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Abstract

Objectives. A radio beam traveling through the layers of the atmosphere depends on the refractive index and
its vertical variation. In this regard, attenuation may occur when radio rays propagate in a waveguide manner
at low altitudes. A multipath fading effect may also occur when several rays reflected from different layers of the
troposphere and having different spatial coordinates in elevation arrive at the receiver. The aim of the study is to
simulate the operational algorithms of digital antenna arrays (DAA) in order to increase the range and reliability
of radio communication using a tropospheric waveguide. The main advantage of the DAA consists in the high gain
and controllability of the pattern shape. In order to evaluate algorithms for direction-of-arrival estimation with super-
resolution and beamforming, it is necessary to select an appropriate method for modeling beam propagation in the
layers of the troposphere. It is proposed to use DAA to increase the range and reliability of radio communications
using a tropospheric waveguide. The performance of algorithms for direction-of-arrival estimation and beamforming
in the troposphere can be evaluated using ray tracing simulation.

Methods. Parabolic equations are used to estimate the path losses of radio waves in the centimeter range. A ray
tracing algorithm referring to a tropospheric waveguide is used to estimate the phases in the aperture of the receiving
array. A spatial correlation matrix is reliably generated to form the basis for calculating coordinates using a super-
resolution multiple signal classification (MUSIC) method and the weighting factor vector (algorithm for maximizing
the signal-to-noise + noise ratio).

Results. Typical cases of a tropospheric waveguide based on a modified refractive index were considered. The bit
error rate curves are obtained as a function of the geometry of the antenna arrays after the signal has passed through
the tropospheric waveguide. Circular and spherical antenna arrays composed of directional antenna elements are
considered.

Conclusions. Numerical studies suggest that the range of communication links using digital antenna arrays
increases in the centimeter band. The best geometry for this purpose is circular, since providing the lowest bit error
rate for binary phase-shift keyed signals.

Keywords: digital antenna array, direction-of-arrival estimation, MUSIC method, beamforming, tropospheric
waveguide, simulation
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Pe3iome

Llenu. NpoxoxaeHve pagnonyya B Cnosx atMocdepbl 3aBUCUT OT NOKasaTesns NpesioMAeHNs U xapakTepa ero Bep-
TUKaNbHOIO U3MEHeHUs. B CBSA3M C 3TMM MOryT BO3HUKHYTb YCNOBUS, KOrga pagmnoslydn Ha Masblx BelcoTax 6yayT
pacnpoCcTpaHATLCS BOJIHOBOAHLIM 06pa3oMm. [pn 3TOM NPOUCXOAUT 3aTyxaHWe CUrHana ¢ OTINYaloLWLMMNCS Yrio-
BbIMM KOOpAuHaTamMu no yrny mecta. Llenbio paboTbl SBNSETCH UccnenoBaHne Ha OCHOBE MOENVMPOBAHUS anro-
pUTMOB pPaboTbl UMMPOBLIX aHTEHHbIX peleTok (LLAP) ana noBblleHWs AanbHOCTUM U HAOEXHOCTU PaaMoCBS3n
B yCNOBUSAX TponocdepHOro BosHoBoga. OCHOBHbIMU npenmyliecTBamu LLAP gBnst0TCS BbICOKUIA KOSDDULINMEHT
YCUNEHUS 1 YyNpaBnsieMocTb GOpPMbl AnrarpaMmmbl HanpaesaeHHOCTU. MNpu 3ToM HeO6X0AMMO BOCMONb30BaTbLCS Me-
ToAaMU MOJENMPOBAHMS PacnpoCTPaHEHWS Nlyda B Cosix Tponocdepbl A58 OLEHKN paboTbl alnropuTMOB OLLEHKM
YrNOBbIX KOOPAMHAT CO CBEPXpa3peLLEHMEM C NOCnenyoLMM anarpaMmMmoobpa3oBaHNEM.

MeTopabl. B paboTe ncnonbayeTca annapaT napabonmyeckux ypaBHEHUI 1St OLLEHKM KO3pdULMEHTA 3aTyXaHUi
PaAMOBOSIH CAHTMETPOBOIO AMana3oHa, a Takxke anropuTtMm TPAaCCUPOBKM Nydei Yepes3 TPONoCchepPHbI BOHOBOL,
Ons oueHkn ¢as B packpbiBe aHTeHH LLAP. B atom cnyyae 6yaeTt 4oCTOBEpHO chopmMmMpoBaHa MPOCTPaAHCTBEH-
Hasi KOPPEensuMOoOHHasa MaTpuua, SBASIOLLAACS OCHOBOM A1 BbI4MCAEHNS KOOPAMHAT CO CBEpPXpa3peLLeHnemM (Me-
Ton, MUSIC) 1 BekTOpa BECOBbIX KO3GDULMEHTOB (aNrOPUTM MaKCUMM3aLMM OTHOLLEHUSA CUTHA/MoOMexa + LyMm).
Pe3ynbTaTtbl. PAaCCMOTPEHbI TUMWYHBIE CNy4an BO3HUKHOBEHUS TPONOCHEPHOro BONHOBOAA HA OCHOBE MOANDU-
LMPOBAHHOr O nokasartens npenomMmneHus. MonyyeHsl rpaduriky BEPOSTHOCTU BUTOBbIX OLLUMOOK NOCE NPOXOXAEHWS
curHana no Tponoc@epHOMy BOMHOBOAY MPU PA3HOM rEOMETPUN aHTEHHbIX PELIETOK. PACCMOTPEHbI KOMbLEBLIE
1 chepuyeckme peLleTkn N3 HanpaBieHHbIX aHTEHHbIX 3N1IEMEHTOB.

BbiBoabl. [1pOBEAEHHbIE YACEHHbIE UCCNEN0OBAHNSA MO3BOSIOT CAENAaTb BbIBOA, YTO AANIbHOCTb CBA3M B Anana-
30HE CaHTMMETPOBbIX BOJIH YyBENN4YMBAETCS € nomoLbio LAP. Kpome TOro, yCTaHOBNIEHO, YTO KObLEBAsS aHTEHHAdA
peLueTka Nno3BOJISIET MONYYUTb CaMbl€ HU3KNE 3HAYEHUS BEPOSITHOCTY BUTOBOW OLLIMOKM NpU NpUemMe ANCKPETHbIX
paavocurHanoB B TPONochepHOM BOTHOBOAE.

KnioueBble cnoBa: uMdpoBblie aHTEHHbIE pelleTkn, nenedrauus, MUSIC, auarpammoobpasoBaHue, Tpornocdep-
Has CBA3b, MOAENMPOBaHME
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Mpo3payHocTb GpUHAHCOBON AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aNHTEPECOBAHHOCTN B NPEACTaBNEH-

HbIX MaTepmnanax nan MmetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The propagation of ultrashort radio waves in the
atmosphere is not typically rectilinear, but curved
in such a way that the radio wave can undergo
refraction in the lower layers and/or multiple
reflections from the Earth’s surface [1]. In this
case, signals of centimeter wavelengths can reach
receivers several hundred kilometers away from the
transmitter [2—4]. This effect is due to temperature,
humidity, and pressure differences in the layers
of the troposphere, for which reason it has been
named tropospheric waveguide [5-7]. This type
of long-distance communication can be promising
as it does not require expensive means such as
satellites [8]. However, communication reliability
and stability depends on factors such as the degree of
attenuation, the accuracy of determining the height
of the tropospheric waveguide in relation to the
distance to the receiver, etc. [9]. In this regard, it is
necessary to study the application of a digital beam-
steering antenna array in tropospheric waveguide
conditions as a means of overcoming the associated
communication problems. Such devices allow digital
shaping of the array pattern peaks and zeros in the
desired directions.

The present work proposes a combined simulation
method based on the stepwise determination of the
loss value and phases of the centimeter range rays
propagating in atmospheric layers as a function of the
refractive index at different altitudes. The possibility
of using digital antenna arrays (DAAs) for such
communication is additionally investigated. The
first step of the simulation consists in estimating the
attenuation of the radio signal. Next, the propagation
path from the transmitter to the receiving DAA is
calculated using the ray tracing algorithm. Finally, the
beamforming algorithms (estimation of the angular
coordinates of all beams and digital formation of the
array pattern) are modeled to calculate of the bit error
rate (BER).

BEAM PROPAGATION IN THE TROPOSPHERE

It is known that the propagation path of a single
ray is governed by the well-known Snell’s law for
a continuous spherically layered medium, as follows':

n(h)(Rg +h)cose = const, (1)

where 7 is the refractive index of the medium, /4 is the
height above the Earth’s surface, and Ry is the Earth’s
radius. For a more detailed consideration of the formation
mechanism for tropospheric propagation, e represents
the angle of the beam location.

The real part of the refractive index can be expressed
as a function of atmospheric pressure, humidity, and air
temperature. The formula for the index is semi-empirical
and can be expressed as follows?:

n:1+77.6-10*6§+0.373T%, )

where P is the atmospheric pressure in millibars; 7 is
the temperature in degrees Kelvin; p is the water vapor
pressure in millibars.

Equation (2) is known as the Debye formula. It
has been shown to have an error of £0.5% [10]. The
refractive index »n rarely exceeds 1.0004 at the surface.
This introduces the so-called radio wave refraction N,
which is defined as follows?:

N =(n-1)-10. 3)

The propagation of radio waves depends more on
refraction gradients than on N itself [10]. Typically,
noticeable refraction gradients in the horizontal direction
occur on much larger scales (tens of meters to tens of
kilometers) than in the vertical direction (tens of meters
to hundreds of meters). Therefore, the atmosphere is
often assumed to be horizontally stratified, and only
the height dependence of the refraction is considered,
neglecting any horizontal variations.

I Recommendation ITU-R P.834-6. Effects of tropospheric refraction on radiowave propagation (in Russ.).
2 The Handbook on Radiometeorology. ITU, 2014. https://www.itu.int/dms_pub/itu-r/opb/hdb/R-HDB-26-2013-OAS-PDF-R pdf.

Accessed October 09, 2023.

3 Recommendation ITU-R P.453-12(09/2016). Radio wave refiraction index: its formula and refraction data (in Russ.).
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Similarly, the modified or changed refraction M is
determined from the modified or changed index of
refraction m to include the curvature of the Earth [11]:

M =(m-1)-10° =106>{n—1+RLJ:
) F (4)
=N+100.—.

Rg

Figure 1 depicts a simulation of the surface and
elevated waveguides using a three-line curve referred
to as a profile. The case shown in Fig. 1a illustrates
the structure of a simple surface channel. Here, the
waveguide extends from a certain boundary height to
the Earth’s surface, while the trapping layer, where
the condition dM/dh <0 favors wave refraction,
extends along the entire wave propagation path. The
S-shaped channel at the surface is shown in Fig. 1b.
The trapping layer does not reach the surface since the
condition dM/dh > 0 applies near the surface. In both
cases, the depth of the channel is the height difference
between the surface and the top of the channel where
the minimum of the modified refraction profile is
reached*. The general conditions for an elevated
channel are summarized in Fig lc, where the value
of M at the Earth’s surface is less than at the top of the
channel, for which reason the channel cannot reach the
surface.

As mentioned above, the appearance of the
waveguide is the result of strong vertical changes
in atmospheric refractive index between air masses
of different temperature and humidity, especially at
lower atmospheric levels. In this way, the tropospheric
waveguide allows electromagnetic energy to propagate
over long distances, enabling long-range radio
communications over the horizon.

CALCULATION OF RADIO SIGNAL
ATTENUATION USING THE PARABOLIC
EQUATION METHOD

This section describes the parabolic equation (PE)
apparatus for tropospheric radio propagation problems
to estimate the degree of attenuation. Since its original
introduction by Leontovich and Fock in 1946 [12], its
design has been gradually improved.

According to the Helmholtz equation, the
component ¢ of the electric or magnetic field satisfies
the condition [13]:

4 Lindquist T. Wave Propagation Models in the Troposphere
for Long-Range UHF/SHF Radio Connections. PhD Thesis.
2020. https://urn.kb.se/resolve?urn=urn:nbn:se:kau:diva-80679.
Accessed October 09, 2023.
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Fig. 1. M-profile for different conduction types:
(a) simple surface (ground) waveguide,
(b) surface waveguide, and (c) elevated waveguide

%0 0% 5,
6x_2+62_2+k n ¢ =0, (5)

where k is the free space wave number and ¢ is the
electromagnetic field component, either Ey or Hy for
horizontal and vertical polarization, respectively.

We introduce the so-called reduced field function
u(x, z) as a function of the coordinates x and z:

i(x,z) =" g(x,z). (6)

The point of making this substitution and solving for
u(x,z) instead of (x, z) is that u(x,z) changes slowly
depending on the propagation direction. Following this
substitution, the scalar wave Eq. (5) takes the following
form:

{ﬁ+ﬁ+2ikai+k2 [n2 —IJ}u(x,z) =0. (7)
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Since this equation is still classified as elliptic rather

than parabolic, it 1is acceptable to introduce
, 1 0°

a pseudo-differential operator Q= —26—2+n2 =

=yJl+q,q= k2 p) — +(n(x,z)=1) and to factorize

Eq. (7). This substitution makes the derivation more
general [14]:

{%Hk(l—Q)Ha—iﬂk(HQ)}u:O. (8)

Equation (9) is simply repeated in steps of Ax until
a target point with coordinates x, z is reached, provided
that the initial reduced field u(0, z) is known [12, 13]:

u(x+Ax,z)= eikAx(Q—l)u(x,z). 9)

There are several methods for solving Eq. (9) [14].
The most widely referred to in the existing literature
are the split-step Fourier PU, finite element, and finite
difference methods”.

After the field strength has been calculated in
accordance with (9), it is necessary to estimate the degree
of attenuation along the path by means of propagation and
loss factors. The propagation factor PF (dB) is defined
as the square of the ratio of the electric field amplitude
at a given point under specified conditions to that of
the same point under free propagation. Equation (10),
which expresses the PF through the field relative to free
space, also shows the relationship with the value of the
propagation loss PL (dB) [15-17]:

PF =20lgi(x,2)| +101g(r) +101g(A),  (10)

PL = 201g[4;”j PF, (11)
where A is the wavelength and 7 is the range of the radio
wave propagation.

RAY TRACING METHOD BASED
ON THE ORDINARY DIFFERENTIAL EQUATION
OF THE 2ND ORDER

This section describes an algorithm for ray tracing
in tropospheric layers. It calculates the number of
beams and their azimuthal and angular coordinates
in the antenna array opening with subsequent digital

5 Ehn J. Propagation of Radio Waves in a Realistic
Environment using a Parabolic Equation Approach. PhD Thesis.
2019. https://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-157610.
Accessed October 09, 2023.

processing. We write Snell’s law (1) by rewriting /4 as
a function of r, that is:
n[ h(r)][ Rg +h(r)]cose = const. (12)
For infinitesimal dh and dr, the geometric
representation of the quantities (Fig. 2) gives the
following [18]:

(13)

sine=—,
dr

2
cose = 1—[ﬁJ >0, T.€.e€|:—£,£:| . (14)
dr 2°2

Then,

Fig. 2. Geometric representation of R, h,
and s and their differentials

Assuming 4 is a function of r, refractive index
n implicitly depends on r. Differentiating Eq. (15) with
respect to 7 gives the following:

dndh o dh (Y,
dh dr r dr
2
5 %M (16)
(REJFI)%:O'

2 - ( dh j
dr
The equivalent system of two coupled equations of
the first order is obtained after simple transformations

) ) L dh
and the introduction of the substitution d—zu, as
r

follows [18]:

dh
—=u, 17
dr " an
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du 5 1dn 1 1 dn 1
—=—u| ——F+—— |+| ——+——|. (18)
dr ndh R +h ndh Ry +h

Equations (17) and (18) can be considered as an
initial value problem:

u(rzO)z%r:():sineo, (19)
h(r=0)=h,. (20)

This ordinary differential equation uniquely solves
the ray tracing problem.

Equations (17) and (18) are discretized and solved
in iteration steps of Ar. The value of the iteration step
from (/- 1) to / is determined as follows [18].

1 d
Step 1: Estimate the values —— and & at
-y dh;

height /2, | using experimental data or approximations.
Step 2. Solve Eqgs. (17) and (18) with the initial
values u; | and h,_; to obtain the values u; and 4,.
Step 3. Calculate s;, which is the propagation
distance of the beam at the step /, as follows:

R . coseHAr )1
s; =8, ; + Ry arcsin| ————— |,
;=S tRg R+ (21)
and the angle

e = arcsin (”1—1 ) (22)

Steps 1-3 are repeated from / = 1 to [ = L, which
corresponds to the endpoint of the calculation of the beam
propagation paths. The numerical differentiation in step 2
is carried out using the 4th order Runge—Kutta method.
For the first iteration, / = 1, the initial values in step 2 are
given by Egs. (19) and (20). The refractive index and its
derivative should be evaluated at the height #,

- - - - - - - -

where the transmitting antenna is located, giving the

1 dn
values — and —| , respectively. The distance from
My dhly

the transmitting point to the DAA is thus divided into
L points. At each point of / iterations, s,, ¢, n,, and &, are
calculated for each beam.

SIMULATION

In the theoretical part of the paper, the methods for
calculating the propagation of electromagnetic beams in
the stratified atmosphere have been presented. The radio
signals obtained in this way are combined in the opening
of the DAA for subsequent spatial filtering, the scheme
of which is shown in Fig. 3 [19].

Consider an antenna array consisting of K directional
antenna elements (AEs). It receives D independent
signals from different directions with azimuth 0, and
location angle ¢,, as shown in Fig. 3. Here, q(?) is the
incident signal, while v,(?) is the received signal from
the Kth AE at a discrete time 7. In the following, the
index “1” denotes the useful signal. Consequently, the
DAA output signal matrix has the following form:

V=Aq+i, (23)

where n is the noise vector; A is the matrix of scan
vectors a(0, ¢) determining the array field amplitude-
phase distribution.

Thus,

A=[a(0,.6;) 8(62.0,) - 8(0p.0p)],  (24)

a0, ¢) =

T T T (25)
=[g1(e, i N () i S () ¢)ef'“1<}
here k=2%(k k. k.)=2"(si 0,sin ¢sin 0
where 77( ok k, fT(smd)cos ,sin ¢sin 6, cos )

is the wave vector; ] =(x,,¥,,z,)T is the radius

oo oo St || cateusionor |
g 7] weight vector

matrix

coordinates Useful

[ ———

Analog part

T signal g,
a(o)

Digital part

Fig. 3. Scheme of signal processing in DAA
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vector to the nth AE; g (0, ¢) is the array pattern of the
nth AE.

The following equation determines the spatial
correlation matrix of the signals:

T
R=—>v()"v(), (26)
t=l1
where T is the number of samples of the digital signal,
while the index H indicates the Hermite transpose of the
vector V(2).

The angular coordinates of the signals are then
determined using the multiple signal classification
(MUSIC) method®, which is essentially structural and
overcomes the Rayleigh criterion resolution. This means
that its resolution is less than the main lobe width of the

array pattern [20]:

1
Ay (0)=1 ——. ()
‘aH (Q)EnoiseEEoisea(e)‘

where E_ . . is the noise eigenvector.
The weighting factor vector for the formation of the
DAA array pattern is calculated as follows [21]:

R715(0,,9))
a(0,,0)"R74(0,,¢))

W=

(28)

Thus, the DAA determines the spatial coordinates of
the signal in accordance with Egs. (26) and (27) to form
the array pattern in the digital domain on the basis of the
obtained vector W. Then the signal at the output is as
follows:

g, = WV. (29)

On the basis of simulation, a study was carried out
to estimate the propagation range of telecommunication
signals in the tropospheric layers. In all cases, the
maximum range is chosen to be equal to 150 km with
a resolution Ar equal to 500 m. Obviously, the tracking
of all the rays from a transmitter arriving at the receiving
DAA would require ray tracing over the full range of
declination angles. However, the expression giving
the limits of the declination angle within which radio
wave propagation occurs in an airborne tropospheric
waveguide is well known [22]:

1 dn 1
(pmin,max_i 2(,1(0)E_EJ(}11_8)’ (30)

6 Multiple signal classification is an algorithm for estimating
sinusoidal sum frequencies against noise from a series of
measurements and for determining angular coordinates of
multiple signal sources in digital antenna arrays.

where 8 is the trapping layer thickness and 4, is the
transmitting antenna height.

The generalized scheme of the simulation is shown
in Fig. 4. In the experiments, the transmitter antenna is
mounted at a height of 200 m under noise and multipath
conditions. The signal used is a 1 Mbit/s binary phase-
shift keyed signal. The transmitter power is 10 W, while
the noise power in the ultrashort wavelength range is
1.7 - 1013 W [23]. The bit error rate is estimated as the
ratio of the number of bits received in error to the total
number of bits.

Specify Calculate the Ray tracing
the heights of losses at the DAA according to
the transmitter, 11y pointaccording 1l the Steps 1-3.

receiver DAA, to parabolic Obtain the mutual
and the distance equations and phases of the rays
between them (10), (11) at the DAA
Calculate the Determine the signal
signal coordinates vector (23) after
Beamform the . )
according to (27). passing through
DAA (28), BER < -«
caloulation Calculate the the troposphere.
weighting factor Calculate the
vector R-matrix

Fig. 4. Generalized scheme of simulation

Experiment 1: Idealized surface
tropospheric waveguide

In this experiment, a surface waveguide is simulated.
The modified refractive profile is shown in Fig. 5. It has
a negative slope of —100 M-units km™! in the height
range from 0 to 350 m and a slope of 117 M-units km™!.

1000

800 1

600 r

Height, m

400 -

200 t

0
360 380 400 420 440
M-profile, M-units km™!

Fig. 5. Modified M-profile of the surface waveguide

The electromagnetic field distribution as a function
of the distance from the transmitter and height above
the Earth’s surface is shown in Fig. 6. The calculation is
made using the PU apparatus and the numerical Fourier
splitting algorithm. The carrier frequency is 5 GHz,
while the transmitter antenna is a half-wave dipole.

Figure 6 shows that the field distribution is not
uniform.

The rays for the refractive profile considered are
shown in Fig. 7.
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Fig. 6. Field distribution parameters:
(a) propagation factor for a vertical slice at a height of 25 km,
(b) losses in a horizontal slice at a height of 200 m (the solid blue line is in the atmosphere presented in Fig. 5;
the dotted red line is in free space)
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Fig. 7. Rays propagating in the lower layers of the
tropospheric waveguide

It can be seen that the rays are reflected from the
upper boundary of the trapping layer. They then reach
the Earth’s surface where they are reflected again. This
process continues up to the receiver DAA, which is
attenuated as shown in Fig. 6. One of these rays crossing
the receiving DAA is shown in Fig. 8.
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0 |
0 50
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150

Fig. 8. Example of ray crossing (blue line)
and DAA (red asterisk)

The graph showing the BER depending on the
type of antenna array used and the distance over
which reception could be achieved (50 to 100 km from
the transmitter) is shown in Fig. 9. The radio signal
attenuation is approximately —135 dB in this case. The
circular and the hemispherical geometry of the receiving
DAAs with directional AEs are used [23].

100 3
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1072 4 Hemispherical
Directional
o
4|
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10_6’

108

0 50 100 150

Distance, km

Fig. 9. BER vs distance

The graphs in Fig. 9 show that the circular DAA
provides the lowest BER (up to 1079) at distances up
to 50 km. If a hemispherical shape of the receiving DAA
is used with a directional antenna, the BER value at this
distance is about 107> and 0.3, respectively. This is in
agreement with previous results [19]. In this case, the
attenuation of the signal after passing through the
atmosphere is about 135 dB as shown in Fig. 6; then, the
ratio of the signal power to the noise power at the output
of each receiving AE is 10 dB. Simultaneously, there is
no obvious dependence of bit error on distance in Fig. 9
and beyond, especially from 15 km. This can be
explained by the fact that, as can be seen from Eq. (11),
the value of the power loss is linearly dependent on the
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distance travelled by the radio wave, whereas the field
strength is inversely proportional to Jr.

Experiment 2: Idealized S-shaped
tropospheric waveguide

Consider an idealized S-shaped channel surface
characterized by the M and N profiles as shown in Fig. 10.
The M profile starts with a slope of 117 M-units km™!
for the lowest 100 m and then changes to a slope of
—100 M-units km™! up to a height of 400 m, after which
it returns to the value of 117 M-units km™!.

1000
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0
380 400 420 440

M-profile, M-units km™!

460
Fig. 10. Modified M-profile of atmospheric layers

The characteristics of the electromagnetic
field distribution according to the profile of the
modified refractive index shown in Fig. 10 are shown
in Fig. 11.

It can be seen from Fig. 1la that the PF at the
transmitter height of 200 m is 15 dB higher than that of
the wave in free space. Loss values as a function of the
distance between the transmitter and the receiving DAA
are plotted in Fig. 11b. From this it can be concluded
that the electromagnetic wave inside the tropospheric
waveguide loses 15-20 dB less power than the radio
signal in free space or outside the trapping layer.

10

o

2o

[*]

5

£ 10

c

S

S -20

©

o

e

€ -30
-40

0 100 200 300 400 500 600 700 800900 1000
Height, m

(a)

The ray trajectories for the type of refractive index
under consideration are shown in Fig. 12.
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Fig. 12. Rays propagating in the lower layers
of the tropospheric waveguide

It can be seen that the rays can be both reflected back
from the Earth’s surface and refracted at the lower and
upper boundaries of the tropospheric layers.
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Fig. 13. BER vs distance

The circular DAA gives the lowest BER as shown
in Fig. 13. From the analysis of Fig. 11-13, it can be
concluded that radio signals at a frequency of 5 GHz
can reach a receiver located more than 100 km from the
transmitter with BER within 1073, which is acceptable

for the majority of modern wireless telecommunications
systems.

400+ T T gl
. == At a height of 200 m

350 «+ At a height of 500 m

300 Free space propagation

o
o

(o))
o
‘___...----..

Losses, dB
N N

150 Mﬁ- PP I C i
100l
% 50 100 150

Distance, km

(b)

Fig. 11. Field distribution characteristics:
(a) propagation factor for the vertical slice at 110 km,
(b) losses for the horizontal slice
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Experiment 3. Ideal elevated waveguide

Consider an ideal elevated waveguide, whose
corresponding M-profile is shown in Fig. 14.
The modified M-profile starts with a slope of
117 M-units km™! for the first 250 m of height. It then
changes to —100 M-units km™! up to 400 m before
returning to 117 M-units km™!. Within the trapping
layer, the antenna height is 300 m.

1000

0
400 420 440 460 480 500
M-profile, M-units km~!

Fig. 14. Modified M-profile typical
of an elevated waveguide

It can be seen from Fig. 14 that the waveguide in this
case is elevated and does not touch the Earth’s surface.
Figure 15 depicts the distribution of the electromagnetic
field as a function of the distance from the transmitter
and the height above the Earth’s surface.

As shown in Fig. 15a, the 5 GHz electromagnetic
wave at a transmitting height of 300 m has a higher
power compared to free rectilinear propagation. It is also
clear from Fig. 15b that the advantage of propagation
inside the tropospheric waveguide becomes apparent at
distances above 100 km, where the loss is 20 dB less
than in free space.

Typical ray trajectories for an elevated waveguide
are shown in Fig. 16.
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Fig. 16. Rays propagating in the lower layers of
a tropospheric waveguide

In this case, it is clear that the rays, which are
only refracted at the upper and lower limits of the
refractive index variation, do not reach the Earth’s
surface.

The graphs of BER versus distance between
transmitter and DAA inside the waveguide, also at
300 m height, are shown in Fig. 17.

100,
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Fig. 17. BER vs distance

The graphs in Fig. 17 show that the circular
DAA gives the lowest BER (107°) compared to
the hemispherical geometry and simple directional
antenna up to 50 km, where the BER is 107 and 0.3,
respectively. This geometry offers the advantage that
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Fig. 15. Field distribution parameters:
(a) propagation factor for a vertical slice at 80 km,
(b) losses in a horizontal slice at a height of 50 m (the solid blue line is in the atmosphere shown in Fig. 2;
the dotted red line is in free space)
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the electromagnetic rays reaching the array inside
the tropospheric waveguide have negligible declination
angles, most of them being ¢ ~ 90°.

CONCLUSIONS

When a modified refractive index changes from
a maximum near the Earth’s surface to a minimum at
a certain altitude, a tropospheric waveguide manifests in
the lower atmosphere. In this case, the electromagnetic
radiation in the ultrashort centimeter-wave range
(5 GHz) from the transmitter does not propagate in
a straight line, but instead propagates by reflection from
the Earth (or the lower trapping layer) and refraction
from the upper trapping layer. Stable receiving distances
are limited to several hundred kilometers, resulting in
significant attenuation. In addition, a number of rays
with different amplitudes and phases may be present at
the receiving point, resulting in multipath propagation.
In order to overcome such difficulties, the use of antenna
arrays with digital formation of the array pattern on the

The presented approaches for correctly modelling
signal propagation in the tropospheric waveguide and
DAA include the calculation of propagation paths
and losses taking into account distance, refractive
index, antenna height, and carrier frequency. The rays
appearing in the opening of the DAA antenna are
obtained. In the final stage, the BER is estimated by
evaluating the angular coordinates of the rays and the
digital beamforming procedure.

When combined with digital spatial processing,
a circular antenna array shape is shown to be optimal.

ACKNOWLEDGMENTS

The study was supported by the Russian Science
Foundation, project No. 23-21-00125, https://rscf.ru/
project/23-21-00125/.

Authors’ contributions

I.W. Peshkov—setting the goals and objectives of the
study, development of processing methods, conducting
research.

D.N. Borisov—research planning, scientific editing of

receiver side is proposed.

10.

11.

12.

the article, interpretation and generalization of the results.

REFERENCES

. Schelleng J.C., Burrows C.R., Ferell E.B. Ultra-shortwave propagation. In: Proceedings of the Institute of Radio Engineers

(Proc. I.R.E.). 1933;21(3):427-463. https://doi.org/10.1109/JRPROC.1933.227639

Anderson K. Radar measurements at 16.5 GHz in the oceanic evaporation duct. /EEE Trans. Antennas Propag. 1989;37(1):
100—-106. https://doi.org/10.1109/8.192171

Ivanov VK., Shalyapin V.N., Levadny Y.V. Microwave scattering by tropospheric fluctuations in an evaporation duct.
Radiophys. Quantum. EI. 2009;52(4):277-286. https://doi.org/10.1007/s11141-009-9133-z

[Original Russian Text: Ivanov V.K., Shalyapin V.N., Levadny Y.V. Microwave scattering by tropospheric fluctuations in an
evaporation duct. Izvestiya Vysshikh Uchebnykh Zavedenii. Radiofizika. 2009;52(4):307-317 (in Russ.).]

Dinc E., Akan O.B. Beyond-line-of-sight communications with ducting layer. JEEE Commun. Mag. 2014;52(10):37-43.
https://doi.org/10.1109/MCOM.2014.6917399

Ma J., Wang J., Yang C. Long-Range Microwave Links Guided by Evaporation Ducts. IEEE Commun. Mag. 2022;60(5):
68-72. https://doi.org/10.1109/MCOM.002.00508

Woods G.S., Ruxton A., Huddlestone-Holmes C., Gigan G. High-Capacity, Long-Range, Over Ocean Microwave Link Using
the Evaporation Duct. I[EEE J. Oceanic Eng. 2009;34(3):323-330. https://doi.org/10.1109/JOE.2009.2020851

Mentes S., Kaymaz Z. Investigation of Surface Duct Conditions over Istanbul, Turkey. J. Appl. Meteor. Climatol.
2007;46(3):318-337. https://doi.org/10.1175/JAM2452.1

Pishchin O.N., Kalambatskaya O.V. Characteristics of UHF waves distribution in land and water surface tropospheric
waveguide. Vestnik Astrakhanskogo gosudarstvennogo tekhnicheskogo universiteta. Seriya: Upravlenie, vychislitel naya
tekhnika i informatika = Vestnik of Astrakhan State Technical University. Series: Management, Computer Science and
Informatics. 2019;4:115-121 (in Russ.). https://doi.org/10.24143/2072-9502-2019-4-115-121

Pishchin O.N. The analysis and experimental researches of attenuation of a radio signal of systems of a cellular mobile radio
communication above a water smooth surface. Izvestiya Yuzhnogo federal’nogo universiteta. Seriya: Tekhnicheskie nauki
(Izvestiya YuF'U. Seriya: tekhnicheskie nauki) = Izvestiya SFedU. Engineering Sciences. 2009;1:43-49 (in Russ.).

Hartree D.R., Michel J.G.L., Nicolson P. Practical methods for the solution of the equations of tropospheric refraction.
In: Meteorological Factors in Radio-Wave Propagation. Report of a Conference. The Physical Society and The Royal
Meteorological Society. 1947. P. 127-168.

Dedov N.M., Tolstykh V.D., Serebryakov M.A. The influence of tropospheric ducts on the radar operation over the sea
surface. In: Actual Problems of the Activities of Departments of the Penal System: Collection of Materials of the All-Russian
Scientific and Practical Conference: in 2 v. Voronezh; 2020. P. 128—132 (in Russ.). https://www.elibrary.ru/nptlot
Leontovich M.A., Fok V.A. Solution of propagation of electromagnetic waves along the Earth’s surface by the method of
parabolic equations. J. Phys. USSR. 1946;10(1):13-23.

Russian Technological Journal. 2025;13(1):89-102
99


https://rscf.ru/project/23-21-00125/
https://rscf.ru/project/23-21-00125/
https://doi.org/10.1109/JRPROC.1933.227639
https://doi.org/10.1109/8.192171
https://doi.org/10.1007/s11141-009-9133-z
https://doi.org/10.1109/MCOM.2014.6917399
https://doi.org/10.1109/MCOM.002.00508
https://doi.org/10.1109/JOE.2009.2020851
https://doi.org/10.1175/JAM2452.1
https://doi.org/10.24143/2072-9502-2019-4-115-121
https://www.elibrary.ru/nptlot

Modeling of digital spatial processing under conditions of troposphere llia W. Peshkov,
propagation of centimeter radio waves for wireless telecommunication Dmitry N. Borisov

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

10.

11.

12.

13.

14.

Akhiyarov V.V. Attenuation factor calculation for backscattering from the terrain using the parabolic equation technique.
Zhurnal radioelektroniki = J. Radio Electronics. 2019;11 (in Russ.). https://doi.org/10.30898/1684-1719.2019.11.1

Zhang P., Lu Bai, Wu Z., Guo L. Applying the parabolic equation to tropospheric groundwave propagation: A review of recent
achievements and significant milestones. /[EEE Trans. Antennas Propag. Mag. 2016;58(3):31-44. https://doi.org/10.1109/
MAP.2016.2541620

Levy M. Parabolic Equation Methods for Electromagnetic Wave Propagation. London: IET; 2000. 336 p.

Ozlem O., Gokhan A., Mustafa K., Levent S. PETOOL: MATLAB-based one-way and two-way split-step parabolic equation
tool for radiowave propagation over variable terrain. Computer Phys. Commun. 2011;182(12):2638-2654. https://doi.
org/10.1016/j.cpc.2011.07.017

Sirkova I. Propagation Factor and Path Loss Simulation Results for Two Rough Surface Reflection Coefficients Applied to
the Microwave Ducting Propagation Over the Sea. Progress In Electromagnetics Research M. (PIERM). 2011;17:151-166.
http://doi.org/10.2528/PIERM 11020602

Zeng Y., Blahak U., Neuper M., Jerger D. Radar Beam Tracing Methods Based on Atmospheric Refractive Index. J. Atmos.
Oceanic Technol. 2014;31(12):2650-2670. https://doi.org/10.1175/JTECH-D-13-00152.1

Nechaev Y.B., Peshkov I.V. Study of digital diagram formation for optimum interference and noise reduction in antenna
arrays of different shapes with directional radiators. Fizika volnovykh protsessov i radiotekhnicheskie sistemy = Physics of
Wave Processes and Radio Systems. 2022;25(2):73—82 (in Russ.). https://doi.org/10.18469/1810-3189.2022.25.2.73-82
Schmidt R.O Multiple Emitter Location and Signal Parameter Estimation. /[EEE Trans. Antennas Propag. 1986;AP-34(3):
276-280. https://doi.org/10.1109/TAP.1986.1143830

Balanis C., loannides P. Introduction to Smart Antennas. San Rafael: Morgan & Claypool Publishers; 2007. 174 p.

Dinc E., Akan O.B. Channel Model for the Surface Ducts: Large-Scale Path-Loss, Delay Spread, and AOA. IEEE Trans.
Antennas and Propag. 2015;63(6):2728-2738. http://doi.org/10.1109/TAP.2015.2418788

Nechaev Y.B., Peshkov I.W. Simulation of Digital and Analog Spatial Filtering of VHF Signals in Channel with Losses due
to Multipple Diffraction. In: 2022 Systems of Signals Generating and Processing in the Field of on Board Communications.
2022. https://doi.org/10.1109/IEEECONF53456.2022.9744371

CNUCOK JINTEPATYPbI

. Schelleng J.C., Burrows C.R., Ferell E.B. Ultra-shortwave propagation. In: Proceedings of the Institute of Radio Engineers

(Proc. IR.E.). 1933;21(3):427-463. https://doi.org/10.1109/JRPROC.1933.227639

. Anderson K. Radar measurements at 16.5 GHz in the oceanic evaporation duct. [EEE Trans. Antennas Propag. 1989;37(1):

100—-106. https://doi.org/10.1109/8.192171

. Wanos B.K., Ilansnun B.H., JleBanusiii F0.B. PaccesHue ynbIpakopoTKUX paJuoBOJIH Ha TPOHOC(HEPHBIX (IIyKTyalusx

B MIPUBOJIHOM BOJIHOBOJIC. M36ecmus 8y306. Paouogusuxa. 2009;52(4):307-317.

. Dinc E., Akan O.B. Beyond-line-of-sight communications with ducting layer. [EEE Commun. Mag. 2014;52(10):37-43.

https://doi.org/10.1109/MCOM.2014.6917399

. Ma J., Wang J., Yang C. Long-Range Microwave Links Guided by Evaporation Ducts. I[EEE Commun. Mag. 2022;60(5):

68-72. https://doi.org/10.1109/MCOM.002.00508

. Woods G.S., Ruxton A., Huddlestone-Holmes C., Gigan G. High-Capacity, Long-Range, Over Ocean Microwave Link Using

the Evaporation Duct. /EEE J. Oceanic Eng. 2009;34(3):323-330. https://doi.org/10.1109/JOE.2009.2020851

. Mentes $., Kaymaz Z. Investigation of Surface Duct Conditions over Istanbul, Turkey. J. Appl. Meteor. Climatol.

2007;46(3):318-337. https://doi.org/10.1175/JAM2452.1

. Mumua O.H., Kanamb6ankas O.B. Oco6eHHOCTH paciipocTpaHeHus paanoBoiiH YBY auana3oHa B NPU3EMHOM M TPUBOHOM

TponochepHOM BOIHOBOIC. Becmuux Acmpaxanckoeo 2ocyoapcmeenno2o mexuuuecko2o ynusepcumema. Cepusi: Ynpaene-
Hue, ebluucIumenvras mexuuka u ungopmamura. 2019;4:115-121. https://doi.org/10.24143/2072-9502-2019-4-115-121

. [Humma O.H. Ananu3 u 3KciepuMeHTaIbHBIE NCCIEIOBAHNS 3aTyXaHUs paJOCUTHANIA CHCTEM COTOBOH ITOIBIKHOW PaIno-

CBSI3U HaJ| BOIHOU Tnaabto. Mzeecmus FODY. Cepus: Texnuueckue nayku. 2009;1:43-49.

Hartree D.R., Michel J.G.L., Nicolson P. Practical methods for the solution of the equations of tropospheric refraction.
In: Meteorological Factors in Radio-Wave Propagation. Report of a Conference. The Physical Society and The Royal
Meteorological Society. 1947. P. 127-168.

Henos H.M., Toncteix B.JI., CepebpsikoB M.A. BiiusiHue TpornocepHbIX BOJIHOBOJIOB Ha pa0OTy pajinojoKaTopa HaJl MOp-
CKOM TIOBEPXHOCTHIO. B ¢0.: Akmyanbuvie npobiemuvl dessimenbHocnu noopazoenenull yeoi08HO-UCHOIHUMENIbHOU CUCIEMbL.
COopHHK MaTepualioB Beepoccuiickoll HayyHO-TIpakTHdeckoi koH(pepeHmu B 2-X T. Boponex; 2020. T. 1. C. 128-132.
https://www.elibrary.ru/nptlot

Leontovich M.A., Fok V.A. Solution of propagation of electromagnetic waves along the Earth’s surface by the method of
parabolic equations. J. Phys. USSR. 1946;10(1):13-23.

AxwusipoB B.B. Brrancienne MHOKHTEIS 0CIa0ICHNUS TP 0OPaTHOM PACCESTHUH OT 3eMHOM MOBEPXHOCTH METOIOM apabo-
JIUYECKOTO ypaBHeHuUs. Kypran paduosnexmponuxu. 2019;11. https://doi.org/10.30898/1684-1719.2019.11.1

Zhang P., Lu Bai, Wu Z., Guo L. Applying the parabolic equation to tropospheric groundwave propagation: A review of recent
achievements and significant milestones. /[EEE Trans. Antennas Propag. Mag. 2016;58(3):31-44. https://doi.org/10.1109/
MAP.2016.2541620

100

Russian Technological Journal. 2025;13(1):89-102


https://doi.org/10.30898/1684-1719.2019.11.1
https://doi.org/10.1109/MAP.2016.2541620
https://doi.org/10.1109/MAP.2016.2541620
https://doi.org/10.1016/j.cpc.2011.07.017
https://doi.org/10.1016/j.cpc.2011.07.017
http://doi.org/10.2528/PIERM11020602
https://doi.org/10.1175/JTECH-D-13-00152.1
https://doi.org/10.18469/1810-3189.2022.25.2.73-82
https://doi.org/10.1109/TAP.1986.1143830
http://doi.org/10.1109/TAP.2015.2418788
https://doi.org/10.1109/IEEECONF53456.2022.9744371
https://doi.org/10.1109/JRPROC.1933.227639
https://doi.org/10.1109/8.192171
https://doi.org/10.1109/MCOM.2014.6917399
https://doi.org/10.1109/MCOM.002.00508
https://doi.org/10.1109/JOE.2009.2020851
https://doi.org/10.1175/JAM2452.1
https://doi.org/10.24143/2072-9502-2019-4-115-121
https://www.elibrary.ru/nptlot
https://doi.org/10.30898/1684-1719.2019.11.1
https://doi.org/10.1109/MAP.2016.2541620
https://doi.org/10.1109/MAP.2016.2541620

Modeling of digital spatial processing under conditions of troposphere llia W. Peshkov,
propagation of centimeter radio waves for wireless telecommunication Dmitry N. Borisov

15.
16.

17.

18.

19.

20.

21.
22.

23.

Levy M. Parabolic Equation Methods for Electromagnetic Wave Propagation. London: IET; 2000. 336 p.

Ozlem O., Gokhan A., Mustafa K., Levent S. PETOOL: MATLAB-based one-way and two-way split-step parabolic equation
tool for radiowave propagation over variable terrain. Computer Phys. Commun. 2011;182(12):2638-2654. https://doi.
org/10.1016/j.cpc.2011.07.017

Sirkova I. Propagation Factor and Path Loss Simulation Results for Two Rough Surface Reflection Coefficients Applied to
the Microwave Ducting Propagation Over the Sea. Progress In Electromagnetics Research M. (PIERM). 2011;17:151-166.
http://doi.org/10.2528/PIERM 11020602

Zeng Y., Blahak U., Neuper M., Jerger D. Radar Beam Tracing Methods Based on Atmospheric Refractive Index. J. Atmos.
Oceanic Technol. 2014;31(12):2650-2670. https://doi.org/10.1175/JTECH-D-13-00152.1

Heuaer 10.5., ITemkoB U.B. Hccnenoanue 1udpoBoro auarpaMMoo0Opa3oBaHus JUisi ONTHMAIBHOTO TIOMEXO0- U IIYMOIIO-
JIABJICHUS] B QHTCHHBIX PELICTKAX Pa3JIMYHON (POPMBI C HANPABICHHBIMH U3IIy4aTeNIIMU. PU3UKA B0THOBIX NPOYECCO8 U
paouomexnuueckue cucmemut. 2022;25(2):73-82. https://doi.org/10.18469/1810-3189.2022.25.2.73-82

Schmidt R.O Multiple Emitter Location and Signal Parameter Estimation. [EEE Trans. Antennas Propag. 1986;AP-34(3):
276-280. https://doi.org/10.1109/TAP.1986.1143830

Balanis C., loannides P. Introduction to Smart Antennas. San Rafael: Morgan & Claypool Publishers; 2007. 174 p.

Dinc E., Akan O.B. Channel Model for the Surface Ducts: Large-Scale Path-Loss, Delay Spread, and AOA. IEEE Trans.
Antennas and Propag. 2015;63(6):2728-2738. http://doi.org/10.1109/TAP.2015.2418788

Nechaev Y.B., Peshkov I.W. Simulation of Digital and Analog Spatial Filtering of VHF Signals in Channel with Losses due
to Multipple Diffraction. In: 2022 Systems of Signals Generating and Processing in the Field of on Board Communications.
2022. https://doi.org/10.1109/IEEECONF53456.2022.9744371

About the authors

Illia W. Peshkov, Cand. Sci. (Phys.—Math.), Associate Professor, Department of Physics, Radio Engineering and

Electronics, BuninYelets State University (28, Kommunarov ul., Yelets, 399770 Russia). E-mail: iivpeshkov@gmail.com.
Scopus Author ID 7003332128, ResearcherID L-6734-2013, RSCI SPIN-code 8009-4805, https://orcid.org/0000-
0001-8370-6954

Dmitry N. Borisov, Cand. Sci. (Eng.), Associate Professor, Head of the Department of Information systems,

Voronezh State University (1, Universitetskaya pl., Voronezh, 394018 Russia). E-mail: borisov@sc.vsu.ru.
Scopus Author ID 54901090900, ResearcherlID J-5289-2014, RSCI SPIN-code 6556-0285, https://orcid.org/0000-
0002-1265-7195

Russian Technological Journal. 2025;13(1):89-102
101


https://doi.org/10.1016/j.cpc.2011.07.017
https://doi.org/10.1016/j.cpc.2011.07.017
http://doi.org/10.2528/PIERM11020602
https://doi.org/10.1175/JTECH-D-13-00152.1
https://doi.org/10.18469/1810-3189.2022.25.2.73-82
https://doi.org/10.1109/TAP.1986.1143830
http://doi.org/10.1109/TAP.2015.2418788
https://doi.org/10.1109/IEEECONF53456.2022.9744371
mailto:ilvpeshkov@gmail.com
https://orcid.org/0000-0001-8370-6954
https://orcid.org/0000-0001-8370-6954
mailto:borisov@sc.vsu.ru
https://orcid.org/0000-0002-1265-7195
https://orcid.org/0000-0002-1265-7195

Modeling of digital spatial processing under conditions of troposphere llia W. Peshkov,
propagation of centimeter radio waves for wireless telecommunication Dmitry N. Borisov

06 aBTOpPax

Mewkoe WUnba BnagumupoBud, K.@.-M.H., OOUEHT, kadegpa OU3NKKN, PAOUOTEXHUKU U SNEKTPOHMUKMU,
®reQy BO «Eneuxnin rocynapcteBeHHbI yHuBepcuteT um. N.A. ByHuHa» (399770, Poccus, Eneu, yn. KommyHapos,
n. 28). E-mail: ilvpeshkov@gmail.com. Scopus Author ID 7003332128, ResearcherID L-6734-2013, SPIN-kog PUHLL
8009-4805, https://orcid.org/0000-0001-8370-6954

Bopucoe Amutpuin HukonaeBu4, K.T.H. OOUEHT, 3aBenyowumn kadpegpon MHOOPMALMOHHBIX CUCTEM,
Pre0y BO «BopoHexckuii rocyaapcTBeHHblii yHuBepcuteT» (394018, Poccus, BopoHex, YHuBepcuteTckas nin.,

a. 1). E-mail: borisov@sc.vsu.ru. Scopus Author ID 54901090900, ResearcherlD J-5289-2014, SPIN-koa, PUHLL
6556-0285, https://orcid.org/0000-0002-1265-7195

Translated from Russian into English by K. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2025;13(1):89-102
102


mailto:ilvpeshkov@gmail.com
https://orcid.org/0000-0001-8370-6954
mailto:borisov@sc.vsu.ru
https://orcid.org/0000-0002-1265-7195

