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developments in the field. Both a transmitting and receiving 
terminal make up an FSO system. Similar to an RF system, 
information is modulated onto electromagnetic waves and 
sent to the receiving system. Usually operating in the visible 
or infrared spectrum, FSO links function at frequencies that 
are much higher than those of RF lines. Broader bandwidths 
generated by faster frequencies result in larger data rates 
[9]. During installation, the transmitter and receiver should 
be correctly aligned. It will be able to send data in clear 
weather conditions. However, if the weather changes, such 
as due to rain, fog and, dust, the refractive index changes, 
causing the light intensity to fade, a phenomenon known 
as scintillation. Transmission loss, also known as loss due 
to attenuation, is a decline in the intensity of a light beam 
caused by the spread of the beam over a long distance in 
a transmission medium [10]. Turbulence in clear air can 
significantly affect the transmitted optical beam. Both solar 
heat and wind can contribute to uniform air pressure and 
temperature. Air cells change in size and refractive index 

Introduction

Lasers have many applications, and one of these applica-
tions can be used in communications, including secret com-
munications. Therefore, the properties of the laser must be 
preserved while working in this field [1–6]. The capacity of 
FSO communication technology to provide transmissions at 
incredibly high data rates has drawn a lot of interest lately. 
Two endpoints that are hundreds of kilometers apart are 
involved [7, 8]. FSO communication is now a competitive 
option to radio frequency (RF) technologies, thanks to recent 
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Abstract
Modern free-space optical communication systems primarily use intensity modulation with direct detection. The effective-
ness of free-space optical communications can be hindered by atmospheric turbulence. Variations in the refractive index 
occur throughout the transmission channel as a result of inhomogeneities in the atmosphere’s temperature and pressure. 
In this work, three types of atmospheric turbulence (rain, fog, and dust) were studied and analyzed, where the laser beam 
was traced through the beam profile, and thus a deterioration in intensity due to turbulence was described. This work had 
important aspects that mainly focused on finding a new design for an optical FSO communication system with laser beam 
tracking during deflection in atmospheric turbulence, making it work well with strong turbulence at visible and non-visible 
wavelengths depending on the set of position sensors. The displacement amount was calculated by calculating the last 
deviation amount of the laser beam in the tracking circuit program by applying a mathematical model to the programming 
used during atmospheric turbulence and thus knowing the deviation amount as an angle. This work has important aspects 
that are mainly focused on finding a new design for an optical FSO communication system with laser beam tracking during 
deflection in atmospheric turbulence, making it work well with strong turbulence at visible and non-visible wavelengths 
depending on the set of position sensors used. Among the most important results obtained, we conclude that dense fog 
has a significant effect on changing the path of the laser.
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due to the irregular variations in the atmosphere’s refrac-
tive index caused by these fluctuations. Phase and amplitude 
fluctuations in the received signal can be randomly caused 
by variations in the optical beam’s transmission path and the 
air’s refractive index.

Methodology

The concentrated light beam is transferred via an optical 
transmitter. As the link distance increases, the transmitted 
beam’s range gets wider. The larger beam causes signal 
loss, a decrease in the signal-to-noise ratio, and an increase 
in the bit error rate by lowering the connection margin at 
the receiving end. A larger receiver aperture diameter on 
the receiving side is necessary to receive all the informa-
tion provided by the optical carrier; however, this increases 
noise from ambient light. The following formula provides 
the geometrical losses for FSO links: [10]

geometrical loss = 10log

[
d2r

(dt + (Lθ))2

]
 (1)

Here dt represents diameter of the transmitter in (mm), dr 
is the diameter of receiver (in mm), θ is divergence angle 
of beam in (mrad) and L is the length of the communica-
tion link in (m).” Because all internal design factors stay 
constant, geometrical losses are regarded as constant losses. 
Geometric loss and atmospheric attenuation contribute to 
the overall attenuation. In Eq., the total attenuation is given: 
[10–12]

Attenuation
[
dB

/
Km

]
=

d2r

(dt + (Lθ))2
τ  (2)

Different attenuation issues that cause power loss cause the 
link’s quality to degrade. The link margin needs to be used 
more precisely to offset the power loss. The link margin 
(Pl) is defined as the ratio of the receiving power (Pr) and 
receiver threshold or sensitivity (S), which is often stated 
in dB [13].

pl =
10logpr

S
 (3)

For active recovery at the receiver side, the average power 
of the signal must be more than the receiver sensitivity. The 
manufacture will often state the sensitivity, which ranges 
from 20 to 40 dBm. The receiver’s power is represented as: 
[13]

pr =
pte

−αtArx

(θl)2
 (4)

Arx is the receiver aperture area, θ is the divergence angle, 
α is atmospheric attenuation, and l is the distance between 
the transmitter and receiver. Pr and Pt indicate the power at 
the receiver and transmitter, respectively. The atmospheric 
attenuation coefficient is an important factor that influences 
the overall performance of the system. Equation (4) shows 
that the power at the receiver is inversely proportional to 
the connection range and divergence angle but directly pro-
portional to the transmit power and receiver aperture area. 
The equation’s exponential component, which deals with air 
attenuation, has a significant impact on connection quality 
[14]. The atmospheric loss is stated as follows in dB: [15]

Losspropagation = −10log10Ta  (5)

Ta: The atmospheric transmittance is the ratio of power 
received to power transmitted into the optical link. When 
a narrow beam is used, acquisition, tracking, and pointing 
(ATP) techniques are typically implemented in fixed and 
mobile FSO communication systems. Some of the reasons 
to use such beams include their concentrated light intensity, 
high data rate, and long range. Wide beam utilization, how-
ever, might make the execution needs of the employed ATP 
process less stringent, or it might yield to do away with the 
process altogether. Depending on use cases, employed meth-
ods, and operating principles, ATP processes in FSO com-
munication systems can be divided into different categories.

Experimental setup

Due to the long investigation process, outside FSO com-
munication is challenging. Thus, the outside limitations 
have been replicated in a controlled environment. The 
atmospheric conditions can be replicated in a controlled set-
ting so that various measurements can be made in the same 
conditions. In optical turbulence generating (OTG) cham-
ber was developed and designed to provide a controlled 
atmosphere primarily on erratic atmospheric channels like 
(rain, fog, & dust) placed between an arranged 1–5 m of 
open space between two points. The experimental setup for 
the FSO communication system’s compensation technique 
is depicted in Fig. 1 and is based on a directly modulated 
laser source with a 632 nm wavelength and a 5 mw output.

On the transmitter side, a laser driver circuit an elec-
tronic circuit that transmits a continuous laser beam in 
addition to having a greater signal speed generates the elec-
trical signal. The optical signal was sent through an opti-
cal turbulence-generating (OTG) chamber, which measures 
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100 × 50 × 50 cm. There were three different types of atmo-
spheric turbulence: fog, rain, and dust. In the event of a 
deviation, the laser beam is returned to the primary receiver 
by programming the machine’s motor after the signal from 
the side sensors is received. The primary receiver was a set 
of sensors on the automated fast steering mirror, which were 
utilized to receive the light signal. Figure 2 illustrates a laser 
beam over the rain; (A) Front view (B) Side view.

In the case of fog generation inside the OTG, as in 
Fig. (3a, 4b, and 4c) where each figure indicates the amount 
of fog generated during the experiment, the effect of fog on 
the deflection of the laser beam was greater than the effect 
of rain in the above case. Figure 4 (a) front view (b) side 
view shows the transmission of the laser beam during dust 
generation, where the deviation results indicated a conver-
gence of results between the effect of fog and dust in some 
average readings.

Results and discussion

To calculate the voltage value in volt (v) for each sensor is 
done through the following relationship:

V (volt) = PSR. ∗ 5v
210

 (6)

Where, PSR.: Position Sensor Reading in Program, 5v: 
Base Voltage of Controller Circuit, 210: Arduino ADC 

Fig. 2 Laser beam transmissions over rain; (a) front view (b) side view

 

Fig. 1 Experimental setup for the compensation technique of the FSO communication system
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Fig. 3 Laser beam transmissions 
over; (a) weak fog (b) moderate 
fog (c) strong fog

 

1 3



Journal of Optics

θ
◦
= tan−1y

x
 (8)

θrad = θ
◦ ∗ π

180
 (9)

Where, x: displacement in mm, y: distance between trans-
mitter and receiver = 1000 mm.

The result of rain attenuation as shown in Fig. 5 and 
Table 1. Where, V1 is voltage of first position sensor, V ref-
erence is voltage of the original receiver, and V2 is voltage 
of second position sensor. The result of Fog attenuation at 
weak fog as shown in Fig. 6; Table 2. While the moderate 
fog as shown in Fig. 7; Table 3. Finally at strong fog shown 
in Fig. 8; Table 4. The results of dust attenuation shown in 
Fig. 9; Table 5. According to the relationship above, the dis-
placement values for rain, weak fog, moderate fog, thick 

Resolution = 1024. By measuring the motor displacement 
per cycle with digital Vernier scale tool, the displacement 
was set at 4 mm per cycle. To calculate the displacement 
value in millimeter (mm) for laser beam at atmospheric tur-
bulence is done through the following relationship:

Displacement =

(
LDA ∗ 36

◦

360
◦

)
∗ 4mm  (7)

Where, LDA: LastDeviationAmount ,36◦ : Integer Steps 
in Degree,360◦ : The Rotation Angle of the Complete Step, 
4 mm: The amount of displacement in (mm) for a full 
revolution

The following relationship can be used to determine the 
angle of deviation of the laser beam in degrees and radian:

Fig. 4 Laser beam transmissions 
over dust (a) front view (b) side 
view
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1.4, 2.1, 3.1,2.6 and 2.2 mrad when the line-of-sight angle 
is 90 degrees, the values of these angles are the value of 
the difference between the angle 90 degrees and the angles 
calculated from the relationships above. The displacement 

fog, and dust, respectively, will be 7.2, 10.4, 12.8, 15.6, and 
11.2 mm. In the case of rain, weak fog, moderate fog, dense 
fog, and dust respectively, the laser beam deviation value is 
0.08ο, 0.12ο, 0.15 ο, 0.18 ο, and 0.13 ο,which is equivalent to 

Table 1 Voltage values and the amount of deviation at rain
V1 V Reference V2 Deviation Amount
0.1 4.4 0.8 0
0.07 2.6 1.4 4
0.07 1.6 2.4 7
0.07 0.9 2.6 11
0.07 1.1 1.7 13
0.08 2.9 0.6 14
0.1 4.3 0.4 16
0.1 4.5 0.3 18

Table 2 Voltage values and the amount of deviation at weak fog
V1 V Reference V2 Deviation Amount
0.9 4.4 0.1 0
1.5 2.0 0.08 -12
1.7 1.1 0.09 -16
1.9 0.8 0.09 -17
2.2 0.9 0.09 -19
1.3 2.5 0.08 -20
0.7 4.4 0.1 -23
0.4 4.6 0.1 -26

Table 3 Voltage values and the amount of deviation at moderate fog
V1 V Reference V2 Deviation Amount
0.9 4.4 0.1 0
1.9 3.6 0.09 -13
2.1 1.8 0.08 -16
2.5 1.1 0.08 -20
1.8 1.5 0.09 -24
1.0 2.6 0.09 -28
0.6 4.1 0.1 -30
0.3 4.3 0.1 -32

Table 4 Voltage values and the amount of deviation at strong fog
V1 V Reference V2 Deviation Amount
0.8 4.4 0.1 0
2.0 3.5 0.1 -4
3.1 2.3 0.07 -15
3.2 1.7 0.06 -19
1.9 2.2 0.06 -23
1.2 2.9 0.08 -29
0.6 3.8 0.09 -33
0.3 4.3 0.09 -39

Fig. 8 The signal sensors in the strong fog turbulence condition

 

Fig. 7 The signal sensors in the moderate fog turbulence condition

 

Fig. 6 The signal sensors in the weak fog turbulence condition

 

Fig. 5 The signal sensors in the rain turbulence condition
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can be addressed by the new design of the FSO optical com-
munication system.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s12596-
024-01761-w.
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