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Abstract

:

An opto-electronic system for non-line-of-sight (NLOS) communication using scattered laser radiation for unmanned aerial vehicle (UAV)–ground and ground–UAV schemes at a wavelength of  λ  = 450 nm and a ground–UAV scheme at a wavelength of  λ  = 510 nm are described. The symbol error rate (SER) and its standard deviation were analyzed for different schemes of the communication channel. The transceiver system included a laser source with a power supply, a modulator, a lens refractor, a bandpass filter, a photomultiplier tube (PMT), a demodulator, and a receiving computer. The experimental data obtained at nighttime showed that the NLOS atmospheric optical communication at a wavelength of  λ  = 450 nm was feasible for the UAV–ground scheme at a baseline distance of up to 150 m for a UAV with a transmitter at a height of 10 m and at a baseline distance of up to 125 m for a UAV at a height of 20 m. For the ground–UAV scheme, stable communication was observed at baseline distances of up to 50 m for a UAV with a receiver at a height up to 30 m. The NLOS atmospheric optical communication at a wavelength of 510 nm was obtained for the ground–UAV scheme at baseline distances of up to 100 m for a UAV with a receiver at a height up to 45 m, as well as at baseline distances of up to 385 m for UAV flying at a height up to 20 m.
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1. Introduction


Owing to the advent of smart and remote monitoring technologies, the last decade has been characterized by a drastic development of unmanned devices. One of the fastest-growing research fields is the technology associated with unmanned aerial vehicles (UAVs). This opens up opportunities for UAV use in fields such as video surveillance and remote sensing of the Earth’s surface, the delivery of small-sized cargo, etc. A new direction in the development of the UAV technologies is wireless optical communication, which is resistant to radio frequency interference, characterized by high data rates and not requiring the licensing of the frequency range.



There are several directions for the development of wireless optical communication technologies with UAVs. The reviews [1,2] noted that UAVs can be used for communication with satellites, other UAVs, underwater and over-water objects, and ground objects in the terahertz and optical ranges. Within the framework of the analysis performed, the following fields in the study of optical communication channels using UAVs can be identified:




	(1)

	
Line-of-sight (LOS) wireless communication in the radio and optical ranges between a ground object and a satellite [3,4,5];




	(2)

	
LOS hybrid wireless communication in the radio and optical ranges between land and water surface objects [6,7,8,9];




	(3)

	
LOS wireless optical communication [10,11,12,13,14,15];




	(4)

	
Combined LOS-NLOS wireless optical communication [16,17,18];




	(5)

	
NLOS wireless optical communication in the atmosphere in the ultraviolet (UV) range [19,20,21].









NLOS atmospheric optical communication with UAVs has the following applications: (1) multicast communication; (2) communication in situations when the direct visibility of the source is screened by an obstacle (in urban areas, forests, or mountains); (3) unauthorized access to a communication channel in direct visibility; (4) the formation and control of UAV groups (swarms).



The studies of NLOS optical communication with UAVs are based on the results obtained for NLOS communications between ground-based objects that began with papers such as [22,23]. At the beginning of the 21st Century, the development of small-sized laser sources and highly sensitive optical receivers has caused a sharp growth in the interest of specialists in studying the feasibility of NLOS wireless optical communications [24]. We consider the papers [25,26,27,28,29,30,31] to be the most-important from the viewpoint of developing the theory and experimental studies of NLOS communication feasibility. As a part of the work on terrestrial NLOS communications in the open atmosphere, the following most-important results were obtained: (1) methods for statistical simulation of the impulse response of a communication channel have been developed; (2) analytical equations have been proposed for the single scattered part of the impulse response; (3) interpolation equations have been proposed for the impulse response and the path loss; (4) the received signal duration as a function of a wide range of optical–geometric conditions has been assessed; (5) equations have been proposed for calculating the bit error rate (BER), symbol error rate (SER), and package error rate (PER) for a wide range of modulation methods; (6) the dependence of the BER, signal-to-noise ratio (SNR), and maximum data rate on a wide range of optical and geometric conditions and source parameters for the main information encoding methods has been assessed; (7) the effect of turbulence on the path loss under day and night conditions has been evaluated.



The earlier studies of NLOS wireless atmospheric communications with UAVs have yielded the following results. A Monte Carlo model of the communication channel for the UAV–ground and ground–UAV schemes was developed in [16]. Favorable and unfavorable geometric conditions for organizing UV communication, whose coverage area may contain a bugging device, were considered, and the sensitivity of a UV communication channel to various geometric conditions was analyzed. The communication channel’s characteristics were experimentally assessed, and the possibilities of identifying and locating multibeam sources in both LOS and NLOS communications between two hexacopters in an urban environment were considered in [17]. The equation for calculating the communication range for LOS and NLOS channels was analyzed based on the UV communication channel model, and the 3D algorithm for UAV localizing in space was proposed [18]. The effect of interfering sources on the NLOS UV communication system’s performance was numerically assessed using the BER for UV uplink communications between ground-based sources and UAVs in the atmosphere [19]. A model of the NLOS UV uplink with scattering between ground-based sources and UAVs that are placed in series was considered in [20]. This model was used to evaluate the performance of a communication system as a function of parameters such as the divergence of a source beam and the receiver’s field of view and to determine the maximum UAV coverage to maintain a certain BER value. An algorithm for controlling a UAV formation with one or several main aircraft via the NLOS wireless optical communication channel for autonomous restoration of the UAV formation, preventing collisions between the UAVs, and the flocking of the UAV formation was developed in [21].



It was noted in the papers [16,17,18,19,20,21] that NLOS wireless optical communication at radiation wavelengths of 240–270 nm is possible at a maximum range of 1.2 km. The analysis of the available publications showed that, currently, most of the papers on NLOS wireless optical communication with UAVs deal with theoretical studies of the communication channel and primarily consider the wavelength range of 240–270 nm. However, experimental studies of this type of communication under field conditions are currently lacking.



Our earlier experimental studies [32,33,34] dealing with terrestrial NLOS communication yielded the following results. It was shown that a stable terrestrial NLOS wireless optical communication can be organized at baseline distances up to 70 km. In addition, the possibility of implementing stable NLOS optical communication in the UV wavelength range at a baseline distance of up to 1.3 km in day and night was demonstrated.



This paper describes an experimental model for NLOS atmospheric optical communications by the UAV–ground and ground–UAV schemes in the visible wavelength range. The visible range was chosen since it is fully safe for humans and there are small-sized and sufficiently powerful laser radiation sources in this wavelength range. The aim of the study was to assess the feasibility of NLOS wireless optical communication under field conditions in a range up to 400 m and a UAV height up to 45 m in the dark.




2. Investigation Methodology


Optical communication channels were studied with a transceiver system, whose block diagram is shown in (Figure 1). The operating principle of the communication system was as follows. A modulator with the successive generation of symbols from 0 to 255 in the binary system in continuous mode generates electrical pulses (Figure 2a) at a laser source using the differential pulse-interval modulation (DPIM). The laser power supply is connected to batteries or a 220 V network, and the laser source generates radiation and sends information laser pulses into the atmospheric communication channel. Laser radiation scattered by molecules or aerosol is detected by the receiving system within the field of view of the lens refractor through a bandpass filter on the input window of the photomultiplier tube (PMT). Electrical signals from the PMT (Figure 2b) are recognized by the demodulator and recorded in numerical form on a laptop to estimate the SER and its standard deviation. The SER and the standard deviations are estimated for 1000 recorded symbols in one package. The duration of the communication session is 1 min 50 s with the recording of 10 packages.



To assess the communication quality, we used the values of the SER in one package of symbols   P e  , the average SER for communication session    P ¯  e  , and the standard deviations   σ ¯  , which were determined as [32]:


   P  e , j   =    ∑  i = 1  n   x i   n   



(1)






    P ¯  e  =  1 M   ∑  j = 1  M   P  e , j    



(2)






   σ ¯  =    1 n   ∑  i = 1  n    (  x i  −  P e  )  2     



(3)




where   x i   are the error symbols; n is the total number of symbols in a single package (n = 1000); M is the number of packages in a single communication session (M = 10).



The communication channel was tested for symbol packages as illustrated in Figure 3. When symbols are transmitted without error, the image of the test object is similar to that shown in Figure 3a. The presence of such a test object on the laptop monitor indicates that there is no influence of external interfering sources or the atmospheric environment on the communication channel. Figure 3b exemplifies a significant impact of interfering sources on the transmitted signal. In the experiments,    P ¯  e   = 0.1 was considered as a limit, at which the communications is stable.




3. Experimental Setup


Three series of field experiments were conducted: (1) NLOS optical communication at a wavelength of  λ  = 450 nm with a UAV-borne source and a ground-based receiving system; (2) NLOS optical communication at a wavelength of  λ  = 450 nm with a ground-based source and a UAV-borne receiving system; (3) NLOS optical communication at a wavelength  λ  = 510 nm with a ground-based source and a UAV-borne receiving system. The NLOS wireless optical communication systems with the UAV were constructed according to a one-way communication (simplex) scheme using transceiver systems with the characteristics shown in Table 1. In different experimental series, the source (or receiving system) was installed onboard the DJI Agras T10 UAV (SZ DJI Technology Co., Shenzhen, China) with a payload of up to 10 kg and a flight duration up to 15 min. The use of this type of UAV allowed us to avoid problems with balancing the instruments installed on the UAV and payload limitations. Figure 4a shows how the transmitting system was installed onboard the UAV. A similar transmitting system was used in the second series of experiments. In experimental series 1 and 2, the transmitting systems consisted of an NEJE N30820 laser unit (Shenzhen Zhixinjie Technology Co., Shenzhen, China) generating radiation at a wavelength of  λ  = 450 nm, a power driver, batteries, a modulator, a display, and buttons for adjusting the data transmission characteristics. The choice of a laser source at this wavelength was due to its small size, relatively low cost, and the capability to convert continuous-wave radiation into pulses with a pulse-generation frequency higher than 10 kHz and a signal duration of 2  μ s. In experimental series 3, we used a transmitting system (Figure 4b) consisting of a copper bromide vapor laser source generating radiation at a wavelength of 510 nm, a modulator, and a mirror directing the radiation to the desired spatial region. The choice of the laser at this wavelength was due to its capability of generating radiation with high energy per pulse. In this study, we dealt with communication channels in the visible wavelength range since they are safe for humans, unlike sources in the UV range.



The receiving system in experimental series 1 and 2 (Figure 4c) comprised a lens refractor, a semrock brightline fluorescence bandpass filter 442/42 (IDEX Health and Science, Kawaguchi, Janpan), a UFK-4G-2 PMT (KATOD, Moscow, Russian Federation), a signal decoding device, batteries, and a laptop. In experimental series 3, we used the semrock brightline fluorescence filter FF03-510/20-25 (IDEX Health and Science, Kawaguchi, Janpan) as a bandpass filter. The receiving system in series 2 and 3 (Figure 4d) was mounted on the UAV, while in series 1, it was mounted on a tripod for stable placement on the ground.



The experiments were carried out on 8 September 2022 (series 1), 27 July 2023 (series 2), and 26 August 2023 (series 3) at the IAO SB RAS test site in the dark according to a coplanar communication scheme. The experiments on 8 September 2022 were carried out under a clear sky, an air temperature of +6    ∘  C, and a wind speed of 2 m/s. On 27 July 2023, the experiments were conducted under a cloudy sky, an air temperature of +19    ∘  C, and a wind speed of 1 m/s. On 26 August 2023, the air temperature during the experiment was +13    ∘  C, the wind speed was 1 m/s, and the sky was clear.



The field studies were carried out in the following way. In experimental series 1 (Figure 5a), the source S was set on the UAV and oriented at a zenith angle of 88   ∘   in accordance with the height difference at the test site. The UAV was raised to a height of 10 to 30 m depending on the experiment. The receiving system was located on the ground at a baseline distance of 25 to 150 m from the UAV. The baseline distance is the separation between the projections of the transmitting and receiving systems on the ground. The optical axis of the receiving system was oriented at a zenith angle of 45   ∘   in the direction of the source. In experimental series 2 (Figure 5b), a transmitting system similar to that in series 1 was set on the ground. The optical axis of the source was oriented at a zenith angle of 45   ∘  . The receiving system was set on the UAV. The optical axis of the receiving system was oriented at a zenith angle of 88   ∘   from the vertical. The UAV with the receiving system was raised to a height of 10 to 30 m, depending on the experiment, and placed at a baseline distance of 25 to 50 m. In experimental series 3 (Figure 5c), in contrast to series 1 and 2, the ground-based transmitting system at a wavelength of  λ  = 510 nm was used. The receiving system was set on the UAV and raised to a height of 10 to 45 m, depending on the experiment. The baseline distance in series 3 varied from 50 to 385 m.




4. Result and Discussions


The SERs and their standard deviations obtained by Equations (1)–(3) for the conducted experiments are given in Table 2, Table 3 and Table 4. Figure 6 exemplifies the measured SERs and their standard deviations for a communication session. The analysis of the results obtained in experimental series 1 showed that the SER at the baseline distance   Y N   = 25 m was higher than at   Y N   = 50 m, likely because the scattering volume was smaller for the smaller baseline distance. The maximum baseline distance of stable communication at   h s   = 10 m was   Y N   = 150 m with a SER of     P ¯  e  ≤   0.22. At   h s   = 20 m, the maximum range of stable communication was   Y N   = 125 m with a SER of     P ¯  e  ≤   0.23. At   h s   = 30 m in experimental series 1, we failed to establish a stable communication. In experimental series 2, we managed to establish a stable communication up to a height of   h r   = 30 m and a baseline distance of   Y N   = 50 m. For a longer   Y N  , the communication could not be established. The maximum communication range in experimental series 2 was smaller than that in series 1, because the receiving system set on the UAV employed a telescope with a smaller aperture and field-of-view angle. In experimental series 3, the communication range was significantly longer than in experimental series 2 due to the use of a laser with higher pulse energy in the transmitting system. The conducted experiments showed that, for baseline distances up to 100 m, a stable communication was feasible for heights up to   h r   = 45 m. At baseline distances of 150   ≤  Y N  ≤   385 m, a stable communication was observed at    h r  ≤   20 m. At heights of   h r   = 30 m and    Y N  ≥   150 m, the communication was unstable. For the transceiver system used in experimental series 3, the maximum communication range was    Y N  ∼   385 m at    h r  ≤   20 m with     P ¯  e  ≤   0.1.



As the baseline distance increases, an increase in the SER should be observed at a sufficient distance from the source. However, a non-monotonic behavior was observed sometimes, for example, in the following situations: series 1 for   h s   = 30 m and   Y N   = 75 and 100 m and series 3 for   h r   = 20 m and   Y N   = 150 and 200 m. In the first case, the SER was close to 1. This means that nearly all symbols were received with errors, and in addition, the standard deviation was very large. In this case, the non-monotonic behavior of the SER with an increase of   Y N   was caused by random errors in the communication channel. In the second case, the non-monotonic behavior can be explained by slight turns of the UAV under the effect of the wind. Therefore, an increase/decrease in the SER can be observed at a fairly large distance depending on the wind.



For some packages in a communication session, rather wide SER variations were observed (see, for example, Figure 6c). These variations were caused by the fact that the optical axis of the equipment installed on the UAV turned under the effect of the wind. The wind effect increased with an increase of the baseline distance. To analyze this factor for several situations, the experiments were conducted several times. The comparison showed that the limiting baseline distances of stable communication varied insignificantly (by a few meters) from one experiment to another.



In the experiments conducted, there were no obstacles between the transmitting and receiving systems, because the testing ground was flat (without trees and buildings). The considered communication schemes exclude the possibility of line-of-sight receiving. In addition, using the earlier-developed algorithm [35], we calculated the impulse response of the communication channel for situations similar to those in the experiments and estimated the influence of radiation, which could be blocked by an obstacle. The calculations were performed for the following optical and geometric conditions:  λ  = 450 and 510 nm; MODTRAN midlatitude summer atmospheric model [36]; extinction coefficients of the surface atmospheric layer (sum of the molecular and aerosol extinction)   σ  e , 450    = 9.36   ×   10  − 2     km    − 1   ,   σ  e , 510    = 7.63   ×   10  − 2     km    − 1   ; scattering coefficients of the surface atmospheric layer   σ  s , 450    = 8.99   ×   10  − 2     km    − 1   ,   σ  s , 510    = 7.24   ×   10  − 2     km    − 1   . The baseline distances, UAV heights, receiver’s aperture area, divergence angles of the radiation source, receiver’s field of view, and zenith angles of the optical axes of the source and the receiver were set the same as in the field experiments. The estimates (Table 5) showed that the contribution of the single scattered radiation to the useful signal in the considered situations was    δ 1  ≥ 84.2 %  , while the fraction of the useful signal, which came through the space within the divergence angle of the source radiation and the field of view of the receiving system, was   δ ≥ 92 %  . Thus, if an obstacle does not block the field of view of the receiving system and the area of the divergence of the source radiation, then it cannot reduce the useful signal by a value greater than 8% under the conditions of our experiments. For this reason, the experiments conducted provided a rather good idea about the capabilities of similar communication systems. In our future studies, we plan to consider the capabilities of implementing NLOS optical communication schemes with an obstacle not violating legal restrictions on the use of UAVs.



The transceiving system used in our experiments employed DPIM. In the previous papers dealing with NLOS optical communication, modulations such as on–off-keying (OOK), pulse position modulation (PPM), dual-head pulse interval modulation (DH-PIM), frequency-shift keying (FSK), spectral amplitude coding (SAC), and others were used. The choice of the DPIM modulation is quite justified, since it was shown, for example, in [29] that this type of communication modulation potentially allows more symbols to be transmitted per unit time than, for example, OOK.



The obtained results do not contradict the results reported in the works [19,20,37]. It was estimated in the paper [20] that the NLOS optical communication with a BER   ≤  10  − 6     at a wavelength of 254 nm is possible at a UAV height of 50 m and a baseline distance of 25.7 m. In the work [19], it was shown that the NLOS optical communication at a wavelength of 265 nm with a BER   ≤  10  − 6     by the same scheme as in the work [20] is feasible at a UAV height of 100 m and a baseline distance of 75 m. For the ground-based communication scheme in the UV wavelength range, it was shown experimentally in [37] that the NLOS optical communication is implementable at a baseline distance of 164 m.




5. Conclusions


The following most-important results were obtained:




	(1)

	
With the developed transceiver system at a wavelength of  λ  = 450 nm for the UAV–ground scheme, the maximum baseline distance of stable communication at a UAV height of   h s   = 10 m was   Y N   = 150 m with an SER of     P ¯  e  ≤   0.22. At   h s   = 20 m, the maximum range of stable communication was   Y N   = 125 m with an SER of     P ¯  e  ≤   0.23. At a height of   h s   = 30 m, we failed to establish a stable communication in experimental series 1.




	(2)

	
The use of the developed transceiver system at a wavelength of  λ  = 450 nm allowed a stable communication by the ground–UAV scheme to be organized only for a baseline distance of   Y N   = 50 m and a UAV height up to   h r   = 30 m.




	(3)

	
The use of the developed NLOS communication system at a wavelength of  λ  = 510 nm by the ground–UAV scheme allowed a stable communication to be organized at UAV heights up to   h r   = 45 m and baseline distances up to 100 m. At baseline distances of 150   ≤  Y N  ≤   385 m, the NLOS communication was stable at    h r  ≤   20 m. The maximum baseline distance of stable communication for this transceiver system was    Y N  ∼   385 m.









The results obtained showed that, with the developed transceiver system, it is feasible to organize a stable NLOS optical communication channel between the ground points with relay via the UAV over a baseline distance of up to 510 m (385 m for the ground–UAV scheme at  λ  = 510 nm and 125 m by the UAV–ground scheme at  λ  = 450 nm). To improve the communication stability during a session and to communicate with a moving UAV, it is necessary to place the UAV-borne equipment on a rotating device that compensates for wind-driven deviations. In addition, it is necessary to automatically point the UAV-borne system at the coordinates of the ground position of the receiving (or transmission) system. This, in turn, increases the maximum range of stable NLOS communication with the UAV. The results obtained provide the basis for the design of NLOS communication systems with UAVs and can be used to test the capabilities of theoretical models of an NLOS communication channel.
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Figure 1. Block diagram of the NLOS wireless optical communication system used. 
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Figure 2. Examples of transmitted and received signals: (a) transmitted pulses; (b) received pulses. 
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Figure 3. Graphical test object received through an atmospheric channel with scattering: (a) undistorted test object; (b) distorted test object. 
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Figure 4. NLOS wireless optical communication transceiver systems for the UAV–ground and ground–UAV schemes: (a) transmitting system in experimental series 1; (b) transmitting system in experimental series 3; (c) receiving system in experimental series 1; (d) receiving system in experimental series 2 and 3. 
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Figure 5. Schemes of field experiments to assess the capabilities of NLOS wireless atmospheric optical communications: (a) experimental series 1 ( λ  = 450 nm, the transmitting system on the UAV and the receiving system on the ground); (b) experimental series 2 ( λ  = 450 nm, the transmitting system on the ground and the receiving system on the UAV); (c) experimental series 3 ( λ  = 510 nm, the transmitting system on the ground and the receiving system on the UAV). 
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Figure 6. Examples of the obtained SERs and their standard deviations (SDs) for a communication session: (a) experimental series 1,   Y N   = 100 m,   h s   = 20 m; (b) experimental series 2,   Y N   = 50 m,   h r   = 30 m; (c) experimental series 3,   Y N   = 150 m,   h r   = 20 m. 
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Table 1. Parameters of the transceiver system and its location during field experiments.
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Parameter

	
Experimental

	
Experimental

	
Experimental




	

	
Series 1

	
Series 2

	
Series 3






	
Wavelength  λ , nm

	
450

	
450

	
510




	
Energy per pulse Q,  μ J

	
12

	
12

	
28




	
Pulse duration  τ 

	
2  μ s

	
2  μ s

	
30 ns




	
Pulse repetition frequency  ν , kHz

	
14

	
14

	
14




	
Source zenith angle   θ s  

	
88   ∘  

	
45   ∘  

	
45   ∘  




	
Horizontal divergence angle   α H  

	
0.37   ∘  

	
0.37   ∘  

	
0.0034   ∘  




	
Vertical divergence angle   α V  

	
0.08   ∘  

	
0.08   ∘  

	
0.0034   ∘  




	
Detector zenith angle   θ d  

	
45   ∘  

	
88   ∘  

	
88   ∘  




	
Field-of-view angle  ψ 

	
20   ∘  

	
2   ∘  

	
2   ∘  




	
Source height above the ground   h s  , m

	
10, 20, 30

	
0.5

	
0.5




	
Receiver height above the ground   h r  , m

	
0.5

	
10, 20, 30

	
10, 20, 30,




	

	

	

	
40, 45




	
Baseline distance   Y N  , m

	
25, 50, 75, 100,

	
25, 50

	
50, 75, 100, 150,




	

	
125, 150

	

	
200, 385











 





Table 2. SERs (   P ¯  e  ) and their standard deviations (  σ ¯  ) for series 1 of field experiments.
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   h s   , m




	
  Y N  , m

	
10

	
20

	
30




	

	
    P ¯  e   

	
   σ ¯   

	
    P ¯  e   

	
   σ ¯   

	
    P ¯  e   

	
   σ ¯   






	
25

	
0.0002

	
0.0011

	
0.0281

	
0.0313

	
-

	
-




	
50

	
0.0001

	
0.0006

	
0.0045

	
0.0134

	
-

	
-




	
75

	
0.0002

	
0.0011

	
0.0064

	
0.0150

	
0.9517

	
0.0846




	
100

	
0.0008

	
0.0035

	
0.0206

	
0.0292

	
0.9038

	
0.1316




	
125

	
0.0268

	
0.0589

	
0.2315

	
0.2485

	
-

	
-




	
150

	
0.2188

	
0.2739

	
0.2994

	
0.1849

	
-

	
-











 





Table 3. SERs (   P ¯  e  ) and their standard deviations (  σ ¯  ) for series 2 of field experiments.
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   h r   , m




	
  Y N  , m

	
10

	
20

	
30




	

	
    P ¯  e   

	
   σ ¯   

	
    P ¯  e   

	
   σ ¯   

	
    P ¯  e   

	
   σ ¯   






	
25

	
0

	
0

	
0.0002

	
0.0009

	
-

	
-




	
50

	
0.0200

	
0.0461

	
-

	
-

	
0.0808

	
0.0654











 





Table 4. SERs (   P ¯  e  ) and their standard deviations (  σ ¯  ) for series 3 of field experiments.
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	   Y N   , m
	   h r   , m
	     P ¯  e    
	    σ ¯    





	50
	10
	0
	0



	
	20
	0
	0



	75
	10
	0
	0



	
	20
	0.002
	0.006



	100
	10
	0
	0



	
	20
	0
	0



	
	30
	0
	0



	
	40
	0
	0



	
	45
	0
	0



	150
	10
	0
	0



	
	20
	0.021
	0.028



	
	30
	0.517
	0.129



	200
	10
	0.001
	0.002



	
	20
	0.002
	0.007



	
	30
	0.444
	0.092



	385
	20
	0.099
	0.084



	
	30
	0.694
	0.179










 





Table 5. Minimal   δ  1 , m i n    and maximal   δ  1 , m a x    fractions of the useful signal single scattered by the atmosphere, as well as the minimal   δ  m i n    and maximal   δ  m a x    fractions of radiation coming to the receiving system from the area of divergence of the source radiation and the field of view of the receiving system.
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	Experimental Series
	    δ  1 , min     
	    δ  1 , max     
	    δ min    
	    δ max    





	1
	0.842
	0.913
	0.920
	0.962



	2
	0.945
	0.996
	0.963
	0.997



	3
	0.865
	1.000
	0.927
	1.000
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