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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.
Keywords - metamaterial; electromagnetic wave; soil moisture; reflection coefficient; heterogeneous model; Earth remote

sensing; surface roughness; dispersion.

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
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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 &, 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 ¢,,, 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:
1+2a(W)sX (f,T)
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Fig. 1. Wet soil as a two-component heterogeneous system

Puc. 1. BraxkHas moyBa Kak ABYXKOMIIOHEHTHAasA reTeporeHHasa cucreMa

where a.=Wp,,, is the concentration of moist com-
ponents in soil; W is the soil moisture; py, is the
normalized dry soil density.

The pure water CDC is described in general by the

following equation:
ey (£,T) =g, (f.T)-jey, (f.T), @

where €, (f,T) is the real part of the CDC of water;
&y, (f,T) 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-

Lot "
ence on frequency and temperature: €|, ,.

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:

€. —¢ €1 —¢&
WE T e (3)
1+Q7  1+Q5

S;VZQI(SS_SI)+QZ(81_SOO)’ (4)
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€

where

Q,=f/fis Q=f/fy; & =77,66+103,3p;

g, = =0,0671c; €, =3,52-7,520;

B= 300/(T +273,15)—1,

f; and f, are the Debye relaxation frequencies, GHz:

f, =20,20—146,4B +316B%;  f, =39,8f,. (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 6. Region 1 is a vacuum with permeabili-
ties: & =1, u; =1. Moist soil (Region 2) is described
by the material parameters ssd)d)(f,T,W) and p, =1.
For simplicity, we denote the effective dielectric con-
stant of moist soil as Erp-

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 R, and vertical R, polarization are deter-
mined as:

cosO—,/e —sinZ(O)
R, = 209 ¥ (h,0); 6)
C059+\/83¢¢ —sinz(e)
€545 COSO—,[€ —sinz(e)
R, =90 b ¥ (h,0), )
E2p cose+«[83¢¢ —sin2(9)

where ‘I’(h,e) = exp(—%hcos2 9).

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

2
_a-2[2m
h—4c(k], 8)
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Fig. 2. Geometry of the problem
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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

Puc. 3. 3aBucuMocTu Mopynel Koa$PUIMEHTOB OTPaXkeHUsI 3JIeKTPOMATHUTHOM BOTHBI FOPHU30HTAIBHOM MONSIPU3ALUN OT YaCTOTHI

IIPpY Pa3IMYHBIX yIyIaX NageHusa

where A is the electromagnetic wavelength; o is the
standard deviation of roughness on the soil surface.
According to [12], the following is accepted: for
a slightly rough surface 6 <0,2 cm, for a surface with
an average roughness of 0,2 cm <6< 1 cm, and for
a strongly rough surface ¢ >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
Pgw =1,5 (silty loam) with a standard deviation of
roughness on the soil surface >0,5 cm and a tem-
perature T =20 °C. CDC permeability of dry soil
g, = 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
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Fig. 4. Dependences of the modules of the reflection coefficients of an electromagnetic wave of vertical polarization on frequency

at different angles of incidence
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Fig. 5. Dependences of the modules of the reflection coefficients of an electromagnetic wave of horizontal polarization on soil moisture

at various frequencies

Puc. 5. 3aBucumoctu MOHyHeﬁ KOBd)(i)I/ILII/IeHTOB OTpa’keHUs 3HeKTp0MaFHHTH01>’I BOJTHBI FOpHBOHTaHbHOﬁ nossspudanyu OT BJIa>XKHOCTHU

TIOYBBI Ha pa3/JIMYHbBIX 9aCTOTaX

vertical polarization depending on the frequency of
probing radiation at a fixed value of soil moisture
W =15 % and the following angles of incidence:
0 =0° is depicted as a solid line, 6 =30° as a dashed
line, and 0=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 0 =30° and the following frequencies: 1 GHz
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Fig. 6. Dependences of the modules of the reflection coefficients of an electromagnetic wave of vertical polarization on soil moisture

at various frequencies
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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

Puc. 7. BaBucumoctu MOHyHeﬁ KOBCI)(I)I/ILII/IGHTOB OTpa’keHUus: 3HeKTp0MaFHHTH01>’I BOJTHBI FOpH30HTaJ’IbHOﬁ nosigspusdanuy OT yrja nageHus

Ha pa3/IMYHbIX YaCTOTax

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,
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Puc. 8. 3aBucumoctu Monysel KoapPULUEHTOB OTPaXKeHHUS JIEKTPOMATHUTHOM BOJIHBI BEPTUKAIBHOM MOISIPU3ALNHI OT yIVIa [HafeHust

Ha pasIUYHbIX YaCTOTax

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.

References

1. Z.-L. Li et al., “Soil moisture retrieval from remote sensing measurements: Current knowledge and directions for the future,”
Earth-Science Reviews, vol. 218, p. 103673, 2021, doi: https://doi.org/10.1016/j.earscirev.2021.103673.

2. S. Sadri et al., “A global near-real-time soil moisture index monitor for food security using integrated SMOS and SMAP,”
Remote Sensing of Environment, vol. 246, p. 111864, 2020, doi: https://doi.org/10.1016/j.rse.2020.111864.

3. J. P. Walker, G. R. Willgoose, and J. D. Kalma, “In situ measurement of soil moisture: a comparison of techniques,” Journal of Hydrology,
vol. 293, no. 1, pp. 85-99, 2004, doi: https://doi.org/10.1016/j.jhydrol.2004.01.008.

4. N. Chen et al., “Surface soil moisture estimation at high spatial resolution by fusing synthetic aperture radar and optical remote
sensing data,” Journal of Applied Remote Sensing, vol. 14, no. 2, p. 024508, 2020, doi: https://doi.org/10.1117/1.JRS.14.024508.

S. J. Wang et al., “Saline soil moisture mapping using Sentinel-1A synthetic aperture radar data and machine learning algorithms in
humid region of China’s east coast,” Catena, vol. 213, p. 106189, 2022, doi: https://doi.org/10.1016/j.catena.2022.106189.

6. D.N. Panin, O. V. Osipov, and K. O. Bezlyudnikov, “The calculation of reflections of linear polarization plane electromagnetic wave
from the boundary of the «air - wet soil» based on heterogeneous Maxwell Garnett and Brughehman models,” Physics of Wave Processes
and Radio Systems, vol. 25, no. 2, pp. 22-27, 2022, doi: https://doi.org/10.18469/1810-3189.2022.25.2.22-27. (In Russ.)

7. L. Yu. Buchnev et al., “Development of a mathematical model of a chiral metamaterial based on a cylindrical helical elements
accounting for the dispersion and concentration of elements,” Physics of Wave Processes and Radio Systems, vol. 26, no. 2, pp. 36-47,
2023, doi: https://doi.org/10.18469/1810-3189.2023.26.2.36-47. (In Russ.)

8. A.N.Bespalovetal., “Research of antenna complexes using chiral metamaterials and fractal geometry of radiators for MIMO systems,”
Physics of Wave Processes and Radio Systems, vol. 23, no. 4, pp. 97-110, 2020, doi: https://doi.org/10.18469/1810-3189.2020.23.4.97-110.

(In Russ.)



36

Panin D.N., Osipov O.V. Modeling of electromagnetic wave reflection from wet soil ...
Manuu [.H., Ocunos O.B. BiusiHue aTMocpepHOTO BETpa Ha pacrpocTpaHeHHe PafUOBOIH

9.

10.

11.

12.

13.

14.

F. Guerin et al., “Scattering of electromagnetic waves by helices and application to the modelling of chiral composites. II. Maxwell
Garnett treatment,” Journal of Physics D: Applied Physics, vol. 28, no. 4, p. 643, 1995, doi: https://doi.org/10.1088/0022-3727/28/4/005.

Recommendation ITU-R P.527-4 dated 06/2017. Electrical characteristics of the earth’s surface. Series R. Radio wave propagation,
2017. (In Russ.)

B. J. Choudhury et al., “Effect of surface roughness on the microwave emission from soils,” Journal of Geophysical Research: Oceans,
vol. 84, no. C9, pp. 5699-5706, 1979, doi: https://doi.org/10.1029/JC084iC09p05699.

T. J. Schmugge, “Effect of texture on microwave emission from soils,” IEEE Transactions on Geoscience and Remote Sensing, vol. GE-18,
no. 4, pp. 353-361, 1980, doi: https://doi.org/10.1109/TGRS.1980.350313.

T.J. Jackson and P. E. O’neill, “Salinity effects on the microwave emission of soils,” IEEE Transactions on Geoscience and Remote Sensing,
vol. GE-25, no. 2, pp. 214-220, 1987, doi: https://doi.org/10.1109/TGRS.1987.289820.

S. A. Komarov et al., “The influence of humidity and salinity on radio emission of frozen soils in the microwave range,” Issledovanie
Zemli iz kosmosa, no. 2, pp. 22-30, 1995, url: https://www.elibrary.ru/item.asp?id=12753101. (In Russ.)

Information about the Authors

Dmitry N. Panin, Candidate of Physical and Mathematical Sciences, head of the Department of Theoretical Foundations of Radio

Engineering and Communication, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia.

Research interests: theory of wave processes and computer modeling in radiophysics.
E-mail: d.panin@psuti.ru

ORCID: https://orcid.org/0000-0003-0598-8591

SPIN-code (eLibrary): 9999-0844

AuthorID (eLibrary): 649577

ResearcherID (WoS): AAT-1882-2020

Oleg V. Osipov, Doctor of Physical and Mathematical Sciences, head of the Department of Higher Mathematics, Povolzhskiy State

University of Telecommunications and Informatics, Samara, Russia.

Research interests: electrodynamics of metamaterials, antennas and microwave devices, nonlinear optics.
E-mail: o.0sipov@psuti.ru

ORCID: https:/lorcid.org/0000-0002-2125-9228

SPIN-code (eLibrary): 2741-3794

AuthorID (eLibrary): 34872

ResearcherID (WoS): B-7134-2018

dur3rka BOTHOBBIX IPOLIECCOB U PAJUOTEXHUYECKHUE CUCTEMBI
2024.T. 27, N* 2. C. 30-37

DOI 10.18469/1810-3189.2024.27.2.30-37 Jlama nocmynnenua 1 mapra 2024
YK 537.86 Jama npunamus 2 anpens 2024
OpuruHaabHOe HCCIefOBaHUE Jama ny6nuxauuu 29 uons 2024

MopenvupoBaHue OTpa>KeHUsl INEKTPOMATHUTHOU
BOJIHBI OT BJIA)KHOU MOYBBI C y4€TOM JUCIEPCHUH,
reTepOreHHOCTH U IIePOXOBATOCTH MOBEPXHOCTHU

H.H. INlanun ©, O.B. Ocunos

TToBOJIKCKHH roCyiapCTBEHHbIH YHUBEPCUTET TeIEKOMMYHHKALUH 1 HHGOPMATHKHU
443010, Poccus, r. Camapa,
yn. JI. Toncroro, 23

Annomayug - O60cHOBaHMe. YUeT TeMIIepaTypbl, COCTaBa MOYBEI, LIEPOXOBATOCTH IOBEPXHOCTH U 3aBUCUMOCTb 3G PpeKTHBHOM
AU3IEKTPUIECKOM IPOHUIIAEMOCTH OT YACTOTHI II03BOJISIET GOJIee TOYHO OLEHUBATH BIASKHOCTD II0YBBI U APYTHe BasKHbIE TAPAMETPBI,
YTO MOXKET GBITh HCIIONIB30BAHO B PA3IMYHBIX 06/1aCTSX, TAKUX KaK CeIbCKOE XO3sHCTBO, re0JIOTUs, SKOJOTHsT U THAPOIOTHSL.
Llenb. B maHHOW paGoTe MPOBOAUTCS pacyeT OTPa’KeHWs 2J€KTPOMArHUTHOHM BOJHBI JTMHEHHOM MONSIPU3aLUU OT BIaXKHOM
HOYBBI C y4eTOM (U3NIECKUX (AKTOPOB: FeTEPOTEHHOCTH CTPYKTYPBI IOUYBBI, LIEPOXOBATOCTU IIOBEPXHOCTH K AUCIIEPCHH.
MeTtopsl. Ha ocHOBe reTeporeHHOW MaTeMaTH4YeCKOW MOJETH BIaKHOHM MOYBBI, yYUTBIBAIOIIEH AUCIIEPCHIO AU3TEKTPHUUECKOH
[IPOHHULAEMOCTH BOJBI U IIEPOXOBATOCTD I0BEPXHOCTH, BEIBOASITCS BBIPAKEHUsI ISl KOMIUIEKCHBIX KOOGOULUEHTOB OTPaskeHHsI
9JIEKTPOMAarHUTHOM BOJIHBI BEPTUKaIbHOW M TOPU3OHTAIBHOM Nonspusanuu. PesynpraTel. B kauecTBe 06'beKTa UCCIENOBAHUS
BBIOpaHa MOJIe/b PHIXJIOHN BIASKHOW MOYBHI CO CPeTHEKBAPATUYHBIM OTKJIOHEHHEM ILIePOXOBATOCTEH Ha MOBepXHOCTH. [IpoBesieH
aHaJIM3 YaCTOTHBIX, YIVIOBBIX XapaKTepPUCTHK MOAyIel K09$pQUINEHTOB OTpaskeHus IPU GUKCHPOBAHHOM YPOBHE BIAKHOCTH
no4Bbl. 3akmoveHue. [loyuyeHHble B pe3y/bTaTe pAacyeTOB AAaHHBIE SIBISIOTCS II€HHBIM HMHCTPYMEHTOM ISl [asbHelIIero
Y/IydIIeHUs] METOMOB AMCTAHIIMOHHOIO 30HAMPOBaHMUS 3eM/IM U CIIOCOGCTBYIOT PAa3BUTHIO HOBBIX TE€XHOJOIMHM MOHHTODHHIA
MOYBEHHBIX MAPAMETPOB C HUCIOIb30BAHHEM OECIMIOTHBIX JIETATEIBHBIX ANNapaToB, YTO OTKPBIBAET MEPCIEKTUBHI /sl 6otee
TOYHOTO U 3¢ GEKTUBHOTO aHAIM3a COCTOSIHUS 3€MeIbHBIX PECYPCOB U 3KOCHUCTEM.
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