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1. INTRODUCTION
In a number of  countries have developed aircraft 
synthetic aperture radar (SAR) operating in wide range 
of  wavelengths, including decimeter (P) and meter 
(VHF) bands [1-5]. Comparison of  radar images 
of  the same area in different wavelengths shows the 
qualitative differences that are connected with the 
features of  the surface reflection and the influence 
of  reflection and absorption of  electromagnetic 
radiation from subsurface layers. Electromagnetic 
radiation of  different wavelengths penetrates into 
the land cover at different depths, so the question of  
the development of  methods of  using radar location 
images (RLI) obtained in different wavelength ranges 
for deep layered sensing of  earth covers raises. This 
method of  layered subsurface sensing qualitatively 
different from the classical method based on the 
sensing of  short pulses.

In Russia the complex SAR "IMARC" [1] 
operating simultaneously in four wavelength ranges 
X (4 cm), L (23 cm), P (68 cm) and VHF (254 cm) 
at various polarizations HH, VV, VH and HV is 

MULTI-FREQUENCY RADAR LOCATION OF THE "EFFECTIVE" 
SOIL MOISTURE
Anatoly А. Kalinkevich, Boris G. Kutuza, Vasiliy N. Marchuk, Vladimir M.Masyuk
Kotelnikov Institute of  Radioengineering and Electronics of  Russian Academy of  Sciences, http://www.cplire.ru/
Moscow 125009, Russian Federation
Viktor A. Plyushchev
Radio Engineering Corporation "Vega", http://www.vega.su/
Moscow 121170, Russian Federation
kalinkevich@newmail.ru, marchuk@ms.ire.rssi.ru, masyuk77@mail.ru, mail@vega.ru
Abstract: The review of  studies on subsurface sensing topsoil radar method is presented, as well as 
on the development of  an algorithm and techniques for combined interpretation of  radar images 
using side-scan radar systems with a synthesized antenna operating over a wide range of  wave-
lengths, including decimeter and meter bands. A method for constructing a deep profile of  the 
"effective" moisture of  the upper layer of  the earth's surface is proposed. Ground experiments 
were conducted to determine the characteristics of  the " diversity " of  moisture and soil cover het-
erogeneities. The special attention was focused to using of  ground penetrating radar for investiga-
tions of  upper ground layer heterogeneities. The ground experiments were dictated by the need to 
justify the proposed algorithm for deep sounding of  agricultural fields in the winter period at a low 
temperature with the help a synthetic antenna radar.
Keywords: synthetic antenna radar, ground penetrating radar, subsurface sensing, deep profile of  the 
"effective" moisture, the "variety" of  soil cover.
UDC 621.371
Bibliography - 32 references            Received 27.08.2018
RENSIT, 2018, 10(2):193-208              DOI: 10.17725/rensit.2018.10.193

RADIOLOCATION



194

2 ISSUE | VOLUME 10 | 2018 | RENSIT

developed. This complex gave the possibility to 
obtain multi-frequency polarization matrix of  radar 
images. Analysis of  radar images of  the complex 
allowed us to offer one of  the possible methods 
for constructing depth profiles of  the "effective" 
soil moisture of  agricultural lands in winter time 
in the European part of  Russia. Ground-based 
experiments for mapping of  soil moisture at 
different depths in limited areas and the results of  
determination of  parameters of  inhomogeneities in 
the upper subsurface layers with GPR was dictated 
by the need to justify the proposed algorithm for 
joint interpretation of  radar images of  the same area 
obtained in different wavelength ranges.

Until recently the real practice of  subsurface 
sensing was related to the time of  separation of  
signals coming from subsurface layers and objects 
located below the surface. A subsurface remote 
sensing from the airplane (helicopter) or the surface 
of  layered earth cover by radio impulse [6, 7] is 
considered to be generally accepted. The effective 
duration of  these impulses is nanoseconds and 
less at the normal direction of  propagation of  
electromagnetic radiation to the surface.

Reflection occurs at the junction of  layers or 
objects having different dielectric properties. The 
interpretation is based on the separation of  signals 
over time from the surface of  various layers or 
objects located under the soil layers. The method of  
probing the Earth's surface using vertical sensing at 
different frequencies is much less frequently used 
[8, 16]. Despite the complex subsurface structure 
of  the Earth cover, great success has been achieved 
in the application of  GPR for solving a number of  
scientific and applied problems [7].

At present, aviation complexes of  SAR operating 
in a wide range of  wavelengths, including decimeter 
(P) and meter (VHF) ranges [1-5] have been 
developed in a number of  countries. Comparison 
of  radar images (RI) of  the same terrain in different 
wave bands shows qualitative differences that are 
related both to the features of  surface reflection 
and to the effect of  reflection and absorption of  
electromagnetic radiation from subsurface layers.
Electromagnetic radiation (EM) of  different 
wavelengths penetrates into cover at different 
depths, so the question of  the development of  
methods for the use of  RLI  in different wavelength 
ranges for deep layer-by-layer sensing of  earth cover. 

This method of  layer-by-layer subsurface sounding 
is qualitatively different from the classical method 
based on sensing the earth's surface with short 
pulses.

In normal sensing with the help of  GPR the 
analysis uses mirror or quasi-mirror reflection 
components in combination with the laws of  
reflection and refraction. Diffuse components are 
a side effect that makes interpretation difficult.  
Radar images correspond to the diffuse scattering 
component, which is related to the roughness, 
inhomogeneities of  the upper layer of  the earth's 
surface. Simulation of  the back reflection for 
different EM wavelengths from the unknown 
structure of  the inhomogeneities of  the subsurface 
layer is impossible in general. In the simplest cases, 
the role of  reflection from the subsurface layers is 
attempted to be taken into account by their influence 
on the reflective properties of  the surface layer. For 
example, the physical basis for the study (detection) 
of  groundwater is the change in the back reflection on 
the roughness of  the soil cover caused by additional 
moistening of  the upper layers of  the soil due to 
capillary phenomena - by changing the moisture 
of  the overlying soil layers (capillary rim) and, 
consequently, reflectivity. Despite the attractiveness 
of  the idea of  using multi-frequency SAR for 
constructing a deep profile of  the upper layer of  
the Earth cover, there is no noticeable breakthrough 
in this direction. Therefore, consideration of  any 
attempts to jointly use multi-frequency radar images 
to determine the depth profile of  the upper layer of  
the earth's surface is of  great interest.

In this paper, we consider the possibility of  
constructing a deep profile of  a homogeneous part 
of  the earth's surface based on the results obtained 
with the help of  the SAR that was developed by the 
Concern "Vega" [1]. The complex simultaneously 
operated in four wavelengths 4 cm, 23 cm, 68 cm and 
254 cm in different polarizations HH, VV, VH and 
HV. The analysis of  the RLI of  this complex made 
it possible to propose one of  the possible methods 
for constructing a depth profile of  the "effective" 
(see below) soil moisture of  agricultural lands in the 
winter period in the European part of  Russia.

Ground experiments on soil moisture mapping at 
different depths in some parts of  the terrain, as well 
as to determine the parameters of  inhomogeneities 
in the upper subsurface layers with the help of  GPR 
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were dictated by the necessity to substantiate the 
proposed algorithm for the joint interpretation of  
the same radar plot obtained in different wavelength 
ranges.

When considering the problem, two principal 
questions arose:
1. How can we perform the modeling of  the upper 

layer of  the underlying surface with an unknown 
structure to build a deep profile?

2. We must develop an algorithm for calculating 
the depth profile based on the results of  radar 
survey in different wavelength ranges.

2. SUBSTANTIATION OF THE APPROACH 
FOR DETERMINATION OF THE DEEP 
SURFACE
The first step in solving the problems of  subsurface 
sensing of  soil cover with the help of  multi-
frequency SAR was the calculation of  the estimates 
of  the backscattering signal from different subsurface 
objects at wavelengths 4, 23, 68 and 254 cm which 
are used in the SAR complex [1]. The calculations 
were performed under the assumption that there is 
no surface roughness and volume scattering but only 
taking into account the attenuation in the medium.
The results of  model calculations of  scattering from 
a spherical object, a dielectric disk, a metal plate in a 
soil are given in [9-13, 15]. In this case, the problem 
of  finding reflection from a dielectric object was 
solved in a rigorous electro-dynamic formulation.
The dependence of  the effective scattering area 
(ESA) on the frequency of  the signal, on the size 
of  the object, on the parameters of  the soil, on the 
direction of  incidence of  the plane wave, and on 
the polarization was investigated. For calculating the 
absorption in wet sandy and clayey soils wet sandy 
the model presented in [9, 14] was used. As a result 
of  calculations in [12, 13] the following conclusions 
were made.
1. For a dielectric object or a cavity in the ground, 

when the size of  the object is comparable to the 
wavelength, oscillations of  the reflected signal 
are observed depending on the wavelength in 
consequence of  the resonance effects.  For large 
wavelengths, the signal decreases monotonically 
with increasing wavelength.

2. For extended objects at high frequencies, 
oscillations of  the reflected signal are observed 

as a function of  the angle of  incidence which is 
due to the rupture of  the backscattering diagram.

3. The amplitude of  the reflected signal can serve 
as one of  the signs on the basis of  which, when 
using a set of  frequencies, it is possible to make 
assumptions about the nature of  the object 
found in the ground.

4. The dependence of  the amplitude of  the 
reflected signal on the wavelength and the 
angle of  incidence, in principle, can be used to 
estimate the dimensions of  subsurface objects. 
However the absence of  a priori information on 
the depth of  the location of  the object and the 
properties of  the soil, the strong dependence of  
the attenuation on the wavelength, are a serious 
obstacle in the recognition of  objects.

5. The recognition problem can be posed for 
objects located in sandy ground or sandy-clay 
soil with a low clay content and low moisture.

6. Losses are very large in the clayey soil, so that 
sensing is possible only to very small depths - 
less than 0.5 m when long waves are used.
In accordance with conclusions 4-6, you can 

"outline" the range of  tasks that can be addressed:
a) subsurface remote sensing with a relatively 

simple geological structure and with a special dryness 
of  rocks in the absence of  vegetation cover;

b) subsurface remote sensing of  frozen soils;
c) solving problems such as mapping the 

hydrological regime when the groundwater depth is 
located at a shallow depth (mapping of  flood zones).

Similar calculations and estimates of  scattering 
of  objects can be found in other works.

In the solution of  the reflection problem even in 
a rigorous electro-dynamic formulation the surface 
layer above the object is assumed to be homogeneous 
with known dielectric properties, scattering from the 
soil layer is not taken into account (only attenuation 
is taken into account), the reflection from the object 
and the soil layer are not compared.

In addition, based on calculations for reflection 
from various objects in homogeneous soils, carried 
out in these studies, the following conclusions were 
drawn.

The dependence of  the amplitude of  the reflected 
signal on the wavelength, in principle, can be used for 
the purpose of  identifying subsurface objects. The 
amplitude of  the reflected signal can serve as one of  
the indications on the basis of  which, when using a 
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set of  frequencies, it is possible to make assumptions 
about the nature of  objects in the ground.

Apparently, the recognition problem can be 
posed for objects located in sandy ground or sandy-
argillaceous ground with low clay content or low 
moisture. Losses are very high in clay so that remote 
sensing is possible only to very shallow depths - less 
than 0.5 m or in the case of  relatively low losses (low 
temperature, low moisture) up to 1-1.5 m. The losses 
are especially high at high frequencies. Therefore, the 
longest waves 254 cm, and in some cases 68 cm can 
practically be used from the existing set of  having 
wavelengths. The insufficient number of  frequencies 
at which a signal can be received and analyzed is an 
obstacle in the task of  identifying objects.

In addition, in the absence of  a priori information 
on the depth of  the location of  the object and 
the strong dependence of  the attenuation on the 
wavelength, the effects associated with the influence 
of  the shape and type of  the object on the amplitude 
of  the reflected signal will be greatly distorted by the 
effect of  attenuation in the ground.

Oscillations of  the reflected signal are observed 
depending on the wavelength due to resonance 
effects when we investigate a dielectric object or 
cavity in the ground at sufficiently high frequencies 
and when the size of  the object is comparable with 
the wavelength. For big wavelengths the signal 
decreases monotonically with increasing wave length.

For extended metal objects at high frequencies 
oscillations of  the reflected signal are observed 
depending on the angle of  incidence. The oscillations 
are due to the rupture of  the scattering diagram. The 
ruggedness of  the scattering diagram can serve to 
estimate the size of  a metal object. However, this 
requires a larger set of  wavelengths with a smaller 
difference in neighboring wavelengths than in 
the considered wavelength set. The largest signal 
in the case of  high frequencies is expected within 
the narrow lobes of  the scattering diagram. At low 
frequencies, the reflected signal is much larger at 
large angles of  incidence far from the normal to 
the surface of  the object. In the case of  extended 
dielectric objects, the discontinuity of  the scattering 
diagram can be less pronounced.

The amplitude of  the reflected signal decreases 
strongly when the sensing direction approaches to 
the horizon. Therefore it is necessary to choose the 
sensing angles the closest to the normal.

 As a consequence of  these conclusions the X 
and C bands have limited possibilities for subsurface 
remote sensing. The key moment for the development 
of  the technique and algorithm for layer-by-layer 
subsurface remote sensing will be the representation 
of  the volume inverse reflection mechanism.

However the main drawback of  the performed 
computations is that the object is considered to be 
located in a homogeneous medium whose surface 
is flat.

The complexity of  using multi-frequency 
polarization images for layered subsurface remote 
sensing of  vegetation and soil cover is that it is 
necessary to use volumetric scattering information, 
which is practically nonexistent. Taking into 
account the fact that the composition, structure, 
mineralization and moisture of  the subsurface 
layers can be very diverse and affect the reflection 
in different wavelength ranges is different, a detailed 
modeling of  the backscattering from the subsurface 
layers and objects is very problematic even in each 
individual case.

Under studying reflection from the earth's surface 
with oblique sensing the focus is on reflection from 
the rough boundary of  the surface, assuming that 
the surface has constant dielectric properties. The 
backscattering for oblique sensing is determined 
by the roughness of  the section - the ratio of  the 
root-mean-square deviation of  the surface height 
(σ) and the wavelength of  the radio emission (λ) 
σ/λ. In the case of  a 4-frequency SAR, the ratios σ/
λi can have a wide spread: σ/λ >>1 for the short-
wavelength range λ = 4 cm; σ/λ <<1 for P (λ = 68 
cm) and VHF (λ = 2.54 m) ranges.  The surface can 
be considered smooth if  σ < λ/2cosΘ (Rayleigh 
criterion). According to the above criterion for a 
long-wavelength SAR channels a number of  surfaces 
are smooth.

In [20, 21], an approach (the method of  small 
perturbations σ/λ << 1) is considered for solving 
scattering on slightly rough surfaces. As a result, the 
following conclusions are drawn:

1) The backscattering for VV and HH polarizations 
depends on the difference in the dielectric properties 
of  the air and the surface ~|Δε|2, and also on the 
spectral density of  the surface roughness under 
the condition 2π/Λ = 2(2π/λ)sinΘ, where λ is the 
wavelength of  the electromagnetic radiation, Δ - the 
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roughness wavelength, and Θ - the observation angle 
(Bragg condition).

2)The cross-polarization components of  the 
scattered field are equal to zero.

Radar images of  the earth's surface at wavelengths 
of  4, 123, 68, 254 cm have shown that the cross-
polarization components of  the scattered field are 
always observed, even for the VHF range, when 
many slightly rough surfaces can be considered 
smooth.

It should be noted that in the presence of  
vegetation cover the problem of  reverse reflection 
is greatly complicated. Because of  the complexity 
of  modeling surface irregularities, especially with 
vegetation and inhomogeneities in the upper soil 
layer. The upper layer of  the Earth in modeling 
in a number of  cases is represented by a planar 
layered structure whose layers have different 
dielectric properties. However, when considering 
the upper layer of  the Earth's surface in the form 
of  homogeneous dielectric layers having smooth 
boundaries, back reflection (according to the laws of  
geometric optics) should be absent, which does not 
correspond to the experiments.

In [22-24], the question of  effect of  soil 
moisture on back reflection was investigated (in 
some experiments, the surface was rolled up to 
reduce the roughness). It was shown that the inverse 
reflection at some angle to the surface is directly 
proportional to moisture (m): σ0i = L0i + L1im and 
weakly depends on the surface roughness. From the 
obtained results, one can conclude that the inverse 
reflection is determined not only by the surface 
roughness, but also depends on the dielectric spatial 
inhomogeneity of  the surface. In this case, the 
characteristics of  these inhomogeneities depend 
on the average value of  soil moisture. By analogy 
with the reflection from a rough surface, in order 
to explain the results obtained in [22, 24], it can be 
assumed that the inverse reflection depends on the 
value of  the spectral density of  the dielectric spatial 
inhomogeneity of  the surface, i.e. from the spectral 
density of  the spatial spectrum of  the dielectric 
inhomogeneities of  the surface under the condition 
2π/Λ = 2(2π/λ)sinΘ where λ is the wavelength of  
the electromagnetic radiation, Λ - the wavelength 
of  the spatial dielectric inhomogeneity, and Θ - the 
observation angle (the Bragg condition). With such 
an examination, if  the spatial physical properties 

of  the surface change, then an inverse reflection 
of  electromagnetic radiation (EMR) should also be 
observed from an even flat surface.

Thus, the reverse reflection for oblique sensing 
should depend not only on the spatial spectrum of  
the surface roughness, but also on fluctuations in 
the dielectric properties of  the surface - the inverse 
reflection will be proportional to the Bragg spectral 
component of  the fluctuations as the roughness of  
the dielectric permittivity of  the surface.

The heterogeneity of  the soil cover is a widely 
known phenomenon.  In soil science there is the 
concept of  "variety" and the individuality of  the 
soil cover [25]. The term "variety" of  the soil cover 
is understood to mean the heterogeneity of  the 
properties of  the soil cover along the horizontal 
plane, and also in depth. A review of  the literature 
on this question can be found in [25]. Despite the 
extensive research on this issue, it was impossible to 
use the results obtained by soil scientists to develop a 
mechanism for the back reflection of  EM waves due 
to the lack of  specific values for both the magnitude 
of  the fluctuations and the spatial spectral functions 
of  these inhomogeneities. This explains the need for 
ground-based research on the physical characteristics 
of  the upper surface layer.

3. EXPERIMENTAL INVESTIGATIONS OF 
THE SOIL COVER OF THE SOIL COVER
3.1. prerequISIteS for ConduCtIng experImental 
StudIeS

It is known that moisture first of  all determines 
the dielectric properties of  the soil (sand, loam, 
clay, etc.) [9, 14]. With the increase in soil moisture, 
the filling of  micro pores with water increases, the 
uneven filling of  micro pores leads to an increase in 
the spatial inhomogeneity of  the dielectric constant.  
Confirmation of  this can be observed by analyzing 
the results of  experimental works [25]: when drilling 
a borehole over a water lens in the desert, it turned 
out that with increasing mean moisture content of  
the soil its fluctuations in depth increase (Fig. 1).

The authors do not relate the fluctuations in 
moisture to the presence of  a layered soil structure. 
Under modeling of  back reflection, when the upper 
layer of  the Earth's surface is represented in the 
form of  flat layers, only the spectral density of  the 
"variety" of  the permittivity must be taken into 
account.
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Extensive studies [14] of  the influence of  sand 
moisture on the absorbing properties for different 
wavelengths were made (the moisture value allows us 
to calculate the attenuation for the layer).

In our work, all the changes in the permittivity 
in a flat sub-layer are correlated to the "variety" of  
the moisture content of  the sand. This is one of  
the assumptions of  our model for the subsequent 
construction of  a deep profile of  the upper soil 
(changes in soil heterogeneity, roughness, salinity, 
etc., we correlate to the moisture content of  sand).  
In this case, at first glance, unexpectedly very large 
and small (unreal) moisture values may appear, which 
we referred to as "effective" moisture).

This is due to the fact that we do not know 
anything about the structure of  the subsurface layer. 
This is the main postulate of  our work, which can 
be disputed. As a result, as will be shown below, 
the resulting deep profile of  "effective" moisture 
requires additional physical interpretation, i.e.  it is 
necessary to relate this or that layer of  "effective" 
moisture to a tangible physical value, for example, 
snow cover, soil roughness under snow cover, frozen 
soil, etc. This stage of  work is performed from purely 
a priori information, which must correspond to the 
physical meaning.

Fig. 2 shows a diagram of  the layers of  the 
Earth's surface involved in the formation of  the 
back reflection.

In the absence of  vegetation the RLI in the 4 cm 
range is formed by the layer 1, which may include 
roughness, in the 23 cm range - by the soil layer 2, 
also including the surface roughness, and so on.
3.2. experIment to meaSure the "varIety" of 
the moISture Content at dIfferent depthS of 
the upper SoIl layer

Experimental research was carried out in the 
autumn, when the green grass cover was absent.  
Along three parallel lines, located at a distance of  
50 cm from each other and 7 meters long on a flat 
horizontal surface every 50 cm, boreholes were 
drilled to a depth of  2 m. From the depths of  30 
cm, 83 cm, 136 cm, 189 cm soil samples were taken 
to further determine the moisture content. Analysis 
of  the samples showed that the upper layer of  the 
soil is clay silt, to the depth of  83 cm - the average 
loam, at depths of  136 cm and 189 cm - moraine 
moss, i.e.  the soil composition was relatively 
homogeneous. Fig. 3 shows the dependence of  soil 
moisture on the distance along one of  the straight 
lines corresponding to different depths. The length 
of  the plot of  7 meters showed variations in soil 
moisture.  Measurements of  moisture in soil layers 
located at different depths from the surface showed 
that the soil moisture fluctuates for each depth 
relative to the average value at least 50 cm apart and 
for different depths and practically independently 
of  each other (correlation coefficient R << 1.7). 
Since in the layers located at different depths, the 
average humidity turned out to be different, and 
the soil composition was relatively homogeneous, a 
comparison of  the dispersion value with the average 
moisture value showed that for a given humidity 
range and a particular soil section the magnitude of  
humidity fluctuations increases with increasing soil 

Fig. 1. Diagrams of  moisture in the zone of  fixed sand in the 
Kara-Kum Desert.

Fig. 2. Scheme of  distribution of  soil layers participating in the 
reverse reflection of  the radar signal of  different wavelength ranges.

Fig. 3. An example is the spatial variation of  soil moisture at 
different depths.
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moisture δml = C1ml (ml is the average moisture value 
in layer l in Fig. 3).

From this experiment the following conclusions 
were drawn:

1) indeed, at least at a distance of  50 cm both in 
depth and in space, the humidity changes,

2) the mean square value of  humidity fluctuations 
is directly proportional to the value of  humidity (at 
least for the given experiment at the indicated values 
of  humidity) Fig. 4,

3) analysis of  the dependence of  humidity 
fluctuations along a straight line at different depths 
showed that humidity fluctuations at different depths 
are slightly correlated (mean value of  correlation 
coefficient of  moisture fluctuations between layers 
located at a distance of  30 cm was 0.17).

The second experiment was carried out in the 
following way: on the area of  1 m2 every 10 cm from 
the upper layer soil samples were taken for moisture 
measurement.

Based on the results of  these two experiments, 
the spatial spectra of  humidity fluctuations were 
calculated, 1/cm. The experimental data are shown 
in Fig. 5.

Characteristic was the fact that the spatial 
moisture spectra are broad, the spectral densities for 
wavelengths of  23, 68 and 254 cm are approximately 
the same, although experiments were conducted at 
different times in different suburban areas.

3.3. "varIety" of the SubSurfaCe layer of the 
earth'S SurfaCe

The heterogeneity of  the soil cover is determined 
not only by moisture, but also by soil type, salinity, 
roughness, the presence of  the root system of  plants, 
etc. However, drilling studies do not allow the study 
of  such inhomogeneities.

It is known that to study layered soil systems, 
the detection of  objects in the upper soil layers, 
etc.  GPR are used. At the same time, there are 
doubts whether it is possible to use GPR to 
study the inhomogeneities of  the medium. The 
attempt was made to use two types of  GERAD-
type GPR systems [26, 27] to assess the nature of  
heterogeneities in the permittivity of  the upper 
soil layer in two sections of  an even surface which 
had different values of  the backscattering in the 
VHF band. The experiment was carried out in the 
following conditions: in a free section at a distance 
of  20 meters from each other, boreholes were 
drilled to a depth of  2.5-3.0 m and a deep moisture 
profile was measured (Fig. 6).

In both regions the soil is sandy and to a depth 
of  about 2.5 meters sand moisture ~7÷10% (the real 
part of  the complex dielectric permittivity ε ≈ 8), the 
thickness of  the capillary rim is about 1 meter.

To isolate the reflected signals, determine their 
time shifts, etc. A wide arsenal of  established 
methods is used [27, 28]. In this paper we used 
methods for processing the results of  georadar 
surveys [27].  The optimal sequence of  processing 
steps of  GPR survey of  the upper layer of  the soil in 
the forest was worked out according to the results of  
measuring the reflection from a metal object buried 
in the earth to a depth of  70 cm from the surface.  

Fig. 4. Dependence of  dispersion of  humidity fluctuations on 
average values of  measured soil moisture.

Fig. 5. Spatial moisture spectrum. Fig.  6. Depth moisture profiles in two study areas.

RADIOLOCATION MULTI-FREQUENCY RADAR LOCATION 
ON THE "EFFECTIVE" SOIL MOISTURE



200

2 ISSUE | VOLUME 10 | 2018 | RENSIT

The main processing steps and their influence are 
shown in Fig. 7.

The image in Fig.7, No. 1 corresponds to 
the original image, the first stage of  processing 
corresponds to the Hilbert transform - obtaining 
an image in a unipolar form and emphasizing the 
transition from white to black. The type of  the 
georadar image after such processing is shown in the 
figure (Fig. 7, No. 2). The next stage is connected 
with finding the impulse response of  the medium.  
It is known [6] that the signal reflected u(t) from 
the surface can be represented as convolution of  
a radiated signal s(t) with an impulse response of  
the medium g(t): u(t) = s(t)*g(t). Since convolution 
in the time domain corresponds to the product of  
the spectra of  the corresponding functions in the 
spectral region [28], then: to obtain the impulse 
response, we need to perform the operation:
G(f) = U(f)/S(f)        (1)
and calculate the inverse Fourier transform of  G(f). 
Here U(f) = ft(u(t)), S(f) = ft(s(t)), G(f) = ft(g(t)), 
where ft is the Fourier transform. The problem is 
that the modulus of  the spectrum of  the original 
signal vanishes in some regions of  the selected 
frequency range, as a result, the uncertainty of  the 
type of  division by zero can arise in the calculation 
using formula (1). To solve this problem, the authors 
of  [28] proposed the following solution: when 
calculating equation (1) in the denominator, one 
introduces a deliberately positive additive much 
smaller than the maximum amplitude: S(f): G(f) = 
U(f)/S(f) + 0.01maxS(f). In this case, the impulse 
response of  the medium will be: g(t) = ifft(U(f)/S(f) 
+ 0.01maxS(f)), here ifft is the fast inverse Fourier 
transform. This algorithm is implemented in the 

inverse filtering procedure in this paper. After this 
processing step, the GPR image of  the metal object 
looks as shown in Fig. 7 (No. 3).

It should be emphasized that all restrictions 
related to spectral processing (distortion of  the pulse 
due to dispersion and the frequency dependence of  
the absorption) are no less, and may even be more 
relevant to inverse filtering. That is, reliable results 
using inverse filtering can be expected in non-
absorbing media, or in weakly absorbing media at 
relatively shallow depths. Note: in [29], inverse 
filtering is seriously criticized. However, this method 
turned out to be one of  the main stages of  processing 
in this paper.

The final stage of  processing corresponded to 
the performance of  synthesizing the aperture in 
the direction of  movement of  the antenna block 
for various values of  the dielectric constant. The 
synthesis of  the image can be carried out at different 
values of  the permittivity, which characterizes the 
propagation velocity of  EM waves in the medium.   
Fig. 7 (№ 4÷8) presents processed GPR images 
with different values ε. The analysis of  the obtained 
images showed that the optimum image is obtained 
at ε = 10. As one was noted earlier, when drilling 
wells and measuring moisture profiles, the real part 
of  the dielectric constant of  the upper soil layer 
turned out to be equal ε ≈ 8. Values ε obtained in 
different ways are consistent. Later, when processing 
the measurements, we used ε = 10.

The GPR survey was carried out along the line 
between the drilling points and along lines parallel to 
it at distances of  0.5 and 1 meter. To account for the 
fluctuations in motion, a pair of  GPR surveys were 
conducted along each line. To compare the results 
of  different "passes" (as far as the images of  the two 
passes differ, coincide with each other), a physico-
mathematical value was introduced [30] - the average 
value of  the coefficient of  autocorrelations between 
different layers. Its meaning is presented below. In 
Fig. 8 the results of  GPR survey are shown in two 
sections of  the surface located one from another at 
a distance of  about 5 km. The drilling points A, B, 
C, D and the effect of  drilling on the nearby soil are 
shown in the Fig. 8.

On GPR images, the upper soil layer (up to 2.5 m) 
was split into a number of  sublevels (the quantization 
step ~ corresponded to the range resolution element). 
For each sublevel of  the received GPR images, the 

Fig. 7. Elaboration of  a technique for processing GPR survey on 
a metal object located in the upper layer of  sand for different values 

of  the permittivity.
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mutual autocorrelation function and its maximum 
value R1m were calculated. The average value of  
the maximum values of  the correlation coefficients 

1maxR  was used as a quantitative measure of  the 
coincidence of  the survey results. The processing of  
GPR results by this method for the same site allowed 
us to estimate by the values 1maxR  the repeatability of  
the results of  each "pass", and also at what offset 
aside from the central line of  the "passage" the 
correlation disappears. As an example, Table 1 gives 
the values of  the maximum correlation coefficients 
for two passes along a single line

The results of  the processing of  graphic files 
showed that the correlation analysis is very sensitive 
to the accuracy of  "setting" the initial parameters 
- it is necessary to set very carefully the beginning 
of  scanning horizontally and vertically. In addition, 
there is a strong dependence on the contrast of  
images. Hence it follows that during processing it 
would be desirable to introduce one more step - 
preliminary filtration of  secondary images, especially 
in terms of  increasing contrast and reducing noise.

The secondary images obtained after the 
treatment considered above also made it possible to 
calculate the spatial spectrum of  inhomogeneities 
at different depths. In Fig. 9 shows the spatial 
spectrum of  inhomogeneities at different depths of  
two surface sections.

In Fig. 9 the x axis represents the spatial wave 
number K, the y axis the depth, and z the intensity of  
the spectrum in relative units. It can be seen that the 
spatial fluctuations of  the inhomogeneities, measured 
with the help of  GPR, are concentrated at depths of  
up to one meter (up to the penetration depths of  
the EMR) and have a very rugged appearance. In 
addition, spatial spectra along parallel lines spaced 
0.5 m apart are independent (the mutual correlation 
coefficient was about 0.1). When averaging over 
three lines parallel to spaced apart distances of  0.5 
and 1 meter, the spatial spectra are smoothed out.

4. CONSTRUCTION OF THE DEPTH 
PROFILE OF "EFFECTIVE" HUMIDITY 
BY RESULTS OF MULTIFREQUENCY 
RADAR LOCATION
The task of  remote sensing of  terrestrial coverings 
by means of  radio signals in different wavelength 
ranges is related to the determination of  the 
distribution profile of  the complex permittivity of  
the investigated surface ε(z), where z is the coordinate 
associated with the depth.

Interpretation of  radar images of  terrestrial 
coverings at different frequencies represents an 
incorrect inverse problem [8, 19, 31]. An approximate 
solution of  the inverse problem in the general case 
is found by constructing a smoothing functional 
representing the discrepancy functional between 
the results of  measurements of  the scattered field 
and the model direct problem [31]. This task in the 
general case consists in the determination of  the 
required parameters by the informative characteristic 
P(ε) obtained from the reflected signal. One of  
the most universal informative parameters of  the 
investigated object is the frequency dependence of  
the complex reflection coefficient. As indicated in 
[30], a popular approach to solving similar problems 
is the method of  parametric optimization, which 

Fig. 8. Results of  GPR survey in two parts of  the surface between 
the drilling points.

Table 1.
Correlation values for repeated passes.

Plot of land Correlation coefficient
R1 0.4061
R2 0.5839
R3 0.3058
R4 0.5183
R5 0.5111

Rсред. 0.4650

Fig. 9. Spectrum of  spatial fluctuations of  inhomogeneities for 
two sections.
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consists in constructing a mathematical model 
of  the investigated medium and minimizing the 
functional (objective function) ( )ρ ε  characterizing 
the distance between the informative parameter 
measured experimentally Pe(f,ε) and theoretically 
calculated Pt(f, ε). The objective function is defined 
as follows

2

1

( , ) ( , )( ) ,
( , )

L
e i t i

i t i

P f P f
P f
ε ερ ε

ε=

−
=∑  (2)

where fi(i = 1, 2, ..., L) is the set of  frequencies at 
which the informative parameters are measured and 
calculated.

According to [31], the inverse problem has 
a unique and stable solution only if  the initial 
experimental and calculated theoretical data are 
determined on an infinite frequency interval, which 
in practice is unattainable. An experimentally 
informative parameter is measured with some error. 
These circumstances cause incorrectness of  the 
inverse problem being solved, which is expressed in 
the existence of  a large number of  side minima of  
the functional (2). In addition, in order to calculate 
the model information sign Pt(f, ε), a direct electro-
dynamic problem must be solved, which is also a 
problem.  To improve the solution of  such an ill-
posed problem, various algorithms are used: the 
neural method [32], the use of  additional a priori 
information in constructing a smoothing functional 
[8].

In the case of  using the SAR IMARK complex 
for the purpose of  subsurface sounding, the 
problem is complicated by the fact that only 4 
wavelengths are used, as well as the impossibility 
of  creating even an approximate model of  the 
inverse reflection of  the subsurface volume. Under 
such conditions, the main attention should be paid 
to a priori information. In general, the search for 
solutions will be limited to curves (the moisture 
profile in depth), which can be approximated by 
polynomials of  the third degree.

To develop an algorithm for layer-by-layer 
sounding of  terrestrial surfaces, a direct electro-
dynamic problem must be solved. To implement the 
method of  constructing a depth profile, as a first 
assumption, the surface is represented in the form 
of  flat thin parallel sub-layers, regardless of  the type 
(plant, snow cover, frozen soil, etc.). Each sub-layer 
is characterized by a coefficient of  attenuation and 

reflection. Let's imagine that there is a surface area 
with a homogeneous reflectivity σ0i (the effective 
scattering area for four wavelengths λi is different).  
In this case σ0i - the effective coefficient of  back 
reflection of  a thin layer at the depth of  occurrence   
h when sounding at an angle θ. Then the EPR σ0i 
value is represented as:

cos

0

2 ( )

0
0

( ) ( ) ,

i

i x dx

i iA h e dh

θ

α

σ θ σ
∞ − ∫

= ∫  (3)

where αi(h) is the dependence of  the attenuation 
coefficient of  electromagnetic waves for the 
wavelength λi on the depth, θ is the angle of  
propagation of  electromagnetic waves (at this stage 
it is assumed that it is constant in the medium). 
It is seen that it is necessary to simulate two 
dependencies αi(h) and σi(h). The back reflection 
of  a thin layer from the depth of  occurrence h 
and its possible connection with the attention 
coefficient αi(h) are unknown. The reverse 
reflection in the case of  a planar sub-layer will be 
observed only in the presence of  spatial dielectric 
inhomogeneities in the su-layer itself  within the 
radar resolution element. Thus, it is necessary to 
relate the attenuation coefficient to the reflection 
coefficient. Initially, we will perform this procedure 
for a moist, homogenous soil, having a dependence 
αi(h) - the attenuation coefficient on depth with 
the dependence σi(h) - the reflection coefficient for 
different wavelengths.

Numerous experimental data have shown that 
the inverse reflection at some angle to the surface is 
directly proportional to moisture: and depends little 
on the surface roughness (see Fig. 10).

The increase in humidity leads both to an increase 
in the attenuation coefficient, and to an increase in the 
reverse reflection. For a homogeneous layer of  soil 
with a constant moisture content in depth, following 
expression (3), the reflection coefficient must 
have the form. Suppose that there is a relationship 
between the attenuation and reflection coefficients 
of  a thin layer of  the type.
σi(h) = β0iαi(h) + β1iαi

2(h).       (4)
Since α ~ m then following Eq. (3), the EPR will 
indeed have the form σ0i = A0i + A1im. Thus, in 
order to explain the inverse reflection from a 
smooth surface and its subsurface layers, it is 
natural to assume that in each sub-layer there 
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are spatial dielectric inhomogeneities within the 
resolution element. An increase in humidity leads 
to an increase in the attenuation coefficient α ~ m 
and simultaneously to a stronger spatial dielectric 
heterogeneity of  the soil, which enhances the 
inverse reflection.

In formula (1) it is assumed that the reflection 
coefficients from adjacent layers are independent, 
i.e. fluctuations in humidity are independent. 
Calculations of  the correlation coefficient between 
the dependence of  humidity on the distance for 
different layers in our experiment showed that the 
average value of  the moisture coefficient between 
the layers 0-30 cm, 30-83 cm, 83-136 cm, 136-
189 cm is 0.17-0.15. Prior to this stage, we only 
operated on inhomogeneities related to humidity.  
We extend this representation, generalizing it to all 
inhomogeneities in general, i.e. we introduce the 
concept of  "effective" humidity.  For definiteness, 
i.e. the construction of  a theoretical model, as the 
investigated soil, we will consider sand with some 
"effective" moisture.

Thus, the construction of  a theoretical model 
of  back reflection will be based on the profiles of  
"effective" humidity:

1) We represent the soil (of  various types, 
roughness, frozen soil, etc.) in the form of  sand, 
which has some "effective" moisture.

2) We are given an arbitrary depth profile of  the 
"effective" humidity in Fig. 10a.

3) Based on the results of  [14, 15], we determine 
the dependence of  the absorption coefficient of  the 
sub-layers for four wavelength ranges X = 4 cm, L = 
23 cm, P = 68 cm and VHF = 254 cm;

4) According to the expressions (3)-(4), we 
calculate the EPR values for 4 wavelengths;

5) From the ESR values measured as a result of  
radar survey at the same frequencies with the help of  
the SAR IMARK complex, we find the integral value 
of  the discrepancy between theoretical (p.4) values 
and experimental data.

The procedures for clauses 2-5 are repeated until 
the discrepancies are minimal in Fig. 10b.

5. EXPERIMENTAL RESULTS
Multi-frequency radar survey was carried out in the 
winter, which was characterized by heavy snowfalls 
and strong (up to -30 degrees) frosts.  As a priori 
information was taken - the depth of  the snow 
cover on the fields of  50 cm, the depth of  freezing 
is of  the order of  50 cm. Fig. 11 represents the 
frequency-polarimetric matrix of  the radar images 
of  the site (size of  a section of  3x3 km2) of  the 
selected landfill.

Fig. 10. The coefficient of  reverse reflection of  the open soil as a function of  humidity (field humidity) for various conditions of  surface 
roughness and various textural soil compositions [22-24].

Fig. 11. Multi-frequency Polarimetric Radar Matrix  test polygon.
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Fig. 12 indicates the agricultural fields No. 1, 
2, 3, whose RLIs were used to interpret subsurface 
sensing. Inspection of  the fields after the fall of  
the snow showed: field number No. 2 (Fig. 12b) is a 
flat area with a shallow roughness and winter wheat 
shoots; field No.1 (Fig. 12c) is a plowed field with a 
roughness of  about 20-30 cm; field No. 3 is an flat 
area of  terrain with low stubble, in the radar images 
of  which a qualitative difference is observed in the 
meter range on VV and HH polarizations.

The average intensity and dispersion of  the RL 
signal for field No. 2 are minimal over the entire 
wavelength range and on all polarizations, so it 
is chosen as a "support" for relative calibration. 
Preliminarily, the RLIs of  each field was subjected to 
spatial averaging (spatial filtering) of  2000 pixels to 
reduce the influence of  the spectroscopic structure.  
After that, three or four identical sections were 
selected on each field, and there was an average 
and standard deviation. The values thus obtained 
were used to plot the contrasts of  the wavelengths 
(Fig. 13). Under performing the work, the radar 
images in the X, L and P bands were calibrated with 
corner reflectors, in VHF, using reflection from 
the transmission line supports [18]. Reflection from 
angle reflectors and power line supports were used 
to obtain relative contrast values.
From Fig. 13 that the contrasts for different fields 
and polarizations are different. Therefore, it can 

be assumed that the effective moisture profile on 
different polarizations will be different.
5.1. buIldIng an effeCtIve moISture profIle 
from depth

The success of  constructing a profile of  "effective" 
humidity depends on the use of  available a priori 
information about the underlying surface [8]. As a 
priori information was taken:
• The thickness of  the snow cover on the selected 

fields is the same and is ~40-60 cm.
• Between the snow and the soil there is a rough 

surface layer, which is due to the processing of  
the land and the presence of  vegetation.

• The thickness of  the frozen soil in all fields is the 
same and is ~80 cm.
Fields No. 1 and No. 2 are located in close 

proximity to each other and therefore it can be 
assumed that the structure and moisture of  the soil 
at a depth of  more than 1.4 m are the same. The 
moisture content of  the soil (sandy soil), measured 
at a depth of  ~1.5 m in the vicinity of  this field, was 
~40%.

In Fig. 14a two proposed moisture profiles 
on HH polarization are presented as an example, 
in Fig. 14b a profile in which the theoretical and 
experimental contrasts coincide.

The results show that the effective moisture 
profile depends on the polarization, i.e.  different 
soil layers contribute to the formation of  the reverse 
reflection.

Fig. 12. Areas of  the Earth's surface used to interpret the results of  RL survey.

Fig. 13. Relative contrast values for Fields 1 and 3 on different polarizations.
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The complexity of  the simulation was that there 
is no information about attenuation in different 
wavelength ranges, data on the presence of  spatial 
inhomogeneities in snow and in frozen soil on 
an element of  ~15х15 m2. When interpreting it 
was assumed that the state of  the surface (snow, 
roughness, frozen soil, distribution of  humidity 
along the depth, etc.) corresponds to some effective 
value of  moisture in accordance with the proposed 
procedure (see paragraphs 4, 5), the moisture profile 
was selected, so that the theoretical and experimental 
contrasts coincide.
5.2. analySIS of the obtaIned InterpretatIon 
reSultS

When examining RL images, fields No. 1, No. 2, 
No. 3 were selected (Fig. 12).  The analysis shows 
that for radar fields No. 1 and No. 2 in the X, P and 
VHF ranges there is no contrast, in the L range the 
contrast is significant. The conclusion is that, in the 
λ = 4 cm range, the RLIs are formed by the snow 
cover, the damping in the snow cover is such that the 
rough layer of  the soil does not affect the reflection 
in the X range. In the L range, the attenuation in 

the snow is weakened and the snow-frozen ground 
affects the character of  the image. The heterogeneity 
of  the snow-frozen soil layer for the P and VHF 
ranges is small and this layer is flat for these ranges. 
Reflections in the P and VHF bands define deeper 
layers. The results of  the treatment confirm this.  
At depths of  40-60 cm, a dramatic increase in the 
effective moisture content is observed, which is 
determined by the roughness. For VH polarization, 
this layer turned out to be somewhat deeper. The 
deep layers affect all polarizations in the same way.

The peculiarity of  the obtained results on the 
determination of  the effective moisture profile in 
field No. 3 is that the transition layer snow-frozen 
ground has little effect on the inverse reflection 
in the wavelength bands L, P and VHF. Since the 
upper soil layer is a stubble, the effect is explainable. 
For the reverse reflection, the depths are influenced 
by the depths h > 150 cm. For VV polarization, 
the effective humidity is greater than the HH 
polarization, which is manifested in the RLI images 
(see the element VHF-VV and VHF-HH of  the 
matrix in Fig. 2). A comparison of  the photographs 

Fig. 14. Profiles of  "effective" humidity on the reference field and field No. 1.

Рис. 15. Profiles of  "effective" humidity in field No. 1a and field No. 3b calculated on radar sounding on different polarizations.
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of  this area for 2003 and 1987 shows that the area 
of  field No. 3 increases due to the destruction of  the 
forest massif, and the feature in the image is probably 
explained by the presence of  vertical roots under the 
upper soil layer.  Thus, it can be concluded that the 
proposed method allows analyzing the nature of  
subsurface soil layers in the winter period of  time.

6. CONCLUSION
The use of  multi-frequency side-view radar with a 
synthetic aperture for layered subsurface sounding 
of  the earth's surface is of  great interest. However, 
the reconstruction of  the deep profile of  the upper 
layer of  the Earth's surface by multi-frequency 
(with a limited number of  wavelength ranges) radar 
images represents an incorrect inverse problem. An 
approximate solution of  the inverse problem in the 
general case is found by constructing a smoothing 
functional representing the discrepancy functional 
between the results of  measurements of  the 
scattered field and the model direct problem. For 
the calculation of  a model informative characteristic, 
a solution of  the direct electro-dynamic problem is 
necessary. However, the physicochemical structure 
of  the upper cover of  the earth is so complex that 
it does not allow to adequately simulate the reverse 
reflection from subsurface soil layers for different 
wave bands. The representation of  the top cover of  
the soil in the form of  a series of  uniform layers with 
even or rough surfaces is possible only in individual 
cases. The spatial spectra of  the "variegation" of  
the soil cover both in space and in depth are broad 
and related both to moisture fluctuations and soil 
composition. It makes sense to talk only about the 
averaged layer structure of  the soil in a limited area, 
i.e. to represent the upper layer of  soil in a limited 
area in the form of  flat even sub-layers, the reflection 
of  which is due to the "variegated" physicochemical 
characteristics of  this layer and is determined by the 
Bragg component of  the spectrum of  "variegation" 
of  this sub-layer.

In order to somehow approach the solution of  
the problem of  layer-by-layer surface sounding of  
the upper surface cover, unusual postulates have 
been made in the work, within the framework of  
which this problem is solved. The upper layer of  the 
soil is supposed to consist of  sand, the sub-layers 
of  which have flat surfaces, and all changes in the 
dielectric constant are related to the "variegation" 

of  the moisture content of  the sand, i.e. changes in 
the type of  soil heterogeneity, roughness, salinity, 
etc., we correlate to the "effective" moisture of  
sand, which is the main postulate of  this work.  
Given different profiles of  "effective" humidity, it 
is possible to solve a direct problem and construct 
a smoothing functional that represents the residual 
functional between the results of  measurements of  
the scattered field and the model direct problem. 
However, the resulting deep profile of  "effective" 
moisture requires additional physical interpretation, 
i.e. it is necessary to relate this or that layer of  
"effective" moisture to a tangible physical value, 
for example, snow cover, soil roughness under 
snow cover, frozen soil, etc. This stage of  work is 
performed from purely a priori information, which 
must correspond to the physical meaning.

The work was carried out with the financial support of  the 
ISTC, project No. 2806.
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