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Abstract
Here, a contribution to the Improvised Explosive Devices remote detection in Colombia

in terms of Ground Penetrating Radar signal analysis is presented. The Complex Natural

Resonances Extraction Methods for characterizing buried objects are compared, and from

this evaluation and analysis, a new method is proposed with an increased accuracy and

hardware suitability factor. Finally, a hardware implementation of this method is tested in

an ARM processor.

Keywords: Singularity Expansion Method, Cauchy, Singular Value Decomposition,

Linear Prediction Matrix, Vector Fitting, Ground Penetrating Radar, Improvised Ex-

plosive Device, Landmine, ARM, processor, Complex Natural Resonances, Poles, Re-

sidues, Signal Processing

Abstract

T́ıtulo: Técnicas basadas en Hardware de extracción de Resonancias Naturales

Complejas para operaciones de Radar de Penetración Terrestre

En este libro se presenta una contribuci�on a la detecci�on remota de minas antipersonales en

Colombia, en t�erminos del an�alisis de se~nales de radar de penetraci�on terrestre. Los m�etodos

de extracci�on de resonancias naturales complejas para la caracterizaci�on de objetos enterra-

dos son comparados, y a partir de esta evaluaci�on y an�alisis, un nuevo m�etodo que muestra

un aumento en la presici�on y en la implementabilidad en hardware es propuesto. Finalmente,

este m�etodo es implementado en un procesador ARM.

Palabras clave: M�etodo de expansi�on de singularidades, Cauchy, Descomposici�on en

Valores Singulares, Matriz de Predicci�on Lineal, Ajuste de Vectores, Radar de Pene-

traci�on Terrestre, Dispositivos Explosivos Improvisados, Minas Antipersonales, Pro-

cesador ARM, Resonancias Naturales Complejas, Polos, Residuos, Procesamiento de

Se~nales.
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1. Introduction

Improvised Explosive Devices (IEDs), also called Unexploded Ordnance (UXO), have been

deployed around the world for decades and yet, due to the lack of standarization in the man-

ufacturing processes, many soil compositions, explosive types, disposal process, and even

the triggering mechanism, they remain buried and active for many years. This has resulted

in thousands of civil casualties and injuries in almost every country where a con
ict has

existed [9].

According to government statistics, Colombia was the country with more casualties after

Afganistan due to improvised landmines in 2017, which are still being deployed on a daily

basis because of an internal war [10]. The most updated statistics estimate 12.152 landmines

victims, where 40% corresponds to civil unarmed persons, mostly children. In January 2022,

6 new victims were reported in Colombia again [11].

When it comes to IEDs extraction process for humanitarian purposes, a non-invasive local-

ization and detection methods become necessary, currently carried on by metal detectors

(MD). However, this process is slow and expensive, beside the always present risk for the

MD operator. On the other had we have Ground Penetrating Radar techniques, such as the

Singularity Expansion Method (SEM) and the theory that it can classify buried objects no

matter its orientation based on the Complex Natural Resonances (CNR) calculated from the

backscattering response. To classify buried objects in real time based on SEM will help the

demining procedure for IEDs and the possibility of training and learning, saving possibly

thousands of lives. The selection, improvement and implementation of an algorithm that

classi�es objects in operation time is the aim of this thesis, leading to a low-cost portable

and e�cient improvised landmine detector device that could be easily manufactured and

deployed in civil ground.

1.1. Objectives

The main objective of this thesis is to design a hardware-based algorithm for complex natural

resonances extraction techniques in portable ground penetrating radar devices.

To compare and select complex natural resonances extraction methods based on com-
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putational cost, accuracy and overall suitability for hardware implementation.

To increase the e�ciency of CNR extraction techniques for a hardware implementation.

To design and test a version of the developed algorithm for the extraction of CNRs .

1.2. Outline

This document is organized as follows: �rst, the Radar and Ground Penetrating Radar sig-

nal acquisition process is explained in Chapter 2, then the Complex Natural Resonances

Extraction Methods (CNREM) explanation and automation is showed in Chapter 3, leading

to the performance comparison and analysis in Chapter 4. The proposed method improving

key aspects of CNREM is presented in Chapter 5, while the hardware algorithm implemen-

tation is presented in Chapter 6. Finally, the conclusions, future work and appendixes are

included.In appendix A, a method for the input Linear Prediction matrix segmentation is

proposed, Appendix B shows an study on data compression with SEM, while in Appendix

C a channel identi�cation and modeling of two antennas based on SEM are presented.

1.3. Contribution

Study of low-cost GPR radar techniques for buried object detection, and adaptation of

the multilayered medium transfer function modeling for landmine detonators detection.

CNREM automation for principal resonances �ltering.

Reconstruction and resonance validation of CNREM with R2 and FSV methods.

SEM algorithms comparison and performance evaluation.

Proposed Hardware suitability factor equation for CNR extraction methods.

New method improving accuracy and Hardware suitability factor of CNREM, based

on the insights of coming from the comparison.

Hardware-based design for the ARM Cortes-A9 processor.

Parallelization and LP matrix segmentation for hardware and e�ciency purposes based

on SEM

Data compression with SEM
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Channel identi�cation and modeling of two antennas based on SEM



2. Radar signal acquisition and

pre-processing

2.1. Ground Penetrating Radar

Ground Penetrating Radar (GPR) is a non-invasive measurement technique where radio

waves illuminate the soil, and then the re
ected or backscattered signal provides information

to image the subsurface, leading to the presence of static targets or the determination of

media changes. The signal measurement in a basic scheme, as displayed in Figs. 2-1 and 2-2,

compares �eld amplitude versus time after excitation. This is usually done in time-domain,

however, frequency domain methods are also being used to complete this task [1].

Figure 2-1.: Main components of a ground penetrating radar device [1].
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Figure 2-2.: Working principle of GPR backscattering system. [2].

As a non-destructive tool for mapping a subsurface, some of the areas where GPR has been

used are:

Archaeology, by testing and identifying numerous unmarked burials in a rock shelter

using a geographic information system [12].

Structures and pavements, widely used as a way of locating buried structures, deter-

mining soil composition, and detecting underground water and ice [13].

Military and humanitarian applications, as GPR can be used to detect hidden bunkers

and tunnels [14].

Medicine, for monitoring the deployment of arterial stents [15].

Studies for cemetery and criminal investigations [16]

Demining is another application of interest. Even though metal detectors determine the

presence of metal, a GPR can possibly determine the position, the size and the shape of the

target. Some particular advances in this area have been presented with a hand-held GPR

in [17].

Some of the most common technologies used nowadays are impulse radar, continuous-wave,

ultra-wide band, and synthetic-aperture radar, even from a few MHz to the VHF or UHF

bands.

Moreover, algorithms needed for image generation could be classi�ed as clutter suppression

(de�ne the background model and then subtract it from the measured signal), focusing (use

a radon transformation to coherently sum the signals scattered by localized objects) and
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feature based target detection (hypothesis testing theory including the target signature and

the clutter) [18,19].

2.2. Radar signal acquisition and pre-processing

The low-cost radar measurement setups for time and frequency domain signal generation

and acquisition consisted in a portable Vector Network Analyzer (VNA) and two Vivaldi

antennas for ground penetrating and free space con�gurations as Fig. 2-3 shows. Here, the

media was air for open space, and sand or soil for the GPR measurements.

A miniVNA Tiny Plus 2 up to 3 GHz was used to obtain the S21 parameters for every

open-space metallic objects experiments, with 1000 steps for the frequency range. For mea-

surements of buried objects, a R&S ZVH VNA was used up to 6 GHz and 1001 samples for

the complete bandwidth. Although the signal was captured using the whole spectrum, the

resonances calculated in the following chapters considered only frequencies above 600 MHz.

Figure 2-3.: Basic Radar system con�guration for free space and ground penetrating con�g-

urations.

The antennas used were two RFSpace TSA600, showed in Fig. 2-4, that provided the

frequency range, gain and low VSWR as in Fig. 2-5 over the full range for minimizing

resonances in a low-cost setup [3]. After the signals were acquired, the post-processing was

achieved in an Core i7 PC running Software like Matlab and some of the Vivado suite for

the hardware-based algorithm design and comparison.
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Figure 2-4.: RFSpace TSA600 Ultra-Wideband PCB Tapered Slot Antenna [3].
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Figure 2-5.: Vivaldi PCB antenna TSA600 VSWR from 400 MHz to 6 GHz [3].

For the signal pre-processing, the measurements were considered as a Linear Time-Invariant

(LTI) Impulse Response (IR) [20, 21]. Eqs. 2-1 and 2-2 describe the system response for

time and frequency domains

y(t) = x(t) � h(t)! y(t) = �(t) � h(t)! y(t) = h(t) ; (2-1)

and

Y (j!) = X(j!)H(j!)! Y (j!) = H(j!)! Y (j!) = H(j!) ; (2-2)

y(t): time domain output signal

x(t): time domain input signal

h(t): time domain system response

�: convolution operator

Y (j!): frequency domain output signal

X(j!): frequency domain input signal
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H(j!): frequency domain system response

For this reason, using Dirac impulses as the input signal implies that the output signal is

equal to the system response. Moreover, undesirable returns as antenna coupling crosstalk,

antennas unexpected behavior, surface re
ections, background and objects re
ections other

than the target can be considered as clutter and expressed as in Eq. 2-3, with Hc(j!) and

Ht(j!) as the clutter and target impulse responses [22].

Y (j!) = X(j!)[Hc(j!) +Ht(j!)] (2-3)

Reducing the clutter response is considered here as a background removal, di�erent than the

common for B-scan and C-scans [2]. Instead of dealing with the average of the background

and �lters, the bistatic radar system used the VNA-antenna-medium system modeling pro-

posed by Lambot et. al. [4, 23, 24]. Although the model is proposed for a monostatic setup,

it has been adapted for this pre-processing.

The return loss transfer function Ai(j!), the transmitting and receiving transfer functions

At(j!) and Ar(j!) of the antenna, and the multilayered medium system re
ections Af (j!),

incorporate the clutter in the transfer function system response as in Fig. 2-6. In other

words, Ai(j!), At(j!), Ar(j!) and Af (j!) are comprehended in Hc(j!), adding noise to the

signal of interest Ht(j!).

Figure 2-6.: Multilayered medium transfer function modeling proposed in [4], and adaptation

for the bistatic basic measurement setup.

This leads to Eq. 2.2 where transfer function Hc(j!) is considered as background, and the

parameter S21 can be found.
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S21 =
Y (j!)

X(j!)
= BG(j!) +Ht(j!) (2-4)

As BG(j!) can be measured directly by performing measurements in free space conditions

or in the setup without target, then the transfer function of interest Ht(j!) = S21�BG(j!)

can be obtained from the backscattered signals.

Figure 2-7.: Experimental setups in soil, free space and sandbox for signal generation and

retrieval.

For all the scenarios, the antennas and the target were separated more than 0.4 m for every

of the three setups shown in Figs. 2-7 and 2-8, where the signal acquisition was achieved,

then pre-processed with the previous modeling, and then used as an input for the Complex

Natural Resonances Extraction Methods (CNREM).




