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ABSTRACT

The study of soil agrophysical and agrochemical properties is based on ground-based point 
measurements and measurements conducted using radiometric remote sensing systems 
(satellite or airborne). A disadvantage of the existing remote sensing systems using normal 
surface irradiation is the insignificant depth of penetration of the probing radiation into 
the soil layer. It is proposed to use a radar system for remote sensing agricultural lands 
to eliminate this drawback. The system uses a method for assessing the soil’s physical 
and chemical properties based on the interference measurements of direct and reflected 
electromagnetic waves at incidence angles that provide a total refraction effect, i.e., close 
to Brewster’s angle. The possibility of using this method for remote assessment of soil’s 
physical and chemical properties, including the subsurface layer moisture, was established. 
A feature of the bistatic system is that it is necessary to coordinate the mutual arrangement of 
the transmitting and receiving positions, which imposes special requirements on the UAVs’ 
flight algorithm. The UAVs’ relative position makes it possible to form the conditions for 
the manifestation of the total refraction effect, to determine the current value of Brewster’s 

angle, and to fix these conditions for the 
subsequent flight, making it possible to 
measure the soil’s physical and chemical 
parameters. The research results can be used 
to implement precision farming technology 
in hard-to-reach places, large agricultural 
areas, and digital agriculture.

Keywords: Brewster’s angle, flight algorithm, radar 
system, remote sensing, soil moisture, total refraction, 
UAV
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INTRODUCTION

Soil moisture (SM) is one of the most important parameters in agricultural applications 
such as agricultural land mapping (Dari et al., 2021), irrigation planning, flood monitoring 
(S. Wang et al., 2021), draft monitoring (Filion et al., 2016), and yield forecasting (Brook 
et al., 2020). They can promote water-saving agriculture (Tran et al., 2015) and provide 
food security, especially in arid and semi-arid regions (Gago et al., 2015; Martins et 
al., 2021; Fugazza et al., 2022). Traditionally, SM is studied using ground-based point 
measurements based on interpolated lines or grids using geophysical methods (Tavakol 
et al., 2021) (tensiometers, neutron moisture meters, capacitive sensors, thermal impulse 
sensors, underground radars) (Mallet et al., 2021; Xie et al., 2022), which, despite their 
relatively high accuracy, have limited spatial representativeness (several square meters 
maximum) (Brook et al., 2020; Babaeian et al., 2021; Rohil & Mathur, 2022; Rouf et al., 
2021). Over the past 50 years, active satellite observations in electromagnetic spectra (L 
(0.39–1.55 GHz), C (3.9–5.75 GHz) and X (5.75–5.75 GHz) and X (5.75–0.9 GHz), rarely 
P-band) have been used to study SM and multispectral characteristics of vegetation cover 
(Bargiel et al., 2013; Su et al., 2014; Ludeno et al., 2018; Li et al., 2021; H. Wang et al., 
2021). There are also several algorithms (Nguyen et al., 2022), models (Pandey & Jain, 
2022; Yang et al., 2021), and software products (Salam et al., 2019; Kim, 2021; Barca et 
al., 2021) available for real use (Saddik et al., 2021). However, most of the information 
about SM obtained using radiometric remote (satellite) sensing systems (ASCAT, AMSR-E, 
AMSR2, SMAP, SMOS) (Amazirh et al., 2018; Faye et al.,2018; Mandal et al.,2020) are 
usually surface SM (a few millimeters deep for optical and thermal range) (Barca et al., 
2021; Elkharrouba et al., 2022) or near surface SM (a few centimeters deep for X-, C-, 
or L-frequency microwave sensors) (Bandini et al., 2020; Ivushkin et al., 2021). It is not 
possible to estimate the moisture content of the root zone. 

The use of a bistatic (or multistatic) satellite radar system (GNSS-R) (Rohil & Mathur, 
2022) makes it possible to partially solve the sounding depth problem by expanding the 
observation limits (both in angle and operating frequencies) and introducing new parameters 
due to signal scattering (Kaasiku et al., 2021). Despite the prospects for reflectometry of 
global navigation satellite signals (Bhogapurapu et al., 2022), cloud cover, vegetation cover, 
topography, soil structure, climate, and other factors remain significant limitations of the 
applicability of all remote (satellite) soil sensing methods with relatively high measurement 
accuracy (Zhu et al., 2019; Babaeian et al., 2021). 

Using crewless aircraft makes it possible to remove significant limitations for remote 
(satellite) sensing (Tran et al., 2015; Gopaiah et al., 2021). The problem of the limited 
depth of studies of the soil root zone (Sahaar et al., 2022) can be solved by using a radar-
sounding system in the ultrashort wave range (up to 860 MHz). The system registers a 
signal reflected from soil inhomogeneities and carries information about the physical and 
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chemical properties of the soil (Babaeian et al., 2021). The joint use of the multispectral 
cameras installed on the UAV and the radar-sounding system will ensure the necessary 
spatial and temporal consistency of observations of the soil’s physical and chemical 
properties and the state of the surveyed area vegetation cover. 

Thus, the relevance of research is determined by the need to expand information sources 
used in making management decisions in precision farming through radar sounding of 
subsurface soil layers. 

In radar soil sounding, the reflected signal can be represented as the sum of several 
constituents: the signal falling directly on the receiving antenna, the reflected signal from 
the air-surface boundary (air-surface interface), and the reflected signal from the inner 
ground layers located at the entire penetration depth. Given the problem to be solved, the 
reflection from the air-surface boundary is not informative and, conversely, worsens the 
conditions for determining the physico-chemical composition of the subsurface soil layers. 

As is known, when a plane electromagnetic wave is incident on the interface between 
two dielectric media, the fraction of reflected energy is determined by the reflection 
coefficient R. Thus, the purpose of the research is to create conditions under which the 
reflection coefficient from the air-surface interface will tend to zero (R→0), and the energy 
of the incident wave will penetrate the soil to form a reflected signal from the inner layers. 
To satisfy this condition, Bazhenov et al. (2021) propose to use the effect of total refraction, 
i.e., carry out surface irradiation at Brewster’s angle, while the remote radar sensing system 
should be placed on two crewless aerial vehicles (UAVs) and implemented as bistatic. 
Chandra & Tanzi (2018) performed mathematical modeling of subsurface layers’ radar 
sounding to search for and rescue people during earthquakes and other global disasters 
using “oblique” surface irradiation at angles close to Brewster’s angles. They determined 
the key requirements for GPR and research conditions and also confirmed the sufficient 
energy level of the reflected signal to search for objects with an effective scattering surface 
of about 1 m2 to a depth of 10 meters.

The disadvantage of existing approaches is that their implementation requires a priori 
information about the physical and chemical parameters of the soil, namely its dielectric 
constant and specific conductivity. In this case, Brewster’s angle can be calculated from 
the known expressions. At the same time, the dielectric constant and specific conductivity 
of the earth’s surface layer is not constant value and depends on the soil composition and 
structure, the presence of salts, and its moisture content. Therefore, before conducting the 
soil remote sensing with an emphasis on its inner layers, it is necessary to determine the 
value of Brewster’s angle for the specific conditions of radar sounding.

Thus, the scientific task of the study is to develop an algorithm for the flight of two 
UAVs that make up a bistatic radar system for soil sounding, which allows, under conditions 
of a priori uncertainty about the physicochemical parameters of the soil surface, provide 
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the condition (R → 0), determine the current value of Brewster’s angle and subsequently 
maintain flight parameters that make it possible to irradiate the earth’s surface at an angle 
close to Brewster’s angle.

MATERIALS AND METHODS

Determination of the main ways of solving the problem and existing restrictions. 
The Brewster’s angle is determined from the expression for the reflection coefficient 

for a vertically polarized electromagnetic wave (Bazhenov et al., 2021) (Equation 1): 

𝑅̇𝑅𝑉𝑉 = 𝑍̇𝑍𝐶𝐶2 ⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑−𝑍̇𝑍𝐶𝐶1 ⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑+𝑍̇𝑍𝐶𝐶1 ⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

,  [1] 
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with the reflection coefficient equal to zero. 
Here, Z C1 is the characteristic resistance of the first medium (air); Z C2 is the characteristic 

resistance of the soil surface layer (in the general case, a complex value); φ is the incidence 
angle of a plane electromagnetic wave on the interface between two media; φ is the angle 
of refraction.

It follows from Equation 1 that to ensure a zero-reflection coefficient Rv, the following 
condition must be met (Equation 2): 
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where Bϕ  is Brewster’s angle. 
The angle of refraction in Equation 2 is determined under Snell’s second law in 

Equation 3,
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where 1 2,n n  is the refractive indices of the first and second medium.
Figures 1(a) and 1(b) show the reflection coefficient’s dependence on the incidence 

angle for radio waves with vertical and horizontal polarizations. In Figure 1(a), the specific 
conductivity of soil is 0.017 S/m, corresponding to dry soil. Figure 1b shows the soil-specific 
conductivity of 0.7 S/m, i.e., highly moistened soil.

As follows from Figures 1(a) and 1(b), an increase in specific conductivity leads to 
a shift in Brewster’s angle towards larger values, and in this case, the minimum value of 
the reflection coefficient is increasingly different from zero.

In the absence of a priori data on the specific conductivity and permittivity, it is not 
possible to determine the value of Brewster’s angle only from the amplitude of the radar 
signal reflected from the earth’s surface since the total received signal may not have a 
pronounced minimum at this angle of incidence. 
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It is proposed to use the interference of direct and reflected waves with the successive 
application of vertical and horizontal polarization to substantiate the algorithm for the 
joint flight of two crewless aerial vehicles that make up a bistatic radar system for remote 
soil sensing, which provides the detection of the total refraction effect. Figure 2 shows the 
conditions for the formation of the interference wave.

In Figure 2, the following designations are accepted: h1 and h2 are the heights of the 
transmitting and receiving antennas, respectively; φ is the angle of incidence; 

respectively; ϕ is the angle of incidence;

L1 и L2; 

 
is the projection on the Earth’s surface of the distance D1 between the transmitting position and 
the place where the reflected signal is formed; 

respectively; ϕ is the angle of incidence;

L1 и L2; 

 is the projection onto the Earth’s 
surface of the distance D2 between the receiving position and the place where the reflected signal 
is formed; 

respectively; ϕ is the angle of incidence;

L1 и L2; 

 is the sum of distances 

respectively; ϕ is the angle of incidence;

L1 и L2;  is 

the path that the direct wave travels. In sum, 

respectively; ϕ is the angle of incidence;

L1 и L2; 

 and 

respectively; ϕ is the angle of incidence;

L1 и L2; 

 are 

Figure 1. The dependence of the reflection coefficient on the angle of incidence: (а) specific conductivity 
of soil is 0.017 S/m; (b) specific conductivity of soil is 0.7 S/m
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Figure 2. Conditions for the formation of the interference 
wave

the path traveled by the reflected wave. 
The instantaneous value of the direct 

wave amplitude at the moment t has the 
form presented in Equation 4,

𝑈𝑈0 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 ⋅ 𝑒𝑒−𝑗𝑗
2𝜋𝜋
𝜆𝜆 𝐷𝐷0  

𝑈𝑈1 = 𝐴𝐴 ⋅ 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 ⋅ 𝑒𝑒
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            [4]

Here, A is the electric field strength; 
𝜔𝜔 = 2𝜋𝜋𝜋𝜋   is the cyclic signal frequency 
and λ wavelength.
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The instantaneous value of the reflected wave amplitude at the moment t is determined 
by Equation 5: 𝑈𝑈0 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 ⋅ 𝑒𝑒−𝑗𝑗
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Considering Equations 4 and 5, the total signal 0 1Σ = +U U U  will be as stated in 
Equation 6:
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𝑈̇𝑈𝑍𝑍 = 𝐾̇𝐾 ⋅ �𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 𝐷𝐷0 + 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 (𝐷𝐷1+𝐷𝐷2)�. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)��� .. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)���. 
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, Equation 6 can be written as Equation 7:
𝐾̇𝐾 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗  

𝑈̇𝑈𝑍𝑍 = 𝐾̇𝐾 ⋅ �𝑒𝑒−𝑗𝑗
2𝜋𝜋
𝜆𝜆 𝐷𝐷0 + 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 (𝐷𝐷1+𝐷𝐷2)�. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)��� .. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)���. 
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					     [7]

The reflection coefficient R ̇ for a lossy dielectric such as wet soil will have a complex 
character and different formulas for calculating vertical and horizontal polarization. 
Substituting the formula for calculating the reflection coefficient for horizontal polarization 
into Equation 7, we obtain the expression for the total wave presented in Equation 8:

𝐾̇𝐾 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗  
𝑈̇𝑈𝑍𝑍 = 𝐾̇𝐾 ⋅ �𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 𝐷𝐷0 + 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 (𝐷𝐷1+𝐷𝐷2)�. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)��� .. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)���. 
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For vertical polarization, Equation 7 will be as follows, presented as Equation 9: 

𝐾̇𝐾 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗  
𝑈̇𝑈𝑍𝑍 = 𝐾̇𝐾 ⋅ �𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 𝐷𝐷0 + 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 (𝐷𝐷1+𝐷𝐷2)�. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)��� .. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)���. 
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Dependence of the electric field strength at a distance r [km] from the transmitter, 
taking into account the transmitting antenna gain G 1 and the transmitter power P 1 [kW] 
(Equation 10).

𝐾̇𝐾 = 𝐴𝐴 ⋅ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗  
𝑈̇𝑈𝑍𝑍 = 𝐾̇𝐾 ⋅ �𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 𝐷𝐷0 + 𝑅̇𝑅 ⋅ 𝑒𝑒−𝑗𝑗

2𝜋𝜋
𝜆𝜆 (𝐷𝐷1+𝐷𝐷2)�. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)��� .. 

𝑈̇𝑈𝑍𝑍𝑍𝑍 = 𝐾̇𝐾 ⋅ ��𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ 𝐷𝐷0�� +

𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙
𝑍̇𝑍𝐶𝐶2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 + 𝑍̇𝑍𝐶𝐶1 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

. 

⋅ �𝑐𝑐𝑐𝑐𝑐𝑐 �
2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)� − 𝑗𝑗 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 �

2𝜋𝜋
𝜆𝜆
⋅ (𝐷𝐷1 + 𝐷𝐷2)���. 
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[10]

The results of modeling Equations 8 to 10 in the MathLab environment are shown 
in Figures 3(a) and 3(b). The reflection coefficient’s dependences on the incidence angle 
for vertical and horizontal polarization used in the simulation correspond to Figure 1(a).
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Algorithm for the Joint Flight of Two Uncrewed Aerial

Analysis of the simulation results presented in Figure 3 allows drawing the following 
conclusions:

•	 The condition of total refraction (Brewster’s effect) is accompanied by a change 
in the nature of the oscillations: at an angle of the incident (and reflected) signal 
smaller than Brewster’s angle, the horizontally and vertically polarized waves 
arriving at the receiver are in-phase, and at a larger angle, a phase shift is observed 
between them;

•	 the level of the signal that enters the receiver at an angle of the incident (and 
reflected) signal greater than Brewster’s angle, and represents the result of the 
passage of an electromagnetic wave below the air-surface interface, is sufficient for 
subsequent processing and analysis of the soil physical and chemical parameters; 

•	 comparison of the oscillations of the total signal on vertical and horizontal 

Figure 3. The results of modeling the interference of the incident and reflected waves: (а) field strength, 
V/m; (b) total electric field power, dBm
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polarization can serve as the basis 
for the algorithm of the joint flight 
of two UAVs that make up a bistatic 
radar system for remote soil sensing, 
which ensures the manifestation of 
the total refraction effect.

Figure 4 shows the conditions for 
implementing the flight algorithm (Figure 
5) in determining Brewster’s angle. Initial 
position: UAVs are at the same height at a 
distance of d0, which ensures safe piloting 

Figure 4. The UAVs’ position while determining 
Brewster’s angle
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and the lowest possible value of Brewster’s angle. The radio transmitter on the UAV1 
irradiates the earth’s surface with a radar signal with alternating horizontal and vertical 
polarization. The radio receiver located on the UAV2 receives the signal reflected from 
the earth’s surface and fixes the level of the total reflected signal, changing the type of 
polarization of the received signal synchronously with the transmitting position. 

UAV2 starts horizontal movement in the selected direction with zero roll and pitch 
angles. As UAV2 moves away from UAV1, the angle of incidence increases. The change 
in the level of the reflected signal is recorded in the radio receiver, and sequences of 
measured values of interference wave oscillations are formed in each polarization variant. 
The angle at which the oscillations of a vertically polarized wave shift in phase relative to 
the oscillations of a horizontally polarized wave is fixed as the required Brewster’s angle. 
All algorithm steps (Figure 5) can be repeated to increase the reliability of the result.

Figure 5. Algorithm for the joint flight of the two UAVs’ bistatic radar system for remote soil sensing, which 
ensures the detection of the effect of total refraction
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Checking the status of all 
systems. 
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The termination condition of the algorithm is the opposite of the condition for the 
applicability of the Vvedensky formula presented in Equation 11 when the effect of 
interference of the direct and reflected waves can be neglected:

𝐿𝐿 <
18 ⋅ ℎ1 ⋅ ℎ2

𝜆𝜆
. 								        [11]

The implementation of the proposed algorithm puts forward requirements for the 
implementational accuracy of the following tasks:

•	 the implementation of a horizontal flight of a UAV with a receiver in a given 
direction;

•	 stationary hovering of a UAV with a transmitter at the same height as the moving 
UAV;

•	 determining the distance between UAVs;
•	 determination of the distance from each UAV to the place of radio signal reflection 

from the earth’s surface;
•	 determination of the flight altitude of each UAV.
Both UAVs have GPS/GLONASS navigation systems to solve the navigation task. 

Typically, the GPS signal accuracy of satellite navigation systems in horizontal dimensions 
is approximately 1–2 meters (assuming good sky visibility). Altitude accuracy (over the 
sea) is usually 2–5 times less than positioning accuracy under the same conditions (i.e., 
from 2 to 10 meters under perfect conditions). Since the distance between UAVs is less 
than 100 meters, the reason for positioning errors for both UAVs will be the same, and 
errors will be compensated while determining their relative position.  

The required accuracy of calculating the angular values is 1 degree, which is ensured 
even with positioning errors of 2–3 meters. 

Analysis of the mathematical equations required for algorithm implementation showed 
that the computational complexity for these algorithms is low and can be implemented 
by an on-board RISC microcontroller with a clock frequency of 120 Mhz and a memory 
capacity of 128 KB, in addition to the execution of existing flight control algorithms.

RESULTS AND DISCUSSION

Experimental studies were conducted to validate the efficiency of the proposed algorithm.
Experimental design includes:
•	 a transmitting Yagi antenna, permanently located at the height of 5.6 m, designed 

for the decimeter range of the television signal; 
•	 a spike antenna placed on a freely movable base at the height of 1.2 m;
•	 a Kenwood TK-450S transmitter tuned to a 469 MHz frequency, free from other 

radio transmitting devices operating in the experiment area; 
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•	 the analyzer of radio engineering paths and signals, portable S362E from Anritsu 
Company;

•	 TDR 150 moisture meter to measure humidity and conductivity at the radio signal 
reflection spot;

•	 a transmitting antenna turntable that allows setting the incidence angle in 
increments of 5 degrees.

The vegetation and surface relief at the test site ensured the Raleigh requirement to 
implement specular reflection. The soil dispersion under the entire experiment conditions 
remained unchanged. The general scheme of the experiment was similar to the scheme shown 
in Figure 2. Equation 11 was provided for the range of spatial relationships of the UAVs. 

A series of two experiments were conducted. During the first experiment, the measured 
specific conductivity was σ=0.017 S/m, soil moisture vwc= 19.9%, Brewster’s angle 
calculated value φB =66℃, and the reflection coefficient RV=0.023. The results of the 
experiment are presented in Figure 6(a). 

During the second experiment, the specific conductivity was σ=0.06 S/m, soil moisture 
vwc=34%, the calculated value of Brewster’s angle φB= 67℃, and the reflection coefficient 
value RV=0.089. The results of the experiment are shown in Figure 6(b).

The results of experimental studies show that at an angle of incidence greater than the 
value of Brewster’s angle, a phase shift is formed between the oscillations of interference 
waves with vertical and horizontal polarizations. At higher humidity, an increase in the 
reflection coefficient is observed, resulting in a significant increase in the amplitude of 
the interference waves. An increase in soil conductivity by a factor of 3.5 (from 0.017 to 
0.06 cm/m) provided an increase in Brewster’s angle by only one degree, but at the same 
time, the minimum value of the reflection coefficient increased from 0.023 to 0.089. The 

Figure 6. Results of the experiment: (а) soil specific conductivity 0.017 S/m, soil moisture 19.9%; (b) soil 
specific conductivity 0.06 S/m, soil moisture 34%
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experimental data are in good agreement with the simulation results. At the extremum 
points, the relative arrangement of the amplitudes of the interference waves of horizontal 
and vertical polarization obtained experimentally and by the method of mathematical 
modeling coincides. Some deviations of the experimental data from the calculated ones 
may be due to the representation of the relief when modeling a smooth surface, and in the 
experiment, there was vegetation and minor irregularities (with the Rayleigh constraints 
for specular reflection). Mathematical modeling and experimental studies confirmed the 
possibility of using the emerging phase shift in the oscillations of interference waves with 
horizontal and vertical polarization as a sign of transition through the incidence angle 
with the effect of total refraction. The level of the reflected signal at vertical polarization 
is formed considering the physicochemical parameters of the soil subsurface layers. A 
proportional increase in the signal level is observed with an increase in soil conductivity 
due to an increase in its moisture. 

The obtained experimentally confirmed method of measuring Brewster’s angle by 
comparing the oscillations of horizontally and vertically polarized interference waves 
makes it possible, under conditions of a priori uncertainty in the soil physical and chemical 
parameters, to create conditions for subsurface radar sounding. 

Determination of Brewster’s angle allows calculating the dielectric constant of topsoil 
and estimating the moisture percentage by its change over a certain observation period. 

Using “skew” irradiation of soil at an incidence angle close to Brewster’s angle creates 
conditions for spreading the refracted radio signal in a depth of several meters and can 
be used for determining the groundwater level and estimating the moisture percentage 
accumulated during the autumn-winter period. Based on this information, reasonable 
agricultural decisions can be made for efficient crop production.

The next steps in creating a georadar based on a bistatic system of two UAVs are 
the justification of the receiving and transmitting antennas’ designs, the choice of the 
probing signal’s modulation type, and the formation of requirements for the controller 
of the receiving equipment. The authors associate the most likely direction in receiving 
equipment with SDR technology.

CONCLUSION

An algorithm for the joint flight of two crewless aerial vehicles that make up a bistatic radar 
system for remote sensing of the soil is proposed. Under conditions of absence regarding 
the soil’s physical and chemical parameters, this algorithm makes it possible to determine 
Brewster’s angle at which the subsurface soil layers contribute to the reflected signal. 

The proposed algorithm provides conditions under which the reflection from the air-
soil interface is minimized and allows for solving various problems: to assess soil moisture 
in the root zone, determine the groundwater level and find extensive inhomogeneities. 
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The level of oscillations of interferential waves and their mutual phase shift can serve 
as information markers for assessing the soil’s physical and chemical parameters below 
the air-soil boundary, including moisture.
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