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Abstract: This paper evaluates the key factors influencing the design of optical wireless communica-
tion (OWC) systems operating in the mid-infrared range. The performed analysis has shown that
working in this spectral “window”, compared to other wavelengths, is more effective in reducing
the attenuation of radiation. The main goal was to verify the capabilities of the “on-shelf” interband
cascade (IC) laser in the context of OWC system construction, considering its output power, mod-
ulation rate, room temperature operation, and integrated structure. For this purpose, a lab model
of a data link with IC laser has been developed. Based on its main parameters, the estimation of
signal-to-noise power ratio versus data link range was made. That range was about 2 km for a case
of low scintillation and relatively low visibility. In the experimental part of the work, the obtained
modulation rate was 70 MHz for NRZ (non-return-to-zero) format coding. It is an outstanding result
taking into consideration IC laser operated at room temperature.

Keywords: optical wireless communication; interband cascade lasers; optical link; free space optics;
MWIR data link

1. Introduction

Nowadays, microwave communication technologies have reached the upper limit of data
throughput. As a result, the interest in laser technology in optical wireless communication
(OWC) has been renewed. From the practical point of view, this technology applies to devices
operating in the range of several atmosphere transmission windows, which are characterized
by lower propagation losses. These windows are located around 0.8 µm and 1.55 µm in
near-infrared (NIR), from 3.0 to 5.2 µm in mid-infrared (MWIR), and from 8 to 12 µm in long-
wavelength infrared (LWIR) [1]. Commercially available OWC systems most often operate in
the NIR range in which well-developed optoelectronic technologies exist.

MWIR is a highly transparent optical transmission window in the atmosphere, mainly
characterized by a “lack” of water vapor absorption. There is a lower beam distortion
due to beam scattering, beam wandering, loss of spatial coherence, or scintillation [2,3].
However, developing such technology requires the MWIR radiation sources with high
power, eye-safe, small size and cost, and room temperature (RT) operation. Quantum
Cascade Laser (QC laser) and Interband Cascade Laser (IC laser) have great potential as
components of novel OWC systems. Some experimental results of using QC lasers to
transmit data with the rates from tens of Mb/s to a few Gb/s at wavelengths from 3 µm
to 4.8 µm and 77 K or 300 K temperatures are discussed in the literature [4–10]. However,
most of them concern OWC laboratory setups with QC laser structures working at very
short distances.

The very good operating parameters of ICLs, such as low threshold currents resulting
in low power consumption [11], relatively high output power [12], wide tunability of the
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emission wavelength [13,14], have found numerous applications in medical diagnostics [15]
and environmental protection (monitoring of, e.g., formaldehyde [16]). But only a few tests
of the optical link have been described. For example, the laser operated at T = 77 K with an
output power of ~ ten mW and a wavelength of 3.0 µm was used to obtain a data rate of
70 Mb/s [8]. A construction of two-mm long lasers, mounted onto an oxygen-free copper
holder with temperature-controlled cold finger of the optical cryostat and wire bonded to
50 Ω RF microstrip line, was also described in [4]. The results were obtained using unique
designed lasing structures operated at 77 K with a pulse power of 10 mW.

Although the IC laser technology is still developing, the research area of its application
in wireless communications is still unexplored. The main goal of the performed works
was to define the state-of-the-art of this technology enabling transmission of data signals.
It should also be emphasized that, to the best of the acquired knowledge, this is the first
demonstration of the data link using the “on-shelf” IC laser operated at room temperature
at the wavelength of ~4 µm. The main virtues of this link compared with some OWC
setups described in the literature are listed in Table 1.

Table 1. Examples of the OWC system operated in the MWIR spectrum.

Wavelength Laser Data Rate Modulation * Distance Temperature Year

3.0 µm ICL 70 Mb/s NRZ-OOK 1 m 77 K 2009
[4]

4.7 µm QCL 40 MHz Analog 2.5 m 293 K 2015
[5]

4.65 µm QCL 3 Gb/s
NRZ-OOK,

PAM-4,
PAM-8

5 cm 293 K 2017
[6]

4.65 µm QCL 4 Gb/s PAM-4,
DMT cm 293 K 2017

[9]

4.8 µm QCL 10 MHz Analog m 293 K 2020
[7]

3.0 µm ICL 70 Mb/s OOK cm 77 K 2010
[8]

4.0 µm ICL 70 Mb/s
155 Mb/s

NRZ-OOK
RZ-OOK 2 m 298 K This work

* Modulation formats: RZ—return-to-zero, OOK—on-off keying, PAM—pulse amplitude modulation,
DMT—discrete multitone.

2. Materials and Methods
2.1. Calculations

OWC system transmits the data using optical radiation; therefore, its main elements
are a transmitter (laser source) and a receiver (photodetector). Data link range is determined
by the required ratio of the received signal power to the noise power. Power of the detected
signal Pd is determined by [17]:

Pd = P0Ge−γ(λ)L, (1)

where P0 is the laser light power, γ(λ) is an extinction coefficient [1/km], L is a link distance,
and G is a gain. In such a case, the gain is defined by geometrical relation:

G =
D2

d

(D0 + θdivL)2 , (2)

where θdiv is the beam divergence, D0 and Dd are the aperture diameters of the transmitter and
optical receiver components. The coefficient γ(λ) accounts for the beam attenuation caused by
the absorption and scattering because of the light interaction with air molecules and aerosol
particles [18,19]. The absorption attenuation is minimized by working in the spectral range of
atmospheric windows, so in practice, scattering becomes one of the “bottlenecks” of the entire
OWC system operation. Its character depends on the size distribution of the scattering particles
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in comparison to the radiation wavelength. For MWIR radiation, the scattering effects are
described using the Mie theory. The light losses are estimated using “visibility—Vis” combined
with weather conditions [20,21]. This attenuation can be transferred into MWIR range using a
function described empirically by Kruse [22]:

β(λ) =
3.91
Vis

(
λ

λ0

)−q
, (3)

where λ0 = 550 nm is the reference wavelength, and q is the particle size distribution coefficient.
Kruse model describes this coefficient as 1.6 for visibility better than 50 km, 1.3 for visibility in the
range of 6 km÷ 50 km and equals to 0.585 Vis1/3 for visibility below 6 km. However, the Kruse
model is assumed to be good enough for visibility better than 1 km. To analyze other propagation
conditions, one would need to utilize other models of scattering losses, which can be found in
the literature [23]. In the case of fog attenuation, two attenuation functions are described [24].
Because the advection fog is characterized by a linear attenuation wavelength dependence and
the radiation fog by a quadratic one, higher light losses are observed for the radiation fog. There
is also a third scattering effect caused by rain, snow, and dust. Some models are also available to
determine their respective attenuation [25]. Generally, these particles are larger than the operating
wavelength, and scattering becomes wavelength independent [26–28]. The analytical calculations
of the extinction coefficient for different weather conditions for 1.55 µm and 4.0 µm wavelengths
were performed using the PcModwin 6.0 software (Ontar, North Andover, MA, USA) (Table 2).
The first wavelength corresponds to the operation spectrum of now available commercial OWC
systems, and the second one to the spectral region of ICL emission.

Table 2. The extinction coefficient γ [km−1] of two wavelengths λ and for different weather conditions
from PcModwin 6.0.

λ Aerosol Model *, Vis [km]

A C
23 km

C
5 km

T
5 km

M
23 km

D
23 km

F
0.5 km

R
12.5

mm/h

H
2

mm/h
1.5 µm 0.20 0.24 0.40 0.43 0.31 0.22 8.92 2.08 0.86
4.0 µm 0.05 0.06 0.13 0.15 0.12 0.07 10.58 1.88 0.65

*A—only absorption, C—country, T—town, M—maritime, D—desert, F—fog, R—rain, H—haze.

For “clear” air and high visibility, the light attenuation is mainly determined by the
absorption. In this case, the atmosphere is more transparent for MWIR radiation (Figure 1) [29].
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Figure 1. Spectra of atmospheric transmittance.

For rain, the same beam attenuation is noticed for the considered wavelengths, and there
are also no significant differences for very low visibility (below 500 m). However, if the visibility
is increased, the propagation conditions of light improve again for longer wavelengths.
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Noise in OWC systems is mainly generated in the receiver. There are different sources
of noise in both photodetector and readout electronics (amplifiers). Its detectivity usually
describes the detector noise [30]:

D∗ =
Ad
√

∆ f
NEP

, (4)

where Ad is the active detector surface, ∆f is the bandwidth, and NEP is the noise equiva-
lent power. The total output noise power is equal to:

Pt = PnK + Pa, (5)

where Pn is the input noise power (photodetector noise), K is the amplifier gain, and
Pa is the amplifier noise. There is observed dynamic progress in infrared photodetectors
technology allows to obtain very high detectivity [31]. Nowadays, the optimization of
readout electronics also ensures ultra-low noise levels below the photodetector one [32].

Optical link performances are very often modified by air turbulence [33]. This phe-
nomenon is based on a random variation of the refractive index generated by optical cells
(eddies) of different sizes formed during fluctuations of temperature and pressure in the
atmosphere. Due to the described phenomena, the propagating beam is disturbed, and
random changes of the received signal are observed. As a result, the effects of beam wan-
dering, beam spreading, or scintillation can be registered. Simplifying, it causes random
changes in signal-to-noise power ratio (SNR). This effect is described by the scintillation
index corresponding to the normalized fluctuation of the signal [34]:

σ2
I =

〈
I2
〉
− 〈I〉2

〈I〉2
, (6)

where I is the light intensity on the detector surface, and 〈I〉 is its mean value. The signal
variance is determined by a refractive index structure parameter (Cn

2—index), link range,
and a light wavelength. The Cn

2 parameter defines the level of turbulence. Theoretically, the
operation in longer wavelengths allows obtaining better transmission during a moderate level of
turbulence. For strong turbulence, the same attenuation for OWC wavelengths is observed. The
effects of scintillation influence are challenging to predict, considering the complex dependence
on temperature and pressure distribution, humidity, altitude, surface character, and more.
Nowadays, several mathematical models have already been developed, which, with some
approximation, provide the required accuracy to define this phenomenon. Still, each of them
has some limitations (level of turbulence, altitude, and distance). To summarizing, the effect of
scintillation cannot be eliminated but can be minimized [35].

The OWC system availability depends on weather conditions and parameters, such as
transmitted optical power, beam divergence, receiver sensitivity, or link path distance [36].

To visualize the influence of scintillation on the OWC system operating at two attrac-
tive wavelengths (1.5 µm and 4 µm), a mathematical model of such data link based on
the analytical dependence described in [37,38] was used. In Figure 2, data link ranges are
shown for OWC systems providing SNR = 10 at different turbulence levels (Cn

2 values).
The parameters of these systems and beam propagation conditions were the same (a laser
power of 600 mW, the four-inches diameter of receiving optics, beam divergence of 1 mrad,
3 × 109 cm

√
Hz/W-detector detectivity with 1 × 1 mm2 active surface, 700 MHz-signal

bandwidth, and an extinction coefficient of 0.25 km−1). The estimated data range is above
1 km for both wavelengths with the advantage of 4 µm, and it increases commonly if Cn

2

parameter is lower than 10−15 m−2/3 (weak turbulence).
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The practical limitation of an OWC system is also a pointing error generated by
moving its transceivers from the line of sight. This misalignment results from building
sway and mechanical vibration caused by thermal expansions, strong wind, and weak
earthquakes [39]. This effect decreases the average received signal and, consequently,
increases the bit-error rate (BER). However, it is a common limitation for OWC systems.

2.2. Experiment

In the designed OWC lab setup, an ICL from Nanoplus Nanosystems and Technologies
GmbH was used. The active region of this laser comprises six active stages that are
embedded in 430 nm thick GaSb separate confinement layers on both sides. The epi side
up mounted laser chip is not optimized for high power operation, has a cavity length of
900 µm and a ridge width of 5.1 µm to ensure lasing on the fundamental lateral mode.
The back facet is coated with a high reflectivity coating, whereas the front facet is just
covered with a thin dielectric layer to protect the emitting facet. The laser structure was
mounted into the “TO-66” semiconductor package with a temperature Peltier module and
a temperature sensor. In Figure 3, the spectral characteristic of the radiation at 4 µm was
shown (panel a) together with light-current-voltage (LIV) characteristics (panel b).
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The schematic diagram of the lab setup is presented in Figure 4. In the OWC transmit-
ter, a programmable current pulse driver model MAX3967 supplies the ICL. This driver is
dedicated to controlling fast LED sources, but the range of generated current and voltage
signals effectively supplies such lasers. Also, a programmable biasing voltage from 400 mV
to 925 mV was implemented. The laser temperature of 25 ◦C was stabilized using the
Peltier temperature controller model Arroyo 5310. The laser beam was collimated using an
off-axis mirror with a diameter of three inches and a focal length of two inches.
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Figure 4. Scheme diagram of the OWC lab setup.

The model of the OWC receiver consisted of a four-inches off-axis parabolic mir-
ror, InAsSb photodetector (VIGO System S.A.), and readout electronics were used. The
photodetector parameters are listed in Table 3.

Table 3. Detector parameters and spectral response.

Parameter Value Spectral Characteristics

Active area 1 × 1 mm2
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Detector resistance 60 kΩ

Current noise density 2.4 pA/
√

Hz

Responsivity 2.25 A/W

The detector electronics has a cascade configuration with the first stage based on a low
noise transimpedance (TIA) and a voltage amplifier. In both, low-noise, high bandwidth
opamps were used (OPA847 model). The designed electronics’ current noise density and
signal bandwidth were 20 pA/

√
Hz and 140 MHz, respectively. These characteristics

define the theoretical limits of the data link range (noise power level of 532 nW) and its
transfer rate (~180 Mb/s) for NRZ format coding.

For the described configuration, the data range for different weather conditions was
calculated. Finally, the laboratory tests of the OWC link were also performed using both RZ
and NRZ coding formats. A pattern signal generator model 12,000 Picosecond controlled
the laser pulses. The output signal from the receiver was registered and analyzed using an
oscilloscope model MSO 6 Tektronix with a built-in eye diagram toolbox.

3. Results
3.1. Calculations

Estimation of the data range of the configured link was performed using the math-
ematical model of the OWC system. The main task was to determine the changes in the
signal-to-noise power ratio in function of the distance considering parameters of its com-
ponents for different atmospheric conditions defined by the extinction coefficient and the
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scintillation level (“weak” C2
n = 10−15 m−2/3, “moderate” C2

n = 10−14 m−2/3 and “strong”
C2

n = 10−13 m−2/3). Calculations of SNR allow relating the obtained results to different
modulation standards. Additionally, some analyses of using higher power ICLs to increase
the operating range were also carried out. In Figure 5, calculated SNR changes for different
weather condition scenarios and laser power were presented.
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A strong influence of scintillation at short link distances (Figure 5a) was observed.
Increasing the scintillation level causes a dynamic decrease in the SNR value, especially
at a distance of less than 500 m. For the configured OWC system, the “last mile” data
transmission is achieved with the SNR = 10 if the structure parameter does not exceed
10−14 m−2/3, assuming good other weather conditions. This level corresponds to the
turbulence that can occur during the operation of terrestrial OWC systems, for example,
placed near the ground. Such systems are installed considering, e.g., distance and type of
surface, wind, opening area, sun shading. For different weather conditions causing light
scattering, a significant range limitation occurs below the visibility of 1 km (Figure 5b). It
corresponds to the formation of haze. If the weather conditions are excellent, the range
is mainly determined by geometric loss and radiation absorption in the air. Increasing
the power of the laser pulses does not directly increase the registered SNR value at short
distances, where scintillation is the main limitation. However, higher power is required at
longer distances to compensate for the radiation losses caused by the extinction coefficient
and beam divergence (Figure 5c). The described OWC configuration provides to obtain
SNR = 10 at the distance of about 2 km for weather conditions defined by a structure
parameter of 10−15 m−2/3 and visibility of 1 km. It should also be noticed that the four
times increase in the laser power extends this distance only by 0.5 km for these conditions.
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3.2. Experiment

In the first step of the experiments, the test of laser pulse generation with RZ format
coding was performed. Figure 6 presents a 16-bit information frame in which 6 bits of “1”
are written. The amplitude fluctuations of the pulses were observed depending on the
quantity of “1”-bit. For a higher number of “1”, these fluctuations were decreased, and a
significant reduction in pulse amplitude was also noticed.
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Figure 6. A frame of pulses with 6 bits of “1”.

One bit of “1” was placed in the frame to determine the maximum pulse frequency
for RZ format coding. The maximum bit frequency equals 155 MHz. However, in this case,
both laser pulse rise time and receiver signal bandwidth are the main limiting factors of
the modulation rate. It can be observed on the shapes of the registered laser pulses with
different time duration—for the shortest pulses, the pulse amplitude becomes twice lower
when the pulse is reduced from 20 ns down to 5 ns.

Further, a data transmission test of NRZ format coding was also carried out. The laser
was driven using PRBS (pseudo-random bit sequence) signal of 12-bits frame with five
bits of “1” (001101000110) using the same generator. For the developed OWC system, the
maximum frequency for which the eye diagram was still recorded was 70 MHz (Figure 7a).
An observed bath tube diagram with a bit error rate (BER) of 10−9 was also presented in
Figure 7b. For the frequencies above 78 MHz, the eye diagram was closed from time to
time; therefore, for the described OWC configuration with “on-shelf” ICL, the maximum
modulation frequency for NRZ format coding was defined at 70 MHz.
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4. Conclusions

The benefits of optical wireless communication systems make this technology very
promising for novel wireless communications. However, some limitations have been
defined by the light losses of the free space propagation determined by air compounds
(absorption), weather conditions (scattering), or air turbulence (scintillation). Nowadays,
there are several available systems operated in the near-infrared spectrum. However,
compared to the commercially 1.55 µm-data link, the described analysis determinates a
“better transparency” of 4.0 µm optical link for different weather conditions. However, it
was also shown that higher laser power could provide a more extended data link but is not
so practical for compensating the scintillation effects at short distances.

The practical study of interband cascade laser application in optical data transmission
is different from the previous approaches because it is the first link setup in which an
“on-shelf” interband cascade laser operated at room temperature was tested. For return-
to-zero format coding, the influence of the “data frame” shape on pulse fluctuations and
amplitudes was observed. It is crucial considering the dynamic response of the receiving
units. The maximum modulation rates were 155 MHz and 70 MHz for return-to-zero
and non-return-to-zero format coding and defined a practical validation of the interband
cascade laser-based technology level. The calculated data link range of the described
setup for low-level scintillations and low visibility was about 2 km. These results indicate
opportunities for future optical wireless communications development.
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13. Bauer, A.; Langer, F.; Dallner, M.; Kamp, M.; Motyka, M.; Sęk, G.; Ryczko, K.; Misiewicz, J.; Höfling, S.; Forchel, A. Emission
wavelength tuning of interband cascade lasers in the 3–4 µm spectral range. Appl. Phys. Lett. 2009, 95, 251103. [CrossRef]

14. Jiang, Y.; Li, L.; Tian, Z.; Ye, H.; Zhao, L.; Yang, R.Q.; Mishima, T.D.; Santos, M.B.; Johnson, M.B.; Mansour, K. Electrically widely
tunable interband cascade lasers. J. Appl. Phys. 2014, 115, 113101. [CrossRef]

15. Risby, T.H.; Tittel, F.K. Current status of midinfrared quantum and interband cascade lasers for clinical breath analysis. Opt. Eng.
2010, 49, 1–14. [CrossRef]

16. Lundqvist, S.; Kluczynski, P.; Weih, R.; von Edlinger, M.; Nähle, L.; Fischer, M.; Bauer, A.; Höfling, S.; Koeth, J. Sensing of
formaldehyde using a distributed feedback interband cascade laser emitting around 3493 nm. Appl. Opt. 2012, 51, 6009. [CrossRef]

17. Stassinakis, A.N.; Papavgeris, G.A.; Nistazakis, H.E.; Tsigopoulos, A.D.; Androutsos, N.A.; Tombras, G.S. Experimental Model
Development for the Attenuation Coefficient Estimation of Terrestrial Optical Wireless Links over the Sea. Telecom 2021, 2, 7.
[CrossRef]

18. Plank, T.; Leitgeb, E.; Pezzei, P.; Ghassemlooy, Z. Wavelength-selection for high data rate Free Space Optics (FSO) in next genera-
tion wireless communications. In Proceedings of the 2012 17th European Conference on Networks and Optical Communications,
Vilanova i la Geltru, Spain, 20–22 June 2012; pp. 1–5.

19. Chauhan, S.; Miglani, R.; Kansal, L.; Gaba, G.S.; Masud, M. Performance Analysis and Enhancement of Free Space Optical Links
for Developing State-of-the-Art Smart City Framework. Photonics 2020, 7, 132. [CrossRef]

20. Willebrand, H.; Ghuman, B. Free Space Optics: Enabling Optical Connectivity in Today’s Networks; Sams: Washington, DC, USA, 2001;
ISBN 067232248X.

21. ITUR. P.1817 Propagation Data Required for the Design of Terrestrial Free-Space Optical Links; ITU-Recommendation:
Geneva, Switzerland, 2012.

22. Kim, I.I.; McArthur, B.; Korevaar, E.J. Comparison of laser beam propagation at 785 nm and 1550 nm in fog and haze for optical
wireless communications. Proc. SPIE 2001, 4214, 26–37. [CrossRef]

23. Anthonisamy, A.B.R.; James, A.V.S. Formulation of atmospheric optical attenuation model in terms of weather data. J. Opt. 2016,
45, 120–135. [CrossRef]

24. Nadeem, F.; Flecker, B.; Leitgeb, E.; Khan, M.S.; Awan, M.S.; Javornik, T. Comparing the fog effects on hybrid network using
Optical Wireless and GHz links. In Proceedings of the 6th International Symposium Communication Systems, Networks and
Digital Signal Processing, Graz, Austria, 25 July 2008; pp. 278–282. [CrossRef]

25. Singh, H.; Chechi, D.P. Performance Evaluation of Free Space Optical (FSO) Communication Link: Effects of Rain, Snow and
Fog. In Proceedings of the 6th International Conference on Signal Processing and Integrated Networks (SPIN), Noida, India,
7–8 March 2019; IEEE: Graz, Austria, 2019; pp. 387–390. [CrossRef]

26. Zabidi, S.A.; Islam, M.R.; Khateeb, W.A.; Naji, A.W. Investigating of rain attenuation impact on Free Space Optics propagation in
tropical region. In Proceedings of the 4th International Conference on Mechatronics: Integrated Engineering for Industrial and
Societal Development, ICOM’11—Conference Proceedings, Kuala Lumpur, Malaysia, 17–19 May 2011; pp. 1–6. [CrossRef]

27. Kaur, A.; Singh, M.L. Comparing the Effect of Fog and Snow Induced Attenuation on Free Space Optics (FSO) and RF Links.
Int. J. Comput. Sci. Technol. 2012, 8491, 554–556.

28. Esmail, M.A.; Fathallah, H.; Alouini, M.S. An Experimental Study of FSO Link Performance in Desert Environment.
IEEE Commun. Lett. 2016, 20, 1888–1891. [CrossRef]

29. Garlinska, M.; Pregowska, A.; Masztalerz, K.; Osial, M. From Mirrors to Free-Space Optical Communication—Historical Aspects
in Data Transmission. Futur. Internet 2020, 12, 179. [CrossRef]

30. Zhang, S.; Hu, Y.; Hao, Q. Advances of Sensitive Infrared Detectors with HgTe Colloidal Quantum Dots. Coatings 2020, 10, 760.
[CrossRef]

31. Downs, C.; Vandervelde, T. Progress in Infrared Photodetectors Since 2000. Sensors 2013, 13, 5054–5098. [CrossRef]
32. Kalinowski, P.; Mikołajczyk, J.; Piotrowski, A.; Piotrowski, J. Recent advances in manufacturing of miniaturized uncooled IR

detection modules. Semicond. Sci. Technol. 2019, 34, 033002. [CrossRef]
33. Vitasek, J.; Latal, J.; Hejduk, S.; Bocheza, J.; Koudelka, P.; Skapa, J.; Siska, P.; Vasinek, V. Atmospheric turbulences in Free Space

Optics channel. In Proceedings of the 2011 34th International Conference on Telecommunications and Signal Processing (TSP),
Budapest, Hungary, 18–20 August 2011; pp. 104–107.

http://doi.org/10.1364/AO.56.002260
http://www.ncbi.nlm.nih.gov/pubmed/28375270
http://doi.org/10.1117/12.845788
http://doi.org/10.1002/pssa.202000407
http://doi.org/10.1038/ncomms1595
http://www.ncbi.nlm.nih.gov/pubmed/22158440
http://doi.org/10.1088/0022-3727/48/12/123001
http://doi.org/10.1063/1.3270002
http://doi.org/10.1063/1.4865941
http://doi.org/10.1117/1.3498768
http://doi.org/10.1364/AO.51.006009
http://doi.org/10.3390/telecom2010007
http://doi.org/10.3390/photonics7040132
http://doi.org/10.1117/12.417512
http://doi.org/10.1007/s12596-016-0325-6
http://doi.org/10.1109/CSNDSP.2008.4610745
http://doi.org/10.1109/SPIN.2019.8711672
http://doi.org/10.1109/ICOM.2011.5937121
http://doi.org/10.1109/LCOMM.2016.2586043
http://doi.org/10.3390/fi12110179
http://doi.org/10.3390/coatings10080760
http://doi.org/10.3390/s130405054
http://doi.org/10.1088/1361-6641/aaf458


Sensors 2021, 21, 4102 11 of 11

34. Bai, F.; Su, Y.; Sato, T. Performance Analysis of Polarization Modulated Direct Detection Optical CDMA Systems over Turbulent
FSO Links Modeled by the Gamma-Gamma Distribution. Photonics 2015, 2, 139–155. [CrossRef]

35. Sahota, J.K.; Dhawan, D. Reducing the effect of scintillation in FSO system using coherent based homodyne detection. Optik 2018,
171, 20–26. [CrossRef]

36. Prokes, A. Atmospheric effects on availability of free space optics systems. Opt. Eng. 2009, 48, 066001. [CrossRef]
37. Wolfe, A.; Zissis, W.L. The Infrared Handbook; The Office: Washington, DC, USA, 1978; Volume PM02, ISBN 096035901X/

9780960359011.
38. Andrews, L.C. Field Guide to Atmospheric Optics, 2nd ed.; SPIE PRESS: Bellingham, WA, USA, 2009; Volume FG41, ISBN 978-151-0619-371.
39. Lee, I.E.; Ghassemlooy, Z.; Ng, W.P.; Uysal, M. Performance analysis of free space optical links over turbulence and misalignment

induced fading channels. In Proceedings of the 2012 8th International Symposium on Communication Systems, Networks &
Digital Signal Processing (CSNDSP), Poznan, Poland, 18–20 July 2011; pp. 1–6. [CrossRef]

http://doi.org/10.3390/photonics2010139
http://doi.org/10.1016/j.ijleo.2018.06.019
http://doi.org/10.1117/1.3155431
http://doi.org/10.1109/CSNDSP.2012.6292668

	Introduction 
	Materials and Methods 
	Calculations 
	Experiment 

	Results 
	Calculations 
	Experiment 

	Conclusions 
	References

