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Background. At present, the demand in tropospheric over-the-horizon communication systems determines the inherent
advantages of these systems over satellite and radio-relay systems of direct visibility, especially in combat and emergency
situations. Although the fundamentals of the theory of tropospheric scattering were developed as early as the middle of the last
century, the development of over-the-horizon systems requires constant refinements of known theoretical positions in accordance
with new data on the nature of tropospheric scattering, atmospheric inhomogeneities, capabilities of new methods for calculating
and estimating radio propagation.

Objective. The aim of the work is to develop a radio link model of a trans-horizon tropospheric communication to study the
possibility of controlling (improving) attenuation on such a route by changing the electrophysical characteristics of the
environment, in particular atmospheric turbulence, or using artificial formations in the atmosphere.

Methods. The created model is based on the Ray-tracing method.

Results. A model of radio link losses in the over-horizon tropospheric communication (long-range tropospheric propagation) was
developed, based on the ray-tracing technique in two versions: simplified, with homogeneous layers, and full, with a combination
of blocks of structures of scattering spheres in each of the layers. A study of the possibility of improving attenuation along the
tropospheric scattering pathway by regulating changes in the electrophysical parameters of inhomogeneities and artificial
formations in the atmosphere was conducted.

Conclusions. The convergence of the results of the simulation with the data obtained by known / traditional analytical models for
calculating the losses on the tropospheric scattering path confirms the adequacy of the proposed model to the statistical data of the
real losses in tropospheric scattering. The obtained results indicate that, for practical purposes, the accuracy of calculations of the
loss characteristics is sufficient and that they can be used to form a tropospheric dispersion route with significantly reduced loss
values by artificially adding a certain liquid or solid substance to the atmospheric heterogeneity.

Keywords: troposcatter communication; troposcatter link model; over-horizon tropospheric communication; atmospheric

turbulence; artificial formations in the atmosphere

I. INTRODUCTION

At present, the demand in over-horizon troposcatter
communication determines the inherent advantages of these
systems over satellite and radio-relay of line-of-sight systems,
especially in conditions of combat and emergency situations
[1]-[4]. The main problem of troposcatter communication is
that most of the transmitting energy emitted is dissipated in
the atmosphere (about 80% of power is lost), which makes this
kind of wireless communication less effective than, for
example, a radio-relay of line-of-sight [5].

All known traditional methods of increasing capacity and
noise immunity of over-horizon troposcatter communication
focusing on improving equipment efficiency, responsible for
forming, processing and direct signal transmission between
two ground stations [6]-[8].

The radical solution to the problem presented in non line-
of-sight conditions is proposed in two ways: the use of a radio-
signal of artificial formations in the atmosphere (rebinding of
a signal from artificial formations) and the use set of
(constellation) airborne drones that will perform a passive or
active retransmission of a signal. Grouply coordinated

application of drones can significantly improve the
performance of relay processes and the possibility of
implementing broadband radio access multi-station within the
boundaries of such a constellation.

As artificial formations, various passive obstacles can be
used, which is the result of scattering of electromagnetic
waves by foil, dipole, angular and lens reflectors, reflecting
antenna arrays, ionized media and aerosol formations.

Although the fundamentals of the tropospheric scattering
theory were developed in the middle of the last century,
however, the development of over-horizon communication
systems requires constant refinement of the known theoretical
positions in accordance with new data on the nature of
tropospheric scattering, atmospheric heterogeneities, the
possibilities of new methods for calculating and estimating the
propagation of radio waves [9].

If earlier, to predict the radio waves propagation during
tropospheric  scattering, only statistical methods of
accumulation and analysis of experimental data and large-
scale integral models of tropospheric scattering volume were
used, then being more widely used deterministic methods,
especially based technology ray-tracing [10]-[13]. In this
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technique, the rays are geometrically traced from the
transmitter to the receiver, taking into account the interaction
with the surrounding structures (reflection, diffraction or
transmission). Characteristics of the radio waves propagation
are predicted based on information about the rays, such as
electric field strength, angles of incidence and reflection, path
length. Here, there is a correlation between the accuracy of
prediction and the required computing time. For high precision
forecasting is necessary to trace the ray tracing of a higher
order that undergo many interactions, while taking into
account as many surrounding structures. This increases the
number of intermediate processes and computing time. The
main problem of this technique when tracking rays is
acceleration of the calculation process.

So, in [14]-[17], using the technique of ray tracing, an
analytical model of the ring scattering ring (RSM) was
developed that allows us to estimate the correlation of fading
in tropospheric systems, depending on spatial, frequency and
angular diversity. This model can use the results of real
measurements of water and steam, taking into account air
turbulence fluctuations. In addition, there was a comparative
impact of the diversity methods that are suitable for
tropospheric communications, and various spatial-frequency
techniques by obtaining their distribution of achievable data
rates. However, the model uses the whole volume integral
scattering  cross-section of the differential scattering,
determined using the Rayleigh scattering spectrum
Kolmogorov (variation of refractive index) and defined for
this volume of distribution of heterogeneities in the
atmosphere. All this considerably limits the use of the model,
especially for the study of the influence of electrophysical
parameters and artificial formations on tropospheric scattering,
and requires the development of a new, smaller-scale model of
tropospheric scattering based on the technology of beam
tracing, taking into account the scattering of radio waves on
individual inhomogeneities and atmospheric formations.

The purpose of this work is development of the radio link
of the over-horizon troposcatter communication to study the
possibility of controlling (improving) attenuation along such
link by changing the electrophysical characteristics of the
environment, in particular atmospheric turbulence, or the use
of artificial formations in the atmosphere. On the basis of the
developed model, investigate the specific laws of tropospheric
scattering on inhomogeneities and artificial formations in the
atmospheric, the electrical parameters of which can be
regulated, and determine the limits of the possible application
of artificial passive obstacles in the troposphere for the
directed reflection of the radio signal of the ground station
with the possibility of creating an effective long length relay
radio-line.

II. LINK MODEL OF THE TROPOSCATTER COMMUNICATION

In the proposed model, the volume of tropospheric
scattering is presented in the form of a multilayer structure,
limited by the size of atmospheric turbulence or heterogeneity.
According to the modeling of the layers, there are two variants
of the representation of the propagation of radio waves

through the trace of tropospheric scattering: 1) simplified -
each individual layer is homogeneous with single
electrophysical parameters; 2) complete - each layer is a
complex structure of blocks of spherical diffusers with
different electrophysical parameters.

In a simplified version of the Wolf-Bragg model, which is
observed in the diffraction of X-rays in crystalline bodies, at a
given angle of the scattering of the tropospheric path 6y, (the
tracks of a certain length) and the wavelength A effective
scattering in the direction of the point of admission is created
only by those scatters which separated from each other
vertically at a distance L=)\/2sin(0,,/2). The distance L
between parallel idealized layers of the atmosphere, which
houses a source of scattering of equal size or heterogeneity of
atmospheric turbulence. It is a spatial period of repetition of
inhomogeneities in the troposphere. In a turbulent atmosphere,
the swirling of different sizes. Additional phase shift between
such layers will be A@ = 4n L sin(6/2) / L.

Fig. 1. Representation of tropospheric scattering volume: 1 - radiation
pattern from the transmitter antenna; 2 - cross-sectional area of the radiation
pattern of the transmitter antenna with a scattering volume; 3 - rays dispersed
in directions that do not coincide with the radiation pattern of receiver
antenna; 4 - scattering volume; 5 - cross-sectional area of the radiation pattern
of receiver antenna with the scattering volume; 6 - Radiation pattern of the
receiver antenna

In the case of a complete model, a complete trace of all the
rays that can fall to plane 5 (Fig. 1) is performed. Each layer
of the atmosphere heterogeneities is represented in the form of
independent block structures (4 and 5) with spherical diffusers
[18] whose electrophysical parameters are described by the
complex dielectric constant € and the conductivity o (Fig. 2).
Block structures can be shifted to each other by &, and
spherical diffusers form a quadrature grid with a displacement
81. The formation of the tree of the trace occurs at several
sublevels according to the structures 4 and 5 itself - large-
scale and small-scale. The technique of tracing the rays used is
similar [19-20].

The result of the preprocessing of the building database is
a tree structure containing start source point of transmission,
secondary source points and stopped points of the prediction
area, as indicated in fig. 3 in an example. In this tree every
branch symbolizes a visibility relationship between two
elements.
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Fig. 2. Representation of a single layer of the atmosphere heterogeneities
in the form of independent block structures with spherical diffusers
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Fig. 3. The tree structure for determination of ray paths:
1, 2, 3, 4, 5 — interactions of direct ray; 6 — start source point of transmission;
7 — secondary source points; 8 — stopped points

The limiting conditions for further tracing of the ray in the
scattering volume (that is, its exclusion from the calculations)
are:

- the instantaneous value of the power of the
electromagnetic wave at the arrival point of the ray P,, taking
into account the value of losses in the free space gy, calculated
from the arrival point of the beam to the position of the
receiver antenna with the gain coefficient Gy in the direction
to the arrival point of the beam, less receiver sensitivity of the
ground station P, that is, Py Gupu / @u < Pen;

- the additional phase shift of the beam exceeds the
limiting phase shift, which corresponds to the coherent
bandwidth of the receiving channel;

- the direction (vector) of the beam on the boundary
volume loop has a direction other than the direction to the
antenna direction diagram of the receiver of the ground station
(this condition may be disconnected).

The following should be noted. Any model that describes
propagation through the earth’s troposphere will require some
description of the state of the propagation medium. The
simplest propagation model may simply assume a global
average atmosphere. But global and temporal variations can be
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large, and any model that aims to take account of this
variability will need a way of representing the variability of
the meteorological data.

The ITU-R community has developed a number of
methods to do this. Global variability is generally described by
maps and for the troposphere the key ITU-R references are
Recommendation P.453 for refractive index effects and
Recommendation P.837 for the effects of rain. Digital versions
of these maps are available from the ITU-R Study Group 3
Website. Recommendation P.453 provides maps of various
gradient and duct statistics that were derived from radiosonde
measurements and numerical weather models. Some account
of seasonal differences and time-variability of surface layer
gradients is given.

In some cases, the method uses a combination of maps and
modelling to provide the necessary data. For example, the
calculation of rain attenuation in ITU-R P.837 takes three
parameters that are geographically defined by means of maps
and uses these in formulae that specify the time-dependence of
the rain attenuation. In other cases, a simple formula has been
found adequate to express the geographical variability of a
meteorological parameter.

III. SIMULATION RESULTS

The calculations were made for a radio path with the
following characteristics: the height above the Earth's surface
of the lower point of the dispersion volume (the appearance of
turbulence and heterogeneity) is 8 km; the distance from the
ground stations to the lower point of the scattering is the same
as their angles (the distance diagonally to the point is d = d1 =
d2), the operating frequency of the radio waves is 4.7 GHz,
the height of the location of the antennas above the Earth's
surface is 5 m, mirror diameter parabolic antenna 1.8 m. The
model of the plane surface of the Earth, the conditions of the
standard atmosphere, the atmospheric turbulence of the
Middle-European latitudes of the summer period (the
dimensions of turbulence up to 500 m), the angles of the slope
of the spherical structure of the volume of scattering in
relation to the plane of the horizon varied to 5 degrees. For
spheres of scattering as a material, water was received, and the
distribution of the number of drops per cubic meter of air was
determined by the Gamma drop size distributions.

Calculations of supporting median losses on the
tropospheric scattering line were carried out in accordance
with [9]. Support losses were used to conduct a comparative
analysis of the correspondence of the results obtained with the
proposed model with the reference loss data. Also, according
to the reference losses, the calibration of the model was
performed because it has certain components of simulation
(selection 01, 82, €, spheres size, followings of blocks 4 and 5,
height and shape of turbulence, required number of branches
of the tree of ray tracing, restriction of iterations in the layer of
heterogeneities of the atmosphere and the angles of inclination
of such a layer to the horizontal plane).
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Fig. 4. The dependence of median path losses of radio waves Lp by the
distance between ground stations D: 1 - model of the full version with
insertion into the spheres of the imaginary component £"= 0.035; 2 - model of
the simplified version; 3 - tropospheric scattering support; 4 - model of the
full version; 5 - model of the full version with dilution of the dispersion
volume in the first three layers (in block 4 only one block B with proportional
scaling of the spheres); 6 - model of the full version with a increase of ¢
spheres; 7 - path loss in a free space of 2d length; 8 - model of the full version
with the insertion into the spheres of conduction ¢ = 10~ S/m (water vapor
with smog) of 10 m?
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Fig. 4. Power delay spectrum Pds for a 140-km troposcatter link for 4.7 GHz:
a - model 5 in Fig. 3; b - models 8 in Fig. 3
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The simulation results using the proposed path loss model
are shown in Fig. 4. The obtained results testify to the
adequacy of the proposed model to the real experimentally
obtained path losses in the tropospheric scattering (curves 2, 3,
4). The insertion of additional fading €" to scattering spheres
leads to almost linear increase in tropospheric scatter loss
without changing the slope of the loss curve (curve 1). The

growth of the actual part € leads to a decrease in losses (curve
6), but to a certain value &iim, after which losses begin quite the
value of €jim depends on many factors, such as all the angles of
the slope of the spheres and layers structures, the angles of the
location of the aerials of the ground stations, the length and
height of the turbulence. The great effect on the loss of
tropospheric scattering is given by the combination of 4 and B
with a proportional scaling of the position of the spheres
(especially their inclination) (curve 5). This combination can
simulate almost any atmospheric turbulence. Insertion into the
conduction fields dramatically reduces the path losses on the
radio path (curve 8), with the greater the conductivity, the less
than the layers of the dispersion volume takes part in the
formation of the radio path, due to the fact that the lower
layers are practically shielding the upper, reaching the effect
of passive retranslation from the plane having conductivity.
Practically here the process of reflection from artificial
reflectors is simulated: dipoles made of aluminum foil; angle
reflectors; Liineberg lenses, representing a dielectric layer
with a variable refractive index; Van-Atta antenna ray.

Fig. 4 shows the obtained values of the Power delay
spectrum for two cases (link 140 km): models 5 and 8 in Fig.
3.

IV. CONCLUSIONS

The model of path losses on the radio link of the over-
horizon tropospheric communication (long-range tropospheric
propagation or tropospheric scattering) is developed, which is
based on the technique of ray tracing in two variants:
simplified with homogeneous layers and complete with
combination of blocks of scattering sphere structures in each of
the layers.

The study of the possibility of improving the attenuation
along the link of tropospheric scattering by controlling the
change in the electrophysical parameters of inhomogeneities
and artificial formations in the atmosphere was carried out.

The possibility of using artificial passive formations in the
troposphere for the directed reflection of the radio signal of the
ground station with the possibility of creating an effective relay
radio-line of large length is presented.

The convergence of the results of the simulation carried out
with the data obtained by known/traditional analytical models
for calculating the path losses on the tropospheric scattering
path confirms the adequacy of the proposed model with
statistical data of real losses during tropospheric scattering.

The obtained results indicate that the accuracy of
calculations of the characteristics of path losses and the
possibility of their use for forming the tropospheric scattering
trail with a significantly reduced value of losses by artificially
introducing into the atmospheric heterogeneity of a certain
liquid or solid substance are sufficient for practical purposes.

ACKNOWLEDGMENT

This work is carried out within the framework of state
research projects (No 2120, state registration number (SRN) -
01180003521 “Scientific and technical basis for building new
over-horizon communications relay systems using artificial
structures and aeroplatform”) on request of the Ministry of
Education and Science of Ukraine.



M. ILCHENKO, S. KRAVCHUK, D. MINOCHKIN, L. AFANASIEVA. TROPOSCATTER COMMUNICATION LINK MODEL 19

REFERENCES 11. V. Nafisi, M. Madzak, J. Béhm, H. Schuh and A.A. Ardalan,
. . o “Ray-traced tropospheric slant delays in VLBI analysis”,
1. R.L. Freeman, Radio System Design for Telecommunications, 3rd Vermessung & Geoinformation, No 2, p. 149 53, 2011.
ed.: John W.lley& Soné, Inc, 2007, ?80 P . L 12. P. Valtr, P. Pechac, “Tropospheric Refraction Modeling Using
2. A Ghasemi, A. Abedi, F. Ghasemi, Propagation Engineering in Ray-Tracing and Parabolic Equation” Radioengineering, Vol. 14,
Radio Links Design: New York, Springer Sciencet+Business No. 4, p. 98-104, 2005.

Media, 2013, 560 p- 13. X. Zhao and P. Yang, “A Simple Two-Dimensional Ray-Tracing

3. M.Y. Illchenko, S.O. Kravchuk, Telecommunication systems: Visual Tool in the Complex Tropospheric Environment”,
Kyiv, Naukova dumka, 2017, 736 p. (in Ukraine) Atmosphere, Vol. 8, No 35, p. 1-10, 2017.

4. S. Kravchuk, M. Kaidenko, f‘Features of creation of mpdem 14. E. Dinc, O.B. Akan, “A Ray-Based Channel Modeling Approach
equipment for the new generation compact troposcatter stations”, for  MIMO  Troposcatter Beyond-Line-of-Sight  (b-LoS)
Proc. of the International Scientific Conference "RadioElectronics Communications”, IEEE Trans. on Communications, Vol. 63, No.
& InfoCommunications" (UkrMiCo’2016), 11-16 September 2016, 5, p. 1690-1699, 2015.

Kyiv, Ukraine. - (IEEE Digital Library), 2016 P. 363-363. 15. E. Dinc, O. B. Akan, “A Nonuniform Spatial Rain Attenuation

5. G. Roda, Troposcatter Radio Links: Artech House Publishers, Model for Troposcatter Communication Links”, IEEE Wireless
1988, 368 p. Communications Letters, Vol. 4, No. 4, p. 441-444, 2015.

6. S Kraychuk, M. Kaidenko, "Modem _equipment for _the new 16. E. Dinc, O.B. Akan, “Beyond-Line-of-Sight Ducting Channels:
generation - compact  troposcatter stations", Information and Coherence Bandwidth, Coherence Time and Rain Attenuation”,
telecommunication sciences, Vol. 7., Nu. 1, pp. 5-12, 2016. IEEE Communication Letters, Vol. 19, No. 12, p. 2274-2277,

7. M. llchenko, M. Kaidenko, S. Kravchuk, V. Khytrovskyy, 2015.

"Compact troposcatter station for transhorizon communication", 17. E. Dinc, O.B. Akan, “Fading Correlation Analysis in MIMO-
Proc. of the 2017 International Conference on "Information and OFDM Troposcatter Communications: Space, Frequency, Angle
Telecommunication ~ Technologies and Radio Electronics" and  Space-Frequency  Diversity”, IEEE  Trans. on
(UkrMiCo), 11-15 Sept. 2017, Kyiv, Ukraine. — (IEEE Digital Communications, Vol. 63, No. 2, p. 476-486, 2015.

ler'(?ry), 2017, P. 365-368. . . 18. Propagation of Radiowaves, Edited by L. Barclay, London: The
8. E. Dinc, O. B. Akan, "Coherence Time and Coherence Bandwidth Institution of Engineering and Technology, 2013, 470 p.

of Troposcatter Links for Mobile Receivers", IEEE Vehicular 19. TE. Athanaileas, G.E. Athanasiadou, G.V. Tsoulos, DL

technology magazine, No 6, p. 86-92, 2015. Kaklamani, “Parallel radio-wave propagation modeling with

9. L.Li, Z-S. Wu, L-K. Lin, R. Zhang, Z.-S. Zhao, "Study on the image-based ray tracing techniques”, Parallel Computing, Vol. 36,
prediction of troposcatter transmission loss", IEEE Trans. on p. 679-695, 2010.

A i 1. 64 . 1071-1 2016. .
ntennas and propagation, \:0 64, NO'3’ p- 107 978’ 016 ) 20. B. Kaur, MATLAB and K-Wave Based Outdoor Ray Propagation
10. Z. Yun, M. F. Iskander, “Ray Tracing for Radio Propagation Predictor Tool SNELLIX for Surface Wave Modelling, Innovative

Ii/é%((i)eli?(g)(:) Pzr(i)riciples and Applications”, 1EEE Access, Vol. 3, p. Systems Design and Engineering, Vol.6, No.11, p. 7-18, 2015.
-1100, 5.

Invuenxo M.IO., Kpasuyk C.0., Minouxkin /1.A., Aghanacwvesa J1.0.

Mopennb BTpat pajioJinii TponocgepHoro 38’s3Ky Ha OCHOBI TPACYBaHHS IPOMEHIB

IMpodnemaTuka. Ha mammii wac 3aTpeOyBaHICTh B TPOMOC(EPHMX CHCTEMaX 3arOPH3OHTHOTO 3B’S3KY BH3HAYAIOTH
MPUTAMAHHI [[MM CHUCTEMaM IepeBard mepes CYMyTHUKOBHUMHU 1 pajiopeneiiHUMH CHCTEMaMH MpsMOI BUIMMOCTI, OCOONHBO B
yMOBax OOHOBMX Jiff Ta HaJA3BHYaWHUX CUTYalliid. X0o4a OCHOBH Teopil TpormochepHOro po3citoBaHHs Oy po3poliicHi e B
CepelMHi MHHYJIOTO CTOpIv4si, OJHAK PO3BUTOK CHCTEM 3arOPU30HTHOTO 3B’S3KYy MOTpeOye MOCTIHHUX YTOYHEHb BiTOMHX
TEOPETHYHUX TOJOXEHb BIANOBIIHO JO HOBHX JAaHAX TMPO TPHPOAY TPONOCHEPHOrO PO3CIFOBAaHHS, aTMOCHEPHUX
HEOJTHOPITHOCTEH, MOXKIIMBOCTEH HOBHX METOJIIB PO3PAXYHKY Ta OLIHIOBAHHS MOIIUPEHHS PATiOXBHIIb.

Meta. Metoto poboTH € po3poOka MojeNi pajiofiHii 3aropu30HTHOTO TPOMOCHEPHOTO 3B’SI3KY JUISl JIOCIIIKEHHS
MOJKJIMBOCTI PEryJIfoBaHHS (MOKpAIEHHs) 3aTyXaHHs Ha Takii Tpaci HUIIXOM 3MIHM €JIeKTPO(I3UYHUX XapaKTEPUCTHK
OTOYYIOUOTO CePEeIOBHINA, 30KpeMa aTMOCc(epHIX TYpOYICHTHOCTEH, a00 3aIiHHS MTYYHUX YTBOPEHB B aTMOChEpi.

Metoman. CTBOpeHa MOJIEIb 0a3y€eThCs Ha METO/II TpacyBaHHs MPoMeHiB Ray-tracing.

PesyabTaTi. Po3po0iicHo MOienb BTpAT Ha PajiofiHil 3ar0OpU30HTHOTO TPONOC(EpHOro 3B SI3KY (HATBHBOTO TPOIIOCHEPHOTO
TOMIUPEHHSI YK TPOTIOCHEPHOTO PO3CISHHS), 1110 0a3yeThCs HAa TEXHII[l TpacyBaHHS IPOMEHIB Y JIBOX BapiaHTaX: CIPOIICHOMY 3
OJTHOPITHUMH IIapaMy i TOBHOMY 3 KOMOIHYBaHHSIM OJIOKIB CTPYKTYp c(hep pO3CiloBaHHS B KOKHOMY i3 IIapiB.

[IpoBeieHO TOCTiKEHHST MOKIIMBOCTI IOKPAILIEHHS 3aTYXaHHs Ha TPaci TPOmoc(hepHOro po3CiroBaHHI MIIIXOM PEryTFOBaHHS
3MiHHM eNeKTpodi3MIHKX MTapaMeTpiB HEOJHOPIIHOCTEH 1 INTYYHUX YTBOPEHb B atMocdepi.

BucnoBku. 30DKHICTP  OTPHMAHHX  PE3YJIbTATIB  NPOBEICHOTO  MOJETIOBaHHA 13  JaHUMH, OTPUMAHHMHA
BIIOMAMU/TPAAUIIHIME aHANITHYHAMA MOJETSAMH, IIOM0 PO3PAaXyHKY BTpaT HAa Tpaci TPOTMOC(HEPHOTO PO3CIFOBAHHS
HiJATBEP/KYE AJICKBATHICTh 3aIIPONOHOBAHOI MOJICTi CTATHCTUYHUM [aHUM PEATbHHX BTPAT MPHU TPOHOCHEPHOMY PO3CISHHIO.
OtpuMaHi pe3yJibTaTH CBiI4aTh PO JOCTATHIO Ui NPAKTUYHUX LIICH TOYHICTh PO3PAXyHKIB XapakTEPHCTHK BTPAT Ta
MOJKIIMBICTh TX BUKOPUCTAHHS JUisi QOPMYBAHHS TPacH TPOHOCc(HEpHOro po3CitOBaHHS i3 3HAYHO 3MEHIIIEHUMH 3HAUYCHHSIMH BTPAT
IUISIXOM IITYYHOTO BHECEHHS B aTMOC(epHY HEOHOPIAHICTh MEBHOI PIAKOI UM TBEP/IO01 CyOCTaHIIIi.

KiouoBi ciioBa: TpomnocdepHe po3cisiHHS; MOJENb pajioiiHii; 3aropu3oHTHUH TporocdepHuil 3B’s130K; armocdepHi
TYpOYJNEHTHOCTI; IITY4YH] YyTBOPEHHS B aTMOc(epi.
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Hnvuenxo M.E., Kpasuyk C.A., Munoukun /I.A., Apanacvesa JI1.A.

Mogaeb norepb paguoauHUHU TponocdepHoii CBsI3M HA 0CHOBE TPACCUPOBKH JIydei

IIpodsemaTuka. B Hacrosmee Bpemst BOCTpeOOBAHHOCTb B TPOMOC(EPHBIX CHCTEMAX 3arOPH30HTHON CBS3M OIPEACISIOT
HOPUCYIHE STUM CHCTEMaM MPEUMYIIECTBA IEpe]] CIyTHUKOBBIMU U PaJUOPENEHHBIMU CHUCTEMAMH HPSIMOH BHIUMOCTH,
0COOCHHO B YCIIOBHSAX 0OEBBIX NEHCTBHI M Upe3BBIYAHHBIX CHTyalni. XOTS OCHOBBI TEOPHU TPONOCHEPHOTO paccesHus ObUTH
pa3paboTaHEbI e1Ie B CepeiNHe MPOILIOTo BeKa, OAHAKO PA3BUTHE CHCTEM 3arOPH30HTHOH CBS3U TPEOYET MOCTOSHHBIX YTOYHEHHUH
U3BECTHBIX TEOPETHYCCKHUX IIOJOKEHHH B COOTBETCTBHHM C HOBBIMH JAHHBIMH O TIPUPOJC TPOIOC(HEPHOTO PaCCEesHIA,
aTMOC(epHBIX HEOTHOPOTHOCTEH, BO3MOKHOCTEH HOBBIX METO/IOB PAacueTa M OIIEHKH PACIIPOCTPAHEHHUS PaIFOBOJH.

Ienn. Lenpto paboThI SBIACTCS pa3padOTKa MOJEIH PAIHOIMHUN 3arOPHU30HTHON TPOMOCHEPHOI CBSA3M I MCCIICIOBAHMS
BO3MOKHOCTH PETyJIMpoBaHus (YIyUIleHUs) 3aTyXaHHUs Ha TAKOM Tpacce MyTeM M3MEHEHHs dJIEKTPOPU3NIECKHX XapaKTePUCTHK
OKpY)aloIeil Cpejibl, B YaCTHOCTH aTMOC(EpHOH TypOYJIEHTHOCTH, WIIM 3aJIeHCTBOBAHMSI MCKYCCTBEHHBIX 00Opa3oBaHMil B
atmocdepe.

Mertoanl. Co3ianHast MoJielIb 0a3upyeTcsi Ha METO/IC TPACCHPOBKH Jiydeii Ray-tracing.

Pesyanbratnl. PaspaboTtana Mosienb noTeph Ha pajguoIMHIN 3arOPU30HTHON TPONOC(HEPHOH CBS3H (JJabHETO TPOIOCHEepHOTo
pactpocTpaHeHus), OCHOBAaHHAs Ha TEXHHWKE TPACCHPOBKH JIydel B JBYX BapHaHTax: YIPOIIEHHOM C OJHOPOJIHBIMU CIOSIMH U
TMIOJTHOM ¢ KOMOMHHUPOBAaHHEM OJIOKOB CTPYKTYp c(hep paccesiHus B KaXK/IOM U3 CIIOEB.

[IpoBeneHo mccmenoBaHWE BO3MOXKHOCTH —YJIy4IICHHS 3aTyXaHHS Ha Tpacce TPOMOC(EpPHOTO pacCesiHHUs —ITyTeM
PETyIHPOBAHUS H3MEHEHHS ANEKTPODIBUUCCKIX TapaMeTPOB HEOTHOPOTHOCTEH  MCKYCCTBEHHBIX 00pa3oBaHmil B aTMochepe.

BriBoabl. CXOMUMOCTE TOJNYYCHHBIX PE3YJIbTaTOB MIPOBEICHHOTO MOJCIUPOBAHNS C TaHHBIMH, TTOTYYCHHBIMU U3BECTHBIMHE/
TPaIUIIMOHHBIMA AHATUTHYECKIMH MOJCNSAMH, 0 pacyeTy IOTepPh Ha Tpacce TPOMOC(EepHOro paccesHHs MOATBEP)KAACT
aJIeKBaTHOCTH TPEIOKEHHON MOJIENH CTATHCTHYECKUM JaHHBIM PEaNbHBIX TIOTePh IpH TponochepHoM paccesHuu. [lomydeHnbIe
PE3yIBTAaTl CBHUACTENBCTBYIOT O IOCTATOYHOW [UIS MPAKTHYECKWX IIeNed TOYHOCTH PAcYeTOB XapaKTEPUCTHK MOTEph U
BO3MOXXHOCTU HUX HCIIOJIB30BAHUSA JIA (bOpMPIpOBaHI/IS[ TpaccChbl TpOHOC(I)epHOFO paccesaHrsa CO 3HAYUTCIbHO YMCHBIICHHBIMU
3HAYEHHUSMH TIOTEPh MYTEM HCKYCCTBEHHOTO BHECEHHs B aTMOC(EPHYIO HEOJHOPOIHOCTh ONPE/IeICHHON KUIKOW WUIIK TBEPIOH
CyOCTaHIIHH.

KioueBble ciioBa: tporocepHoe paccesHus; MOJENb PaJnOIMHAN; 3arOpH30HTHAs TporocdepHast CBs3b; arMoc(hepHbe
TYpOYJICHTHOCTH; HCKYCCTBEHHbBIE 00pa30BaHus B aTMocdepe.



