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Abstract: To design holographic and impulse ground penetrating radar (GPR) sensors suitable for
humanitarian de-mining in the Donbass (Ukraine) conflict zone, we measured critical electromagnetic
parameters of typical local soils using simple methods that could be adapted to any geologic setting.
Measurements were recorded along six profiles, each crossing at least two mapped soil types.
The parameters selected to evaluate GPR and metal detector sensor performance were magnetic
permeability, electrical conductivity, and dielectric permittivity. Magnetic permeability measurements
indicated that local soils would be conducive to metal detector performance. Electrical conductivity
measurements indicated that local soils would be medium to high loss materials for GPR. Calculation
of the expected attenuation as a function of signal frequency suggested that 1 GHz may have optimized
the trade-off between resolution and penetration and matched the impulse GPR system power budget.
Dielectric permittivity was measured using both time domain reflectometry and impulse GPR. For the
latter, a calibration procedure based on an in-situ measurement of reflection coefficient was proposed
and the data were analyzed to show that soil conditions were suitable for the reliable use of impulse
GPR. A distinct difference between the results of these two suggested a dry (low dielectric) soil
surface, grading downward into more moist (higher dielectric) soils. This gradation may provide a
matching layer to reduce ground surface reflections that often obscure shallow subsurface targets.
In addition, the relatively high dielectric deeper (10 cm–20 cm) subsurface soils should provide a
strong contrast with plastic-cased mines.
Keywords: chernozem; ground penetrating radar; holographic radar; landmine; metal detector;
soil permittivity; soil conductivity; soil magnetic permeability; attenuation; water content

1. Introduction
In active and former conflict zones across the globe, there are daily landmine casualties.
The majority (79%) are civilians and almost half (46%) are children [1]. The 1998 Ottawa Mine Ban
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await destruction [1], and several major powers have not joined the Ottawa treaty.
Table 1. Expected mines in Donbass.

Type*
Remote Sens. 2019, 11,
1232

Use

Diameter (mm)

PMN-2

AP

121

Length (mm)

Casing

Metal Parts

Plastic

Yes
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Comparison of these characteristics with our work on impulse and holographic GPR [4,10] suggested
a signal operating frequency (OF) for continuous wave holographic radar, and a center operating
frequency (COF) for ultrawideband (UWB) impulse radar of around 2 GHz.
For the success of the holographic and impulse GPR, and metal detector (MD) methods,
the electromagnetic properties of soils is critical. Extremely high conductivity of soils can produce
false alarms with a MD, and unacceptable attenuation of electromagnetic waves for GPR. Dielectric
permittivity of the soil is important since a strong contrast between soil and mines makes detection
possible [10–13]. For successful humanitarian demining, it is necessary to understand the range and
lateral variability in electromagnetic properties of the local soils [14]. General data on local soils are
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often available in many parts of the world, but for demining, specific and detailed data are required for
detection system design, and during data processing for field operations.
Table 1. Expected mines in Donbass.
Type *

Use

Diameter (mm)

PMN-2

AP

121

PMN-4
PTM-1G
TM-62M
TMM62-P3

AP
AT
AT
AT

95
69
320
320

Length (mm)

337

Casing

Metal Parts

Plastic

Yes

Plastic
Plastic
Metal
Plastic

Yes
Yes
Yes
Yes

* Above-ground “stake mines” such as MON-50 were not considered.

This study represented the first electromagnetic characterization of native, in situ Donbass soils.
GPR has been investigated in Donbass for use in railway bed inspection [15] and for landmine
detection [16], but the medium for both studies was not native soil, so they provided no information
on the electromagnetic properties of local soils and their variation. While there was some data in the
literature regarding electromagnetic properties of soils in the Western Polesie region of Northwest
Ukraine [17], there was no specific data on electromagnetic properties of native Donbass soils.
Therefore, to ensure that the signal characteristics of our proposed sensors were suitable for this
region, we completed electrical and electromagnetic measurements on fields, containing typical soils.
These experiments were conducted at an experimental station of the Institute for Soil Science and
Agrochemistry Research named after O.N. Sokolovsky in Sukha Balka, approximately 7 km to 10 km
west of the ATO (Figure 1). These first-ever data on the specific electromagnetic characteristics
(and range of variation) of in situ Donbass soils also made it possible to construct laboratory test beds
that simulated actual conditions, as opposed to a simple (and unrealistic) “sand boxes.” The approach
described herein was simple, and could be widely applied to ensure landmine detection GPR and MD
sensors are designed appropriately for any geologic setting.
2. Soils in Donbass
Based on existing generalized soils mapping [18] by the UN Food and Agriculture Organization
(FAO) and detailed mapping by the Soil Science Institute (Figure 2), over 70% of the soils in Donbass
are haplic (typical) chernozems, approximately 10% are varieties of luvic (clay-enriched) chernozems,
and the remainder are non-chernozem soils (earth tone shades in Figure 2) developed in alluvial or
colluvial sediments. All chernozems (shades of blue in Figure 2) are organic-rich soils that develop on
relatively flat surfaces under thick grass vegetation of the Steppe Zone in climates with cold winters
and hot summers [19–21]. Because AP mines are typically buried at less than 10 cm (as opposed to
up to 30 cm for AT) [22], the surficial layer (plow zone in cultivated areas) of these chernozemic soils
would be the most relevant for evaluating GPR and MD. Especially in an active or former combat zone,
we did not expect soils to be clean and homogeneous. Instead there were likely to be bits of shrapnel,
shell casings or other debris, and variations in clay or moisture content. Thus, our intent was not to
characterize clean soil, but to understand the soil/water/junk/rocks mixture that de-mining operations
would encounter.
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3. Field Methods
The most important soil properties influencing MD performance are magnetic susceptibility
The most important soil properties influencing MD performance are magnetic susceptibility (or
(or permeability) and electrical conductivity [23]. Soil moisture content also plays a secondary role
permeability) and electrical conductivity [23]. Soil moisture content also plays a secondary role since
since it can influence the conductivity, particularly in clay-rich soils.
it can influence the conductivity, particularly in clay-rich soils.
For GPR, the important parameters are electrical conductivity as well as dielectric
permittivity [24,25]. Magnetic permeabilities within the normal ranges for most soils have no
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within
the normal ranges for most
soils
have
no
effect spacing
on GPR [24].
Instruments
conductivity
σ permeabilities
–
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Figure 3. These represent the state-of-the-art for field measurement of the respective parameters [26–
28], with the last entry representing a custom-built, innovative, purpose-built antenna system and
procedure for measuring the ground surface reflection coefficient (and therefore the surficial
dielectric permittivity) as described below.
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probe, (2) L&R Instruments MiniRes with 4-electrode probe. (3a) Spectrum Technologies Field Scout
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300 TDR. (3b) Purpose-built 1-Tx, 2-Rx impulse GPR.
300 TDR. 3b) Purpose-built 1-Tx, 2-Rx impulse GPR.

Magnetic permeability was measured by inserting a Bartington MS2F probe fully into the soil and
Magnetic permeability was measured by inserting a Bartington MS2F probe fully into the soil
reading the magnetic susceptibility, (which was easily converted to permeability) with an MS2 meter.
and reading the magnetic susceptibility, (which was easily converted to permeability) with an MS2
For electrical conductivity, an L&R Instruments MiniRes earth resistivity meter was connected to a
meter. For electrical conductivity, an L&R Instruments MiniRes earth resistivity meter was connected
custom-built four-probe Wenner array style “pitchfork” probe with 10-cm A-spacing (for an effective
to a custom-built four-probe Wenner array style “pitchfork” probe with 10-cm A-spacing (for an
measurement depth of approximately 10 cm).
effective measurement depth of approximately 10 cm).
For subsurface dielectric permittivity, a Spectrum Technologies, Inc. Field Scout 300 time-domain
For subsurface dielectric permittivity, a Spectrum Technologies, Inc. Field Scout 300 timereflectometry (TDR) instrument was used to read raw GPR pulse travel times (in units of nanoseconds)
domain reflectometry (TDR) instrument was used to read raw GPR pulse travel times (in units of
along the two 7.5-cm steel spike waveguides (probes) rather than the calibrated volumetric water
nanoseconds) along the two 7.5-cm steel spike waveguides (probes) rather than the calibrated
content, which is typically recorded. For this survey, the raw wave guide travel times were recorded,
volumetric water content, which is typically recorded. For this survey, the raw wave guide travel
and converted to a TDR-derived dielectric permittivity (εTDR ) based on empirical laboratory calibration
times were recorded, and converted to a TDR-derived dielectric
permittivity (εTDR) based on empirical
of the waveguide travel times (see Figure 4) using various materials with known relative dielectric
laboratory calibration
of the waveguide travel times (see Figure 4) using various materials with
permittivity at 20 ◦ C [29].
known relative dielectric permittivity at 20 °C [29].
Expected errors in field measurement of these parameters will not have been dominated by the
Expected errors in field measurement of these parameters will not have been dominated by the
benchtop or field precision of the instruments. Instead, we anticipated that the largest variations would
benchtop or field precision of the instruments. Instead, we anticipated that the largest variations
be due to the (unknown) presence of inhomogeneities in mineralogy, grain size, moisture content and
would be due to the (unknown) presence of inhomogeneities in mineralogy, grain size, moisture
war- and/or agriculture-related clutter.
content and war- and/or agriculture-related clutter.
The TDR permittivity (εTDR ) was measured with a relatively low-frequency (~100 MHz COF)
instrument. To make measurements at a frequency closer to the design COF of 2 GHz, and to address
the partitioning of the transmitted radar signal at the ground surface for the air-coupled impulse GPR,
another estimate of permittivity was desired. There are several GPR-based methods for measuring soil
permittivity [30]: Recording of signals scattered by small conductive objects in the subsurface [31,32],
common midpoint and common-offset reflection methods [33], and the groundwave technique [14,34].
A new method for location of subsurface objects and simultaneous estimation of electromagnetic wave
velocity in the ground (which is as important for mine location than permittivity alone) based on
analyses of times-of-flight for signals from an impulse GPR transmitter (Tx) to a subsurface reflector
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and back to four receiver (Rx) antennas distributed about the transmitter was proposed in [35].
The innovation in this method was the possibility to determine the wave velocity simultaneously with
calculation
of the
object’s position.
Remote
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soil surface. In this method (adapted from [5]), it was enough to measure two UWB impulse reflected
waves: The reflection from a metal sheet lying on the soil surface (for calibration) and the reflection
from the soil surface itself. During both recordings, the GPR antenna system had to be maintained at
a constant height. The waveform reflected by the metal sheet could be recorded once per day and
used to compare all subsequent soundings. This simple method used for the estimation of surficial
permittivity is described in detail below. It is important to note that we did not consider attenuation

(loss) from propagation within the soil in this method. A discussion about the use of impulse GPR
for layered medium characterization is provided below.
The dielectric permittivity (εR) based on the reflection coefficient (R) for a 1.2 GHz GPR pulse is
given as:
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(1)

In this equation, R is the ratio of the amplitude of the reflected wave to the amplitude of the incident
In this equation, R is the ratio of the amplitude of the reflected wave to the amplitude of the
wave. For completeness, it is necessary to consider the case when the thickness d of the soil layer(s)
incident wave. For completeness, it is necessary to consider the case when the thickness d of the soil
was less than the velocity v in a dielectric(s) multiplied by τ, the duration of the impulse. Since we
layer(s) was less than the velocity v in a dielectric(s) multiplied by τ, the duration of the impulse.
used the maximum of the amplitude of the reflected wave in the calculation, we had to wait until the
Since we used the maximum of the amplitude of the reflected wave in the calculation, we had to wait
maximum of the field strength of the incident impulse wave crossed the upper boundary, at which
until the maximum of the field strength of the incident impulse wave crossed the upper boundary,
time the maximum amplitude of the reflected wave started propagating back to the observation point.
at which time the maximum amplitude of the reflected wave started propagating back to the
This term corresponded to the rise time of the impulse. If the rise time was 0.4 ns and εR ≈ 4, then this
observation point. This term corresponded to the rise time of the impulse. If the rise time was 0.4 ns
GPR method allowed us to estimate the permittivity of a mixture of soils at a depth of less than
and 𝜀𝑅 ≈ 4, then this GPR method allowed us to estimate the permittivity of a mixture of soils at a
approximately 6 cm. Unfortunately, this method in its simplest variant did not give us any information
depth of less than approximately 6 cm. Unfortunately, this method in its simplest variant did not give
about the distribution of permittivities inside the 6-cm interval. However, even this information could
us any information about the distribution of permittivities inside the 6-cm interval. However, even
be used to predict the radar contrast of a plastic mine in the soil and to adjust (optimize) the sounding
this information could be used to predict the radar contrast of a plastic mine in the soil and to adjust
parameters appropriately.
(optimize) the sounding parameters appropriately.
The reflected wave amplitude was measured by a 1-Tx, 2-Rx GPR system at a known height
The reflected wave amplitude was measured by a 1-Tx, 2-Rx GPR system at a known height (h
(h = 37 cm) above the ground as depicted in Figure 5. Note that this was an average height over the
= 37 cm) above the ground as depicted in Figure2 5. Note that this was an average height over the
illuminated footprint (approximately 70 × 70 cm ) since the soil surface is naturally rough. To get
illuminated footprint (approximately 70 × 70 cm2) since the soil surface is naturally rough. To get the
the amplitude of the incident wave, we placed a metal sheet on the ground surface and recorded
amplitude of the incident wave, we placed a metal sheet on the ground surface and recorded the
the totally-reflected signal. In this case, the reflection coefficient equaled “–1”. Therefore, the signal
totally-reflected signal. In this case, the reflection coefficient equaled “–1”. Therefore, the signal
reflected by the metallic sheet allowed us to derive the amplitude of the incident wave.
reflected by the metallic sheet allowed us to derive the amplitude of the incident wave

Figure 5. Schematic of 1-Tx, 2-Rx impulse GPR for simple measurement of surface reflection coefficient,
Figure 5. Schematic of 1-Tx, 2-Rx impulse GPR for simple measurement of surface reflection
with Rx differencing to suppress direct coupling signal.
coefficient, with Rx differencing to suppress direct coupling signal.
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shown in Figure 6. The small differences in the peak arrival time for the metal sheet versus ground
were due to a combination of factors including variations in reflected arrival time from different
points on a rough surface, and differing penetration depth into the ground for the transmitted signal.
Moreover, if the soil surface was not flat, we could not tightly align the metallic sheet to the soil
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In addition to the overall order of magnitude difference in the relative dielectric values for the
two systems, there are local deviations that do not always track. This is readily explained by the
fundamentally different methods with very different sampling footprints – a few square cm for TDR
and 70 × 70 cm2 for the GPR. Since these measurements were made in a recent war zone, it is also
entirely possible that bits of shrapnel or other hardware could have influenced individual stations.
However, the overall results should be accurate based on the relatively small variability of an
extremely large number of measurements. No “ground truth” samples were collected for laboratory
confirmation of these field values for several reasons. First, such samples would no longer represent
in situ conditions so the laboratory values would differ from the field. Second, the greatest variation
in field measurements will probably have resulted from contamination of the earth by anthropogenic
clutter, and these variations were best represented in our large dataset covering long stretches of
Donbass terrain.

Comparison of the TDR- and R-based dielectric permittivities for typical Donbass soils.
Figure 8. Comparison
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To estimate the expected GPR velocity (V) for Donbass soils, the TDR dielectric values were
converted to velocities (assuming no correction for frequency) as listed in Table 3. Note that the
velocities for the various soil types were statistically indistinguishable over a huge number of
measurements.
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possible that bits of shrapnel or other hardware could have influenced individual stations. However, the
overall results should be accurate based on the relatively small variability of an extremely large number
of measurements. No “ground truth” samples were collected for laboratory confirmation of these field
values for several reasons. First, such samples would no longer represent in situ conditions so the
laboratory values would differ from the field. Second, the greatest variation in field measurements will
probably have resulted from contamination of the earth by anthropogenic clutter, and these variations
were best represented in our large dataset covering long stretches of Donbass terrain.
The relatively higher dielectric values in the shallow subsurface may have represented an
advantage since many of the Donbass mines were cased with plastics that generally had very low
dielectric permittivity [41]. The high dielectric permittivity of the subsurface soils should have
enhanced the GPR reflectivity of these targets.
To estimate the expected GPR velocity (V) for Donbass soils, the TDR dielectric values were
converted to velocities (assuming no correction for frequency) as listed in Table 3. Note that the velocities
for the various soil types were statistically indistinguishable over a huge number of measurements.
Table 3. Electromagnetic Velocities and Standard Deviation by Soil Type.
Soil Type

No. of Samples

Average v

σ

(m/ns)
Haplic Arenosol
Haplic Chernozem
Luvic Chernozem
Sand
Stony Chernozem
Low Salinity Alluvial
Lowland Chernozem

98
358
190
28
113

0.058
0.058
0.059
0.061
0.064

0.011
0.01
0.013
0.007
0.011

38

0.056

0.008

Because signal frequency is expected to have a significant effect on GPR attenuation, an attempt
was made to empirically extrapolate attenuation values based on low frequency field measurements to
the higher a-priori desired frequency of 2 GHz. This is depicted in Figure 9, which overlays measured
values of attenuation for various earth materials at different frequency ranges. The yellow X symbols on
Figure 9 show the field attenuations extrapolated to this frequency. At the scale of Figure 9, the variation
in attenuation values extrapolated to 1 GHz was not evident, so they are plotted as a box and whisker
on Figure 10. These values suggested that targets at 50 cm may have been slightly out of effective
range, but the depth of typical AP mines was achievable.
During electromagnetic data collection, 26 soil samples, representing the upper 20 cm,
where collected and the weight percent moisture content determined in the laboratory by oven
drying. The distribution of moisture contents is depicted by the bar graph in Figure 11. The graph also
shows the variation in electromagnetic properties at 1 GHz for chernozems with varying moisture
content as abstracted from data in [43]. The effects of moisture content on many of the plotted
parameters became pronounced above roughly 15% moisture, suggesting (as is commonly the case)
that GPR scanning would be most effective if performed during dry seasons or periods.
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Figure 9. Empirical correction of measured attenuation based on published values [42,43] for earth
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became pronounced above roughly 15% moisture, suggesting (as is commonly the case) that GPR
scanning would be most effective if performed during dry seasons or periods.
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5. Conclusions
These (first-ever) measured soil electromagnetic properties in Donbass indicate that despite the
variety of mapped soils, and the huge number of measurements, the variation in electromagnetic
properties is surprisingly small. Across the differing mapped soils, the estimated pulse velocities for
these soils were statistically indistinguishable. They were also within the normal range for most soils
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5. Conclusions
These (first-ever) measured soil electromagnetic properties in Donbass indicate that despite the
variety of mapped soils, and the huge number of measurements, the variation in electromagnetic
properties is surprisingly small. Across the differing mapped soils, the estimated pulse velocities
for these soils were statistically indistinguishable. They were also within the normal range for most
soils worldwide and would provide time-of-flight data suitable for rapid target detection using our
proposed 1-Tx and 4-Rx impulse GPR detector [35].
Soil electrical conductivity is generally high and yields crude rule-of-thumb skin depth of about
50 cm to 140 cm which is poor, but sufficient for shallow-buried AP, and maybe large metal-cased AT
mines. Our measurements suggested that in the dry season, Donbass soils may develop a very dry and
thin (< a few cm) surficial layer overlying deeper soils with mean moisture content generally between
10% and 15%. This layer produced a low apparent (surficial) dielectric permittivity, with the value
rising by a factor of ten across the upper 5 cm to 10 cm. If this is a smooth transition, it could naturally
provide a matching layer to suppress surface reflections that commonly obscure shallow subsurface
targets. In addition, the relatively high dielectric beneath the surface was an advantage - providing
good relative dielectric contrast for plastic-cased mines.
Estimated (extrapolated) attenuation values for 1 GHz GPR signals in Donbass soils fell near
the boundary between what was generally considered medium loss and high loss materials. For the
proposed impulse GPR array currently under design {1-Tx and 4-Rx}, the power budget was 80 dB.
Therefore, for an expected survey depth (maximum) of 50 cm, a COF of 1 GHz may be preferred.
At this frequency, the effective survey depth may be a bit less than 50 cm, but this is enough for typical
AP mine burial depths.
The simple combined TDR- and GPR-based determination described above, and in [35] can be
readily incorporated into any humanitarian demining sensor design and/or operation. The data thus
obtained can be used to increase the probability of detection for mines. For example, if soil permittivity
measurements yield a value that is very close to the permittivity of expected mines, detection of such a
low-contrast mines can be enhanced by (for example) denser spatial sampling, use of an increased
emitted power, more averaging or signal stacking to reduce noise, and use of more bits of analog to
digital conversion to allow detection of weak reflections, etc.
Measured relative magnetic permeabilities were all very close to 1 indicating no natural hindrance
for MD sensors in typical Donbass chernozems.
Although these methods were applied to a particular, recently-active, war zone in Donbass,
the success of this survey suggests wider applicability to other post-conflict zones for better design of
landmine detector systems particularly suited to actual soil conditions rather than to those of a distant,
and perhaps artificial, test bed.
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Appendix A. GPR Calibration in a Dry Sand Test Bed
This appendix describes the calibration procedure adopted for the impulse GPR system used for
the evaluation of relative permittivity. Two different approaches were used: A) time of flight (ToF)
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Appendix A.1. Time of Flight Method
A.1. Time of Flight Method
The plot in Figure A3, shows the reflection from the surface of the sand at time 3.58 ns. Reflection
The plot in Figure A3, shows the reflection from the surface of the sand at time 3.58 ns. Reflection
from the buried metal sheet arrives at the receiver at time 7.61 ns. Thus, for the signal propagating in
from the buried metal sheet arrives at the receiver at time 7.61 ns. Thus, for the signal propagating in
the sand ToF=7.61 ns -3.58 ns = 4.03 ns.
the sand ToF=7.61 ns -3.58 ns = 4.03 ns.
2h
ToF = 2ℎ
(A1)
v
𝑇𝑜𝐹 =
(3)
𝑣

where 𝑣 =

√

, c is speed of light, 𝜀 is permittivity of sand. Replacing v in (3), we can derive 𝜀:
𝜀=

𝑐 ∗ 𝑇𝑜𝐹

(4)

A.1. Time of Flight Method
The plot in Figure A3, shows the reflection from the surface of the sand at time 3.58 ns. Reflection
from the buried metal sheet arrives at the receiver at time 7.61 ns. Thus, for the signal propagating in
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the sand ToF=7.61 ns -3.58 ns = 4.03 ns.
2ℎ
𝑇𝑜𝐹 =
c
𝑣
Replacing v in (A1), we can derive ε: (3)
where v = √ , c is speed of light, ε is permittivity of sand.
ε

, c is speed of light, 𝜀 is permittivity of
v in (3), we can derive 𝜀:
 sand. Replacing

c ∗ ToF 2
ε=
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𝑐 ∗ 𝑇𝑜𝐹
𝜀 = for the sand a reasonable value of ε ≈ 2.67.
and substituting the numerical values we obtain
2ℎ
and substituting the numerical values we obtain for the sand a reasonable value of 𝜀 ≈ 2.67.
where 𝑣 =

√

(A2)

(4)
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Appendix A.2. Reflection Coefficient Method
A.2. Reflection Coefficient Method
The voltage amplitude of the recorded signal reflected by the surface of sand was equal to 0.0883 V.
The voltage amplitude of the recorded signal reflected by the surface of sand was equal to 0.0883
The signal reflected from the metallic sheet lying on surface of sand had a voltage amplitude of 0.3681 V
V. The signal reflected from the metallic sheet lying on surface of sand had a voltage amplitude of
(see Figure A3). Thus, the reflection coefficient R could be calculated as:
0.3681 V (see Figure15). Thus, the reflection coefficient R could be calculated as:
0.0883
 0.24
= 0.0883 ≈
(A3)
R𝑅 =
(5)
0.3681 0.24
0.3681

The relative
relative permittivity
permittivity of
of sand
sand εε is
is related
related to
toRRby
byfollowing
followingformula:
formula:
The
ε=



1+R
1−R

2



=

1 + 0.24
1 − 0.24

2
≈ 2.66

(A4)

Comparison of the relative permittivities obtained with the two independent approaches showed
that the reflection coefficient method was in good agreement with the ToF method, and thus suitable
for application in the Donbass field measurements.
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