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Abstract  The deployment of free-space optical (FSO) 
communication links is simple, fast and economical than 
optical fiber networks. However, it presents weakness in 
front of low visibility and its performance is deteriorated by 
atmospheric turbulence due to different weather conditions. 
In this paper, we have investigated an effective FSO system 
by integrating space division multiplexing (SDM) that can 
be used to enhance the information-carrying capabilities of 
FSO links. In addition, we have used a laser beam operat-
ing at 2 μm wavelength as an optical link in the proposed 
SDM-FSO system, which relates the telecom performance 
and the FSO link state, in terms of turbulence. In this sys-
tem, information channels are transmitted concurrently over 
distinct Laguerre–Gaussian modes (LG) of the laser beam, 
where each mode is used to carrying independent 10 Gbps 
data stream. The availability of the LG-SDM-FSO system in 
dependence on weather conditions and on FSO link parame-
ters, such as transmitted optical power, geometric loss, beam 
divergence, receiver aperture diameter, and link range, is 
discussed. The performance of our system is evaluated based 
on eye diagram, Q Factor and BER measurements.

Keywords  Free space optics (FSO) · Space division 
multiplexing (SDM) · Laguerre–Gaussian modes (LG) · 
2 μm wavelength region · Atmospheric turbulence

Introduction

The need to transmit huge amounts of information in safe 
and fast ways without the risk of getting lost has prompted 
scientists and researchers to work with the FSO system 
exploiting the free space as a means of fast and secure com-
munication. The technique of FSO is almost the same as the 
theory of optical fiber transmission. The difference is that 
FSO is a powerful technology capable of transmitting infor-
mation at very high speeds from one point in the atmosphere 
to another using a single beam of light. This technology has 
many benefits including high-speed data rates, large capac-
ity and long transmission distance, free from electromag-
netic interference problems, and cost effective infrastructure 
[1–6]. In addition, to the fact that the safety factor of this 
technology is very strong compared to wireless transmis-
sion, this technology has made a huge difference from using 
cables to using air [7]. Since previous years, FSO systems 
have been used in various applications such as aerospace, 
terrestrial applications as a solution to extend and connect 
networks, and military field [8, 9]. Despite many character-
istics, however, there are many problems facing this tech-
nology, atmospheric conditions are one of the challenges 
in FSO communications, which can lead to signal loss and 
distorts it. Attenuation is mainly the result of atmospheric 
conditions such as fog, rain, snow and turbulence due to fluc-
tuations in the refraction index, which can cause significant 
attenuation and distortion [10–12]. There are different solu-
tions to these problems, in particular with the choice of an 
appropriate wavelength. The systems currently in use oper-
ate at wavelengths in the visible and near infrared, located 
in atmospheric transmission windows.

2 μm wavelength region has recently attracted huge 
attention for several applications such as spectroscopy, 
gas detection, laser ablation, light detection and ranging 
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(LIDAR) for remote sensing, plastic and glass processing, 
as well as in the medical field [13]. Furthermore, it has 
become a promising candidate to be the next FSO com-
munication window [14], yet the area remains unexploited. 
On the other hand, the evolution of optical telecommuni-
cation networks requires the search for systems offering 
a high bandwidth and access to multiple resources. Many 
researchers have been interested in spatial multiplexing by 
the principle of SDM, which opens up a new dimension 
for optical transmission since space is a dimension that has 
not been exploited. This technology is based on transmis-
sion of individual data signals over multiple spatial paths 
of a single optical fiber [15]. Among the available spatial 
multiplexes, we mention: Mode Division Multiplexing 
(MDM) over Multi-Mode Fiber (MMF) and Few-Mode 
Fiber (FMF) [16]. From this point on, MDM could be a 
promising approach to increase the aggregate bandwidth if 
reliable transmission over long distances can be achieved. 
MDM has been proposed for FSO systems based on the 
use of different modes that are transmitted over multiple 
channels through a single optical channel [17–25]. It is 
worth mentioning that the Laguerre–Gaussian (LG), Her-
mit–Gaussian (HG) and Linearly Polarized (LP) are the 
most preferred modes used in optical communication 
[18–22].

This paper aims to design an effective LG-SDM-FSO 
system using a laser beam operating at 2 μm wavelength, 
to the author’s best knowledge, was never reported in any 
work. Using simulations performed by the OptiSystem 
software, we report feasible N × 10 Gbps channels carry-
ing independent data streams, in the proposed LG-SDM-
FSO system with acceptable performance. This analysis is 
performed in terms of eye diagram, Q factor and BER. We 
consider geometric loss, and Rytov variance to model the 
effect of scintillation. A series of numerical simulations 
are analyzed for the different meteorological conditions 
such as very clear weather, light fog, moderate fog, and 

heavy fog. In addition, the variations of the different sys-
tem parameters such as transmitted optical power, beam 
divergence, receiver aperture diameter, bit rate and number 
of modes.

The remainder of the paper is organized as follows: 
Sect. "LG- SDM- FSO system description" represents the 
design of the LG-SDM-FSO system. Section 3 represents 
simulation parameters and describes the results and dis-
cussions, followed by the conclusion in Sect. 4.

LG‑SDM‑FSO system description

The simulation configuration of the proposed hybrid LG-
SDM-FSO system is shown in Fig. 1. In this system, opti-
cal transceivers communicate through the air to form direct 
point-to-point links. Firstly, the spatial transmitter, such 
as spatial vertical-cavity surface-emitting laser (spatial 
VCSEL), which emits the laser beam, is used to generate 
different sets of modes (LG, LP or HG) that operate over 
one wavelength (2 μm). In the proposed system (Fig. 1), 
different LG modes, generated by the spatial laser beam, 
are used to carry different channels with the SDM tech-
nique over 2 μm optical spatial carrier. It is worth noted 
that a laser beam with an ideal Gaussian intensity profile 
is the most frequently used model for the real laser-beam 
description. Since most FSO systems use large divergence 
beams (of the order of mrads) to allow easy alignment, 
the Gaussian beam that propagates along the z-axis can 
be characterized at the transmitter by the beam spot size 
to specifies the beam waist width, the radius of curva-
ture to specifies the forming of the beam, and the beam 
divergence, which defines the spreading of the beam when 
propagating toward infinity. The transverse spatial profile 
of the LG mode in the source plane z = 0 is described by 
[26]:

Fig. 1   Overall diagram of the proposed LG-SDM-FSO system
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where m and n describe the azimuthal and radial indexes, 
respectively. R0 refers to the radius of curvature, �0 the spot 
size and Ln

m
 refers to Laguerre Polynomial.

On the transmission part, Channel 1 optical carrier is set 
to mode 1, channel 2 goes to mode 2, channel 3 goes to 
mode 3, etc., each with 10 Gbps non-return to zero (NRZ) 
modulated data. However, an optical modulator is used to 
provide a modulation format on the digital data. The results 
of optical modulators are combined, using SDM for sending 
across the FSO link. On the reception part, a spatial demulti-
plexer is used to separate the different LG modes (the chan-
nels), followed by spatial receivers. Each receiver consists 
of a mode selector, which selects the particular mode and 
a photodetector, PIN photodiode, to detect and convert the 
received signals from optical to electrical signals.

The received signal power for FSO parameter range 
depends on the propagation distance between the transmit-
ter and the receiver. The attenuation of the laser beam power 
depends on two main parameters: atmospheric attenuation 
and geometrical loss. The first parameter describes the 
attenuation of the laser beam power in the atmosphere. The 
second parameter occurs due to spreading of the laser beam 
between the transmitter and the receiver. The received signal 
power for FSO parameter range can be defined by the fol-
lowing equation [27]:

where dR represents receiver aperture diameter, dT is a trans-
mitter aperture diameter, � is a beam divergence, L is the 
range and � is atmospheric attenuation.

When FSO signals are transmitted through the air, they 
are typically affected by many atmospheric conditions like 
fog, rain, and scintillation. The specific attenuation due to 
fog can be determined using the following equation:

where L (km) represents range of visibility, � (nm) is the 
wavelength, and q is the distribution coefficient of scat-
tering and it is determined by Kim and Kruse model [28, 
29]. If the visibility range increases beyond 20 km, then the 
dependency of attenuation due to fog on wavelength reduces. 
Whereas, the attenuation due to the rain is independent of 
the wavelength.

Moreover, the major factor for the degradation of signal 
quality is scintillation. As the ground heats up from the sun, 
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the air also heats up, this causes changes in the refractive 
index, which in turn alters the path that light takes in its 
propagation through air. This phenomenon induces atten-
uation of the power of the radiation affecting the perfor-
mance of the links as well as their availability. If the size of 
the turbulent cells is smaller than the diameter of the laser 
beam, cause diffraction of the rays and distortions in the 
laser beam. The scintillation variance, given by the Rytov 
variance, for log-normal channel model, can be calculated 
with the following equation [30]:

where K =
2�

�
 represents wave number, λ is wavelength 

(nm), C2
n
 is refractive index structure parameter m−2/3, and 

L is link range (m).
The attenuation linked to scintillation is:

The other parameters decreasing FSO capacity is the geo-
metric losses (AGeo). For some FSO systems, the geomet-
ric loss does not change with time, which is a fixed value. 
Because the size of the emitted beam is much larger at the 
entrance of the receiver, part of the light is lost during trans-
mission, which can be represented using the following equa-
tion [10]:

where SL is spot size at the distance L, � is the beam diver-
gence,L is the distance between the transmitter and the 
receiver (the range), and Scapture is the capture area of the 
receiver.The proposed system is investigated and simulated 
using the parameters shown in Table 1.

(4)�2
scin

= 1.23.(K)
7

6C2
n
L

11

6

(5)�scin = 2�scin = 2

√
(1.23.(K)

7

6C2
n
L

11

6

(6)Ageo =
SL

Scapture
=

�

4
(L.�)2

Scapture

Table 1   The parameters used in the simulation

Simulation parameter Value

Range (L) 12 km
Wavelength (λ) 2 μm
Transmitter optical power (Ptransmitted) 30 dBm
Bit rate per channel 10 Gbps
Spot size ( �

0
) 15 µm

Transmitter aperture diameter ( d
T
) 20 cm

Beam divergence ( �) 0.25 mrad
Receiver aperture diameter (d

R
) 20 cm

Spatial width of the photodetector (Scapture) 30 µm
The scintillation model Log-normal 

channel 
model
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Results and discussion

In this part, we present the results obtained by the simula-
tion of the proposed SDM-FSO system using beam laser 

operating at 2 μm wavelength. Before starting analysis, we 
have modeled the FSO link in order to determine its avail-
ability as a function of different wavelengths and atmos-
pheric conditions. Firstly, we have investigated the FSO link 
performance of four different wavelengths (0.85 μm, 1 μm, 
1.55 μm, and 2 μm), for a link range of one kilometer and 
transmitter optical power of 30 dBm. The results are done 
in two different metrological conditions; very clear weather 
and heavy fog, with attenuation values of 0, 15 and 19.77 dB, 
respectively [31].

Figure 2 shows the variation of Q factor as a function 
of wavelength for two atmospheric conditions (very clear 
weather and heavy fog). The results show that the 2 μm 
wavelength is the best option which has achieved the best 
quality in the different metrological conditions. The best Q 
factor of 35 and 34 is achieved for the wavelength of 2 μm 
in a clear weather and heavy fog, respectively (Fig. 2). 
Whereas, Q of 31 and 28 for 1.55 um, Q of Q of 24 and 
23 for 1 um, and Q of 24 and 21 for 0.85 um, respectively. 
This comparison indicates the importance to choosing the 
wavelength for FSO links that can achieve the best qual-
ity, especially in poor atmospheric conditions (heavy fog). 
Moreover, the selection of the modes types in SDM is also 
an important issue. Therefore, the modes should be selected 
carefully to achieve the maximum range with best quality. 
Therefore, to investigate the performance of the proposed 
system according to different mode types, LG and LP modes 
are considered. The comparison between four LG modes 
(LG00, LG01, LG02 and LG03) and four LP modes (LP01, 
LP02, LP03, and LP04) is shown in Fig. 3 for a maximum 
FSO link range of 12 Km and a geometric loss of 0.15 dB/
Km. The results discussed in Fig. 3 show that LG modes 
present superior performance in terms of Q factor. Q factor 

Fig. 2   Variation of the Q factor versus the wavelength under differ-
ent weather conditions

Fig. 3   Comparison between LG and LP modes for SDM-FSO in 
terms of Q factor

Fig. 4   The geometric losses a and the Rytov variance b as a function of link Range
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more than 6 is achieved for almost LG modes. Hence, LG 
modes demonstrate more performance robust against FSO 
link effects. Only difference is that gives better results for 
LP02 mode. This comparison highlighted the importance of 
mode selection for SDM, which can achieve the best quality.

In the following section, we present the performance 
analysis of the proposed LG-SDM-FSO system, with four 
LG modes (LG00, LG01, LG02 and LG03), under the impact of 
geometric losses and for various weather conditions, namely 
clear, light fog, moderate fog and heavy fog, and under the 
effect of scintillation. The availability calculation in the pre-
sent work is based on the atmospheric attenuation and on the 
power budget analysis of FSO. Figure 4a and b represents 
the variations of the Rytov variance for the scintillation and 
the geometric losses, respectively, with increasing FSO link 
range. The effect of scintillation depends on the refractive 
index structure parameter C2

n
 , which is given as a parameter 

to the FSO channel and the signal is attenuated according to 
the value of C2

n
 . For our system, C2

n
 is taken to 10−13 m−2/3, 

which corresponds to strong turbulence. Power loss caused 
by turbulence is modeled using the Rytov scintillation theory 
calculated according to Eq. 5. Power loss due to geometric 
losses is calculated using Eq. 6.

Furthermore, desired output is achieved at the receiver, 
which is visualized and inspected using BER analyzer. 
The block ’BER analyzer’ allows us to evaluate the BER 
and the Q factor and still allows us to visualize the eye 
diagram. The performance of the proposed system is ana-
lyzed in terms of eye diagram, Q factor and BER, with 
respect to transmission distance over various atmospheric 
turbulence. Firstly, we have evaluated the proposed sys-
tem in a clear weather conditions (with attenuation values 
of 0.15 dB/km) at a distance of 12 km. Figures 5 and 6 
illustrate, respectively, the eye diagram of the four LG 
modes (four channel), and the variation of the Q factor and 
the BER as a function of the link range. Figure 5 shows 
good results presented by the good openings of the eye 
diagrams, which also indicates the better signal reception. 
The major degradation of the proposed system is due to 
the effect of scintillation, since the value of the geometric 
loss used in this simulation is 0.15 dB/km. In addition, 
Fig. 6a and b shows that the Q factor and BER values, of 
the four modes, are varied in the same manner and their 
performance becomes equivalent. They reached values of 
7 and 10–10 for Q factor and BER, respectively, at link 
range of 12 km. From these results, it is observed that all 
the modes (channels) are reliably transported up to a FSO 
range of 12 km with acceptable quality. Beyond that, the 
signal performance degrades and the message signal can-
not be intercepted without errors.

Further, we have analyzed the effect of different param-
eters on the performance of the proposed LG-SDM-FSO 

system as, atmospheric attenuation, transmitted optical 
power, laser beam divergence, receiver aperture diameter, 
transmission Bit rate and number of modes (number of 
channels).

a.	 Effect of atmospheric attenuation

Figure 7 illustrates the variation of the Q factor as a 
function of link range with different values of atmospheric 
attenuation for different metrological conditions: very 
clear weather (0.15 dB/km), light rain (2.61 dB/km), light 
fog (6.80 dB/km) and heavy fog (19.77 dB/km) [31]. From 
these results, we noted that the increase in atmospheric 
attenuation causes a loss of power at the receiver, which 
leads to a strong decrease in the value of the Q factor and 
thus decrease in the system performance. We noted also 
that the Q factor of the four modes (four channel) is var-
ied in the same manner and their performance becomes 
equivalent for different weather conditions. The Q value 
of the four modes is reached a value of 7 at a distance of 
12 km and in the case of very clear weather. The same 
value of Q is reached at a distance of 5 km in the case of 
light rain, at a distance of 3 km in the case of light fog, and 
at a distance of 1 km in the case of heavy fog.

b.	 Effect of transmitted optical power

Figure 8a and b shows the variation of the Q factor values 
of the four modes (four channels), as a function of the trans-
mitted optical power. From these results, it is very clear that 
the increase in transmitted optical power enhances the per-
formance of the proposed system. Here, it is seen that LG00 
mode performs better for low transmitted optical power, 
preceding LG01 mode, LG02 mode, and LG03 mode. The Q 
value of 7 is achieved at a transmitted power of 30 dBm, in 
the case of LG00 mode. followed by LG01 and LG02 mode, 
with Q value of 6.8 and 6.5, respectively. This difference 
in the Q value indicates the better reception of the optical 
signal from LG00, LG01 and LG02 mode than LG03 mode. 
Thus, the highest received power is obtained for LG00 mode, 
and lowest one for LG03 mode. High power guarantees reli-
able recovery of the transmitted information at the spatial 
receiver.

c.	 Effect of laser beam divergence

The divergence of a laser beam is a very important 
parameter in an FSO link, and its variation has remarkable 
impacts on the system performance. Figure 9 illustrates the 
system performance in terms of Q factor for the four modes 
(four channels) with a beam divergence angle increasing 
from 0 to 2 mrad. The results show that increasing the beam 
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Fig. 5   The eye diagrams of the four modes (four channels): LG00 a, LG01 b, LG02 c, and LG03 d 

Fig. 6   Variation of the Q factor a and BER b of the four modes (channels) as a function of the link range
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divergence degrades the quality of the received signal, which 
should be expected, because increasing the beam divergence 
leads optical signal power loss to the environment. Since 
the spatial receiver has a limited field of view, only a por-
tion of the laser beam power is detected by the receiver. 
From the comparison of the performance of the different 
modes according to the increase in the beam divergence, it 
can be seen that LG00 mode performs better for high beam 
divergence, which is the most robust against the atmospheric 
effects with Q factor of 6 at beam divergence of 0.5 mrad. 
Whereas LG03 mode appears the most affected by atmos-
pheric effects, it can be achieved the same performance 
only at beam divergence of 0.25 mrad. From Fig. 9, it is 
also observed that all the modes show results up to laser 
beam divergence value of 0.25 mrad. No results are obtained 
beyond 1.25 mrad.

Fig. 7   The variation of the Q factors of the four modes as a function of link range for different weather conditions; very clear weather a, light 
rain b, light fog c and heavy fog d 

Fig. 8   Variation of the Q factor of the four modes as a function of 
the transmitted optical power
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d.	 Effect of receiver aperture diameter

Figure 10 illustrates the variation of the Q factor of the 
four modes (four channels) as a function of the aperture 
diameter of an FSO receiver, increasing from 5 to 20 cm. 
It is observed that increasing the receiver aperture diameter 
enhances the performance of the proposed system, and thus, 
more optical signal power could be received. From the com-
parison of the performances of the different modes, when the 
receiver aperture diameter is 20 cm, it can be seen that LG00 
and LG01 modes present the best performance with Q factor 
of 7, followed by LG02 mode with Q of 6. Whereas, Q of 5 is 
achieved in the case of LG03 mode, which presents the worst 
performance, as it is the most influenced by the presence of 
the secondary lobes.

e.	 Effect of channel bit rate

The performance of the proposed system has been also 
analyzed by varying the bit rate of the information carried 
by each mode (varying the bit rate per channel). Other 
parameters of the simulation are same as given in Table 1. 
Figure 11 shows the Q factor of the four modes (four chan-
nels) as a function of the link range for two different bit 
rate values: 10 Gbps and 20 Gbps. We noticed that the 
system performance declines as the data rate increases. 
The Q factor is an inversely proportional quantity related 
to the FSO link range and the data rate of each channel. 
The results indicate that the proposed system can success-
fully achieve a link range of 12 km at a bit rate per chan-
nel of 20 Gbps with a Q factor of 7. It is clear that at a 
shorter link range, for example, 1 km, the Q factor can 
reach a value of 35, which is sufficient. From Fig. 11, it is 

observed also that the four modes (four channels) are reli-
ably transported up to an FSO range of 12 km regardless 
of the bit rate used.

f.	 Effect of number of modes (number of channels)

The objective of this part is to analyze the influence of 
the number of modes on the performance of the proposed 
system. We have increased the number of modes up to 
eight as follows: LG00, LG01, LG02, LG03, LG11, LG12, 
LG13, and LG14. Other parameters are same as given in 
Table 1. Figure 12a and b shows the variation of the Q 
factor and BER, respectively, of the eight modes (eight 
channels) as a function of the link range. From the results 
obtained, we noticed that the Q factor and BER values of 
the first four modes (LG00, LG01, LG02, LG03) are higher 
(Q = 7 and BER 10–10) than those of the other four modes 
(Q = 6 and BER 10–9), at a link range of 5 km. The dif-
ference in the value of Q and BER indicates the better 
reception of the signal from the first four modes. It can 
thus be concluded that the number of modes also limits 
the range of an FSO link. From Fig. 12, it is also observed 
that all the modes show results up to link range of 5 km. 
No results are obtained beyond 8 km.

Conclusion

FSO transmissions now offer the opportunity for high-
speed communications in congested areas. A more detailed 
knowledge of the atmospheric channel under all conditions 
is therefore necessary in order to provide solutions to make 
this type of connection more reliable. The objective of this 

Fig. 9   Variation of Q factor of the four modes as a function of the 
laser beam divergence

Fig. 10   Variation of Q factor of the four modes as a function of the 
receiver aperture diameter



J Opt	

1 3

paper is to evaluate the performance of an FSO system at 
λ = 2 μm using the SDM technique which represents one 
of the possible solutions for resource sharing in optical 
networks with maximum range. For this purpose, various 
numerical simulations are carried out to investigate the 
proposed LG-SDM-FSO system. Firstly, we have proved 
the choice of the wavelength and the type of modes used 
as 10 Gbps data carriers. The results showed that the 2 μm 
wavelength is the best option which has achieved the best 
quality in the different weather conditions. We have also 
demonstrated that the LG modes are the most preferred 

modes used in the proposed system. Next, we have studied 
the performance of our system in different atmospheric 
conditions. It is concluded from results from simulations 
that in a clear weather, the system successfully transmits 
a laser beam for a link range up to 12 km with good qual-
ity transmission. When the weather condition is changed, 
we have found that the range of an FSO link is reduced 
to 5 km, 3 km, and 1 km, with acceptable performance, 
under light fog, moderate fog, and heavy fog conditions, 
respectively. In addition, we have found that the maximum 
range in the proposed system increases as the transmitter 

Fig. 11   Variation of Q factor of the four modes (four channels) as a function of link range for bit rate of 10 Gbps a and 20 Gbps b 

Fig. 12   Variation of Q factor a and BER b of the eight modes as a function of link range
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optical power and the receiver aperture diameter increase. 
However, it decreases as increasing data bit rate, atmos-
pheric attenuation, laser beam divergence and number of 
modes. This work can be expanded by including a higher 
number of modes and an orthogonal frequency division 
multiplexing (OFDM) of optical signal modulation at the 
transmitter to test the ability of different modes in achieve 
the maximum transmission capacity with maximum range. 
We are convinced that the proposed LG- SDM-FSO link 
is shown to be a notable option to provide the advantages 
of long distances and high transmission rate links under 
the impact of atmospheric turbulences for future optical 
wireless communications.
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