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ABSTRACT

The simulation program by the Monte Carlo 
method of pulse reactions of bistatic atmospheric 
aerosol-gas channels of optical-electronic commu-
nication systems (OECS) is created on the basis of 
the modified double local estimation algorithm. It 
is used in a series of numerical experiments in or-
der to evaluate statistically the transfer characteris-
tics of these channels depending on the optical char-
acteristics of an atmosphere plane-parallel model 
for wavelengths λ = 0.3, 0.5, and 0.9 µm at a mete-
orological visibility range SM = 10 and 50 km. The 
results are obtained for a set of basic distances be-
tween the light source and the light receiver up to 50 
km and for the angular orientations of the optical 
axes of a laser radiation beam and of the receiv-
ing system in a wide range of their values. The de-
pendences of the pulse reactions maximum values 
over-the-horizon channels of the OECS on the vari-
ations of these parameters are established.

Keywords: atmosphere, scattered laser radi-
ation, bistatic (over-horizon) optical communi-
cation, limit base distances, limit pulse transmis-
sion frequency

1. INTRODUCTION

Wireless optical communication through at-
mospheric channels develops in two directions: 
within the line of sight of the source by the receiver 

and outside it. The main advantage of the first type 
of communication is a high-speed data transmis-
sion. Disadvantages are interruption or impossibi-
lity of data transmission, associated with obstacles 
to the propagation of information signals and “run-
ning of the beam” on the input pupil of the receiv-
er optical system, due to the turbulent pulsations of 
optical characteristics in the atmospheric communi-
cation channel. These disadvantages are deprived of 
optical communication out of the sight line, which 
allows it to be carried out at much greater distances.

In the foreign literature opto-electronic com-
munication systems (OECS) are called “Non Line-
of-Sight” (“NLOS”), and in the Russian literature 
they are called “over the horizon or bistatic OECS”. 
There are much less works on these systems in the 
Russian and foreign press, than about the systems 
used within the line of sight. As it follows from [1–
7], the over-horizon OECS can be divided into mul-
ticast optical communications at short and at long 
distances.

The first results of studies of some OECS bistat-
ic channels characteristics are published in the arti-
cle [5]. The studies were fulfilled in the Zuev Atmo-
spheric optics Institute (AOI) of the Siberian branch 
of the Russian Academy of Sciences (SbRAS). The 
subsequent field experimental studies results of the 
transfer properties of these channels are consid ered 
in articles [6–8]. In particular in [8], it is reported 
that in the experiments the over-horizon communi-
cation at cloudless atmosphere at distances up to 70 
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km between the source of laser radiation with the 
wavelength λ = 510.6 nm and the receiver of radi-
ation was realised. We have supplemented the ex-
perimental studies by the theoretical studies in or-
der to predict the effect of a particular optical state 
of the atmosphere on the quality of communica-
tion and determine the optimal geometric scheme of 
its implementation.

The main results of our previous theoretical stud-
ies were published in articles [5, 9, 10]. The simu-
lation of the response of the atmosphere as a linear 
system on the input of the Delta-pulse (i.e., the de-
termination of the impulse response or the impulse 
response characteristics h(t)) and search (using this 
function) of the optimal communication patterns 
were their goal. In the framework of this problem 
in [9] the algorithm of the modified double local es-
timation of the Monte Carlo method of the nonsta-
tionary radiation transfer equation solution is pro-
posed and considered [11]. The proposed algorithm 
makes a double local estimate at each point of col-
lision in each possible time interval. The proposed 
algorithm [9] was taken as a basis in this work. 
In articles [9, 10] this algorithm is compared with 
the algorithms of statistical modelling of the func-
tion h(t), proposed by other authors [12, 13]. Using 
the proposed algorithm, we have: 1) the analysis of 
ambient communication channels-scattered laser ra-
diation, when the axis of the laser beam and the op-
tical axis of the receiver lie in the same plane per-
pendicular to the earth’s surface (flat model of the 
system atmosphere-land surface) and zenith angles 
of these axes are 85°; 2) the maximum communica-
tion range and the maximum of information trans-
mission speed at λ = 0.5 µm and the characteris-
tics of the receiving and transmitting system; 3) the 
comparison of transmission properties of channels 
on the wavelength λ = 0.3, 0.5 and 0.9 µm [14].

We considered here the general case, when re-
strictions on the position in space of the plane con-
taining the axes of the laser beam and the receiving 
optical system, and on the zenith angles values of 
these axes orientation are removed.

2. THE PROBLEM STATEMENT

Knowing the response of the atmosphere 
(as a linear system) to the input Delta-pulse (im-
pulse response) and the input signal, we can deter-
mine the received signal as a convolution integral 
of the form:

( ) ( ) ( ) ( )0
0

P t S P t h t t dt S p t
∞

= − = ⋅′ ′ ′∫ ,

where S is the photodetector’s receiving aperture 
area; p(t) is the received radiation power, referred 
to the unit of the receiving aperture area; P0(t) is the 
power time function of the radiation source.

The atmospheric channel action of the OECS 
is considered as the action of a linear system (as-
suming the absence of nonlinear effects in the in-
teraction of radiation with the medium in the com-
munication channel). The definition of the impulse 
response of the atmospheric channel of OECS is 
performed as follows. We consider a plane system 
“atmosphere-Earth surface” without taking into ac-
count reflections from the earth’s surface. The atmo-
sphere is an aerosol-gas medium, which has the 
thickness about 100 km and is divided into 32 ho-
mogeneous layers, for every of which we use the 
optical parameters of the aerosol-gas atmosphere. 
The upper boundary of the first layer is set at an 
altitude of 0.1 km from the Earth surface, upper 
boundary of the second layer is set at an altitude 
of 0.5 km, and the boundaries of the layers from 
the third to the twenty third one have a step of 1 
km. For subsequent layers, their thickness gradu-
ally increases from 2 to 30 km (the values of layer 
thickness are not given more detailed in this article, 
since they have little influence on the results of our 
calculations).

The geometric formation scheme of the commu-
nication channel is shown in Fig. 1. At the begin-
ning of the coordinates on the Earth surface there 

Fig. 1 Geometric scheme of atmospheric bistatic communi-
cation line
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is a point source of radiation with the coordinates 
(0,0,0) with the beam divergence ν0 oriented in the 
direction ω0 in the plane Syz at a zenith angle θ0. 
At the base distance YN at an angle α from the Syz 
plane on the Earth surface there is the receiving sys-
tem, which has the optical axis oriented to the point 
I on the axis of the source beam located at a height 
H from the Earth surface. The zenith angle of the re-
ceiving system optical axis is θd, and the angle of its 
field of view is νd.

Let it be required to determine the pulse reac-
tion of the OECS bistatic channel for the given con-
ditions of its formation. The plane Syz is called the 
source plane, and the plane SID is called the plane 
of the receiver.

3. CALCULATION RESULTS

The program calculations based on the algo-
rithm of the modified double local estimation [9] 
were performed under the following optical-ge-
ometric conditions: radiation wavelengths λ = 0.3, 
0.5, and 0.9 µm; meteorological visibility ranges 
SM = 10 and 50 km. The generator of optical mo-
dels sets optical parameters of cloudless aerosol-gas 
atmosphere at the specified SM on the basis of the 
program “LOWTRAN7” [15]. The values of opti-
cal factors for the above ground layer of the atmo-
sphere are given in Table 1. At the same time θ0 = 
0°, 45°, and 85°; ν0 = 0.0034°; YN = 0.5–50 km; α = 
0°, 10°, 30°, 60°, and 90°; H = Hmin = 0.1, 0.5, 1, 3, 
and 5 km; νd = 2°; the maximum trajectory length 
lmax = 200 km (without YN). The Hmin was taken as 
the height, at which θd = 85°. The total calculations 
were performed for 2412 variants of optical-ge-
ometric conditions. The calculation of one vari-
ant depended on the conditions of calculations and 
was about 40 minutes per computer with the perfor-
mance 19.5 GFlops on the LIN-X test.

The average time interval error of the obtained 
results of calculations for SM = 50 km was 0.1–
6.2 % in all considered variants, and for SM = 10 km 
it was 0.1–9 % with the exception of the variants 
with λ = 0.3 and 0.5 µm for YN ≥ 30 km, in which 
the average time interval error lies within 0.16–
34 %. Illustrations of some calculation results of the 
impulses maxima, which response for time intervals 
hmax when H = Hmin are shown in Fig. 2.

The dependence analysis of the hmax on opti-
cal-geometric conditions shows that for small base 
distances YN (2–3 km), other things being equal, 
hmax is maximal for λ = 0.3 µm. At large YN and at 
low atmospheric turbidity (SM = 50 km), hmax is 
maximal for λ = 0.5 µm. At high atmospheric tur-
bidity (SM = 10 km), the behaviour of hmax is more 
complex. At small α (near 0°) at YN = 2–10 km, hmax 
is maximal for λ = 0.5 µm, and at YN > 10 km, hmax 
is maximal for λ = 0.9 µm (Fig. 2, (a)). However, at 
α ≥ 10° and YN > 2 km, hmax is maximal for λ = 0.5 
µm.

The reason for such dependence of the hmax val-
ues on the variable parameters is that at λ = 0.3 µm 
not only the radiation scattering is stronger, but also 
its attenuation (due to ozone absorption) is great-
er than at other λ; this greatly reduces the received 
signal power at large YN. The role of scattering and 
attenuation at λ = 0.5 is higher than at λ= 0.9 µm 
at high atmospheric turbidity and lower absorp-
tion (due to the presence of water vapour absorp-
tion at λ = 0.9 µm).

The calculations also show that, other things be-
ing equal, hmax at H = Hmin is higher than at any H > 
Hmin. This is due to the fact that when H = Hmin the 
length of the path SID and the scattering angles of 
the trajectories are minimal on the average.

Knowing the characteristics of the receiving and 
transmitting equipment and the pulse response of 
the atmospheric channel, it is possible to determine 

Table 1. Optical Parameters of the Near Ground Surface (0–0.1 km) Layer of the Atmosphere Used 
in the Calculations (σt, a is aerosol attenuation coefficient, σs, a is Aerosol Scattering Coefficient, σt, m 

is Molecular Attenuation Coefficient, σs, m is molecular Scattering Coefficient)

λ, μm SM, km σt, a, km–1 σs, a, km‑1 σt, m, km–1 σs, m, km–1

0.3 10 0.661 0.620 0.165 0.140
0.3 50 0.113 0.106 0.165 0.140
0.5 10 0.433 0.410 0.0166 0.0165
0.5 50 0.0739 0.0700 0.0166 0.0165
0.9 10 0.215 0.196 0.137 0.0015
0.9 50 0.0367 0.0334 0.137 0.0015
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the limit range of the communication line. As an ap-
propriate example, we consider a laser with λ = 0.5 
µm as a transmitting information system. Suppose 
that the laser pulse shape is rectangular, its dura-
tion Δt = 30 nsec and the average pulse power P0 = 
18 182 W. Let the amplifier element (PMT-17A) 
used as a part of an ideal receiving optical system. 
For the maximum range of communication for giv-
en α and θ0, we take YN, in which the power level of 
the received radiation P matches the limit. For the 
upper bound of P we take the maximum P used un-
der the given conditions.

With the growth of YN, the values of the impulse 
response are changed many times, so it makes sense 
to consider the value of the ratio P0 to P reduced 
to decibels, η [2]:

( )10lg 10lg 0
0

P
P P

pS
η  
= =   

,

where p is the power of the received radiation per 
unit area of the aperture, S is the area of the aperture.

Then the limit YN will be the distance, at which

*η η> , *
*

10lg 0P
P

η
 

=   
,

where *P  is the limit of P0.

As a limit, we take the power that satisfies the ra-
tio [16–18]
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ρ is the signal-to-noise ratio; Ik is the mean value of 
the photocathode emission current; F is an average 
value of the luminous flux measured; Σc is the pho-
tocathode integral sensitivity; ΣA is the anode sen-
sitivity; Re is the equivalent noise resistance; (1 + 
B) is the noise factor; T is the absolute temperature 
of the photomultiplier (PMT); M is the gain of the 
PMT; Δf is the frequency band; Rl is the load resis-
tance; Ca is the capacitance between the anode out-
put and the last cascade; Fb is the background il-
lumination; Itk is the current of the photocathode 
thermal emission; jT is the thermoelectric current 
density; Q is the photocathode area.

Fig. 2. Maximum impulse response 
hmax (YN) at:
SМ = 10 kм, α = 0°, θd = 85° (а);  
SМ = 10 kм, α = 60°, θd = 85° (c); 
Sм = 50 kм, α = 0°, θd = 85° (b); 
SМ = 50kм, α = 60°, θd = 85° (d)
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The following values were used in the calcu-
lations (1) and (2) [6, 16–21]: Σc = 40 µА/lm [20, 
P. 134]; ΣA =10 А/lm [20, P. 134]; Rl = 108 Ohm 
[18, P. 274]; Ca = 10–11 F [18, P. 274]; 1 + В = 2.5 
[18, P. 274]; T = 256 K [6]; Re = 3.5·106 Ohm [20, 
P. 161]; jT = 10–15 А/cm2 [16, P. 109]; Q = 0.8 cm2 
[19, P. 46]; Fb = 0 lm.

O ur  ea r l i e r  e s t ima t e s  [ 1 4 ]  f o r  t he 
PMT-17A showed that F =2·10–11 lm in the con-
ditions considered by us. For conversion from lm 
to W we have the equation

( )
FP

Cν λ
= ,

where C = 683 lm/W; ν(λ) = 0.323 at λ = 0.5 µm 
[21, P. 23].

In this article, we consider a special case when 
Fb = 0 lm. The case of the presence of a solar back-
ground will be the subject of the following works. 
The algorithm of statistical modelling of the back-
ground radiation is developed and tested by us in the 
framework of [22].

For the maximum P and for cases, when H = 
Hmin (that corresponds to the best conditions for P), 
the ratio η was calculated. An approximation of its 
form was constructed for its description

( )
( )
( )

0 4 0 5 0
1 2

3

, ,

1 cos
,

0,5 1 cos

0 N

N C C
0 N

0

Y

C C Y
C

θ θ α

η θ α

θ

α θ

+ +

=

 + − +  =     + − 
 (3)

where C1–C5, N0 are the approximation constants.
The applicability conditions of the formula (3) 

are: θd = 85° (H = Hmin), –90° < α < 90°, 0° < θ0 < 
85°, and YN = 0.5–50 km. The values of the appro-
ximation constants are given in Table 2. The abso-
lute approximation error at SM = 50 km is 0.01–9.06 
dB; the absolute approximation error at SM = 10 km 
is 0.02–12.8 dB.

Using the approximation (3), the dependences 
η on the location of the receiving system and θ0 
for the situations, when η < 173 dB are constructed 
(Fig. 3). The figure shows that the obtained depen-
dences are in full agreement with the conclusions 
obtained for the hmax dependencies.

Another factor that characterizes the quality of 
the communication channel is the limit number of 
pulses per unit of time, which can be transmitted 
and received through the communication channel. 
This characteristic is related to the speed of infor-
mation transmission. Following the work [2], as the 

Table 2. Constants of Approximation for the Calculation of η

λ, μm SM, km C1, dB C2, dB C3, dB/rad N0 C4 C5

0.5 10 114 –33.4 35.2 0.109 0.024 –0.016

0.5 50 120 –31.2 31.8 0.076 0.007 –0.003

Table 3. The Range of Variation of νmax

θ0, ° α, ° νmax (0.5) νmax (50) θ0, ° α, ° νmax (0.5) νmax (50)

SM = 10 km SM = 50 km

0 4.53E+06 7.65E+03 0 4.61E+06 3.29E+04
45 0 1.04E+07 1.71E+04 45 0 1.05E+07 8.58E+04
45 10 1.03E+07 1.82E+04 45 10 1.03E+07 8.34E+04
45 30 9.06E+06 1.28E+04 45 30 9.15E+06 6.88E+04
45 60 6.45E+06 8.48E+03 45 60 6.55E+06 4.34E+04
45 90 4.34E+06 6.15E+03 45 90 4.44E+06 2.77E+04
85 0 1.99E+07 7.22E+04 85 0 1.99E+07 1.09E+06
85 10 1.87E+07 2.14E+04 85 10 1.88E+07 3.88E+05
85 30 1.22E+07 9.15E+03 85 30 1.24E+07 4.95E+04
85 60 2.72E+06 4.43E+03 85 60 2.89E+06 1.07E+04

νmax(А) = νmax (А = YN)
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pulses transmission limit frequency ν, which allows 
the communication channel, we can take the value 
of νmax defined implicitly as:

( ) ( )
( ) ( )

0.5,
0
maxF P t

F P t

   =
  

ν

( ) ( ) ( ) 2 ,i tF P t P t e dtπ νν
+∞

−∞

  =  ∫

where P(t) is the power distribution of the received 
radiation; F is the Fourier transform.

νmax values were calculated for the optical- 
geometrical conditions and characteristics of the re-
ceiving-transmitting equipment described above. 
Examples of calculation results are shown in Fig. 4, 
and Table 3 shows the range of νmax changes in the 
YN from 0.5 to 50 km and different values of θ0 
and α. The calculation results show that νmax de-
creases with the growth of YN and α. At small YN 
(up to 5 km) νmax weakly depends on the turbid-
ity of the medium, and at large YN with increa-
sing turbidity νmax decreases several times. From 
Table 3 it follows that νmax lies in the range from 
4·103 to 2·107 Hz at Δt = 30 nsec and at the specified 
parameters of the transmitting-receiving communi-
cation system.

4. CONCLUSION

The simulation program by the Monte Carlo 
method of bistatic atmospheric aerosol-gas chan-
nels pulse reactions of OECS is created on the ba-
sis of the modified double local estimation algo-
rithm [9, 10]. This program is used in a series of 
numerical experiments to statistically evaluate the 
transfer characteristics of these channels depen-
ding on the optical characteristics of an atmosphere 
plane-parallel model at λ = 0.3, 0.5, and 0.9 µm at 
a meteorological visibility range SM = 10 and 50 
km. The results are obtained for a set of basic dis-
tances (up to 50 km) between the radiation source 
and the radiation receiver and for the angular orien-
tations of the optical axes of a laser radiation beam 
and of the receiving system in a wide range of their 
values. The dependences of the pulse reactions ma-
ximum val ues over-the-horizon channels of the 
OECS on the variations of these parameters are 
established.

The upper estimation of the limiting frequencies 
and the action ranges of the model optical-electronic 
communication system, which simulates the system 
already used in field experimental studies, is carried 
out [7, 8].

The main conclusions from the analysis of the 
results are as follows: 1) the maximum power of the 
received information pulse is maximum at λ = 0.3 

Fig. 3. Dependence η(x, y) 
at λ = 0.5 µm at:
SM = 50 km, θ0 = 0° (a); 
SM = 10 km, θ0 = 0° (b); 
SM = 50 km, θ0 = 85° (c); 
SM = 10 km, θ0 = 85° (d)
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µm at small base distances (2–3 km), other things 
being equal; 2) the maximum power of the received 
information pulse can be achieved for λ = 0.5 µm at 
large base distances (SM = 50 km) and low turbidity; 
3) it can be achieved for λ = 0.5 and 0.9 µm at high 
turbidity of the atmosphere (SM = 10 km) depending 
on the basic distances and the orientation of the re-
ception plane.

The limiting pulse transmission frequencies 
for bistatic communication optoelectronic systems 
depending on the optical state of the atmosphere 
and the geometrical parameters of the communi-
cation channel formation schemes lie in the range 
from 4·103 to 2·107 Hz.

The work was performed with financial support 
within the Priority direction II.10, project II.10.3.3. 
“Direct and inverse problems of sounding of the 
atmosphere and the Earth surface, atmospheric cor-
rection, and communication by optical-electronic 
systems using scattered laser radiation”.
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