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Optimal divergence of laser beam in optical wireless 
communication systems 
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DОtОrmТnТng tСО optТmal dТvОrgОncО oП transmТttОr’s bОam Тn optТcal аТrОlОss communТcatТon 

systems (OWCS) can largely compensate for the negative impact of the change in the direction of 
propagation of optical radiation due to various random factors. In this work an explicit formula for 
calculating the value of divergence of optical radiation after aperture of transmitting antenna is 
derived. This value allows maximum deviations of the laser beam. It is shown that, depending on the 
system parameters, the power of the transmitter, the length of the communication channel and 
meteorological conditions of work, the proper choice of the divergence of transmТttОr’s ТrradТatТon can 
significantly improve the reliability of information transmission. The influence of the optical power of 
the transmitter and the length of the communication channel on the value of the optimum divergence 
of the beam after transmitting antenna is studied. 
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Introduction 
The necessity of increasingly higher bitrates in 

today’s broadband communications requires more 
extensive use of optical communication systems, in 
particular optical wireless communication systems 
(OWCS). The role of channel in these systems is 
performed by atmospheric paths. OWCS found 
increasing application in specific conditions of 
connection in various communication systems and 
networks, including the group of mobile 
communication systems. In recent years significant 
progress has their mobile version. This is due to their 
wide bandwidth, narrow radiation pattern of the 
antennas, lower price, free frequency band, lack of 
frequency planning.  

The increased interest for OWCS, however, 
requires their continuous characteristics improvement 
and parameters optimization [1], [2], [3], [4]. This is 

directly related to overcoming the main disadvantage 
of these systems, namely, the low reliability of 
operation. 

One of the reasons for the reduced reliability of 
operation of OWCS is the random angular deviations 
of the transmitter laser beam from the direction of the 
receiver location. Two are the main reasons for 
interference, leading to the spatial displacement of the 
beam. The first one is the atmospheric turbulence, the 
intensity of which is related to a dynamically 
changing weather conditions in the atmospheric 
channel. It is caused by the uneven heating of the air. 
This leads to the formation of the corresponding 
vortices which in turn cause the spatial redistribution 
of the optical energy [5]. The effect is very 
pronounced in high coherent radiation. The second 
reason  for  spatial  fluctuations  of  the  optical  beam 
is  the   displacements   and   twists   of   the   common  
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mechanical structure that includes transmitter and 
receiver. They are caused by the heating of the 
mechanical constructions, of the wind and vibrations 
of the building, i.e. a base on which are fixed systems. 
The above mentioned phenomena decrease the length 
of communication channel or reduce the reliability of 
the system mainly in adverse weather conditions [6], 
[7]. 

 Increasing the reliability of the system is possible 
by increasing the possibility of a maximum deviation 
of the beam of the transmitter from its main direction 
(this is the direction in which the transmitter axis 
passes through the center of the receiving antenna). 
This compensates the harmful effects of the free space 
displacements of the beam. There are scientific studies 
and numerical simulations [8] about the influence of 
the divergence of the transmitter’s laser beam and 
weather conditions on the OWCS operation. Despite 
the numerous researches so far, there is no equation 
for calculation of the laser beam optimal divergence 
depending on the system and communication channel 
parameters. 

This work investigates the maximum possible 
angular (or linear in the plane of the receiving 
antenna) deviation of the laser beam from its main 
direction as a function of preset divergence of the 
beam from the transmitter. An expression for 
calculating the optimum divergence of the beam after 
transmitting antenna is derived. This is the divergence, 
allowing for maximum deviation of the laser beam 
while retaining the reliability of the system. The 
dependence of the optimal divergence of laser beam 
from the optical power of the transmitter and from the 
length of the communication channel of optical 
wireless communication system is examined. 
Graphical dependences of the optimal divergence for 
two wavelengths of the used laser radiation are shown. 

Mathematical model of the task 
Task that we want to solve is illustrated by Fig.1. It 

shows a structural diagram of OWCS in case of 
coincidence of the optical axes of the transmitting 
(TA) and the receiving (RA) antennas. The 
distribution of the intensity of the optical radiation I(, 
z) in the plane z = const depends on the phase and the 
amplitude distribution of the field in the TA. For our 
consideration will accept constant phase and Gaussian 
amplitude distributions. 

The following symbols are used in Fig.1: ФL - 
optical flow emitted by the laser, Фt and Фr - optical 
flows through apertures of the transmitter TA and 
receiver RA, Фpd - optical flow at the input of the 
photo detector. I(0, z) is the intensity of the optical 
radiation along the axis of the transmitting antenna 
(along the axis of the optical beam from the 
transmitter), and the radius of Gaussian laser beam ρz 
(in azimuthal symmetry of radiation) can be calculated 
by the condition: 

(1)     
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The radius ρz defines the divergence θt of the optic 
flow in the far zone (at z > zc  where zc  is the zone of 
cone and approximately match with the zone of 
Fraunhofer) – tgθt = ρz/z. τt and τr represent the losses 
in the transmitting and receiving antennas, τa is 
atmosphere transparency, 2θr is angular width of 
directivity diagram of the receiving antenna RA. 

In the assumed Gaussian radial intensity 
distribution of the optical radiation in the plane z = 
const, in which the receiving aperture, it is assumed 
that the radius of the receiving antenna is much 
smaller than the radius of the laser beam (Rr  z).. 
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Fig.1. Structural diagram of OWCS. 
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Then we can approximately determine the received 
optical flow Фr  at radial displacement ρ of the center 
of the receiving antenna RA from the axis of the optic 
beam as a multiplication of light intensity in the center 
of RA and area Ar of the receiving antenna 

(2)   
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In the assumed radial distribution of intensity of 
the optical radiation is clear that with increasing ρ, i.e. 
as we increase the deviation of the beam from its main 
direction (when it is ρ = 0, respectively θ = 0), the 
intensity of the optical radiation will decrease. We 
will reach to intensity Imin , which corresponds to the 
minimal optical power trough the receiving aperture 
RA  Фr,min (respectively trough the aperture of the 
photo detector, which is defined from given BERmax). 
This is the ultimate power where OWCS still works 
reliably. The respective value of ρ  ρmax defines an 
angle θmax , which is the value of the admissible 
angular deflection of the laser beam from the main 
direction of propagation (θ = 0) as a result of various 
random factors. 

Fig.1 shows two optical flows of the transmitter 
with two different divergences θt,1 and θt,2 (θt,1 < θt,2) 
which correspond to two distributions of light 
intensity I(ρ, z). In case of ideal optical setup of the 
OWCS (i.e. coincidence of the axes of optical 
antennas of opposite pairs of transmitter/receiver) we 
can permit very small values of the angle θt. In this 
case BER usually reaches values smaller than 10-20, 
while values for normal operation of OWCS are 
between 10-12 to 10-8. This allows while preserving the 
transmitter’s optical power to increase the divergence 
of the transmitter’s optical beam θt. In this case we 
have also bigger laser beam angular deflection θmax 
from the main direction of propagation, i.e. we have 
executed the condition receiving power Фr to be 
bigger than minimal allowed value Фr,min  
(respectively the minimum average intensity of 
radiation in the receiving aperture r  be larger than 
Ir,min.). In the case of Fig.1, this means θmax(θt,2) > 
θmax(θt,1). It is obvious that this trend will continue to 
limit value θt,opt, which corresponds to the maximum 
value of θmax (at a given schedule and parameters of 
the system and of the communication channel). 
During further increasing of θt we reach to Фr < Фr,min 

including at angle θ = 0, i.e. at perfect adjustment of 
the system and without spatial displacements of the 
beam. 

The task of our analysis is determination of θt,opt , 
and the study of its dependence on the parameters of 
the OWCS system. 

In the Gaussian amplitude distribution of the 
optical field at the aperture of the transmitting antenna 
the intensity distribution in the far zone, which the 
receiving antenna is located, is also Gaussian 
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At  ρ = ρmax  follows  I = Imin, i.e. 
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To determine the intensity I(, z) of the optical 
radiation along the axis of the optical beam 
(respectively through the center of the receiving 
antenna) must know its power z in the plane in 
which the receiving aperture lies. We assume that all 
the energy of the optical flow is concentrated and 
passed through the area Az. It is perpendicular to the 
axis of propagation z and symmetrically located 
around it. Then the optical flow z is determined by 
the expression 
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We pass in polar coordinates (, ). To solve the 
integral () we use connection, and corresponding 
limits of integration 

(6)         2,0,,0, zdddA . 

Using the connection z = t.a.L we obtain an 
expression for calculation of the intensity of optical 
radiation along the axis of the laser beam. The 
intensity depends on the parameters of the transmitter 
and the atmospheric channel of communication [9] 
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Transparency of the atmosphere is related to the 
meteorological visibility SM and the wavelength 0 of 
the optical source radiation 

(8)    
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From (4) and 7) we reach to: 
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This relationship allows determination of extreme 
value of max as a function of z. The value of z, 
which cause maximum for max is: 
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Imin  is determined by the condition: 

(11)  
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At given value of SNR optical flow pd can be 
determine by expression [9] 
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In (12) RI is photo detector’s integral sensitivity by 
current 

(13)         00
5

0I 10.06,8 R , 

(0) is quantum efficiency of the material of the 
photo detector, CI  is the information throughput of 
the digital communication system, kB = 1,38.1023 J/K 
is the Boltzmann’s constant, T is absolute temperature, 
A  is the constant of the receiver, RFb  is the value of 
the resistor in the feedback in the preamplifier, 
e = 1,602.1019 C  is the charge of the electron. 

The background optical flow B depends on the 
spectral brightness of the background radiation L,B 
and receiver’s parameters: the radius Rr, the 
transmittance coefficient r and angular width of the 
receiving antenna r [9]. 

(14)         F
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where F indicates the width of the pass band of the 
interference filter in front of the photo detector. 

From (12) and from physical considerations we 
reach to clear solution for the value of the signal 
optical flow at the input of the photo detector 

(15) 
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By using of expressions (15), (11) and (10) we 
calculate  z,opt  respectively 

(16)  rad
opt,

optt,
z

z , 

as a function of the parameters of the OWCS and the 
communication channel. 

Numerical results 
For OWCS (for example, the optical wireless 

communication system of TU-Sofia [10]) and 
atmospheric communication channel with average 
characteristics we will calculate the optimal 
divergence  t,opt  of the transmitter’s optical beam. 
The system operates at a wavelength 0 = 850 nm 
with the information throughput CI = 100 Mbps and 
power in optical bit pulse L = 10 mW. By two lence 
Kepler collimator the divergence of the laser beam is 
changed smoothly in the range of 1 to 5 mrad. The 
possible length of the communication channel is up to 
2,5 km. Other system parameters necessary for the 
calculation by formula (12) are: t = 0,85; K = 10 
(this is a factor considering the random fluctuations in 
the phase of the field in the emitting aperture); Rr = 
5,5 cm; r = 5 mrad; r = 0,85; (0) = 0,7; F = 10 
nm; RFb = 1 k; A = 5. For the calculations we choose 
values SM = 10 km, L,B = 102 W/m2.sr.Å, T = 300 K, 
and the constants are kB = 1,38.1023 J/K, e = 
1,602.1019 C. 

Fig.2 shows the SNR() dependence by rising 
divergence t,exp of the transmitter’s beam. It can be 
seen that at choosing of minimal level of the signal-to-
noise   ratio   SNRth = 11,2,   which   corresponds  to  a 

 
 Fig.2. Dependence of the signal-to-noise ratio from the 

angular deviation   oП tСО transmТttОr’s bОam from its main 
direction of propagation: L = 10 mW, z = 2,5 km,            t = 0,4; 0,65; 0,95; 1,45 mrad. 
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BER ≈ 108, the maximum possible deviation of the 
beam  max  from the ideal alignment with increasing t first increases and then begins to decrease, as we 
have already predicted. 

The values max(t), necessary for plotting the 
graphics on Fig.3 and Fig.4, are calculated by (12) 
through the iteration procedure till reaching the 
condition SNR  11,2 (т.е. BER  108). 

 
Fig.3. Dependence max(t) by z = 2 km for three values of L. Determination of t,opt  (L = 10 mW). 

The dependence max(t) for three values of the 
power of the source of optical radiation L = [10, 15, 
20] mW at length of the communication channel z = 
2 km is shown on Fig.3. It can be seen that increasing 
of L leads to increasing of max too. The graphs show 
that for obtaining the maximum value of max  we need  

 
Fig.4. Dependence max(t) by L = 10 mW three values of 

z. Determination of t,opt  (z = 1 km). 

to change t too, i.e. there is an optimal value of t and 
it is t,opt. When two fold increase in L, and at the 
optimum value of the divergence of the optical beam 
of the transmitter, the maximum possible angular 
deviation of the beam increases by 37%. The figures 
also shows that max depending on L vary more 
significantly for large values of t. 

Fig.4 shows the dependence max(t) for three 
lengths of the communication channel z = [1, 1,5, 2] 
km and at a power source of optical radiationL = 10 
mW. Reducing the distance z requires significant 
readjustment of the transmitting optical system, but as 
a result we can achieve significantly increased 
employment of the system. At twice decreasing z 
required almost three times increased t to maintain 
optimum system setup. As a result, however, the 
possibilities for deflecting the beam from the main 
direction of propagation, while keeping the operability 
of the system are more than 2.2 times larger. 

From the comparison between Fig.3 and Fig.4 it 
is seen that the efficiency of the system is more 
sensitive to the change of the length of the 
communication channel than the power of the source 
of optical radiation. At values of the divergence of the 
optical radiation t < 1 mrad influence of the change 
in the z or L to max can be ignored. 

 
Fig.5. Dependence of the optimal divergence of the laser 

beam t,opt from the optical transmitter power L ( the 
length of communication channel z = 2 km). 

 
Fig.6. Dependence of the optimal divergence of the laser 
beam t,opt from the length of communication channel z 

(optical transmitter power L = 10 mW). 
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Fig.5 and Fig.6 show the dependencies of t,opt 
from the power of the transmitter and from the length 
of the communication channel, calculated by formulas 
(15), (11), (10) and (16). Strong dependence of  t,opt 
can be seen within one order of magnitude (1 mrad to 
10 mrad). It follows that the correct choice of the 
optimal divergence of the laser beam from the 
transmitter in each case (regarding the parameters of 
the system and the atmospheric communication 
channel) is of great importance for the reliable 
operation of OWCS. 

Conclusion 
The work demonstrated the ability to significantly 

increase efficiency and reliable operation of the FSO 
system with optimal adjustment of the transmitter’s 
divergence of optical radiation t,opt. Its value depends 
on the specific parameters of the system and the 
communication channel. The influence of the length 
of the communication channel z and the power in the 
code pulse of optical radiation of the source L on the 
maximum possible deviation max of the beam of the 
transmitter from the ideal direction (i.e. in the 
alignment of the antennas on opposite 
transmitter/receiver  = 0 (Fig.1)) was studied. It is 
shown that the values max(t,opt) increased with 
increasing L and decreased with increasing z, as the 
length of the communication channel z has greater 
influence on them. Under conditions of constant 
collimation of the beam of the transmitter, i.e., 
constant value t, the value of max is influenced more 
strongly by both z, L in the case of large values of t, 
than in the smaller, for example at t  1 mrad. The 
realization of optimal adjustment of the divergence of 
the beam at the specified limits of the study (see 
Numerical results) is possible up to 121% increase in 
the tolerances max. 

The optimal value of laser beam divergence is 
affected much more by the communication channel 
length than the laser power. Upon  six times increase 
of the communication channel length the value of the 
optimum divergence decreases eight times, while five 
times decrease of the transmitter power leads to four 
times reduction of the optimum divergence. The 
dependence on the optical radiation wavelength is 
significantly weaker. 
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