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Abstract – The determination of the optimum divergence of the 
transmitter optical beam θθθθt,opt in FSO systems can largely 
compensate for the negative impact of the change in the direction 
of propagation of the optical radiation due to various random 
factors. Depending on the system parameters, the length of the 
communication channel and the typical weather working 
conditions, the proper choice of θθθθt can significantly increase the 
reliability of information transmission and reduce the 
probability of outage. In this paper the influence of the optical 
output power of the transmitter and the length of the 
communication channel on the value of optimum divergence of 
the laser beam after the transmitting antenna are shown. When 
the divergence of the transmitter beam is set, the FSO system of 
TU-Sofia can work reliably under conditions where the 
deviations of the beam from its main direction exceed more than 
twice the deviations in the absence of adjustment. 
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I. INTRODUCTION 

The application of FSO systems is becoming more and 
more frequent with specific connection conditions in the 
contemporary communication systems and networks. This is 
due to their wide bandwidth, tight radiation pattern of antenna, 
small size and weight, lower price, license free frequency 
band, that is, no frequency planning is necessary. The 
increased interest in FSO systems, however, creates new 
requirements for improvement of their characteristics, as well 
as for optimizing some of their parameters, in particular those 
of the divergence of the transmitter optical radiation [1-4]. 

One of the reasons for decreasing the functioning reliability 
of FSO systems are the random angle fluctuations of the 
transmitter laser beam from the direction where the receiver is 
placed. The main reasons for their existence are the turbulent 
fluctuations in the atmosphere and the mechanical movements 
of the bases on which the transmitter/receiver sets are placed 
(or building sway) [5-7]. The phenomena mentioned have 

coherent action in order to decrease the connection channel 
length or increase the outage in case of poor weather 
conditions. A typical way of overcoming this problem is the 
use of redundant power with a perfect optical setting of the 
system and when there is a possibility that there are only 
geometrical losses, which we have considered in our paper 
[1]. In it, we have derived an expression for calculating the 
maximum radial displacement of the receiver antenna center 
from the transmitter laser beam axis, depending on the initial 
Gaussian beam radius.  

This paper is a continuation of [1]. We have proven the 
significance of a transmitter optical antenna with adjustable 
angle width of the transmitter diagram in order to increase the 
functioning reliability of the system. We have researched the 
impact of the optical radiation source power and the 
connection channel length on the value of the optimum 
divergence angle of the transmitter optical radiation. We have 
indicated the basic parameters of the system and the 
connection channel.  

II.  OPTICAL PROPAGATION AND INTENSITY 

DISTRIBUTION. DEFINITION OF THE PROBLEM  

In the selected location of the FSO system and a perfect 
optical setting, that is a coincidence of the optical antennae 
axes of the opposite transmitter/receiver sets, angle θ = 0. The 
BER value with a perfect setting usually reaches values lower 
than 10-20, when the values for normal functioning of the FSO 
systems are within the range of 10-12 to 10-8. This allows, 
when the source power remains the same, for an increase of 
the divergence of the transmitter θt, and in this case there is an 
increase in the value of the maximum acceptable angle 
deviations θmax of the laser beam from its main direction when 
the condition is fulfilled that the received power Φr is bigger 
than the threshold value Φr, min, respectively the minimal 
average radiation intensity in the receiver aperture Ιr is bigger 
than Ir, min (fig.1). With the further increasing of θt we reach 
the maximum value of θmax when the installation and 
parameters of the system are fixed, and then  θmax  starts 
decreasing and we derive Φr < Φr, min , including the case 
where the angle is θ = 0. 

As it is evident fig.1, for the derivation of the optimum 
laser beam divergence of the transmitter θt, opt, where on 
certain conditions we derive the maximum value of θmax, we 
need an intensity distribution model of the light of the source 
in the receiver antenna plane. This means that at a distance z 
from the transmitter in a plane transverse to the distribution 
with a assumption for azimuthally beam symmetry, we have 
to derive the radial distribution of the plane density of the 
power I(ρ, z) ≡ I(θ, z). This distribution depends mainly on the  
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Fig.1. Dependence of the radial distribution of intensity of optical 
radiation I(θ, z) in the plane of the receiver (z = const) at different  

divergences of the transmitter optical radiation θt (θmax is the maxi-
mum acceptable angular variance of transmitter’s beam from its 

main direction in case of θt, 4). 

 
phase and amplitude distribution of the field in the emitting 
aperture At = πRt

2. Rt is the aperture radius of the transmitting 
antenna. In our model we will use synchronous phase and 
Gaussian amplitude distribution in the emitting aperture [1], 
[8]. The maximum intensity value is along the beam axis, 
respectively in the center of the emitting aperture. When 
ρ = ρ0, the light intensity decreases by e2 in relation to the 
maximum and ρ0 is defined as an initial Gaussian beam 
radius. In order to keep the Gaussian radial distribution in the 
Fraunhofer zone 

z ≥ zc, exp          (1) 

it is necessary to fulfill the condition 

   Rt ≥ 2ρ0 .           (2) 

zc, exp is calculated by the formula 
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where λ0 is the central wavelength of the light source, 
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0
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λ
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,                 (4) 

and Kθ is the coefficient indicating the random fluctuations of 
the field phase in At. These fluctuations are due to different 
stochastic factors in the laser generation, and these factors 
worsen the radiation coherence level and lead to a difference 
between the actual divergence and the theoretically defined 
one θt, teor, 

teort,expt, θ=θ θK ,    (5) 

and typically Kθ ≥ 10. 

When the conditions (1) and (2) are fulfilled, the current 
Gaussian radius is calculated by the formula 

( ) ( )2
expt,

2
0 zzz θ+ρ=ρ           (6) 

and 

( ) ( ) 2e.,0, −=ρ zIzI z  

is fulfil led. 

The losses in the light distribution between the transmitter 
and the receiver when there is a assumption of an uniform 
volume extinction coefficient αe, are calculated by the 
formula 
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In (7) τa is the transparence of the connection channel, SM is 
the meteorological visibility of the atmosphere, and for the 
typical atmospheric conditions the exponent q is calculated by 
the formula 

[ ]3
M km585,0 Sq = . 

With the assumptions made, the optical radiation intensity 
along the optical axis and its radial distribution are 
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In (8) the losses in the transmitter antenna optics have been 
expressed by τt, ΦL  is the power of the source radiation, θ is 
the angle deviation of the transmitter optical beam axis, 
recognized from the case of perfect alignment, that is 
coincidence of the optical axes of the transmitter and opposite 
receiver optical antenna. The power ΦL is the laser power with 
a assumption for a digital communication system with On/Off 
modulation (OOK) in the optical code impulse. 

With the digital communication systems with OOK 
modulation, the system functioning quality is guaranteed by 
the low values of BER. With them, we calculate BER from 
SNR again using an erfc function, which presupposes a great 
slope in the changing of BER. A change by one order of SNR 
leads to a change up to ten orders of BER. Because of that it is 
more convenient to deal with and to represent graphically the 
change of SNR from the different parameters of the system. 
To calculate SNR we need the optical beams at the input of the 
receiver. The optical beam through the input aperture of the 
receiver corresponding to the upper level of the optical code 
impulse, is 
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( ) ( )zIRz ,..., 2
rrpd θτπ=θΦ .                    (9) 

In (9) Rr is the aperture radius of the receiver telescope, τr is 
the transmission coefficient of the optical receiver system. 
The above equation is true when the condition ( ) rRzz >>ρ  

is fulfilled. 

The second in significance input optical beam, that is the 
background one, is calculated by the formula 

( ) F
2

expr,
2
r0B,r

2
B λ∆θλτπ=Φ λ RL ,   (10) 

where Lλ, B is the spectral brightness of the background 
radiation, and ∆λF is the transmission wavelength bandwith of  
the interference filter before the photodetector, placed to 
restrict the background radiation. 

With the indication of the dispersion of the two main types 
of noise in the optical receivers, the thermal and the quantum 
one, the expression for SNR calculation is 

( ) ( )

( ) ( )[ ]












Φ+θΦλ+

θΦλ
=

Bpd0I

Fb

B
I

pd0I

,
.2

C

,

zeR
R

ATk

zR
SNR .(11) 

The formula is true for an optical receiver with 
preamplification and a p – i – n photodiode. 

( ) ( ) 00
5

0I 10.06,8 λλη=λR  is the integral sensitivity for 

current of the photodetector, η(λ0) is the quantum efficiency 
of the photodetector material, kB is the Boltzmann constant, e 
is the charge of the electron, CI is the information  throughput 
of the digital communication system, and RFb is the value of 
the resistor in the feedback of the preamplifier. 

III.  SIMULATION RESULTS AND DISCUSSIONS  

For the developed and implemented in TU-Sofia FSO 
system [9], [10] we will determine the maximum divergence 
θt, opt of the transmitter optical beam. The system works at a 
wavelength λ0 = 850 nm with information throughput CI = 
100 Mbps with power in the optical bit impulse ΦL = 10 mW. 
Using a two-lens Kepler collimator, we gradually change the 
beam divergence within the range of 1 mrad to 5 mrad. The 
connection channel length is up to 2 km. The other system 
parameters necessary for the calculation using the method 
developed in ІІ, are: τt = 0,85; Kθ = 10; Rr = 5,5 cm; θr = 5 
mrad; τr = 0,85; η(λ0) = 0,7; ∆λF = 10 nm; RFb = 1 kΩ; A = 5. 
For the calculations we choose values SM = 10 km, Lλ,B = 10-2 
W/m2.sr.Å, T = 300 K, and the constants are kB = 1,38.10-23 
J/K, e = 1,602.10-19 C. 

In fig.2, with an increasing divergence θt, exp of the 
transmitter beam, we have shown the dependence SNR(θ). It 
is evident that, when we choose a minimal level for the 
signal/noise  ratio SNRth = 11,2, which corresponds to BER ≈ 
10-8, the maximum possible divergence of the beam θmax from 
the perfect alignment increases with the increasing of θt in the 

 

Fig.2. Dependence of the signal to noise ratio from angular 
deviation θ of the beam of the transmitter from its main direction at 

different divergence of transmitter optical radiation θt. 
 

beginning, and then it starts decreasing, as we have already 
predicted. 

The dependence θmax(θt) for three values of the optical 
radiation source power ΦL = [10, 15, 20] mW with connection  
channel length  z = 2 km  has been shown in fig.3. It is evident  

 

 
 

Fig.3. Dependence θmax (θt) at z = 2 km for three values of ΦL. 
Determination of  θt, opt (ΦL = 10 mW). 

 
that when the power ΦL increases, θmax increases, too. From 
the graphics it is evident that if we want to have the maximum 
value of θmax, it is necessary to change θt too, this means that 
its optimum value exists and it is θt, opt. When ΦL  
increases two times and with an optimum value of the  
transmitter optical beam divergence, the maximum possible 
angle beam divergence increases by 37%. It is also evident 
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from the graphics that θmax, depending on ΦL, undergoes more 
significant changes with the great values of θt. 

 
 
 

Fig.4. Dependence θmax(θt) at ΦL = 10mW for three values of z. 
Determination of θt,opt(z = 1 km). 

 

In fig.4 is shown the dependence θmax(θt) for three 
connection channel lengths z = [1, 1,5, 2] km when the optical 
radiation source power is ΦL = 10 mW. With the decreasing 
of the distance z is necessary a significant readjustment of the 
transmitter optical system, but as a result we can achieve a 
significant improvement of the functioning abilities of the 
system. When z is decreased 2 times, it is necessary to 
increase θt by almost 3 times in order to maintain the optimum 
setting of the system. As a result, however, the possibilities of 
divergence of the beam from the main direction and keeping 
the functioning of the system, are more than 2,2 times greater. 

In the comparisons between fig.3 and fig.4 it is evident that 
the functioning of the system is more sensitive to the change 
in the connection channel length that it is to the optical 
radiation source power. When the values of the optical 
radiation divergence are θt < 1 mrad, the impact of the 
changing of  z or of ΦL on θmax can be ignored. 

IV.  CONCLUSION 

This paper shows the possibility of a significant increase in 
the functioning and reliability of an FSO system with an 
optimum optical radiation divergence setting of the transmitter 
θt, opt. Its value depends on the particular parameters of the 
system and the communication channel. We have researched 
the impact of the connection channel length z and the power in 
the code impulse of the optical radiation of the source ΦL on 
the maximum possible divergence  θmax of the transmitter 
beam from the perfect direction, that is when there is a 
location on single optical axis of the opposite 
transmitter/receiver antennae θ = 0 (fig.2). We have shown 

that the values θmax(θt, opt) increase when ΦL increases and 
they decrease when z increases, and the connection channel 
length z has a greater impact on them. When there is a 
constant collimation of the transmitter beam, that is a constant 
value θt, the value of θmax is influenced to a much greater 
extent by z and ΦL  when the values of θt are big than when 
they are small, for instance when θt ≤ 1 mrad. When there is 
an optimum beam divergence setting, within the limits of the 
research defined (ІІІ) it is possible to have a 121% increase in 
the acceptable value of the divergence θmax. 
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