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Abstract – Background. Taking into account temperature, soil composition, surface roughness and the dependence of 
effective dielectric constant on frequency allows a more accurate assessment of soil moisture and other important parameters, 
which can be used in various fields such as agriculture, geology, ecology and hydrology. Aim. In this work, we calculate the 
reflection of a linearly polarized electromagnetic wave from wet soil, taking into account such physical factors as heterogeneity 
of soil structure, surface roughness and dispersion. Methods. Based on a heterogeneous mathematical model of wet soil, taking 
into account the dispersion of the dielectric constant of water and surface roughness, expressions are derived for the complex 
reflection coefficients of electromagnetic waves of vertical and horizontal polarization. Results. The model of loose wet soil with 
the standard deviation of roughness on the surface was chosen as the object of study. An analysis of the frequency and angular 
characteristics of the modules of the reflection coefficients was carried out at a fixed level of soil moisture. Conclusion. The 
data obtained as a result of the calculations is a valuable tool for further improving methods of remote sensing of the Earth and 
contributes to the development of new technologies for monitoring soil parameters using unmanned aerial vehicles, which opens 
up prospects for more accurate and efficient analysis of the state of land resources and ecosystems.
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Introduction

Due to the accelerated growth of technological pro-
duction processes in the agricultural industry, there is 
a need to measure soil moisture remotely in real time 
[1; 2]. Existing methods for determining soil moisture 
are mainly contact methods and have different labor 
intensity and error [3]. Synthetic aperture radar data 
are widely used for remote estimates of soil moisture 
content [4; 5]. However, such estimates may face dif-
ficulties due to various factors such as heterogeneous 
soil composition, temperature and vegetation cover 
effects. To improve the accuracy and precision of soil 
moisture estimates, a new approach based on a math-
ematical model of moist soil using the concept of ar-
tificial metamaterials is proposed [6–8]. This paper 
considers the adaptation of the metamaterial model 
to moist soil, where dry soil acts as a container and in-
clusions act as regions of unknown moisture content. 
The purpose of constructing such a mathematical 
model is to analyze the reflection of electromagnetic 
wave from moist soil, taking into account dispersion 
and surface roughness. For this purpose, the hetero-
geneous Maxwell-Garnett model [9], which takes into 

account the dispersion of the dielectric constant of 
water in the soil, has been applied. The use of such 
mathematical models can greatly improve the perfor-
mance of remote sensing of soil moisture and provide 
more accurate data for agricultural processes.

1. Heterogeneous mathematical model 
of complex dielectric permittivity 

of moist soil with regard to dispersion

Moist soil is considered as a heterogeneous medi-
um consisting of a solid matrix (dry soil) with water 
filled pores (Fig. 1). The complex dielectric constant 
(CDC) of dry soil ñε  can be considered as the permea-
bility of a solid matrix, which is constant for a certain 
type of soil. The CDC of pure water ,wε  however, de-
pends on both the frequency f and the temperature T.

The equation for the effective CDC of moist soil 
based on the heterogeneous Maxwell-Garnett model 
can be written in the following form:
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where dwWα = ρ  is the concentration of moist com-
ponents in soil; W  is the soil moisture; dwρ  is the 
normalized dry soil density.

The pure water CDC is described in general by the 
following equation:

( ) ( ) ( ), , , ,w w wf T f T j f T′ ′′ε = ε − ε  (2)

where ( ),w f T′ε  is the real part of the CDC of water; 

( ),w f T′′ε  is the imaginary part of the CDC of water; 
j  is the imaginary unit.

Further, for the compactness of writing formulas, 
we will use simplified designations of the real and 
imaginary parts of the CDC, assuming their depend-
ence on frequency and temperature: ,w′ε  .w′′ε

The explicit form of expressions for the real and 
imaginary parts of the pure water CDC are given in 
the ITU recommendations [10] and are written in the 
following form:
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where

;f fΩ =1 1  ;f fΩ =2 2  , , ;sε = + β77 66 103 3

ε =1 , ;s= ε0 0671  , , ;∞ε = − β3 52 7 52  
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f1  and f2  are the Debye relaxation frequencies, GHz:

, , ; , .f f f= − β+ β =2
1 2 120 20 146 4 316 39 8  (5)

2. Reflection of a plane electromagnetic 
wave from the air-soil interface when 

surface roughness is taken into account

We shall consider the problem of oblique incidence 
of a plane electromagnetic wave of linear polariza-
tion on the air-soil interface taking into account the 
surface roughness. The geometry of the problem is 
shown in Fig. 2. The wave falls on the interface at an 
angle of .θ  Region 1 is a vacuum with permeabili-
ties: ,ε =1 1  .µ =1 1  Moist soil (Region 2) is described 
by the material parameters ( , , )ýôô f T Wε  and .µ =2 1  
For simplicity, we denote the effective dielectric con-
stant of moist soil as .ýôôε

To take into account the roughness of the soil 
surface, we used the model proposed in [11], accord-
ing to which the reflection coefficients for waves of 
horizontal eR  and vertical hR  polarization are deter-
mined as:
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where ( ) ( ), exp cos .h hΨ θ = − θ1 2
2

In formulas (6) and (7), h  is the roughness param-
eter, which is defined as follows:

,h  π
= σ  λ 

2
2 24  (8)

Fig. 1. Wet soil as a two-component heterogeneous system
Рис. 1. Влажная почва как двухкомпонентная гетерогенная система

Water filled poresDry soil (container)
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where λ  is the electromagnetic wavelength; σ  is the 
standard deviation of roughness on the soil surface.

According to [12], the following is accepted: for 
a slightly rough surface ,σ < 0 2  cm, for a surface with 
an average roughness of 0,2 cm ≤ σ ≤  1 cm, and for 
a strongly rough surface σ > 1  cm. The values of the 
electromagnetic wave reflection coefficients calcu-
lated by formulas (6) and (7) from the soil were com-
pared with the experimental results given in [13; 14]. 
There is a steady correspondence between theoretical 
dependences and experimental values of reflection 

coefficients of moist and frozen soils at different fre-
quencies, at different soil moisture contents.

3. Calculation results

During the calculations, a model of loose soil 
,dwρ = 1 5  (silty loam) with a standard deviation of 

roughness on the soil surface ,σ > 0 5  cm and a tem-
perature T = 20  Ñ.°  CDC permeability of dry soil 

cε = , ,j−3 556 0 361  is considered. Figs. 3 and 4 show 
graphs of calculations of the reflection coefficients 
of a plane electromagnetic wave of horizontal and 

Fig. 2. Geometry of the problem
Рис. 2. Геометрия задачи

Fig. 3. Dependences of the absolute values of the reflection coefficients of an electromagnetic wave of horizontal polarization  
on frequency at different angles of incidence
Рис. 3. Зависимости модулей коэффициентов отражения электромагнитной волны горизонтальной поляризации от частоты 
при различных углах падения

Region 2: 
Moist soil

Region 1: 
Air
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vertical polarization depending on the frequency of 
probing radiation at a fixed value of soil moisture 
W = 15   % and the following angles of incidence: 
θ = °0  is depicted as a solid line, θ = °30  as a dashed 
line, and θ = °45  as a dotted line. The calculations 
were performed in the frequency range from 1 GHz 
to 15 GHz. 

From the graph in Fig. 3, it can be seen that the re-
flection level in the case of horizontal polarization in-

creases with increasing angle of incidence. However, 
for the case of vertical polarization in the frequency 
range of interest from 1 to 6 GHz, the reflection level 
decreases with increasing incidence angle.

Figs. 5 and 6 are plots of calculations of the reflec-
tion coefficient moduli of a plane electromagnetic 
wave of horizontal and vertical polarization as a func-
tion of soil moisture at a fixed value of the angle of in-
cidence θ = °30  and the following frequencies: 1 GHz 

Fig. 4. Dependences of the modules of the reflection coefficients of an electromagnetic wave of vertical polarization on frequency  
at different angles of incidence
Рис. 4. Зависимости модулей коэффициентов отражения электромагнитной волны вертикальной поляризации от частоты 
при различных углах падения

Fig. 5. Dependences of the modules of the reflection coefficients of an electromagnetic wave of horizontal polarization on soil moisture 
at various frequencies
Рис. 5. Зависимости модулей коэффициентов отражения электромагнитной волны горизонтальной поляризации от влажности 
почвы на различных частотах
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is depicted as a solid line, 5 GHz as a dashed line, 
10 GHz as a dotted line.

Calculations were carried out in the range of soil 
moisture variation up to 50 %. From the graphs pre-
sented in Figs. 5, 6, it can be seen that with increas-
ing soil moisture the level of reflection smoothly 
increases.

Figs. 7 and 8 are plots of calculations of the reflec-
tion coefficient moduli of a plane electromagnetic 

wave of horizontal and vertical polarization as a func-
tion of the angle of incidence at a fixed value of soil 
moisture W = 30  % and the following frequencies: 
1 GHz is depicted as a solid line, 5 GHz as a dashed 
line, 10 GHz as a dotted line.

From the graphs presented in Figs. 7, 8, it can be 
seen that in the case of horizontal polarization with 
increasing angle of incidence there is an increase in 
the level of reflection of the electromagnetic wave, 

Fig. 6. Dependences of the modules of the reflection coefficients of an electromagnetic wave of vertical polarization on soil moisture  
at various frequencies
Рис. 6. Зависимости модулей коэффициентов отражения электромагнитной волны вертикальной поляризации от влажности  
почвы на различных частотах

Fig. 7. Dependences of the absolute values of the reflection coefficients of an electromagnetic wave of horizontal polarization  
on the angle of incidence at various frequencies
Рис. 7. Зависимости модулей коэффициентов отражения электромагнитной волны горизонтальной поляризации от угла падения 
на различных частотах
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and in the case of vertical polarization the Brewster 
phenomenon is clearly manifested at an angle of in-
cidence of 74°.

Conclusion

The results of calculations of electromagnetic wave 
reflection coefficients from moist soil obtained in 
this work are valuable information for various fields 
of science and industry. They can be used to deter-
mine the optimal plant watering regime, to control 
water drainage systems, and to develop systems for 

automated control of soil moisture in greenhouse 
farming. In addition, these data can be useful for 
ecologists when studying the effects of soil mois-
ture on vegetation and animal life, and for geolo-
gists when studying soil composition and structure. 
The  results of the calculations can also be used 
for remote sensing of the earth’s surface by Un-
manned Aerial Vehicles (UAVs). This opens up new 
opportunities for monitoring studies of soils and 
land moisture, as well as for assessing the state of  
ecosystems.

Fig. 8. Dependences of the modules of the reflection coefficients of an electromagnetic wave of vertical polarization on the angle  
of incidence at various frequencies
Рис. 8. Зависимости модулей коэффициентов отражения электромагнитной волны вертикальной поляризации от угла падения 
на различных частотах
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Моделирование отражения электромагнитной 
волны от влажной почвы с учетом дисперсии, 
гетерогенности и шероховатости поверхности

Д.Н. Панин , О.В. Осипов 
Поволжский государственный университет телекоммуникаций и информатики  

443010, Россия, г. Самара,  
ул. Л. Толстого, 23

Аннотация – Обоснование. Учет температуры, состава почвы, шероховатости поверхности и зависимость эффективной 
диэлектрической проницаемости от частоты позволяет более точно оценивать влажность почвы и другие важные параметры, 
что может быть использовано в различных областях, таких как сельское хозяйство, геология, экология и гидрология. 
Цель. В данной работе проводится расчет отражения электромагнитной волны линейной поляризации от влажной 
почвы с учетом физических факторов: гетерогенности структуры почвы, шероховатости поверхности и дисперсии. 
Методы. На основе гетерогенной математической модели влажной почвы, учитывающей дисперсию диэлектрической 
проницаемости воды и шероховатость поверхности, выводятся выражения для комплексных коэффициентов отражения 
электромагнитной волны вертикальной и горизонтальной поляризации. Результаты. В качестве объекта исследования 
выбрана модель рыхлой влажной почвы со среднеквадратичным отклонением шероховатостей на поверхности. Проведен 
анализ частотных, угловых характеристик модулей коэффициентов отражения при фиксированном уровне влажности 
почвы. Заключение. Полученные в результате расчетов данные являются ценным инструментом для дальнейшего 
улучшения методов дистанционного зондирования Земли и способствуют развитию новых технологий мониторинга 
почвенных параметров с использованием беспилотных летательных аппаратов, что открывает перспективы для более 
точного и эффективного анализа состояния земельных ресурсов и экосистем.
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модель; дистанционное зондирование Земли; шероховатость поверхности; дисперсия.
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