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Study of the detection capacity of a GPR system
using wavelet waves in a dry clay soil

Summary

Electromagnetic waves can give us information about certain situations, but the loss of
energy due to contact or penetration into surfaces can vary the information data when it is
influenced by the relative permittivity of the medium and the dielectric constant of some
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materials, so for the detection, it is necessary to investigate other types of signals that do

not generate loss of information, when they are used for detection in terrains with particular
characteristics. In this research, the detection capacity of a GPR system is analyzed when
it makes use of wavelet-type signals, which are better known as a signal analysis tool,
resulting in wavelet-type signals that can identify buried objects when transmitted. and

Correspondence: Javier Andres Ledezma Rios, Master in
Electronic Engineering and Telecommunications and Physical
Engineer, Universidad del Cauca, Popayan, Colombia,

Email jaledezm@unicauca.edu.co

received under the amplitude analysis, the correlation and the penetration depth of the

signal.
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Introduction

Ground Penetrating Radar) can be used. Various investigations
have allowed the GPR to be used in applications such as the structural
analysis of civil works in tasks such as mapping the deterioration of
a subway infrastructure! or the detection of cavities or tunnels;>® In
archaeology, for example, it has been used in the characterization of
Roman ruins;* in geology for the determination of land characteristics;’
for search and rescue in catastrophes® and in the search for anti-
personnel mines.” To carry out this work, the GPR is supported by
the principle of propagation of electromagnetic waves through the
phenomena of refraction, reflection and diffraction of these in a
discontinuous medium. It is important to note that the waves used are
in the VHF (Very High Frequency) and UHF (Ultra High Frequency)
bands, which means that their application is neither destructive nor
invasive of the medium where they propagate.®

Since the main application of the GPR is the detection of objects,
holes or changes in the characteristics of the materials, to obtain good
results it is important to take into account: the effects of the environment
on the signals, the noise levels (of instruments or external)’ and the
losses or attenuations of the system.® As in a conventional radar, in
the process of locating buried objects in different scenarios, the GPR
mainly uses sinusoidal waves, either continuous or pulsating, with

less space to be filled with water or air molecules, generating a terrain
with a smaller relative permittivity, which translates into a greater
range in penetration since the attenuation is lower when entering the
terrain.!” For this reason, a dry clay soil is chosen to evaluate the
performance of wavelets in a GPR system. In this context, the present
investigation will specifically address the use of wavelet-type waves
in a GPR system with frequencies suitable for a medium such as dry
clayey soil, seeking to know their behavior.

Theory on electromagnetic waves

The Ground Penetration Radar (GPR) makes use of the
propagation of electromagnetic waves, so its fundamental bases
are in electromagnetic theory. Electromagnetic fields are described
mathematically by Maxwell’s equations, which combined with
relations or constitutive equations, which quantify the properties
of materials, give support to describe GPR signals quantitatively.'’
Many scientists throughout the 19" century worked on four laws that
relate electric and magnetic fields to the currents and charges that
generate them; however, it was James Clerk Maxwell who brought
together these experimental works and determined that with only four
equations or laws electromagnetism is fully described.!"! Maxwell’s
equations that relate electromagnetic fields are expressed as follows:
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constant amplitude and frequency or constant amplitude and variable VD = p (Gauss’s law for electric field) 2.1
frequency, always looking for the best resolution. in the detection of V.50 (G s law for th ic field 22
objects trying to reduce to a minimum percentage the loss of energy *D=0 (Gauss’s law for the magnetic field) 22
when detecting and identifying buried objects. Considering that the . B ,
main properties of the wave field are propagation speed, attenuation VXE T (Faraday’s Law) 23)
and electromagnetic impedance, it is easier to mathematically express
the effects of the medium (permittivity, permeability and conductivity) - 2D (Generalized Ampere’s law) 24
if the wave is sinusoidal.'® However, taking into account the advances ot
in electronic devices, as well as the current high capacities for both where,
data processing and signal processing, it is important to consider — . . .
these advantages when working with other types of waves or signals I E: electric field intensity (v/m),
to analyze their behavior with a view to improving the detection || P electric charge density (c/ m),
capabilities of a GPR system. T
[II. B : magnetic flux density (T),
The ground conditions must be taken into account (if it is flat or has R ‘ ) ,
roughness, or if it is dry or humid, for example) since depending on the 1v. / : electric current flux density (A/m?),
freque?ncy of'the signal, the detection of a buried object is aﬁ"ected.. Dry v D: displacement vector (¢/m?),
materials, such as sand, clay or stones, have the advantage of having a
higher density of molecules per unit volume, this implies that there is VL t: time (s),
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VII. H : magnetic field intensity (A/m).

To describe how a material responds to electromagnetic fields, the
constitutive relationships or equations are used, since these describe
how electrons, atoms and molecules respond to the application of an
electromagnetic field, these equations are:'°

J=cE (2.5)
D=¢E (2.6
B=uH Q.7

This system of equations contains the three parameters that
characterize a medium electromagnetically: conductivity o,
permittivity € and permeability p. In the presence of an electric field,
the conductivity ¢ characterizes the movement of free charge and
therefore the conductive properties of the material. The dielectric
permittivity € of a material indicates how much it is affected by an
electric field, providing a measure of the polarization capacity of a
material in the presence of an electric field. The relative permittivity
term (g) constantis often used, which is defined as:

or dielectric

& (2.8)

where ¢ is the permittivity of the vacuum (8.89 x 10 > F/m).
Finally, the magnetic permeability p indicates how the atomic and
molecular moments of the material respond to a magnetic field."

As can be seen, the constitutive equations relate the intensity of
the electric field with the electric displacement and the intensity of
the magnetic field with the magnetic induction. For homogeneous,
isotropic, linear, nondispersive, and nonmagnetic media, the dielectric
permittivity € , the conductivity of the medium o, and the magnetic
permeability g of the material are constant; On the other hand, if the
material is dispersive, they must be expressed as complex functions of
the frequency and the position vector."* This shows that €, o and u are
tensor quantities that may not be linear, however, for practicality these
quantities are considered independent of the fields and are treated as
scalars, with €, and o being the most important for GPRs, since u is
not of much concern for these systems. On the other hand, materials
with low conductivity (¢ —0) would allow the GPR to reach great
depths, although these conditions are not frequent.'” According to
Jol.! for a GPR in the frequency range between 10Mhz to 1000Mhz,
the compounds and minerals in the mixtures have a permittivity
between 3 and 8, which can present almost zero conductivity.

Reflection and refraction

The operation of the GPR is based on the detection of reflections
or dispersions of the emitted signals. When the emitted energy reaches
a discontinuity in the electromagnetic parameters of the medium,
reflection and refraction phenomena occur. This is related to the
change in the direction of travel of the signal (ie, the wavefront is
refracted), in accordance with Snell’s law.!” Figure 1 schematically
presents the aforementioned Reflection and Refraction phenomena of
energy.

Snell’s law relates the angles of incidence, reflection and refraction
to the propagation speed of the signal or the permittivity of the media.
In the GPR system due to the fact that the transmitted signal changes
between two media such as between air (¢, =1)and earth (¢, =4) it
is established that the equation that describes the system is:®

= *
SEN Q= \[E, oy ¥ sENO

2.9)
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A wave is reflected when the incident wave meets a change in
the material and the angle of reflection is the same as the angle of
incidence, taking as reference the perpendicular to the surface. On the
other hand, the change in direction of the signal occurs when it passes
from one medium to another with a different refractive index, with an
angle of incidence other than zero degrees with respect to the normal
of the surface. As the GPR system depends on the energy received
by the receiving antenna, it is important to take into account that this
energy comes from the energy that is reflected by each discontinuity
in the medium, the reflection coefficient being the percentage of the
reflected energy.” According to Bustamante (2015), the impedance
= an electromagnetic fielZ:is the quotient between the electric field

and the magnetic field **, being able to define an impedance for
the incident electromagnetic field in air, which is equal to that of the
reflected magnetic field, and another for the refracted electromagnetic
field, n ,*°

REFLEXION REFRACCION

b

R=ANGULO DE REFLEXION
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Figure | Reflection and refraction of a wave in two media with different
characteristics.'?
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The expressions of the impedances can be calculated knowing the
Fresnel coefficients of the energy in transmission (7)) and reflection (R),
according to equations (2.12 and 2.13) as a quotient of the refracted
field (transmitted) and the incident field (reflected) in a first situation,
and in a second situation s the quotient between the reflected field
and the incident field If “iis the angle of incidence of the wave on
the flat surface, and ~tis the angle of refraction, the coefficients under
the parameters of the angle of incidence and refracted are defined
mathematically as follows:®

_E _ Miona05(0) ~ e 05(0)
T €OS(6) + My 0S(6))

aire

LR (2.12)

2Mjieryq COS(6)

e CONO) + M1, c0S(0,)

1T,

aire—tierra —

_E_
El
where T (Transmission) airground is the Fresnel coefficient of
refraction between air and dry clay soil, and R (Reflection) sirground 15
the Fresnel coefficient of reflection for the two media, Z is the incident
field, £ the reflected field and £ the refracted or transmitted

field in the other medium. For the case of waves parallel to the
medium, the coefficients are given by:
I Raire—zierm — i — Miierra COS(@)* Maire COS(Q) (2 1 3)
E[ nz[erva COS(Q[ ) + nam COS(gt )
T _ E _ 2nuiru COS(et)
YT E] Mgy 008(6) + 1, €05(6))
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In the event that the reflecting surface is flat, for the GPR the
mathematical expressions of the previous equations can be simplified
since the system operates with a very small angle in its reflection effect,
and the angles of incidence and reflection can be considered equal.
Under these conditions, the reflection and transmission coefficients
will only depend on the relationship between impedances. However,
if working in non-magnetic media, an adequate approximation for
most of the materials in which these studies with GPR are applied,
the expression of the coefficients can be reduced to the following
mathematical expressions:

R e T Mierra N Eraire ~ | Ertierra

et = 0 = A . (2.14)
wre F s Al %o
T P L
are-terra
Poe * Mirs Eire +\[Ena (2.15)

Something characteristic of the previous mathematical equations
is that the sum of the percentage of energy reflected within the
reflection coefficient and the percentage of incident energy of the
refraction coefficient results in unity. Therefore, it can be deduced
that the greater the difference between the electromagnetic parameters
of the media, the greater the reflection coefficient will be, which
generates a higher percentage of reflected energy at the border of the
two media and therefore will have a lower percentage. of transmitted
energy for dry clay soil, this will not allow the remaining energy to
interact in a greater percentage at the time of locating the object since
it was dispersed by reflection effects on the surface. High values of
energy in Reflection in the medium imply in the GPR the possibility
of obtaining records of the reflected wave with very low resolution
and the reflections produced at the moment of locating the object have
lower amplitudes due to the effects of refracted energy, which As a
consequence, the amplitude of the wave in reflections will be lower
when it interacts with the object to be located.”!*!?

Wavelet signals

At an academic level, the mathematical model called wavelet
transform has been used for signal analysis, and this is how it has been
used both in radar and GPR applications, normally seeking to improve
the information received by removing noise," interference or
recognizing objects. On the other hand, there are few works where the
use of wavelets waves as a signal to be transmitted in radars has been
addressed.”"” According to Kaiser G (1996), wavelets are two-way
waves, initially seen as localized acoustic or electromagnetic waves'®
and later as functions that are related by displacement and scale and
that form a base (or frame). for a vector space of functions (Morlet,
Grossman, Meyer, Daubechies among others)."” A wavelet () is a
wave form of finite or limited duration, which must have
zero mean value, finite energy and meet an admissibility condition,
which can be expressed mathematically as:*

[Zw@dt=0 (2.29)
Iy f di<oo (2.30)
Flyte) G < 2.31)

where y () is the Fourier transform of w (t) . The admissibility
condition (2.31) implies that the wavelet function,
when used as a transform, is invertible.'”

Two basic transformations can be applied to a base function
(mother wavelet):

Change of scale: by means of a parameter it is compressed or
dilated y(¢) Translation: moves  (¢)in time using a parameter b
Thus creating a given wavelet family defined by:
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v =l 7 (=2 (2.32)

‘-
System implementation
Waveguide antenna design

For the development of this research, it was necessary to
manufacture a directed waveguide antenna with a dipole inside,
the online software waveguide (2015) was used, which provides
the different design specifications such as wavelength, dipole
measurements. and frequency range of the antenna. The program
requires the diameter of the antenna which is 7.6 cm and will deliver
the specific data for the construction. Channel 1 was selected to avoid
losses that could be generated by signal dispersion multipath effects,
according to the manufacturers’ instructions. The central frequency of
this channel (2.412Ghz) is in accordance with the working range of
the USRPB210 which is between 70 MHz and 6 GHz. Thus, the data
obtained according to the specifications were the diameter of some
known tubes and the frequency established by the USRP at the time of
making the transmission:

Diameter: 3”.
Frequency: 2.81GHz.
Where the software gave the following results;
Wavelength in free space: 0.1067 m
Minimum frequency: 2.465 GHz
Maximum Frequency: 2,817 GHz
Cutoff Frequency: 2.313 GHz
Dipole length: 2.67 cm
Waveguide antenna design software

For the antennas, an online software was used that allows the
construction of a waveguide using a cylinder, called Building the
cylinder (Can) Waveguide*' This gives the values of the dipole
measurement and different specifications to take into account in the
construction, we can see it in Figure 2.

Building the Cylinder (Can) Waveguide

We chose to butld the antenna for 2. 442GHz, or channel 7, as this is close to the center of the 13 channels available to us (US designs use channel
keey lengths calculator in the form below. Nb.R 1 des use a different Formul E Waveguid
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Figure 2 Data obtained by the software for the manufacture of waveguide
antennas.

Matlab integration - GNU Radio

Using Matlab, the signals are generated, which are saved in the
files on the computer. Then the stored file corresponding to the signal
to be transmitted is loaded by GNU radio for transmission through
the USRPB210. Then it goes through the object that is buried and
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the information obtained is stored to deliver it again to Matlab for the
respective processing. The wavelet signal to be transmitted is initially
generated in Matlab® from its mathematical equations, which is
received by the GNU Radio software through a file. In the same way,
the information received by GNU Radio (reflected signal) is delivered
in a file to Matlab for further analysis. To facilitate the selection of
the wavelet wave, define its conditions and generate the base signal
to be transmitted, the Matlab Guide application was used, whose
graphic format facilitates interaction with the user. Figure 3 shows the
designed interface.
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Figure 3 MATLAB graphical interface, for wavelet wave selection.

In the case of the Matlab® graphic interface, there are three
sections:

Section 1: Loading the waves to be transmitted (by means of ordering
buttons) (red box).

Section 2: Graphs of the transmitted and received waves for
processing (by visualization of graphs) (Green box).

Section 3: Storage of the different data in relation to depth calculations
(through the boxes that provide the information in numerical form)
(Blue box).

In the part where section 3 is found. In the blue box are the buttons
for storing the different data at different depths between the values of 1
cm to 6 cm. And in the lower left corner of the image the specifications
of the antenna design. All this in order to constantly monitor the
transmitted signal and the received signal to keep in mind the changes
that can be generated in relation to the depth of penetration.

GNU radio - USRP

GNU Radio is the software in charge of programming the USRP
B210, and it is programmed according to the conditions indicated
by the user. One of the great advantages of GNU Radio is that it is
programmed by connecting dedicated, communications-oriented
blocks. The exchange of information (programming and signal data)
is done through a USB connection between the computer and the
USRP. The union of the entire system is observed in Figure 4. Where
it is observed that the exchange of information between Matlab and
GNU Radio is through storage files in some folders which, through
function blocks, are passed to GNU radio which at each stage does the
corresponding thing. So that the signal can be transmitted.

Transmission process:

Stage 1: Loading the file that has the information of the wave to be
transmitted

Stage 2: Conditioning of the signal to be transmitted in this case the
real part
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Stage 3: Frequency adjustment of the signal to be transmitted for
object location

Reception process:

Stage 1: Data verification after having passed through the object
Stage 2: Delivery of real part data to Matlab

Stage 3: Storing data after having passed through the object.

The connections through blocks of the different components that
will allow the transmission of the selected waves through the Tx
and Rx ports. The SMA cable is a type of coaxial cable with thin,
small-diameter threaded connectors to be adjusted in the different
transmission and reception ports. The USRP has a cable with a
USB connector which connects to the 3.0 port of a laptop for its
implementation (Figure 5).

Experimental GPR system

The implementation of the GPR system is carried out in the
following stages:

Stage 1: The Assembly of the GPR is carried out, whose
implementation of the experimental system can be seen in Figure 6 &
7 where the interior of the antenna is observed.

Stage 2: Creation of the Matlab programs that allow the generation
of each of the wavelets and their storage in a folder named ondas_
MATLAB.

Stage 3: Implementation of the transmission-reception system in
GNU Radio. The implemented block diagram can be seen in Figure 8.

The blocks used GNU Radio:

DIAGRAMA GNURADIO TRANMISION ¥ RECEPCION DE ONDA WAVELETS QUE GENERO MATLAB

ANTENA GULADE ONDA
TRANMISORA.

TOMADETARTLRGAL [r— | |
ACCPLEDE :D B
i .-_J/
1 I k‘,
Sectrron
o J— froatis
= SN | PeE e e | I e | —
Uil ot
i
I— oHDA RECEPTORA

Figure 4 Stages of the implemented GPR system.
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Figure 5 Physical connection diagram with the USRP B210 card of the
transmitter system.®
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Figure 6 a) Assembly of the experimental GPR system b) Measurements of
the experimental assembly.

Figure 8 Diagram of transmitter and receiver in GNU Radio.

Control blocks

QT GUI RANGE: Allows adjustment in a determined range with
accompaniment in the graphical interface

QT TAB WIDGET: Allows you to place a frame for the wavelets,
terrain scanner and frequency tabs for user selection.

QT CHECK BOX: Allows you to document the GNU radio interface.

QT WATERFALL SINK: Allows observing the detection from
another panorama.

QT GUI FREQUENCY SINK: Register the frequency

OPTIONS: Allows you to give author characteristics, software
characteristics and its description.

VARIABLE: Allows the adjustment of local variables to be worked
on in the execution blocks, in this case the frequency.

Execution blocks
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FILE SOURCE: It is where the file delivered by MATLAB is loaded.
for the respective broadcast.

RATIONAL RESAMPLER: Which is a block that multiplies by a
factor (interpolation/decimation) the frequency that arrives to be
adjusted or coupled.

UHD USRP SINK: Adjusts the signal to a known channel frequency
to be transmitted (2.81 GHz)

UHD USRP SOURCE: Allows you to receive the signal using a preset
frequency.

FLOAT TO COMPLEX: The real part of the signal generated by
MATLAB is taken, canceling the imaginary part.

AUDIO SINK: Generates an audio file.
FILE SINK: Saving the .dat extension file for later analysis.

GNU Radio additionally offers user interface blocks where the signals
delivered by the blocks can be monitored. Figure 9 shows an example
of the transmitted signal and the received signal in an experiment.

g

Arpiitude

T i A,

R e EL L L

Ampimude

Figure 9 Graph delivered by GNU Radio of the signal transmitted and the
signal received.

Stage 4. GNU radio stores the reception information in a .dat file in a
folder called GNU radio data which can be later loaded by MATLAB
for analysis.

In order to know the performance of the implemented system, the
following experiences were carried out:

I. Experience 1. Characterization of waveguide antenna. The base
band band width, the silence period and the radiation pattern are
obtained.

II. Experience 2. Determination of the operating conditions of the

waveguide obtained by the online software.

III. Experience 3. Transmission of a ;ravelet wave adjusting the
angle of the transmitting antenna ~L for values of 45°, 48°, 51°,

54°, 57° and 60°.

IV. Experience 4. Determination o the angle of greatest possible

radiation, adjusting the angle “*at 45°, 50° and 60°.

V. Experience 5. Discrimination of two objects by varying the

separation distance between them from 1-5 cm.

VI. Experience 6. Behavior of waves when the object is introduced

on the ground at a frequency of 2.81 GHz
Each of the experiences is described using the following items:

I. Experience name
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II. What do you look for with experience?
III. Conditions
IV. Results obtained.

This is how they were developed:

Discussion of the data obtained

Experimentation of the GPR through 5 research experiences:
determination of the operating conditions; experimental determination
of the best transmission angle, observation of the discrimination area
and the behavior of each of the waves when gaining levels of depth.

Experience 1
Characterization of the waveguide antenna
What do you look for with experience?

Experimentally verify the correct transmission of the wave and
obtain its radiation pattern, its bandwidth.

Conditions

I. Im separation distance between two antennas, one with
characteristics known by the manufacturer (log periodic
antenna) and a manufactured waveguide.

II. Transmission power of 0.05 W
II1. Signal generator frequency: 900.297 MHz
IV. Known 5 dB log periodic antenna gain
Results obtained

In the signal laboratory, a transmission was carried out between
two antennas, the constructed waveguide and the periodic log. Under
the known conditions of the gain of the log-periodic antenna of 5dB
and the wavelength A = 0.33 m, a distance r=1 m was transmitted
with a power in the generator of 0.05 Watt, to know the gain of the
waveguide (GR) under equation (2.39), was carried out as follows, it
began to transmit at different frequencies from 5000Hz to 5000Hz by
the log periodic antenna and as a receiver the waveguide the results
can be evidenced in Table 1. Clearing the equation (2.39) GR it was
possible to obtain the value of the gain of the waveguide antenna
whose value was 3.29 dB.

Through observations in the telecommunications laboratory
equipment, the response of the antennas in the signal spectrum
analyzer was determined, the transmission and reception were verified
in the circular platform of the signal laboratory, as can be seen in
Figure 11-14 and the directivity of the waveguide which showed the
radiation pattern that can be seen in Figure 13, taken at a distance of
38 c¢m, which is the working distance of the system test bench, as a
basis for demonstrate the behavior of the manufactured antenna. This
experience also allowed to determine the bandwidth of the transmitted
signal, this was obtained by using the reference spectrum analyzer
HP8590A. For this, a pulse was sent and with the spectrum analyzer
it was determined that the bandwidth is 30 KHz as can be seen in
Figure 10. Figure 1 Received signal spectrum analyzer transmission
and reception verification as observation of signal bandwidth where
the value of 30 KHz can be seen. Figure 14 shows the behavior of the
signal transmission at a frequency of 2.81 GHz within an impedance
of 52.296 Q which verifies that the antenna is working optimally
within the frequency established for its transmission.

Copyright:
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Table | Reception power calculation under specific parameters

PR (watts) Frequency generator (Hz)
0.000563 90000000
0.000563 89995000
0.000563 89990000
0.000563 89985000
0.000563 89980000
0.000563 89975000
0.000563 89970000
0.000563 89965000
0.000563 89960000
0.000563 89955000
0.000563 89950000
0.000563 89945000
0.000563 89940000
0.000563 89935000
0.000563 89930000
0.000563 89925000
0.000563 89920000
5.63E-05 89915000

For the bandwidth of the baseband signal according to Figure 10,
the radio frequency signal with BW bandwidth is captured by the
antenna and taken to the card according to the work specifications
of the USRPB210 whose width The bandwidth is up to 56 MHz.
Experimentally under the spectrum analyzer the bandwidth of the
transmitted signal is 30KHz (Figure 15). The desired band enters the
Mother board where it is amplified again, it is digitized at 61.4 million
samples per second (MS/s) as the! maximum possible sampling
frequency worked by the USRP according to the analog-digital
conversion established internally, and thanks to the NCO (Numerical
Controlled Oscillator) the frequency deviation is eliminated obtaining
the baseband signal, finally a decimation by N is performed, so the
sample rate that will be sent through the USB interface will be 64
MS/s /N .82

1)

LY
i -

Prain iy abugn Tl ™ byt s 'ﬂ-_'ll.._,

Figure 10 Bandwidth obtained experimentally. (Own elaboration)

The sample rate defines the speed with which the Analog/Digital converter
takes the samples. (Spectrum instrumentation, 2023)

Citation: Rios JAL. Study of the detection capacity of a GPR system using wavelet waves in a dry clay soil. Open Access | Sci. 2023;6(1):86-99.

DOI: 10.15406/0ajs.2023.06.00198


https://doi.org/10.15406/oajs.2023.06.00198

Study of the detection capacity of a GPR system using wavelet waves in a dry clay soil

-—

Figure || Stability in the error of each of the signals. (Own elaboration)

Figure 12 Platform for obtaining the radiation pattern, frontal and lateral
view.
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Figure 14 Response of the antenna at a frequency of 2.8Ghz.
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Figure 15 Block diagram in the process of obtaining the signal.?
Experience 2

Determination of the operating conditions of the waveguide
obtained by the online software.

What do you look for with experience?

Experimentally verify the correct transmission of the wave and
obtain the transmission power.

Conditions

I. Diameter of the metallic cylinder used to manufacture the
antenna; 7.6 cm.

II. Wave length inside guide 10.7 cm
II1. Online software for antenna design.
IV. Displaced reflective sheet used as antenna reflector
Results obtained

Using the software ( https://www.wikarekare.org/Antenna/
WaveguideCan.html ) (Figure 9) the corresponding data was inserted,
which allowed obtaining the following results:

Frequency to transmit: 2.81 GHz

Dipole length: 3cm

Antenna length: 31.58 cm

Distance from dipole to reflective part: 7.9 cm
Distance from dipole to front of antenna: 15.79
With these data we proceeded to build the antenna.

Subsequently, taking as reference Figure 6 b). Where the
measurements of the test bench named below are specified:

From dipole to ground surface Dd=0.29 m

Of the buried object with respect to the surface Do=0.06 m,
From the dipole to the edge of the antenna Da=0.1579 my
Morlet wavelet transmitted wave.

The transmission and reception of a wave was verified
experimentally to be later implemented through the GNU radio
software for its respective transmission and reception.

Step 1: Adjust the distance between the two antennas to 40 cm since
the test bench will work in this distance range Figure 16.

Step 2: Transmission of a wavelet wave for observation through the
oscilloscope if it is being transmitted or not Figure 17.
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Step 3: Take the peak to peak voltage of the obtained signal. Where
in the oscilloscope of the signal laboratory you can clearly see the
voltage of 23.5 mv of the Morlet signal (inverted) Figure 18.

Figure 17 USRP AND PC connection. (Own elaboration)

Figure 18 Wavelets signal recognition test on an oscilloscope. (Own
elaboration)

Results obtained

The correct transmission and reception of the signal (Morlet
wave) was verified with a peak-to-peak voltage of 23.1 mV and it was
determined that the antenna gain is 0.0032 dBm. These results were
obtained in the laboratory for a distance of 37.5 cm between the two
antennas.

Experience 3

Transmission of a wavelet wave adjusting the angle of the
transmitting antenna &, for values of 45°, 48°, 51°, 54°, 57° and 60°.

What do you look for with experience?
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This experience is carried out in order to verify how much the
measurements taken in the detection and position of an object vary,
through the use of the experimental GPR device, with respect to the
expected real location. The results obtained are a step to determine
what must be adjusted in the GPR system or what conditions must be
taken into account for it to operate properly.

Conditions

In the experiments carried out, taking as reference Figure 6 a). The
fixed measures of the system correspond to the distances:

I. From dipole to ground surface Dd=0.29 m
II. Of the buried object with respect to the surface Do=0.06 m,

III. From the dipole to the edge of the antenna Da=0.1579 m and the
transmitted wave was the Gaussian wavelet.

Results obtained

For the experimental measurement of the buried object, the
distance measurement between samples of the autocorrelation of the
transmitted signal and the cross-correlation between the transmitted
and the received signal is used, for which 15 experiences were made
for each one of the defined degrees. for the frequencies of 2.5 GHz
and 2.81 GHz. For these experiments the real distance is D is adjusted
depending on the angle of incidence. Table 2 & 3 shows the values at
a frequency of 2.5 GHz. Figure 19 shows an example of the signals
and correlation measurements for a 60° experience Table 4. Where
it can be observed that for the angle of 45° and 60° there is a closer
approximation in relation to the theoretical and experimental value.

| LONOEDN OF OMDA FUTRA T LA GRS 111
ACUVAT i savem wcresumea

Figure 19 Transmitted, received, auto-correlation and cross-correlation
waveform graph for an angle of 60° between the antennas with a transmission
frequency of 2.81 GHz.

Experience 4

Determination of angle of greatest possible radiation, setting the
angle &, at 45°, 50° and 60°

What do you look for with experience?

With this experience, by varying the reception and transmission
angles of the antennas, the aim is to find at which angle the best
possible energy radiation is obtained.

Conditions
Conditions of the experience:

In the experiments carried out, taking as reference Figure 6 a). The
fixed measures of the system correspond to the distances:

I. From dipole to ground surface Dd=0.29 m
II. Of the buried object with respect to the surface Do=0.06 m,
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III. From the dipole to the edge of the antenna Da=0.1579 m and the

transmitted wave was the Gaussian wavelet.

From the reflection coefficients for perpendicular and parallel
polarization, equations (2.12) and (2.13) respectively, the total

reflection coefficient R | (total)=2(R ,+|[R ).
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Results obtained

Table 5 shows the results obtained for this experience, where it
can be seen that the lowest loss of reflection power is obtained for an
angle &, = B0, and therefore this is the angle selected for the rest
of the experiences.

Table 2 Record of experimental and theoretical distance between the dipole and the object at a transmission frequency of 2.5 GHz

17Khz  FREO 2,5GHZ

452 d Experimental D(m) error 512 ;I:;erimental D(m) error 57* d ;Iz;erimental D(m) error
| 8 42,60 0,26 15,62 I 42,60 0.3 9.585 | 6 31,95 0,34 3,195
2 5 26.63 0,26 0,355 2 37,28 0.3 4.26 2 7 3728 0,34 2,13
3 4 21,30 0.26 5,68 3 26,63 0.3 6.39 3 8 42,60 0,34 7,455
4 5 26.63 0,26 0,355 4 37,28 0.3 4.26 4 7 3728 0,34 2,13
5 7 37,28 0.26 10295 5 31,95 0.3 1.065 5 5 2663 0,34 8,52
6 6 31,95 0,26 4,97 6 42,60 0.3 9,585 6 7 3728 0,34 2,13
7 6 31,95 0.26 4,97 7 26.63 0.3 6.39 7 6 31,95 0.34 3,195
8 5 26,63 0.26 0.355 8 26,63 0.3 6.39 8 7 3728 0.34 2,13
9 5 26,63 0.26 0.355 9 31.95 0.3 1,065 9 7 3728 0,34 2,13
10 4 21,30 0.26 5,68 10 26.63 0.3 6.39 10 6 3195 0,34 3,195
I 4 21,30 0.26 5.68 Il 26,63 0.3 6.39 11 5 2663 0,34 8.52
12 5 26.63 0.26 0.355 12 31.95 0.3 6.39 12 8 426 0.34 7,455
13 3 15.98 0.26 11,005 13 31.95 0.3 1,065 13 6 3195 0.34 3,195
14 5 26.63 0.26 0.355 14 37.28 0.3 4.26 14 7 3728 0.34 2,13
15 4 21.3 0.26 5.68 15 37.28 0.3 4.26 15 5 2663 0.34 8.52
26.98 33.02 35.15
48 d D" . D(m) error 547 o . D(m) error 602 d D" . D(m) error
Experimental Experimental Experimental
| 6 31,95 0,28 6,39 I 26,63 0,32 4,615 | 7 3728 0,36 1,775
2 6 31,95 0,28 6,39 2 31,95 0,32 0.71 2 6 31,95 0,36 3,55
3 5 26,63 0,28 1,065 3 26,63 0,32 4615 3 6 31,95 0,36 3,55
4 5 26,63 0,28 1,065 4 31,95 0,32 0.71 4 8 42,60 0,36 7,1
5 5 26,63 0,28 1,065 5 26,63 0.32 4615 5 6 31,95 0,36 3,55
6 4 21.3 0.28 4,26 6 21.3 0.32 9.94 6 7 3728 0,36 1,775
7 4 21,30 0.28 4.26 7 26,63 0.32 4615 7 7 3728 0,36 1,775
8 4 21,30 0.28 4,26 8 31,95 0.32 0.71 8 5 2663 0,36 8,875
9 4 21,30 0.28 4,26 9 31,95 0.32 0.71 9 7 3728 0,36 1,775
10 4 21.3 0.28 4,26 10 26,63 0.32 4,615 10 6 31,95 0,36 3,55
11 4 21,30 0.28 4,26 Il 31.95 0.32 0.71 11 6 31,95 0,36 3,55
12 5 26,63 0.28 4,26 12 37,28 0.32 6.035 12 7 3728 0,36 1,775
13 5 26.63 0.28 1,065 13 37,28 0.32 6,035 13 9 4793 0,36 12,425
14 5 26,63 0.28 1.065 14 42,60 0.32 11.36 14 5 2663 0,36 8,875
15 6 31,95 0.28 6,39 15 37,28 0.32 6,035 15 8 42,60 0.36 7,1
25,56 31,24 35,50
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Table 3 Record of experimental and theoretical distance between the dipole and the object at a transmission frequency of 2.81Ghz
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17khz  FREC 2,81GHZ

452 d ;)I?P"(cm) D(m) error 518 'IIE)?P"(cm) D(m) error 57 d 'IIE)?P"(cm) D (m) error
| 4 21,30 0,26 6,035 | 21,30 0,3 79875 | 6 31,95 0,34 0
2 5 26,63 0,26 0,71 2 26,63 0,3 26,625 2 7 3728 0,34 5,325
3 5 26,63 0,26 0,71 3 21,30 0,3 79875 3 5 2663 0,34 5,325
4 6 31.95 0,26 4615 4 31,95 0,3 26,625 4 6 31,95 0,34 0
51 4 21,30 0,26 6,035 5 31,95 0,3 26,625 5 6 31,95 0,34 0
6 6 31.95 0,26 4615 6 31,95 0,3 26,625 6 7 3728 0,34 5,325
7 4 21,30 0,26 6,035 7 26,63 0,3 26,625 7 7 3728 0,34 5,325
8 4 21,30 0,26 6,035 8 31,95 0,3 26,625 8 5 2663 0,34 5,325
9 6 31,95 0.26 4615 9 37,28 0,3 79875 9 6 31,95 0,34 0
0 5 26,63 0,26 0,71 10 31,95 0,3 26625 10 5 2663 0,34 5,325
I 6 31,95 0,26 4,615 I 26,63 0,3 26,625 |1 7 3728 0,34 5,325
12 6 31,95 0,26 4,615 12 26,63 0,3 26625 12 6 31,95 0,34 0
13 5 26,63 0,26 0,71 13 31,95 0,3 26,625 13 6 31,95 0,34 0
14 6 31,95 0,26 4,615 14 26,63 0,3 26,625 14 7 37728 0,34 5,325
15 5 26,63 0,26 0,71 15 21,30 0,3 79875 15 8 42,60 0,34 10,65
27,34 29,29 31,95
48> d ;)I?P"(cm) D (m) error 547 'IIE)?P"(cm) D(m) error 60> Id 'IIE)?P"(cm) D (m) error
| 4 21,30 0,28 7,1 | 26,63 0,32 2,485 | 5 2663 0,36 9,94
21 5 26,63 0,28 1,775 2 31,95 0,32 2,84 2 7 3728 0,36 0,71
3 5 26,63 0,28 1,775 3 37,28 0,32 8,165 3 9 47,93 0,36 11,36
4 5 26,63 0,28 1,775 4 21,30 0,32 7.8l 4 7 3728 0,36 0,71
5 7 37,28 0,28 8875 5 31,95 0,32 2,84 5 7 3728 0,36 0,71
6 6 31,95 0,28 3.55 6 31,95 0.32 2.84 6 5 2663 0.36 9,94
7 6 31,95 0,28 3,55 7 26,63 0,32 2,485 7 8 42,60 0,36 6,035
8 4 21,30 0,28 7,1 8 21,30 0,32 7.8l 8 8 42,60 0,36 6,035
9 5 26,63 0,28 1,775 9 31,95 0,32 2,84 9 6 31,95 0,36 4,615
0 5 26,63 0,28 1,775 10 31,95 0,32 2,84 10 7 3728 0,36 0,71
I 6 31,95 0,28 3,55 I 26,63 0,32 2,485 I 6 31,95 0,36 4,615
12 6 31,95 0,28 3,55 12 21,30 0,32 7.8l 129 47,93 0,36 11,36
13 6 31,95 0,28 3,55 13 37,28 0,32 8,165 13 7 3728 0,36 0,71
14 5 26,63 0,28 1.775 14 26,63 0,32 2,485 14 5 2663 0,36 9,94
15 5 26,63 0,28 1,775 15 31,95 0,32 2,84 15 7 3728 0,36 0,71
28,40 29,11 36,57
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Table 4 Records of angles and distance D real and d measured for the
transmission frequency of 2.81 GHz

d by measure of D taken from the

Angle correlation dipole to the object
45° 0.3085 0.31
48° 0.3186 0.33
Slst 0.3193 0.34
54th 0.3134 0.36
57th 0.3219 0.36
60° 0.3744 0.37

Table 5 Records of refracted angle, incident distance a, rl, r2 Parallel
polarization, perpendicular polarization signal attenuation

Osi 45 50 60

ot 20.67 22.51 25.65
TO 0.18m 0.19m 0.2Im
rl 0.25m 0.30m 0.42m
r2 0,06m 0,07m 0,12m
S 0,625 0,744 0,684
IIRI-2= 0,599 0.625 0.689
10log(lIR1-2) -2.22 -2.04 -1.617
R1-2= 0.39 0.354 0.252
10log(R1-2) -4.089 -4.509 -5.985
R1-2 (total)= -12,618 -13,090 -15,204

According to the information in Table 5, which consists of taking
three possible angles such as 45°, 50° and 60° as incident angles Oi
adjusted in the antenna to carry out the transmission and using Snell’s
law, calculate their respective angles. refracted under the surface
called Ot with these data then we proceed to make the records of the
Fresnel coefficients that are calculated by means of equations (2.12
and 2.13) in order to obtain the values of the Fresnel coefficients,
which allowed us to observe at the end of the calculations, between
the attenuation data for each of the study angles, the value of -15.204
compared to the other two would be the lowest possible attenuation
of the signal and therefore we could have for this corresponding value
of 60° good concentration of energy when making transmissions
compared to 45° and 50°.

Experience 5

Discrimination of two objects by varying the separation distance
between them from 1 to 8 cm.

What is sought with experience

With this experience, we seek to determine what distance the
system is capable of discriminating between two objects when they
are separated from each other at a certain distance on clayey soil.

Conditions
I. Use two coins of equal diameter.
II. Separate them cm by cm.
III. Transmission frequency used: 2.81 GHz.
Results obtained

The procedure was carried out by separating two coins cm by
cm in order to verify the coverage footprint of the antenna on the
ground surface. When, when separating the coins, the amplitude value
measured by the system takes values similar to as if there were no
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coins on the surface, it indicates the discrimination capacity of the
system, that is, the distance that must exist between the two coins
for it to can identify them independently. Through the interface made
in the Matlab guide, the data is taken, which can be seen in Table 6.
This table shows the amplitudes received as the coins are separated
cm by cm.

Table 6 Record of discrimination between objects, separation distance in cm

Level Amplitude
NO COINS 0.0129
lcm 0.0162
2cm 0.0158
3cm 0.0153
4cm 0.0149
5cm 0.0145
6cm 0.0141
7cm 0.0138
8cm 0.0128

According to this information, the system is capable of
discriminating coins that are separated by more than 8 cm, since
as they separate, the value of the amplitude measured at reception
decreases, as can be seen in Figure 21, and it is from 8 cm apart where
the amplitude level measured in the receiver is approximately equal
to the value measured without coins. Now, since the material nicad ic a
coin with a diameter of 2.3 cm (with an area a equal to smeart =
3.1416. (1.15cm) >=4.15 cm 2), then as the coins move away, the
angle The incidence is adjusted and the reflection area also decreases,
causing the reflection coefficient to become less and less and therefore
the signal received by the antenna is of lesser amplitude. Coming to
observe in Figure 20, that at a separation distance of 4cm between the
coins a 50% loss of amplitude is obtained, which indicates that the
system is not capable of discriminating the existence of two coins,
which occurs only from at least 8§ cm distance between them.
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Figure 20 Amplitude of the receiver in relation to the separation of the coins.
Experience 6

Wave behavior when the object is introduced into the ground at a
frequency of 2.81 GHz

What is sought with experience

Determine which of the signals penetrates further into a depth
established according to the 6 cm test bench in Figure 6 a & b).
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Conditions

I. A coin AS AREFLECTIVE ELEMENT

II. Depths from 1 cm to 6 cm
II1. 2.81GHz frequency
IV. Transmission gain: 22 dB (According to equipment
specifications)
V. Reception gain: 64 dB (According to equipment specifications)
VI. Incident angle of 60°
VII. From the dipole to the ground surface Dd=0.30 m

VIII. Of the buried object with respect to the surface Do=0.06 m,

IX. From the end of the antenna to the surface Da=0.1535 m

X. Transmission of Morlet, Meyer, Gaussian, hat, sinusoidal pulse.

Results obtained

In Table 8. All the information of each one of the signals is stored
when they are transmitted with GNU radio to carry out the calculation
of the penetration depth experimentally, using equation 2.27 and the
Matlab guide that can be seen in the Figure 21 (which, under the
programmed internal correlation function, delivers the number of
samples D of each of the transmission and reception signals with a
period of 3.55x10”-10 s). For the theoretical distance column, the
measurements were taken according to the design specifications of
Figure 6 b), where, under Snell’s law, the angle of refraction is obtained
and B with equation 2.9 of chapter 2, 12 is calculated, considered as
the hypotenuse of the triangle that is formed under the surface, the
value of rl can be calculated under equation 2.41 of chapter 2 where
Da according to the specifications of figure 8 is equal to 10.35 Cm and
the angle 8, = 60.

Table 7 Data from the object to the dipole of the different Wavelets waves
and a sinusoidal one

Antenna to Antenna to

Vibe theoretical experimental Levels
currency currency depth
measurement measurement
36.7 36.71 0
37.81 37.8 |
38.92 38.89 2

MORLET 40.04 39.98 3
41.15 41.07 4
42.27 42.16 5
43.38 43.26 6
36,7 36,52 0
37,81 37,61 |
38,92 38,7 2
40,04 39,79 3

GAUSSIANA 41,15 40,87 4
42,27 41,96 5
43,38 43,04 6
36,7 36,54 0
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Table 7 Continued....
Antenna to Antenna to
Vibe theoretical experimental Levels
currency currency depth
measurement measurement
37.81 37,63 |
38,92 38,72 2
40,04 39,81 3
MEYER 41,15 40,9 4
42,27 41,99 5
43,38 43,07 6
36,7 36,62 0
37.81 37,7 |
38,92 38,78 2
40,04 39,86 3
SOMBRERO 41,15 40,94 4
42,27 42,01 5
43,38 43,08 6
36.7 37.54 0
37.81 38.62 |
38.92 39.69 2
sinusoidal 40.04 40.76 3
41.15 41.82 4
42.27 42.9 5
43.38 43.96 6

(Own elaboration)

Table 8 Depth data of the different Wavelets waves and a sinusoidal within
the dry clay soil with its error percentage

Theoretical .
Experimental %
]

Vibe distance distance . Levels

Zl;r';fta:e surface depth Mistake depth

Surface 0

I.11 1.09 1.80% |

222 2.18 1.80% 2
MORLET 3.34 3.28 2.10% 3

4.45 4.37 2.02% 4

5.57 5.47 2.15% 5

6.68 6.57 1.95% 6

SURFACE 0

I.11 1.09 1.80% |

2.22 2.18 1.80% 2
GAUSSIAN 3.34 3.24 2.10% 3

4.45 4.36 2.25% 4

5.57 5.46 2.33% 5

6.68 6.51 2.40% 6
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Table 8 Continued...

Theoretical

Vibe disrtfance 5:; ;::I:icrzental %_ Levels
Zl;p:t;e surface depth Mistake depth
SURFACE 0
I.11 1.09 1.8 |
2.22 2.18 1.8 2
MEYER 3.34 3.27 2.1 3
4.45 436 2.02 4
5.57 5.45 2.15 5
6.68 6.56 2.25 6
SURFACE 0
I.11 1.07 2.7 |
2.22 2.14 2.7 2
HAT 3,34 3,23 2,99 3
4,45 4,31 2,92 4
5,57 5,40 3,23 5
6,68 6,46 3,29 6
SUPERFICIE 0
I, 1,07 2,70 |
SENOSOIDAL 2,22 2,14 3,15 2
3,34 3,23 3,59 3
4,45 43 3.82 4
5.57 5.32 3.77 5
6.68 6.43 3.89 6

(Own elaboration)

Making use of equation 2.42, for r2=0 and since it is up to half, the
value of the path of the theoretical beam on the surface is obtained:

Dist= (32cm +2%20.7)/2 =36.7cm

The level (0) is considered to be on the surface, the other theoretical
measurements of the ray trajectory reported come from equation 2.9
but already with the angle of incidence (which is obtained by Snell’s
law that gives a value of = 25.46) &. .

The theoretical and experimental values of the distance traveled by
the wave inside the dry land (r2) are recorded. The difference between
the theoretical value and the one measured experimentally gives us
the measurement error recorded in Table 8, this indicates the behavior
of the signal in relation to the penetration into the terrain in terms of
location of the object for each of the signals. Therefore, within the
results obtained, it can be seen in Table 8 that the Morlet signal is the
one that behaves best in relation to the location, presenting a constant
error that shows its behavior well at the time of location until it reaches
the level 5 where its depth is 5.47 cm, from there it is followed by the
Meyer, Gaussian, Sombrero signal and finally the sinusoidal pulse. It
was carried out in the following way, the object was introduced cm
by cm on the dry clayey ground and transmissions of the signals were
carried out one by one, on the ground. Each transmission generated
a reception which was captured, this information on the location of
the object within the dry clayey soil was stored in folders, to carry
out the data processing under the formulas for calculating correlation
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and depth of the object using Matlab, as well The data was recorded
for each of the signals and it was possible to observe that the wavelet
signals as they gained depth up to the level between Scm and 6cm still
detected the depth of the object, when this value already began to have
a constant behavior. it was deduced that up to that value the signal had
reached its maximum detection Table 7. V €ase la Figure 21 observe
how the 6depth values changes nas waves penetrate.

Graphs of each of the waves at a frequency of 2.81 GHz

Figure 22 shows the penetration depth of each of the waves
presented in Table 8 in relation to the surface and depth. As we can
see in Figure 6. The Morlet wave reaches 5.47 cm at level 5 compared
to the other waves. It is the one that penetrates the most in the dry
clayey soil. According to Table 8, it can be seen that the signal that
penetrated the most was the Morlet wave since its measurements did
not vary in relation to its percentage error in the % Error column for
level 5, showing a stable behavior until level 5, because between level
5 and 6 the signals present reflection and refraction effects with the
final base of the tray, which means that their data is not very unstable,
as can be seen in Figure 22, therefore up to level 5 cm are considered
acceptable behaviors . According to the above, wavelet signals can
be used to identify objects buried in dry clayey soil, as in this case,
where the construction of a GPR system was implemented, for data
collection of the different signals.

COMPARATIVO DE LAS SENALES EN LOCALIZACION DESDE 1CM-
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Figure 21 Comparison of wavelets at different penetrations. (Own

elaboration)

parcentale de errer de las seflales cuande son transmitidas promediada

Figure 22 Stability in the error of each one of the signals. (Own elaboration)

Conclusion

Wavelets can identify buried objects in their transmission and
reception under signal correlation analysis and the depth equation
used by GPR. When they penetrate the clayey soil, as can be seen
in Figure 22, the wavelet signals have a lower error compared to a
sinusoidal pulse for this case study, so they can be considered as signals
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to identify anomalies. Wavelet waves with symmetry characteristics
can be implemented for the detection of buried objects or conducting
terrestrial sounding, due to their ease of analysis as symmetrical finite
pulses. The Morlet wave according to Figure 21 presents a good
behavior at level 5, showing that it reached 5.47 cm compared to the
other signals because its error percentage is lower. This investigation
allowed us to verify that it is possible to design a GPR system using
wavelet signals, considering that they are signals with finite energy
and showing in the experimental results that wavelet signals present a
better performance than sinusoidal for locating an object buried in dry
land, therefore it is concluded that wavelet signals are a good option
in a ground penetrating radar.

The transmission power of the USRP is low, so with a good
directivity and gain of the antennas it is possible to supply power
effects of the transmitter, to improve the transmission of the system
they must be calibrated with an angle of 60° since this is how decreases
the effects of attenuation between signals. The system implemented
for this project is capable of locating objects at a depth of up to 6 cm,
and this is important to highlight since antipersonnel mines can be
buried at a maximum depth of 6 cm® which is why the system may be
suited to deliver more power to facilitate a deeper search.
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