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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

https://doi.org/10.32362/2500-316X-2025-13-1-89-102
https://elibrary.ru/OVSTWY
mailto:ilvpeshkov@gmail.com


90

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

Ilia W. Peshkov,  

Dmitry N. Borisov

Modeling of digital spatial processing under conditions of troposphere  

propagation of centimeter radio waves for wireless telecommunication

НАУЧНАЯ СТАТЬЯ

Моделирование цифровой пространственной 
обработки в условиях тропосферного 

распространения сантиметровых радиоволн 
для задач телекоммуникации 

И.В. Пешков 1, @,  
Д.Н. Борисов 2

1 Елецкий государственный университет им. И.А. Бунина, Елец, 399770 Россия
2 Воронежский государственный университет, Воронеж, 394018 Россия
@ Автор для переписки, e-mail: ilvpeshkov@gmail.com 

Резюме 
Цели. Прохождение радиолуча в слоях атмосферы зависит от показателя преломления и характера его вер-

тикального изменения. В связи с этим могут возникнуть условия, когда радиолучи на малых высотах будут 

распространяться волноводным образом. При этом происходит затухание сигнала с отличающимися угло-

выми координатами по углу места. Целью работы является исследование на основе моделирования алго-

ритмов работы цифровых антенных решеток (ЦАР) для повышения дальности и надежности радиосвязи 

в условиях тропосферного волновода. Основными преимуществами ЦАР являются высокий коэффициент 

усиления и управляемость формы диаграммы направленности. При этом необходимо воспользоваться ме-

тодами моделирования распространения луча в слоях тропосферы для оценки работы алгоритмов оценки 

угловых координат со сверхразрешением с последующим диаграммообразованием.

Методы. В работе используется аппарат параболических уравнений для оценки коэффициента затуханий 

радиоволн сантиметрового диапазона, а также алгоритм трассировки лучей через тропосферный волновод 

для оценки фаз в раскрыве антенн ЦАР. В этом случае будет достоверно сформирована пространствен-

ная корреляционная матрица, являющаяся основой для вычисления координат со сверхразрешением (ме-

тод MUSIC) и вектора весовых коэффициентов (алгоритм максимизации отношения сигнал/помеха + шум).

Результаты. Рассмотрены типичные случаи возникновения тропосферного волновода на основе модифи-

цированного показателя преломления. Получены графики вероятности битовых ошибок после прохождения 

сигнала по тропосферному волноводу при разной геометрии антенных решеток. Рассмотрены кольцевые 

и сферические решетки из направленных антенных элементов.

Выводы. Проведенные численные исследования позволяют сделать вывод, что дальность связи в диапа-

зоне сантиметровых волн увеличивается с помощью ЦАР. Кроме того, установлено, что кольцевая антенная 

решетка позволяет получить самые низкие значения вероятности битовой ошибки при приеме дискретных 

радиосигналов в тропосферном волноводе.

Ключевые слова: цифровые антенные решетки, пеленгация, MUSIC, диаграммообразование, тропосфер-

ная связь, моделирование
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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).

1 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 refraction index: its formula and refraction data (in Russ.).

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 follows1:

 ( )( )E cos const,n h R h e+ =  (1)

where n is the refractive index of the medium, h is the 
height above the Earth’s surface, and RE 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 follows2:

 6
21 77.6 10 0.373 ,P p

n
T T

−= + ⋅ +  (2)

where P is the atmospheric pressure in millibars; T 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 follows3:

 ( ) 61 10 .N n= − ⋅  (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.
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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]:

 
( )

E

E

6 6

6

1 10 10 1

10 .

 
= − ⋅ = × − + =  

 

= + ⋅

h
M m

h
N

R

R

n

 (4)

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 
reached4. The general conditions for an elevated 
channel are summarized in Fig 1c, 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 φ 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.

 
2 2

2 2
2 2 0,k n

x z

∂ ϕ ∂ ϕ
+ + ϕ =

∂ ∂
 (5)

where k is the free space wave number and φ 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:

 ( ) ( ), e ,ikxu x z x z−= ϕ . (6)

The point of making this substitution and solving for 
( , )u x z  instead of φ(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:

 ( )
2 2

2 2
2 2 2 1 , 0.ik k n u x z

xx z

 ∂ ∂ ∂  + + + − =  ∂∂ ∂ 
  (7)
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Fig. 1. M-profile for different conduction types:  

(a) simple surface (ground) waveguide,  

(b) surface waveguide, and (c) elevated waveguide
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Since this equation is still classified as elliptic rather 
than parabolic, it is acceptable to introduce  

a pseudo-differential operator 
2 2

2
2 2 2 2

1 11 , ( ( , ) 1)Q n
k z

∂ ∂
= + = + = + −

∂ ∂
2 2

2
2 2 2 2

1 11 , ( ( , ) 1)q q n x z
k z

∂ ∂
= + = + = + −

∂ ∂
 and to factorize 

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

 ( ) ( )1 1 0.ik Q ik Q u
x x

∂ ∂  + − + + =  
∂ ∂  

  (8)

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

 ( ) ( ) ( )1, e , .ik x Qu x x z 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 methods5.

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]:

 20lg ( , ) 10lg( ) 10lg( ),PF u x z r= + + λ  (10)

 
420lg ,rPL PFπ = − λ 

 (11)

where λ is the wavelength and r 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 h as 
a function of r, that is:

 ( ) ( )E cos const.n h r R h r e+ =         (12)

For infinitesimal dh and dr, the geometric 
representation of the quantities (Fig. 2) gives the 
following [18]:

 sin ,dh
e

dr
=  (13)

 
2

cos 1 0,   , .
2 2

 π π    = − ≥ ∈ −        

dh
e e

dr
ò.å.   (14)

Then,

 ( ) ( )
2

E 1 const.dh
nh r R h r

dr

 + − =      
 (15)

RE

s
h

ds

e

dr

dh

Fig. 2. Geometric representation of RE, h,  

and s and their differentials

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

( )

( )

2 2

E

2

2
E 2

1 1

2
1 0.

2 1

dn dh dh dh dh
R h n

dh dr dr dr dr

dh d h

dr drn R

dh

dr

   + − + − +   
   

−
+ + =

 −  
 

 (16)

The equivalent system of two coupled equations of 
the first order is obtained after simple transformations 

and the introduction of the substitution ,dh
u

dr
=  as 

follows [18]:

 ,dh
u

dr
=   (17)

https://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-157610
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 2

E E

1 1 1 1
.

du dn dn
u

dr n dh R h n dh R h

   
= − + + +      + +   

 (18)

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

 ( ) 0
0

0 sin ,
r

dh
u r e

dr =
= = =   (19)

 ( ) 00 .h r h= =   (20)

This ordinary differential equation uniquely solves 
the ray tracing problem.

Equations (17) and (18) are discretized and solved 
in iteration steps of ∆r. The value of the iteration step 
from (l – 1) to l is determined as follows [18].

Step 1: Estimate the values 
1

1

ln −
 and 

1l

dn

dh −
 at 

height hl–1 using experimental data or approximations.
Step 2. Solve Eqs. (17) and (18) with the initial 

values ul–1 and hl–1 to obtain the values ul and hl.

Step 3. Calculate sl, which is the propagation 
distance of the beam at the step l, as follows:

 1
1 E

E

cos
arcsin ,l

l l
l

e r
s s R

R h

−
−

 ∆
= +   + 

 (21)

and the angle

 ( )1arcsin .l le u −=   (22)

Steps 1–3 are repeated from l = 1 to l = 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, l = 1, the initial values in step 2 are 
given by Eqs. (19) and (20). The refractive index and its 
derivative should be evaluated at the height h0  

where the transmitting antenna is located, giving the 

values 
0

1
n

 and 
0

,dn

dh
 respectively. The distance from 

the transmitting point to the DAA is thus divided into 
L points. At each point of l iterations, sl, el, nl, and hl 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 θD and 
location angle ϕD as shown in Fig. 3. Here, qD(t) is the 
incident signal, while vK(t) is the received signal from 
the Kth AE at a discrete time t. In the following, the 
index “1” denotes the useful signal. Consequently, the 
DAA output signal matrix has the following form:

 ,= +v Aq n 
 (23)

where n
  is the noise vector; A is the matrix of scan 

vectors ( , )θ φa
  determining the array field amplitude-

phase distribution.
Thus,

 ( ) ( ) ( )2211        , , ,, D Dφ φ φ = θ θ θ A a a a  
  (24)

T T T
1 21 2

( , )

( , )e ( , )e ... ( , )e ,j j j
K

Kg g g

θ φ =

 = θ φ θ φ θ φ  
kr kr kr

a


 (25)

where ( ) ( )2 2 sin cos ,sin sin ,cosx y z= k ,k ,k =
π π

φ θ φ θ φ
λ λ

k  

is the wave vector; T T( , ,  )n n n n= x y zr  is the radius 
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Fig. 3. Scheme of signal processing in DAA
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vector to the nth AE; gn(θ, ϕ) is the array pattern of the 
nth AE.

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

 H

1

1ˆ ( ) ( ),
T

t

t t
T =

= ∑R v v 
 (26)

where T is the number of samples of the digital signal, 
while the index H indicates the Hermite transpose of the 
vector ( ).tv

The angular coordinates of the signals are then 
determined using the multiple signal classification 
(MUSIC) method6, 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]:

 ( )
( ) ( )e

MU H
nois no

H
ise

1 ,P θ =
θ θa E E a

   (27)

where Enoise is the noise eigenvector.
The weighting factor vector for the formation of the 

DAA array pattern is calculated as follows [21]:

 1 1
H

1 1 1 1

1

1
( , )

( , ) ( , )
.

−

−

θ φ
=

θ φ θ φ

R a
w

a R a




   (28)

Thus, the DAA determines the spatial coordinates of 
the signal in accordance with Eqs. (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:
 1 .q = vw   (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 ∆r 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]:

 ( ) ( )min,max
0

1 12 ,
0 t

dn
h

n dh R

 
ϕ = ± − − δ  

 
 (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 δ is the trapping layer thickness and ht 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 ∙ 10−13 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 

the heights of 

the transmitter, 

receiver DAA, 

and the distance 

between them

Beamform the 

DAA (28), BER 

calculation

Calculate the 

losses at the DAA 

point according 

to parabolic 

equations and 

(10), (11)

Calculate the 

signal coordinates 

according to (27). 

Calculate the 

weighting factor 

vector

Ray tracing 

according to 

the Steps 1–3. 

Obtain the mutual 

phases of the rays 

at the DAA

Determine the signal 

vector (23) after 

passing through 

the troposphere. 

Calculate the 

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−1 in the height 
range from 0 to 350 m and a slope of 117 M-units km−1.
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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. 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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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].
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Fig. 9. BER vs distance

The graphs in Fig. 9 show that the circular DAA 
provides the lowest BER (up to 10−6) 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 10−5 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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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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distance travelled by the radio wave, whereas the field 
strength is inversely proportional to .r

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−1 
for the lowest 100 m and then changes to a slope of 
−100 M-units km−1 up to a height of 400 m, after which 
it returns to the value of 117 M-units km−1.
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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. 11a 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.

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 10−5, which is acceptable 
for the majority of modern wireless telecommunications 
systems.
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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−1 for the first 250 m of height. It then 
changes to −100 M-units km−1 up to 400 m before 
returning to 117 M-units km−1. Within the trapping 
layer, the antenna height is 300 m.
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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.

 50 100 150 200 250 300

Distance, km

400

300

200

100

0

H
e

ig
h

t,
 m

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.
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The graphs in Fig. 17 show that the circular 
DAA gives the lowest BER (10−6) compared to 
the hemispherical geometry and simple directional 
antenna up to 50 km, where the BER is 10−5 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 φ ≈ 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 
receiver side is proposed.

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.
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