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Abstract: (1) Background: Free space optics communication (FSO) has improved wireless communi-
cation and data transfer thanks to high bandwidth, low power consumption, energy efficiency, a
high transfer capacity, and a wide applicability field. The FSO systems also have their limitations,
including weather conditions and obstacles in the way of transmission. (2) Methods: This research
assesses the atmospheric conditions” influence on the intensity of received radiation, both experi-
mentally and theoretically. The construction of a laboratory test stand of the FSO system, which is
operating in the third-atmosphere transmission window (8-12 pum), is proposed. Next, considering
different atmospheric conditions, the experimental validation was conducted, both in a laboratory
and real conditions. (3) Results: The measurements were carried out for two optical links working
with wavelengths of 1.5 um and 10 um. It was found that optical radiation with a wavelength of
about 10 um is characterized by better transmission properties in the case of limited visibility (e.g.,
light rain and fogs) than in the case of near-infrared waves. The same conclusion was found in
analytical investigations. (4) Conclusions: The results obtained show that optical radiation with a
wavelength of about 10 pum in limited visibility is characterized by better transmission properties
than near-infrared waves. This demonstrates the validity of designing FSO links operating in the
range 8-12 pm band, e.g., based on quantum cascade lasers and HgCdTe photodiodes.

Keywords: free space optical communication; IR photodetector; quantum cascade laser; wireless
communication

1. Introduction

Free space optics communication (FSO) is data transmission technology based on light
propagation in free space. It takes full advantage of linking high-speed connections with
energy efficiency; compact size; the low costs of installation, maintenance, and operation
to enhance the communication system’s accessibility [1,2]. Moreover, it also provides
unprecedented levels of data transmission security [3]. The main advantage of FSOs is their
wide application field that includes outdoor wireless access, backhaul, fiber backup, last
mile [4,5], bridging Wide Area Network (WAN) [6], and military access [7]. Several factors
can significantly reduce the transmission efficiency, in particular, physical obstructions,
rain [8], temperature fluctuations in different air layers [9], geometric losses [10], absorp-
tion [11], atmospheric turbulence [12-14], and atmosphere attenuation and scattering [15].
In commercial FSO communication systems, strictly defined wavelengths of approximately
0.8 um and 1.5 pm are used [16,17]. Their selection is dependent on the characteristics
of the atmosphere’s attenuation and the availability of sources and detectors of optical
radiation [18].
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The development of quantum cascade (QC) lasers operating in the long-wave infrared
radiation and highly sensitive mercury cadmium telluride (MCT) detectors provided new
possibilities for FSO links [19,20]. It has become possible to develop an FSO link operating
at wavelengths 8-12 pm where there is less attenuation caused by mists with fine aerosol
particles than in the case of commercially available links. These links are also safe for
eyesight [21]. The conducted analyses show that for the construction of an optical link in
open space, characterized by lower attenuation in hazy conditions than currently existing
ones, QC lasers and MCT photodiode operating in the spectral range of 8-12 pm can be
used [22-24].

Currently, no optical links operating in this wavelength range are available on the
market. Until recently, one of the most significant barriers to their development was the
lack of appropriate radiation sources.

Due to the development of QC lasers [25,26], it was possible to initiate work on
the constructing FSO links operating in the 8-12 um wavelength range. However, the
development of such a link was coupled with the need to solve several design problems,
both for transmitters and receivers of optical radiation. To obtain a long range of the
link, with a low error rate and high data transmission speed, it was necessary to select the
optimal operating conditions for the QC laser and minimize the noise of the photoreceiver’s
input stage, with the possibly wide transmission band.

In this paper, the theoretical and experimental relationship between atmospheric con-
ditions and the intensity of received radiation in the FSO links was analyzed. Two optical
links working with wavelengths 1.5 um and 10 pm were analyzed. The transmission qual-
ity was characterized by the realized bit error rate (BER) [27]. It was found that improved
transmission properties in the case of limited visibility were obtained for a wavelength of
about 10 um, compared to the near-infrared waves. Analogous situations related to the
selection/determination of appropriate parameters of the sources generating signals being
sent through noisy transmission channels to improve the transmission efficiency also occur
in classic transmission channels [28-33].

The paper is organized as follows: In Section 2, the construction of the detection and
transmitter modules is described, respectively. Section 3 shows the laboratory test stand
and experimental results and presents the experimental results in real conditions. Section 4
contains the discussion and conclusions.

2. Materials and Methods

In Figure 1, the detection module, which is used in the proposed FSO link, is presented.
It is a modified version of the VPAC series of modules by VIGO System S.A.

Figure 1. Broadband detection module of the VPAC series with a biased photodiode [23].

The standard housing of such a module includes an infrared radiation detector, a
four-stage thermoelectric cooler (TEC) with a temperature sensor, a broadband preamplifier,
electromagnetic noise filters (EMIs), and a miniature fan dissipating the heat emitted by
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the cooler. Additionally, this equipment includes a TEC controller and a DC power supply.
In Figure 2, a block diagram of this module is presented.
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Figure 2. Block diagram of the detection module. TEC, thermoelectric cooler; EMI, electromagnetic noise filter; SubMiniature
version B connector (SMB).

The current signal obtained from the HgCdTe photodiode is read by a wideband
(about 1 GHz) trans-impedance amplifier. This amplifier also provides a constant reverse
power supply to the detector with a voltage of 200 mV. This creates the conditions for
obtaining the maximum signal-to-noise ratio over a wide frequency range. Table 1 presents
the most important parameters of this module, optimized for a wavelength of 10 pm. More
detailed descriptions and experimental research on detection modules, shown in Figure 2,
are presented in References [23,24].

Table 1. The basic parameters of the detection module optimized for a wavelength range of 10 um [9].

Parameter Unit Value
Transimpedance @Ry pap = 50 V/A 13.5 x 103
Output resistance Q 50
Gain bandwidth MHz 0.001+780
Noise voltage nV/Hz/2 190
Voltage sensitivity V/W 2.1 x 10°
Detectivity cmHz/2 /W 3 x 1010

In the transmitter module, a cascade laser from Alpes Lasers was used [34]. The
laser control system consists of a laboratory laser housing (LLH) in which the laser was
placed on a thermoelectric cooler, a laser diode driver (LDD 400), and a thermoelectric
cooler controller (TCU 200). A window made of zinc selenide (ZnSe) with a diameter of
11 mm, which is transparent to radiation with a wavelength of 3.5 to 12 um, was installed
in the head.

The LDD 400 module was used to control the laser. It has an output to monitor the
current flowing through the laser structure. The LLH laser head was connected to the LDD
400 system with a low-impedance tape. An external generator was required to control the
LDD 400 system. A TCU 200 controller was used to regulate the operating temperature
of the QC laser. The temperature was measured by a PT100 temperature sensor built
into the head. The temperature control range is from —40 to +80 °C. The built-in display
allowed us to read the set and current temperature with a resolution of 0.1 °C. The construc-
tion of the laser head also allowed the use of additional cooling using water circulation.
A TPG 200 generator was used to generate the laser control pulses. This generator enables
laser control via the LDD 400 system. It allows the generation of pulses with a duration of
up to 200 ns at a frequency of 10 kHz to 5 MHz. It is also equipped with a trigger input
for synchronization of the generated pulses with an external signal and with two control
outputs according to the TTL (Transistor-Transistor-Logic) standard with an impedance
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Germanium window

of 50 (), enabling to obtain the rise and fall times of the control pulses below 10 ns.
An additional water-cooling system for the laser head was used for research purposes.
It consisted of an electric water pump, an expansion tank, a radiator with fans, and
coolant lines.

Figure 3 shows a diagram of the FSO system transmitter module. This module
consisted of an optical system, a laser head with a cascade laser, a laser power supply, a
beam collimating lens, and a water-cooling system. The optical system of the transmitting
module used a single lens with a diameter of 25 mm, placed at a distance of 25 mm from
the LLH head window in the optical axis of the laser.

Collimating lens

r‘; .
QCL+TEC | g ."

-
A Reservoir
1 7L

Cooling system
/1|_‘ LLH pump
[~
Radiator LDD400 Cooling system
N~ power supply
V4
7
B Cooler and vens Y Coolant lines

Figure 3. A diagram of the free space optics communication (FSO) system transmitter module.

The results of laboratory tests of transmitter modules, which are analyzed in the
proposed FSO system, are presented in References [22,35,36]. Experimental studies were
conducted for the QCL laser to determine the optimum operational parameters of its work,
taking into account the possibility of its use in the FSO link. The researches included:
measuring the characteristics of the average optical power changes as a function of control
voltage, the current flowing through the laser structure and the temperature of the laser,
and the designation of the spectral characteristics. The study has shown that the laser form
Alpes Lasers can be successfully used in the FSO link [22].

3. Results

In the next step, the designed transmitter and receiver modules were used in the
research laboratory setup as presented in Figure 4. They were located next to each other
and facing the mirror on the opposite side of the laboratory. The optical path was about
70 m. The scheme of the laboratory test stand is presented in Figure 5.

(a) (b)
Figure 4. Photo of the receiving (a) and transmitting (b) modules of the FSO link.
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Figure 5. Scheme of the research position for testing the FSO link in laboratory conditions. LDD, laser diode driver;

QC, quantum cascade.

The Tektronix DSA 70404 analyzer software-Jitter and Eye Diagram Analysis Tools was
used to analyze the effect of the frequency and duration of laser pulses on the BER [27,37].
This software allowed for the obtention of an image resulting from the overlapping of
successive pulses with a color determinant of the frequency of their occurrence.

To verify the correctness of the adopted measurement method, a sequence of
15000 pseudo-random pulses in the return to zero (RZ) code with an amplitude of 2.5V, fre-
quency of 1 MHz and duration of 100 ns was generated using the Picosecond
12000 generator. The pulse sequence from the generator was visualized by storing the
recorded waveforms in the internal memory (WfmDB function) with simultaneous imaging
(Infinity Persistance function) on the oscilloscope. Then the following parameters were
measured: signal mean value at logical levels “0” and “1” (EyeTop and EyeBase), Q factor,
signal-to-noise ratio, RMS (Root Mean Square) noise value at logical levels “0” and “1”
(NoiseRMStop and NoiseRMSbase). The measurements were carried out with the limi-
tation of the measurement area, with the use of cursors, to the pulse duration. Figure 6
shows an example of the oscillogram obtained during the measurements. The method of
measuring individual signal parameters was also verified.

It was found that the RMS noise values at logical levels “0” and “1 were determined in
half of the pulse duration, while the signal mean values at logical levels “0” and “1” were
determined and averaged over the range delimited by the cursors. From the presented
oscillogram, the values of the Q and S/N coefficients were read. They are 4.918 and 91.05,
respectively. The data assessment showed that the measurement of the Q parameter with
the gating turned on was consistent with the value determined from the formula [37]:

_ EyeTop — EyeBase
~ NoiseRMStop + NoiseRMSbase

Q )

The individual components of this formula were read from the waveform screen.
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Figure 6. Sample oscillogram obtained during bit error rate (BER) measurements.

A Picosecond 12,000 generator was used to test the effect of the laser pulse repeti-
tion frequency, the pulse cycle factor, and the laser operating temperature on the BER
value. Parameters of the generated pulses are presented in Table 2. The generator used
for the research made it possible to create a pseudo-random sequence of bits stored in
the device’s internal memory. Pulse waveforms with a given frequency, duration, and
amplitude were obtained at the generator output according to the previously created
pseudo-random sequence.

Table 2. Parameters of the pulses generated by the Picosecond 12,000 generator, for which the BER

studies were conducted.

Parameter Value
Type of work Pseudo-random sequence
The length of the generated code 15,000 bits
Character length 14
Code type RZ (return to zero)
Pulse frequency from 500 kHz to 9.0 MHz
Pulse duty cycle from 0.5% to 40%
Operating temperature of the laser from —10 °C to 20 °C
Low-level voltage 45V
High-level voltage ov

In Figures 7-9, the determined BER dependencies for different values of the pulse
duty cycles, frequency values, and laser operating temperatures are presented.



Electronics 2021, 10, 875 7 of 13

...................................................................................

101 | o 500 kHz
101 | © 1 MHz
104 [~ 2 MHz
1074 5 MHz
10—14-__ 9 MHz

2 5 10 20 40
Duty cycle [%]

Figure 7. BER values for different pulse duty factors and frequencies at the laser operating tempera-

ture of —10 °C.
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Figure 8. BER values for different pulse duty factors and frequencies at the laser operating tempera-
ture of 0 °C.
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Figure 9. BER values for different pulse duty factors and frequencies at the laser operating tempera-
ture of 20 °C.

The conducted research shows that with the increase in the pulse duty factor, the BER
value initially decreases and then increases. The lower the laser operating temperature, the
lower the BER value for a given frequency. For the laser operating temperature of —10 °C,
and the frequencies of 500 kHz, 1 MHz, and 2 MHz, the lowest BER value was obtained for
pulses of 100 ns duration. For the temperature of —10 °C, the lowest BER, amounting to
10~1%, was obtained for the frequency of 500 kHz, while for 2 MHz the BER was obtained at
the level of 10712, On the other hand, for a temperature of 0 °C, and frequencies of 500 kHz,
1 MHz, and 2 MHz, the lowest BER was obtained for pulses with a duration of about 40 ns.
For the laser operating temperature of 20 °C, the best transmission quality was obtained
for the pulse duration of 25 ns.

As the laser operating temperature increased, the minimum BER value was obtained
for shorter pulse durations. The heating of the laser structure during the long-duration
generation causes their overmodulation and an increase in noise at the logical “1” level.

With the increase in the laser operating temperature, an increase in the fluctuation
of the amplitude of the pulses was also observed. This is due to the heating of the QC
structure during current flow as well as the change in operating conditions due to the
limited efficiency of the cooling system. Along with the increase of the pulse duration,
increasing the laser operating temperature causes a further decrease in amplitude and an
increase in the noise value. The choice of the link operating point is a compromise between
the required amplitude, bandwidth, and noise value.

For longer pulses, a several-fold decrease in the S/N value resulting from thermal
effects occurring in the laser structure was observed. The use of an additional system
stabilizing the temperature of the cooling medium, e.g., at 0 °C, would allow for more
stable laser operation at even lower temperatures. However, its use will increase the size of
the link, and at the same time will make it difficult to use it outside the laboratory.

Based on the conducted laboratory tests it was decided that the field tests would be
carried out for the laser operating temperature of —10 °C, the frequency of 2 MHz, and the
pulse duration of 100 ns.

The experimental validation of the proposed FSO system in the real conditions is
conducted for two measurement tracks. The first one with the designed link, and the
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Tektronix analyzer

second one with a laser generating radiation with a wavelength of 1.5 um. The third
path with laser generating radiation with a wavelength of 550 nm was used to determine
visibility. The air temperature was measured with a digital thermometer and the relative
humidity with a hygrometer. A diagram of the research stand for examining the influence
of atmospheric conditions on the link operation is presented in Figure 10.
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Figure 10. The scheme of the measurement of the FSO link in the real conditions.

The conditions under which the experiment was carried out are presented in Figure 11.
The link was about 80 m, crossing the Military University of Technology from side to side.
Figure 12 shows the results obtained during the tests carried out in light haze conditions
are presented: the air temperature was 10 °C, and the relative humidity was 100%.

Figure 11. The laboratory stands for testing the FSO link outside the Military University of
Technology building.

The amplitude of the signals at the output of the photoreceivers was measured ev-
ery 20 min. Based on the obtained measurement results, the atmospheric attenuation
of radiation with a wavelength of 1.5 pm and 10 um was determined. The results ob-
tained were compared with the analytical calculations carried out using the MathCAD
software presented in the previous paper [38]. These calculations are based mainly on
using the formula combining the transmission coefficient with the propagation length and
the extinction coefficient [39] and using the relationship between absolute humidity and
water sedimentation indicator [40]. The performed calculations showed that the currently
used FSO systems with lasers generating radiation of about 800-900 nm and 1.5 pm were
sensitive to bad weather conditions, particularly fog. For the visibility of 1 km, which
corresponds to light fog, the link operating with a wavelength of 10 um was characterized
by the best range parameters. Therefore, the radiation with a wavelength of 10 um, there-
fore, has better transmission properties in the case of limited visibility (e.g., light rain and
fog) than near-infrared waves. For visibility below 600 m (e.g., heavy rain), the obtained
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attenuation, taking into account the scattering effect, is comparable for the three analyzed
wavelengths. This means that in difficult weather conditions, for significantly reduced
visibility, all systems will experience problems with ensuring good communication quality,
and there may even be problems with establishing a connection. On the other hand, for
the visibility of 1 km (fog), the attenuation coefficient of the atmosphere takes the values
of 13.43 dB, 10.11 dB, and 3.98 dB for the wavelengths of 880 nm, 1.5 um, and 10 um,
respectively. Also, radiation with a wavelength of 10 pum is less sensitive to turbulence in
the atmosphere compared to short-wave radiation. In the case of strong turbulence, for the
distance between the transmitter and the receiver of 1 km, the radiation’s attenuation with
a length of 880 nm and 1550 nm takes similar values, i.e., about 0.9 dB. However, radiation
with a wavelength of 10 um will be attenuated by 0.75 dB.
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Figure 12. Experimental results in the real conditions for a light haze (violet) with marked theoretical calculations (pink) in

the case of (a) attenuation of the wavelength 1.5 um, (b) attenuation of the wavelength 10 pm (c) visibility.

The ambient temperature is one of the critical factors influencing the quality of the
link’s operation, the thermal radiation from buildings and the environment produces a
significant signal that must be removed if possible. Such links should not be placed near
air conditioners or pipes with hot liquids, as well as when the facade of the building is
made of metal, as its heating may create additional turbulence.

It turned out that, in the case of good visibility (3000 m), radiation with a wavelength
of 10 um was characterized by attenuation similar to radiation with a wavelength of 1.5 pm.
As visibility decreases, the attenuation for both wavelengths increased. On the other hand,
for the visibility of 800 m and a slight haze, the attenuation of radiation in the far-infrared
range was approximately 10 dB/km, and near-infrared approximatelyl5 dB/km. The
obtained analytical results were comparable to the experimental data as presented in
Figure 12.

4. Discussion

In this paper, an FSO system that operated in the third-atmosphere transmission
window (8-12 um) was presented. According to our studies [35,36,38], in the case of worse
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weather conditions (moderate fog or mist), the designed link can effectively sustain the
continuity of the connection. In Reference [41], the dependence on transmission efficiency
and the position of the turbulence source within the chamber was presented. In Refer-
ence [42], the FSO system analysis in tropical weather was investigated, while the test in
the area surrounding the city with a Mediterranean climate is shown in Reference [43]. In
Reference [44], FSO efficiency in the maritime environment was investigated. A mathemat-
ical model of the received signal strength, taking into account a single-point measurement
system for atmospheric parameters, was proposed.

On the other hand, in Reference [45] the influence of spatial and temporal characteris-
tics of atmospheric turbulence was analyzed. It turned out that temporal characteristics
were slightly stronger than spatial ones. To guarantee good communication quality with
increasing spatial characteristics, it is necessary to provide a wide bandwidth.

The results obtained in this work indicate that the proposed FSO link works as desired
both in the laboratory and in real conditions. The data from theoretical calculations were
compared with the experimental results taking into account the atmospheric conditions.
It turned out that similar attenuation values for individual wavelengths were obtained.
Analytical calculations have shown that the FSO link operating at a wavelength of 10 pm,
under the conditions of visibility from 0.8 to 1.0 km, relative humidity of 70% and at a
temperature of 0 °C, for a distance between the transmitter and receiver of about 2 km
will have a larger optical power reserve than the system operating at 1.55 um wavelength,
despite that, the assumed transmitter power for 10 um wavelength was lower than for
a 1.55 um transmitter. This means that it is possible to reduce the radiation power gen-
erated by the laser operating in the third-generation link to reduce operating costs and
extend its operating time while maintaining link range for commercially available systems.
Laboratory and field tests confirmed the results of analytical analyzes.

To improve the links turbulence problems may be reduced. Many research activities on
beam control and tracking techniques for mitigating deleterious effects of angle-of-arrival
fluctuation and pointing error on the performance of free-space optical communications
are available. To increase the reliability of the system, in conditions where scintillation or
turbulence of the atmosphere can cause signal fading, automatic resumption of packet trans-
mission, appropriate modulation types, multi-beam systems or adaptive optics systems are
also used.

If the weather conditions are bad during the links operation (i.e., there is dense snow
or a rainstorm), the FSO operating at a wavelength of 10 pm will be able to provide a
range similar to commercial systems. Similarly, in a situation of good visibility, i.e., above
2000 m. It is worth emphasizing that the designed link, apart from the fact that it provides
better quality of transmission in fog or rain conditions, is also safer for eyesight. Thus, it is
reasonable to use radiation sources in the far-infrared range in FSO system:s.

To summarize, the results showed that optical radiation with a wavelength of approx-
imately 10 um was characterized by better transmission properties in the case of limited
visibility (e.g., light rain and fogs) than in the case of near-infrared waves.
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