850 nh;YAG solid state lasers (1060 nm), and
InGaAsPlaser diode (1550 nm). A numerical FSO channel mddeeloped in MATLAB software is
provided for estimating the influence of these peeters on propagation of optical signal througle fre
space of the selected optical sources under varaoge and atmospheric conditions. The provided
results indicate that the Rayleigh scattering gsisicant up to X=1pm), and it becomes negligible in IR
band. In addition, it is proved that longer waveglnof InGaAsRaser diode (1550 nm) is less attenuated
in comparison with shorter wavelengths of the oty sources.Consequently, the performance of the
system at the wavelength of 1550 nm is much b#ttar the wavelengths of 1060 nm and 850 nm.

Keywords: Keywords: Optical transmitter, Atmospheric optical channel, Rayleigh scattering,
InGaAsP laser diode,Visibility.
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1. INTRODUCTION
A Free Space Optical Link FSO is a transmitter-remepair that sends information between two points

using modulated light (typically a laser or an LEDhis provides many attractive features of FSChsuc
as high bandwidth capability, low probability otenception, very secure due to the high directional
and narrowness of the beam, installation is easidrfast, and the cost is moderate, low bit erates;
license-free band of operation, and impermeableasifpr radio frequency interference or regulatibm.
FOS communication link there is no need for a ptglsiransmittance medium between the points, only
line of sight (LOS). FSO systems work well in moenditions, but suffers dramatic performance losses
under several atmospheric parameters such absgrpgicattering, and turbulence. The choice of
wavelengths for FSO communication has to be eydskim safe as certain wavelengths between 400 nm
to 1500 nm can cause possible eye hazards or idimage [1]. In generally, the wavelength that used
for all commercially available FSO communicatiorstgyns conventionally is (785 nm), (850 nm), and
(1550 nm). However, the physics and transmissiavpgaties of optical beam as it penetrates the
atmosphere are similar in both near infrared astbl wavelength bands. FSO communications systems
consist three components; an optical transmittesetad of signal through the atmosphere, a freeespac
transmission channel often containing (gases, ¢lsombke, rain, fluctuations in temperature, aerasaol

fog) causing the transmitted optical signal to lermated, and optical receiver for processing the
obtained signal.

FSO links have wide range of applications includihgir uses in ground stations, satellites, deggesp
probes, unmanned aerial vehicles (UAVs), aircrdiigh altitude platforms, and other nomadic
communications partners are of practical interkkireover, all links can be used in both civiliandan
military contexts.

Finally, this technology appears to haveyvagh growth prospects in the future especiaftgra
much progress has been made in FSO communicataia.df commercial FSO ground and space link
products are already available in the market, aadh@pe in the near future that this technology hbrilhg
worldwide telecommunication revolution in this tiel
We will briefly focus on concept of FSO communica scenarios in section 1. Section 2 presents a th
principal components of FSO communication link utlthg optical transmitter, atmospheric optical
channel, and optical Receiver are described inildatd this section provides the description ofimas
challenges imposed by propagation of optical beammugh FSO channel. In section 4 we describe the
configuration scenario for direct LOS link. Fingllg mathematical model for calculating the effeict o
atmospheric scattering, visibility, and divergenoethe transmission of an optical signal in e Bpace is
presented in section 5.

2. FREE SPACE OPTICAL COMMUNICATION SCENARIOS
FSO communication systems are where free spacbmessful transmission of optical signals serges a

a communication channel between transceivers thatliae-of-sight (LOS). The channel can be
atmosphere, space, or vacuum, whose characternigiesmine the transmission and reception of olptica
signals in order to design effective and efficieommunication systems. Depending on the various
scenarios for developing optical connections, ptoapoint, multipoint-to-point, point-to-multipoinaind
multipoint-to-multipoint FSO communications are ddde.On this basis, the applications of these
systems are classified into terrestrial and spatiea links that include building-to-building, grod-to-
satellite, satellite-to-ground, satellite-to-sate|lsatellite-to-airborne platforms (unmanned aerehicles
(UAVSs) or balloons), [2]-[3] etc. The classificatiof the FOC system is illustrated in Fig.1.
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Performance of FSO systems depends on two maiargacthe first factor is system design, where the
designer has only control over the system desidie Jecond factor is the weather conditions under
which these systems will operate. Where performarichese systems can be expected only within a
certain distance and can be modeled mathematiddtyvever, it is very difficult to predict weather
conditions with high accuracy especially when ureeted things happen like fires, volcanic eruptions,
etc.

Fig.1.Typical application scenarios of FSO system [4].

2.1 FSO Advantages
The advantages of FSO are described below:
= Great bandwidth to cost ratio.
= Very secure because of the narrowness and higttidinality of the beam.
= Provide high bandwidth links over short distances.
= License free operation.
= High Bandwidth.
= Not effected by electromagnetic interference.
= Full Duplex operation.
= Low bit error rates
= No Fresnel zone necessary only direct line of sight

2.2 FSO Disadvantages

The disadvantages of FSO are as following:
= Mounting - The optical source requires a very fixestallation site which makes it unsuitable for
tower and mast mounting.
= Limited life.
= It can be affected by atmospheric weather conditiéog, rain, smoke etc. Snow can build up on
improperly installed units.

3. THE PRINCIPAL COMPONENTSOF FSO SYSTEM

The basic functional components of FSO communinatistem consists of:
1. Optical transmitter (Lasers or LEDS).
2. Atmospheric optical channel.
3. Optical receiver (PIN or APD).
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In optical transmitter system, the data signal écttansmitted is modulated with light signal byioglt

modulator. The transmitter optic transmits this oiated signal to the receiver through the free spac
channel. In receiver unit, the receiver optic

. SOURCE . .
received the ' transmitted signal.
This  signal s lMODOMTD“ I oPTicAL ‘Lmnsmrr J detected and filtered
by the potodetector I and low pass filter,
respectively. Finally, . — an estimate of the
transmitted data ol signal is obtained. The
generalized TN - iuee || fundamental  block
diagram of a point-| | . i . to-point FSO link is
shown in Fig.2. lr‘:monumrovi»—‘ AMPUFIERS EHOTO. ‘—M

Fig.2. Basic block diagram of a point-to-point FSO lif}.[

The schematic representation of a point-to-poirD li8k between the optical transmitter and the caiti
receiver is visualized in Fig.3. The FSO transmitigcated on first building and connected to al@rea
network (LAN) situated in that building, transmitse optically modulated signal through the freecgpa
The transmitted signal is received by the FSO wetdocated in second Building and attached to & LA
located in that building as well.

Fig.3. Schematic of goint-to-point FSO link between the tranger and receiver.
3.1 Optical Transmitter
The optical transmitter converts the source infdromainto optical signals which are transmittedthe
optical receiver through the atmosphere. Optiaigmitter operates by modulating a source of ligat
is typically generated by laser or light emittingadk (LEDs).The basic components of the transmatter
modulator, driver circuit for the optical source stabilize the optical beam against temperature
fluctuations, and collimator that collects, collires, and directs the optical signals to the optieegiver
through atmospheric channel. Block diagram of thigcal transmitter is shown in Fig.4.
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4 MODULATOR

Fig.4. Block diagram of optical transmitter.

When choosing the type of light source to be usiesl designer must take into account several diftere
factors such as, data rate, eye safety, and thandes between the transmitter and the receiver. The
selection of laser source for FSO applications ddpeon various factors. It is important that the
transmission wavelength is correlated with onehefatmospheric windows. Good atmospheric windows
are around 850 nm and 1550 nm in SWIR wavelengthLWIR spectral range, some wavelength
windows are present between 3-5um (especially Bf+8), and 8—-14 um [6]. At present the availability
of suitable light sources in these longer wavelenghges is very limited. Additionally, most sowsce
require lower temperature cooling, which limitsithese in commercial communication applications.

In addition, some of the key requirements whicluierice the choice of the transmitter signal for FSO
based applications are Pulse repetition frequenpylse width, output beam quality, average output
power, beam pointing stability, pulse extinctioticamass and size, and operational lifetime.

3.1L.1Nd: YAG Laser

Neodymium yttrium aluminium garnet (Nd: YAG) Solkdate lasers which operates at 1064 nm
wavelength are Suitable for long- range FSO apiptina in the defence and securities sector. Nd: YAG
laser can generate very high peak power approxiynét®0's MW), short duration (usually ns) pulses
with good beam efficiency. This allows the sigrialpropagate and be detected over long distant¢es. T
laser is adequate to transmit immense amount oépawd is used in coherent systems with highlylstab
Nd: YAG oscillator [7]. Nd:YAG laser has many agaltions in illuminators and range finders etc. When
using this type of laser, care must be taken bec#ias a harmful effect on the eyes.

3.1.2 Laser Diodes

Laser diodes LD are used in free space optical camcation and inter- satellite links, and their tmea
does not spread while covering longer distances thisy , they often have higher frequencies, which
increases the modulation rate and the overall comgation rate. LDs have faster rise and fall times
which improve the switching speed and over all tigigput of the system. LDs which have operating
wavelength centered at 850 nm, 1060 nm, and 155@nentypically favored for FSO systems. Table 1
gives the compounds involved in the lasers soutdelware commonly used for FSO systems [8].

Table 1. Compounds used in lasers in FSO [9]

Operating Wavelength (nm) Semiconductor material
620-895 Ga(l_x)AI(x)As
904 GaAs
890-980 InGaAs
1100-1650 |n(1_x)Ga(x)AS(y)P(1_y)
1550 |n3(o.ss)Ga(o.4z)AS(o.39)P(o.1)
Nd>*:Y;Als04, ; Nd*":YVO,
1604 NA*YLIF,
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3.1.3 Light Emitting Diode LEDs

In recent years, LEDs have been developed as ntvaekmitters for visible light based FSO
communications. These LEDs, which have lateral dsians of less than (100m), have very high
modulation bandwidths (which have been reporteexiceed 800 MHz) which is enabled by their small
feature size, which in turn supports high wireldasa transmission rates. Two parameters, namely the
differential carrier lifetime and the resistancgaatance (RC) time constant, determine the moidulat
bandwidth of LEDs. Table 2 shows a comparison ofows high-power LEDs which are commonly used
for FSO systems.

Table 2. Compounds used LEDs in FSO.
Operating Wavelength

(nm) Compound(s)
550 GaP
585-595 GaAsP:N
590 AlAs
605-620 GaAsP
630-660 GaAsP
770-870 AlGaAs
850-940 GaAs
930 InP
1100-1670 InGaAsP

Both LDs and LEDs have weaknesses and strengths witemes to FSO communications. LDs have
higher optical power output and can switch fadbeit, LEDs are cheaper, simpler, and more confident.
Though the coherence and minimal divergence of iD®ptimal for optical fiber communication
systems, it does not play as big a role in wiretgstical communication. Additionally, though LDsnca
switch faster, LEDs can switch quick enough for application (>=1 MHz). Since the goal is to have
cheap, small, reliable communication system th&tast can handle (1 MHz), LEDs were chosen as the
photon source for the optical transmitter.

Table 3 shows the Comparison of LEDs and LDs.

Table 3. Comparison of LEDs and Laser Diodes

Optical Spectral Width 25-100 nm 0.01to5nm
Modulation
< >
Bandwidth 200 MHz 1 GHz
Mini tput
nimem Outpu Wide (about 0.5°) Narrow (about 0.01°)
Beam Divergence
Temperature .
L
SEETE Y ittle Very temperature dependent
Special Circuitry Threshold and temperature
. None . .
Required compensation circuitry
Cost Low, off-the-shelf High, need specialized optics
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3.2
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Atmospheric Optical Channel

The performance of FSO communication link is sigatfitly influenced by the ambient conditions
between the optical transmitter and the opticakirer, due to the optical nature of the FSO. Thus,
because of many processes, the optical signaleshiity the emitter will be attenuated before it hesc
the optical electronic receiver. To determine tipdical transmission from a transmitter to a receive
there are three primary processes that affect ptieab beam: absorption, scattering, turbulencee Th
effect of these three factors is to reduce the @ogad of the transmitted optical signal that reactiee
optical receiver through the atmosphere. In gendralfirst tow processes, absorption and scatjedre
grouped together under the topic of extinction.ifiotion is defined as the attenuation in the amaint
optical signal passing through the atmosphere. aftemuation over a distance obf the homogeneous
atmosphere is given by:

b =p,e” W] ......... 1
whereo is the extinction coefficient which is made upwb components:
o=a+y [km"] ... 2

wherea is the absorption coefficient ands the scattering coefficient [10].

3.2.1 Atmospheric Particulates

Particles of Atmospheric are often in the form cdgipitation, but they are also encountered inftine

of dust, smoke, and ash from volcanic eruptionsathdr pollutants.. System performance is affetied

all types of severe weather due to the combinatibrdense particles and turbulence. The system
performance also decreases with increasing padefesity. As the fog has the largest influence han t
performance of the optical signal. This is becahgesize of the water droplets in the fog is suédbr
scatter wavelengths in the infrared spectrum [11].

3.2.2 Atmospheric Absorption

Absorption is fundamentally a quantum process wheratmospheric molecule absorbs the energy from
an optical signal. Absorption changes the atmospmeolecule internal state, increasing its eneeqng
resulting in a temperature change. Each type digmiin the air has associated absorption strength
Particles responsible for the absorption can b&stiad into two groups: aerosol absorbers and cotde
absorbers. Level at which the optical signal wécckase due to absorption is determined by both typ
and density of particles in the air.

Water vapor has a significant effect on absorpbbmear-IR wavelengths. Carbon dioxide is a strong
absorber in the midwave IR, but the midwave bandupgerior for FSO sensor application in high
humidity compared with longwave IR band.

Aerosol absorbers actually found present in theoaprhere are smoke, dust, from the deserts, volcanic
ash and sea salt particles. Aerosols are ofterethdt of many sources of pollution. The vast mgjaf
aerosols occur over land, in the Northern Hemisphemd within 1 km of the Earth's atmosphere [11].

A graph of typical atmospheric transmission is shdwig.5. Specific absorption bands of water, carbon
dioxide and oxygen molecules are indicated whidhtrie atmospheric transmission to several windows
as summarized in table 4.
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Table4. Atmospheric windows

Name wavelength range ( um)
0.75-1.1 pum
Near Infrared NIR
1.1-1.35
Short wave Infrared 14-1.8
SWIR 2-25
Mid wave Infrared 3-4
MWIR 45-5
Long wave Infrared 8-9.5
LWIR 10-14

04 07 1 8 14
Wavelength [um]

Fig.5. Typical atmospheric transmission for 1-km patrgtari10].

3.2.3 Atmospheric Scattering

The process of scattering is the resultant of piotoolliding with atmospheric particles whereby the
photon energy is reradiated in all directions. Traetion of the photon’s energy extracted and tingusar
pattern that it is reradiated is a function of thkative atmospheric particle size to that of theident

photon wavelength. The scattering process for mdiffescattering particles present in the atmospisere
summarized in Table 5 [12].

Tableb. Typical atmospheric scattering parameters, with parameter.

Size parameter

Type of particles Radius (pm)

Scattering regime

(Xo)
Air molecules 0.0001 0.00074 Rayleigh
Haze particles 0.01-1 0.074-7.4 Rayleigh - Mie
Fog droplets 1-20 7.4-147.8 Mie - Geometrical
Rain droplets 100 - 1000 740 - 7400 Geometrical
Snow flakes 1000 - 5000 7400 - 37000 Geometrical

In general, the scattering modes are divided ihtee categories. These categories are based on the
relationship between the wavelength of the incidgmton and the particle size. These models are the
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Raleigh scattering, Mie scattering, and Geometpitics. Fig.6 illustrates the patterns of Rayleilytie

and non-Selective scattering.

The first form is theRaleigh scatteringlt is used when the radius of the particle israppnately less
than one-tenth of a wavelength. The scatteringficierft is proportional ta.*. Raleigh scattering leads to
the blue color of the sky. The blue wavelengthsehastrong scattering interaction with the atmosphe
The blue is scattered in all direction so thatgske appears blue, where the red color of the Snaoke
light mist particles are usually small with respeztwavelengths of IR radiation, and IR radiati@nc
therefore penetrate more through smoke and mists thsible light radiation. However, fog, rain
particles and aerosols are larger and, as a resaltter IR and visible radiation to a similar aegrThe
attenuation of light due to Raleigh scatteringxpressed as follows:

q) (X):q)oe_yx [W], 3
Where only the scattering coefficienis considered. Raleigh scattering coefficiergiien by:
Y=y, N [km'l], ....... 4
WhereN is the molecular number density, ands the Raleigh scattering cross-section whichvegiby:
_AOPINIV? _(n*—n2)?
r 4 B 2 2\2
A (n” +2n7)

3in*@ [10]..5

Where:
N: number of particles per unit volume (@n
V: volume of scattering particle (¢H
A: wavelength of radiation,
no: refractive index of medium in which the partickee suspended,
n: refractive index of scattering particles ,
¢: scattering direction angle.
The second form iMie scatteringwhich happens when the wavelength is about the sare as
the molecule. The attenuation given by Mie scatteis of the same form as Rayleigh scatteringiand
expressed as follows:

d(x)=de’™ [W] ...6
whereyy, is the aerosol attenuation coefficient. The adrasienuation coefficient is a function of the
aerosol density and is related by:

_M® kmd, ... 7
=10 © [km]
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where M(h) denotes the aerosol density at a helghandy(0) is the aerosol coefficient at sea level
(density at sea level ~200 &n[13]. The aerosotoefficient also varies with wavelength. Table Gegi
the value of Rayleigh scattering coefficignand the aerosol attenuation coefficignat sea level with
various wavelengths.

Another consequence of Rayleigh scattering varyﬁiﬂg4 is that for the light beam wavelengths of

interest, the effect of Rayleigh scattering on tb&l attenuation coefficient is very small. Theref
aerosol or Mie scattering dominates the total at&on coefficient. Attenuation due to Mie scatteris
a function of the visibility and laser wavelengi8]:

391/ A \*°
g = = —1 ......
p=3 ( j 5

A = wavelength in nanometers,

V = visibility in kilometers.

g =the size distribution of the scattering partickes,6 for high visibility ¥ >50 km), = 1.3

for average visibility (6 km¥<50 km), = 0.585 V*for low visibility (V<6 )
The third form of scattering iBlonselective scatteringappens where the particle size is significantly
greater than the radiation wavelength. An examptais scattering kind is that at raindrops. Irsthase,
light is mainly scattered in the forward directidrhis case can be represented with geometric opfics
raindrops.

Where:

Table6. Rayleigh scattering and the aerosol attenuation
coefficients at sea level with various wavelendfl#y.

Apm) v (0) ca (0)
0.27 2.282x10" 0.290
0.28 1.948x10™ 0.270
0.30 1.446x10" 0.260
0.32 1.098x10™ 0.250
0.34 8.494x107 0.240
0.36 6.680x10 0.240
038 5.327x107° 0.230
0.40 4.303x10 0.200
0.45 2.644x107 0.180
0.50 1.716x10™ 0.167
0.55 1.162x10 0.158
0.60 8.157x107° 0.150
0.65 5.893x10° 0.142
0.70 4.364x10° 0.135
0.80 2.545%x107° 0.127
0.90 1.583x10° 0.120
1.06 8.458x10™ 0.113
1.26 4.076x10™ 0.108
1.67 1.327x10™ 0.098
2.17 4.586x10” 0.085
3.50 6.830x10°® 0.070
4.00 4.002x10°® 0.063
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3.2.3 Turbulence

Turbulence is a concept used to describe time-variation insguee, temperature and density,
inhomogeneity composition of the atmosphere. Tlessure (and temperature) variations result in resul
in the inhomogeneity of the refraction index. Thdax of refraction variations cause the directibhght
propagation to ‘bend’ in in different directionstrdospheric turbulence has a major effect on thditgua
of the optical beam propagating through the atmespin free space optical (FSO) contact connections
Turbulence causes random fluctuations of the aogdiand phase of the received signal resultingépd
fades or surges of the signal. These fluctuatidrnthe received optical signal significantly degrate
performance of the link, especially at a link dista (1 km) or longer, or if the communication takes
place with a mobile platform. Fig.#lustrates the influence of turbulence on progiggeangle of optical
beam.

Atmospheric Turbulence

Optical transmitter Optical Receiver

Fig.7. Influence of turbulence on propagation angle dioap beam.

The fluctuations of the refractive index in the asiphere can be described by the index structure
function:

D,(r)={(n,—n,)?),  ..c.... 9

wheren; andn; are the indices of refraction at two points sefgatdy a distance In a similar manner, a
temperature structure function is defined by:

D(r)={(M,=T,)) s «eveernnn 10
whereT; andT, are the temperatures at two points.

The index structure parametef is related to the temperature structure parameter b

C?=

n

an(A)‘ZCE M2, ... 11

aT

For dry air and optical wavelengths it can be apipnated by:
c :[7940611 c [m_2/3], .......... 12

whereP is the atmospheric pressure in millibars and théstemperature in Kelvin. For heights not near
Earth s surface (above 15 m):

C2(h)=C2(Oh™3,  «eernrnn. 13

whereh is the height in meters argt (o) is the ground-based index structure parameter.
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In the literature, different techniques have beeggssted to minimize the effects of atmospheric
turbulence such as diversity, aperture averagidgpiive optics, etc.

3.3 Optical Receiver

The optical receiver is a critical element of arOF&mmunications system since it often determihes t
overall system performance. The optical receivrgtion is to detect and transform the incoming
optical signal (light) into an electrical signalof{tage/current) and obtain the signal (either ampajo
digital) that is being transmitted from it. The igpt receiver consists of a photodetector and elaats

for amplifying and processing the signal. Fig.8wskahe basic block diagram of an optical receivEne
first component of the receiver is (APD) or (PIN)opodetector, which generates an electric current
proportional to the level of received power. Aftbie photodetector transforms the incoming optical
signal into an electrical signal, the amplifierreases it to a level convenient for processingieysignal
processor. What other circuitry is needed is detegthby the modulation type and the electrical autp
requirements. The requirements for a photodeter®identical to those of an optical source. ltustho
have fast response, high sensitivity, high relighilow noise, and low cost.

OPTICAL
PULSES

OUTPUT

OPTICL SYSTEM

Fig.8. The basic block diagram of an optical receiver.

The photodetector component (PIN or APD ) in senhsar the FSO systems plays a key role in
determining system-level parameters including $imitgi resolution, and spectral operating bandeTh
spectral response is determined by the photodetasstmiconductor material characteristics and the
operating temperature. The photodetector sensitigita function of material (i.e., band gap), d&iec
size, bandwidth, wavelength, and shielding. Tab&#h@ws most common photodetecror's material and
corresponding wavelength and energy gap used in[ES.6].

Table 7. Most common photodetecror’s material and
corresponding wavelength and energy gap used in FSO

Material Wavelength (nm) Energy gap (eV)
InGaAsP 1650-920 0.75-1.35
InGaAs 1700 0.73
GaAs 870 1.424
Germanium 1600 0.775
Silicon 1060 1.17

4. LOS COMMUNICATION LINK SCENARIO

When taking a closer look at how the FSO systernfopes, it is important that it is very important to
consider the many parameters of this system. hermgd these parameters can be divided into two
different categories, the first being the interparameters and the second the external parameters s
Fig.9. Internal parameters are related to the desiga specific FSO system and can be impactedhéy t
system designer or engineer. Examples include wecaiensitivity, receiver lens diameter or receiver
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field-of-view (FOV), transmission bandwidth, andtiopl power Other significant parameters that

determine the performance and effectiveness okesysre related to external or non-system specific
parameters and all of them are related to the tdinmawhich the system operates. Typical examples a
the deployment visibility and distance.

Fig.9. Schematic explanation of internal and external E$&em design parameters.

It is necessary to understand that many of thessnpeters are related and not independent of e&eh. ot
Generally, focusing on improving one system param@iich as increasing transmission power) does not
improve the overall system performance. A profasadidesigner of FSO system must balance all okthes
parameters. The simple link equation given in a@quaB illustrates the effect of various system
parameters on the received power at the opticalvec In particular, and as can be easily seem ftus
equation, the value of the atmospheric extinctioafficient ¢ is very important due to the exponential
dependence on the level of the receiving energy.
d? _
- R oR
P.,=R [p Jide +(¢)ER)2 (e ... 14

Where:
Pr = Received laser power at R,
Pt =Laser power at the source,
dr= diameter of the receiver(m),
dr= diameter of the transmit beam(m),
¢ = Beam divergence (rad),
p = Lens-detector loss(dB),
R = Range in meters.

5. SAIMULSTION, RESULTS AND DISCUSSION
According to the previous study in this work, itaidvisable to choose an optical source operatitigwa
wavelength having the lowest level of attenuatids.a result, the components of FSO systems shauld b
designed to operate between 0.78 - Qu8band 1.52 - 1.6@m. Consequently, we have selected the
following optical sources:

1. Gallium Arsenide (GaAs) LED for 850 nm atmosphevindow.

2. Nd:YAG solid state lasers for 1060 nm atmospherimiaw.

3. In(.58Ga0.42/AS(0.9)P0.1) laser diode for 1550 nm atmospheric window.
5.1 Calculation of Rayleigh Scattering
Using equation 5 for Rayleigh scattering, and gigata in table 6, we can conclude that in the wulbtat
and at short visible range of wavelengths Raylegbnuation is more important in infrared and near
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infrared part of spectrum. Fig.10 indicates thatRayleigh scattering is significant up ie={um), and it
becomes negligible in the infrared range of wawgllee. Consequently, in this case the specific
attenuation is quiet less for 1550 nm as compardd60 nm, and 850 nm. As a result, 1550 nm lager a
preferred choice during heavy attenuation becatifeeo high transmitted power.

0.25

Attenuation Coefficients[1/km]

wavelenghth [micrometer]
Fig.10. Rayleigh attenuation coefficient versus wavelegagth

5.2 Calculation of Mie Scattering

In contrast to Rayleigh attenuation, the Mie attdimn coefficient has more pronounced effect on the
attenuation. It is significant for three wavelersythnd falls rapidly with increased visibility. Ugin
equation 8 we can calculate attenuation coeffisiémt 850 nm, 1060 nm, and 1550 nm wavelengths and
visibility. Fig.11shows the attenuation due to Mieattering variation of the visibility for three tagal
source wavelengths GaAs LED (850 nm), YdAYAG ladéil60 nm), and InGaAsP LD (1550 nm). We
note that when the weather is in low visibility] #iree wavelengths of the optical source are pdcke
almost closely following the same pattern which nsethat the specific attenuation is independenhef
choice of operating wavelength.

35

= GaAs LED (850 nm)
= YdYAG laser (1060 nm)
== |nGaAsP laser diode (1550 nm)

|
|
300\ --1---- ot
|
|

Attenuation Coefficients [1/km]

Visibility [km]

Fig.11. Attenuation coefficient due to Mie scattering asdtion

of visibility for GaAs LED, laser, and InGaAsP Light sources.
5.3 Calculation of Visibility
Fig.12 shows the power attenuation of GaAs LED, X&ylaser, and InGaAsP LD respectively as it
propagates from the transmitter to the receivea afriable distance between them, whit visibilig/ a
Parameters. It can be seen that attenuation iresesth range and decreases with visibility inceeas
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However, for a given range attenuation decays sidarehigher visibilities. The calculations wererdo
using Equation 14 according to the data given fet8.

Table 8. Parameters Used for Numerical Calculation

Parameter Value

Diameter of the transmit aperture (d,)

Diameter of the receive aperture (d,)
Beam divergence angle ()
Range (R)
Transmission wavelength
Lens-detector loss (p)

Attenuation [dB]

180

160

[y
»H
o

[y
N
o

[y
o
o

0.05m
0.1m
0.001 (red)
100-1000 m
850nm, 1060nm, 1550 nm
1.5dB

e \/iisiibility=100m (850 nm)
== = Visibility=200m (850 nm)
---- Visibility=300m (850 nm)
= \/isibility=100m (1060 nm)
= == Visibility=200m (1060 nm)
----- Visibility=300m (1060 nm)
= \/isibility=100m (1550 nm)
= == Visibility=200m (1550 nm)

1
200 400

|

|

1 1
600 800 1000

Range [meters]

Fig.12. Attenuation of GaAs LED, YdYAG laser, and GaAaBer diode
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5.4 Calculation of Divergence

Similar investigation is done for the various vaud the divergence as shown in Fig.13. The diverge
weakly affects the attenuation for a range of valtaken into analysis. Even in this case the major
parameter determining the attenuation is the \lisibi

200

s \/isiibility =100 (850 nm)

= == = \/isibility=200 (850 nm)

----- Visibility=300 (850 nm)

[y
o
o

—— Visibility=100 (1060 nm)

= = = /isibility=200 (1060 nm)

----- Visibility=300 (1060 nm)

Attenuation [dB]

[y
o
o

= Visibility=100 (1550 nm)

= = = /isibility=200 (1550 nm)

----- Visibility=300 (1550 nm)

Divergence [mrad] x10°

Fig.13. Power attenuation of GaAs LED, YdYAG laser, andAGRlaser diode versus divergence,
visibility and wavelengths.

5.4 Calculation of Required Optical Power
In order to provide a basis for link fabrication,i$ necessary to predict required optical power of
transmitter independence on the maximum allowededetween transmitter and receiver and for given
sensitivity of the receiver. In our analysis weusss that the minimum detectable power for receiver
Pr=[-40dBm], corresponding to low-sensitive photod#o The calculations were done according to the
data given in Table 8. Fig.14 shows the minimumsdnaitter power versus link range for three différen
visibilities. For smaller ranges (up to 400m) theénimum optical power of transmitter increases
significantly, and for larger ranges this depen@elmdecomes linear. It can be seen that the reqpoeer
of transmitter increases when visibility decreases.

[y
»
o

—— Visibility=100 (850 nm) | Fixed Receiver Sensitivity [-40 dBm]

— == Visibility=200 (850 nm) | ‘ ‘

----- Visibility=300 (850 nm)

—— visibility=100 (1060 nm) |- L~ -

== = Visibility=200 (1060 nm) | |

----- Visbility=300 (1060 nm) - -
|

[y
N
o

[y
o
o

80
= Visibility=100 (1550 nm)
60| === Visibility=200 (1550 nm)

WO

200

= Tttt
-20 R 1L LAt i

Laser Power at the Source [dBm)]

A0 - - L

-60

Range [m]

Fig.14. Required optical power of transmitter versus liakge for various visibilities levels and [-
40dBm] receiver sensitivity.
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5. CONCLUSION

The influence of atmospheric conditions parameterduding, absorption, scattering, and
visibility on free space optical links has beendamed and discussed. The obtained results have bee
confirming the important dependence between theospimeric attenuation, environmental conditions,
and operating wavelengths of optical sourcHse results also show that Rayleigh scattering lman
neglected for the wavelength range of interest)eniiis not the same case with the Mie scattering.
addition, it is proved that longer wavelength cBlEAsPaser diode (1550 nm) light are less attenuated in
comparison with shorter wavelengths of the other $aurces Nd:YAG lasers (1060 nm) and GaAs LED
(850 nm), so the system efficiency is better whes af InGaAsP in bad atmospheric conditions.

The most interesting conclusion is that the ramgyeally depends on visibility, while increase ofigeu
optical power slowly increases the maximum linkgan

Obviously, the attenuation increases as the diveencreases and there is no change in the
attenuation due to wavelengths change.

In order for FSO systems to perform properly; tlearh divergence must be adjusted to suit the
receiver FOV. Where there is a relationship betwteerbeam divergence of the transmitter and the FOV
of the receiver unit. Hence, if the link head molieth the transmitted beam and the receiver's tibrec
may be change.
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