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Abstract—SPOT-GPR (release 1.0) is a new freeware tool im-

plementing an innovative Sub-Array Processing method, for

the analysis of Ground-Penetrating Radar (GPR) data with

the main purposes of detecting and localizing targets. The

software is implemented in Matlab, it has a graphical user

interface and a short manual. This work is the outcome

of a series of three Short-Term Scientific Missions (STSMs)

funded by European COoperation in Science and Technology

(COST) and carried out in the framework of the COST Action

TU1208 “Civil Engineering Applications of Ground Penetrat-

ing Radar” (www.GPRadar.eu). The input of the software is

a GPR radargram (B-scan). The radargram is partitioned

in sub-radargrams, composed of a few traces (A-scans) each.

The multi-frequency information enclosed in each trace is ex-

ploited and a set of dominant Directions of Arrival (DoA) of

the electromagnetic field is calculated for each sub-radargram.

The estimated angles are triangulated, obtaining a pattern of

crossings that are condensed around target locations. Such

pattern is filtered, in order to remove a noisy background of

unwanted crossings, and is then processed by applying a sta-

tistical procedure. Finally, the targets are detected and their

positions are predicted. For DoA estimation, the MUltiple

SIgnal Classification (MUSIC) algorithm is employed, in com-

bination with the matched filter technique. To the best of our

knowledge, this is the first time the matched filter technique

is used for the processing of GPR data. The software has

been tested on GPR synthetic radargrams, calculated by us-

ing the finite-difference time-domain simulator gprMax, with

very good results.

Keywords—Direction-of-Arrival algorithms, Ground-Penetrat-

ing Radar, matched filter technique, MUltiple SIgnal Classi-

fication (MUSIC), Sub-Array Processing.

1. Introduction

The identification of cables, pipes, conduits and other util-

ities buried in the soil or embedded in walls, as well as the

localization of reinforced elements in concrete structures,

are important tasks in civil engineering and have been ex-

tensively studied in the last years. The most commonly

used non-destructive testing methods exploit electromag-

netic waves – a Ground-Penetrating Radar (GPR) [1], [2]

illuminates the area of interest by using a transmitting an-

tenna or a set of sources. The echo is collected by a receiv-

ing antenna or a set of sensors, then, the recorded radar-

grams are processed, in order to extract information about

the scenario and localize the sought objects [3]–[6].

SPOT-GPR stands for “Sub-array Processing Open Tool for

GPR applications” and is a novel freeware tool that can be

used for detecting (spotting) targets in a GPR radargram

and for estimating their positions. The tool implements an

innovative sub-array processing method, based on the use

of smart-antenna and radar techniques. It has a Graphi-

cal User Interface (GUI) and a short manual, with exam-

ples. It was developed during three European COopera-

tion in Science and Technology (COST) Short-Term Sci-

entific Missions (STSMs), as a contribution to the COST

Action TU1208 “Civil Engineering Applications of Ground

Penetrating Radar” [7]. Those STSMs were carried out in

May 2015 [8], [9], January 2016 [10]–[12], and December

2016 – January 2017 [13], [14].

In applications involving smart antennas and in the pres-

ence of several transmitters operating simultaneously, it is

important for a receiving array to be able to estimate the

Directions of Arrival (DoAs) of the incoming signals, in

order to decipher how many emitters are present and pre-

dict their positions [15], [16]. A number of methods have

been devised for DoA estimation: MUltiple SIgnal Clas-

sification (MUSIC) [17] and Estimation of Signal Parame-

ters via Rotational Invariance Technique (ESPRIT) [18] are

amongst the most popular ones. When a GPR is used to

detect and localize targets in the ground or in a structure,

the scenario is similar; hence, analogous techniques can be

used for target detection and localization. The electromag-

netic sources are the currents induced on the sought targets

and DoA algorithms can be used for estimating where the

electromagnetic field back-scattered by the targets comes

from [19]–[22]. However, there are important differences

between smart-antenna and GPR problems, which need to

be considered and properly treated:
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• In GPR scenarios, targets are embedded in a medium

different than the one where the GPR antennas are

operating: refraction effects occurring at the inter-

face between the air and the host medium cannot be

neglected.

• A GPR radargram (usually denominated B-scan), to

be processed for predicting the number of targets

and their positions, is a set of traces (A-scans) mea-

sured by an antenna in different spatial points. Each

trace is a vector of electric-field amplitudes measured

in a series of instants, within a suitable time win-

dow. After recording a trace in a given spatial point,

the GPR is moved to the subsequent point, where

a new trace is recorded. In smart-antennas applica-

tions, instead, the data to be processed are collected

by different antennas, which perform their measure-

ments simultaneously. Inasmuch a GPR scenario usu-

ally does not change while a radargram is recorded,

this difference is not important. The radargram can

be treated as if the A-scans were recorded by an

array of identical antennas performing simultaneous

measurements.

• DoA algorithms assume that the electromagnetic

sources are in the far-field region of the receiving

array, hence the wavefront illuminating the array

can be considered as planar and the dominant an-

gular directions of the impinging field can be esti-

mated. In GPR applications, instead, targets can be

present both in the far-field region and near to the an-

tenna. In order to work with DoA algorithms in near-

field conditions, we adopted a Sub-Array Processing

(SAP) approach [19]: a B-scan is partitioned in sub-

radargrams composed of few A-scans each, and the

dominant DoA is predicted for each sub-radargram.

This method allows to correctly estimate DoAs due

to objects that are in the near field of the whole ar-

ray, as long as they are in the far field of each sub-

array. Then, all the estimated angles are triangulated

and a set of crossings is obtained, with intersections

condensed around object locations. This pattern is

filtered, in order to remove the noisy background of

unwanted crossings. Finally, the number of targets

and their positions are estimated.

• DoA algorithms are conceived by considering a mon-

ochromatic or narrowband signal model. They are

based on the assumption that the radar is dwelling

for a long time on a standing target, gathering the

energy in a narrow spectrum of frequencies. Even

though this ideal model is adopted in many practi-

cal systems (e.g. pulse Doppler radar), the narrow-

band assumption is too limitative for the GPR case

and would lead to a poor spatial localization ca-

pability. Moreover, it would impact on the possi-

bility to detect multiple objects. GPR radargrams

contain multi-frequency information about the sur-

veyed scenario, which is definitely worth being ex-

ploited. Here resides the most innovative part of

our method, which takes into account that the radar

emits an ultra-wideband signal and exploits the in-

formation contained in the entire spectrum of the

received signal. In particular, for target-depth esti-

mation (which is more challenging, compared to the

estimation of the horizontal position of the target),

the matched filter technique is applied [23]. This

technique is well known and widely used in other

radar applications (such as pulse-doppler, frequency-

modulated continuous-wave, and synthetic-aperture

radar). However, it does not seem to be used for the

processing of radargrams measured by pulsed GPR

systems, yet. To the best of our knowledge, our work

represents the first application of the matched filter

technique for GPR signal processing purposes.

We tested the accuracy of our software tool on syn-

thetic radargrams calculated by using the finite-difference

time-domain simulator gprMax [24], with very good re-

sults [10], [13].

In Section 2, we provide more information about the ap-

proach that we developed and implemented. We also de-

scribe the merits and limits of the method.

In Section 3, two examples of application and numer-

ical results are presented. In particular, we use SPOT-

GPR for processing the synthetic radargrams obtained for

two reference scenarios defined within the COST Action

TU1208 [25] (concrete cells with reinforcing elements).

We also considered modified versions of such scenarios,

where we gradually varied the distances between the re-

inforcing elements. In this way, we could assess how the

electromagnetic interactions between the targets influence

the accuracy of our method. We compared the results of

proposed method against the classical hyperbola estimation

based on a Minimum Mean Square Error technique [26].

In Section 4, conclusions are drawn and plans for future

work are outlined.

2. Data-processing Approach

Implemented in SPOT-GPR 1.0

We developed and implemented a SAP-DoA method that

allows detecting target reflections in a GPR radargram and

estimating target positions. For the evaluation of horizontal

(x) positions (i.e. the target positions along the acquired

GPR profile), our method is based on a beamforming on-

receive technique for cross-range localization [26]. For the

evaluation of vertical (y) positions (i.e. the target burial

depths), which is a more challenging task, proposed method

is based on the classic matched-filter technique for range

estimation [26]. In Fig. 1, a block diagram of the SAP-DoA

method implemented in SPOT-GPR 1.0 is presented.

Our approach operates on the amplitudes of the back-

scattered electric field. Hence, as a preliminary step, the

radargram of the back-scattered field has to be obtained

from the radargram under process where the amplitudes of

the total electric field are recorded. The radargram of the
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Fig. 1. Block diagram of the signal processing technique implemented in SPOT-GPR 1.0.

back-scattered field can be easily obtained by subtracting

a background radargram from the radargram under pro-

cess. Under the assumption that all the involved media are

linear. Let us suppose that the radargram under process

includes N A-scans, measured by the GPR in N spatial

points along a profile. Then, the background radargram

includes N A-scans that would be measured by the GPR

in the same spatial points, in the absence of the targets. If

the radargram under process is synthetic, the background

radargram can be easily produced by using the same elec-

tromagnetic simulator that was employed to calculate the

radargram under process. If the radargram under process

is experimental, an artificial background radargram can be

built as follows: the user can select in the B-scan a few

traces measured in an area where, for sure, no targets are

present (such area has obviously to be far enough from the

targets). Then, the selected traces can be averaged and the

resulting average trace can be repeated N times.

As was mentioned in the introduction, our approach par-

titions the radargram of the back-scattered field in sub-

radargrams, composed of few traces each. A DoA estima-

tion algorithm is applied to every sub-radargram, for esti-

mating the dominant angle of arrival of the backscattered

field. In SPOT-GPR 1.0, the MUSIC algorithm [17] is

implemented, which has been widely studied in the litera-

ture and is currently the most popular DoA method. Sev-

eral other high-resolution DoA methods exist. We intend

to implement them in the near future and carry out a com-

parison of their performance when embedded in our ap-

proach and applied to GPR scenarios.

By triangulating all the estimated angles, a pattern of in-

tersections (crossings) is obtained. Such intersections are

condensed around object locations. The pattern is filtered,

in order to remove the noisy background of unwanted cross-

ings [19], [20]. The number of targets and their cross-range

(horizontal) positions are estimated by averaging clustered

crossings.

DoA algorithms account for a narrowband signal model:

they are based on the assumption that the radar is dwelling

for a long time on a standing target, gathering the energy in

a limited frequency spectrum. Despite this ideal model is

used in many practical systems (e.g. pulse Doppler radar),

the narrowband assumption is too limitative for the GPR

case and would lead to a poor spatial resolution in the ver-

tical direction (the estimation of the target burial depths is

more critical than the estimation of their position along the

acquisition profile) [8], [9]. Hence, for range estimation,

proposed methods adopts the classical matched filter. This

technique is widely used in many radar applications but,

surprisingly, it does not seem to be used for the process-

ing of GPR radargrams, yet. We carried out a series of

tests and the benefits of having integrated this technique

into our SAP-DoA approach are significant, in terms of

accuracy [10]. Let us call {x}k the set of horizontal coor-

dinates of the intersections in the filtered crossing pattern

(with k=1,. . . ,K, being K the number of intersections in

the filtered crossing pattern). For each xk ∈ {x}k, the near-

est A-scan is cross-correlated in the time domain with the

transmitted pulse. The time instant corresponding to the

maximum of the correlated signal τob j,k is used to extract

the y-coordinate yk for the k-th crossing. Finally, the po-

sition (x̂ob j,ŷob j) of each target is estimated by a simple

coordinate averaging of all the {x,y}k pairs located in an

area selected by the user via the software GUI.

Let us now underline the main differences between the

method implemented in SPOT-GPR, presented in this pa-

per, and a SAP-DoA approach that we proposed and imple-

mented a few years ago. In [19]–[22], the considered sce-

nario was a dielectric lossless half-space hosting circular-

section cylindrical targets. The electromagnetic source was
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Fig. 2. Layout of the GUI of SPOT-GPR 1.0: (a) screenshot of the input GUI, (b) screenshot of the output GUI.

a monochromatic plane-wave. Spectral-domain results, cal-

culated at a fixed frequency by using the Cylindrical Wave

Approach [27], [28], were used as input data for the SAP-

DoA method. The old SAP-DoA, indeed, was conceived

by considering a monochromatic-signal model. The local-

ization results were satisfactory in the case of one circular-

section cylinder and for moderate dielectric contrast be-

tween the air and the half-space hosting the target [19]–[21].

The performance of the approach degraded when two inter-

acting cylinders were present, or when the relative permit-

tivity of the soil was increased [22]. The method was not

applicable in the presence of more than two cylinders (un-

less they were very far from each other), because it could

not tackle with their electromagnetic interaction. Further-

more, the implemented codes needed a-priori information

about the number of sought targets.

The method developed in the framework of the COST Ac-

tion TU1208 and implemented in SPOT-GPR is more ad-

vanced and reliable. It is capable to deal with real GPR

radargrams. No a-priori information about the number of

targets is needed. Multiple interacting objects, of different

size and shape, can be present in the scenario. The electro-

magnetic source is assumed to be an ultra-wideband signal.

The software receives in input the time-domain response

of the scenario, measured by the GPR receiving antenna,

and is capable to exploit the multi-frequency information

contained in it.

The main limitations of SPOT-GPR (release 1.0) are:

• a-priori information is needed concerning the relative

permittivity of the medium hosting the targets,

• the method assumes that the medium hosting the tar-

get is the medium illuminated by the GPR antenna,

i.e. the presence of different media can be taken into

account, however they have to be beyond the medium
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hosting the targets and not in between such medium

and the antennas,

• a-priori information is needed concerning the time-

shape of the pulse emitted by the GPR, for the ap-

plication of the matched-filter technique,

• losses in the media are not taken into account.

We are keen to further develop our method in order to

remove those limitations in the near future.

We would like to point out that, commonly, the processing

of GPR data for target detection and localization consists

in analyzing the hyperbolic reflections found in the radar-

gram. When the electromagnetic pulse emitted by a GPR

impinges on a circular-section target embedded in a host

medium, the field is scattered and reflected by the target

due to the discontinuity of permittivity. As is well known,

when the GPR antenna is shifted along the surface between

the air and the investigated subsoil/structure, the presence

of a circular-section target translates into the recorded radar-

gram as a hyperbola. However, if the target does not have

a circular section, its signature in the radargram is not a hy-

perbola. Hence, the application of the classical hyperbola

method for the estimation of its position gives inaccurate

results or cannot be applied. Our SAP-DoA approach, in-

stead, is applicable and successful also in the presence of

arbitrary-section targets [10].

As mentioned in the introduction, SPOT-GPR 1.0 comes

with a GUI. To give an idea, screenshots of the GUI are

presented in Fig. 2.

When the software is launched, the graphical interface

shown in Fig. 1a appears. This is divided into three main

sections, corresponding to three steps to be done by the

user in order to obtain the estimation of target positions,

namely:

• Step 1 – Load input files: the user is required to select

the relevant input files (containing the time shape of

the pulse transmitted by the GPR and the data to be

processed);

• Step 2 – Settings. The user is required to encode

information about some GPR settings used during

the measurement;

• Step 3 – Spotting. After the software is executed,

the user will be able to interactively drag the mouse

on the figure that will appear in the spotting area, in

order to extract the estimated positions of the targets.

The GUI output is shown in Fig. 2 and includes the fol-

lowing items:

– a grey-scale map of the synthetic or experimental

dataset under analysis (B-scan),

– a color map of the Fast Fourier Transform (FFT) of

the compressed simulated/measured dataset,

– the spotting interactive panel, where the user can se-

lect an area by simply dragging a rectangular region

with the mouse. The relevant estimation of the tar-

get positioned in the selected area is provided by the

software in the dedicated box, on the right.

More details can be found in the software manual.

3. Examples

In this Section, we consider two reference scenarios pro-

posed within the COST Action TU1208, namely the con-

crete Cells 1-1 and 1-2 designed and studied in [25].

Cell 1-1 hosts five perfectly-conducting (PEC) circular-

section reinforcing bars, having different size and placed at

different depths with respect to the air/concrete interface:

see the sketch reported in Fig. 1a.

Cell 1-2 refers to a more complex scenario, including both

conducting and dielectric objects: a PEC rebar, a polyvinyl

chloride (PVC) tube filled with air, a PVC tube partially

filled with a perfectly-conducting rebar and with air, and

finally a steel pipe (see the sketch in Fig. 1b).

The size of both cells is 60×18 cm in the transverse plane,

whereas the length of the cells (and of the reinforcing ele-

ments) is 100 cm. The cells are positioned on a compacted

fill. Note that in both scenarios the targets are very close to

each other: strong electromagnetic interactions take place

and, although the geometry of the cells is rather simple,

accurate target localization from GPR data is not a trivial

task.

For each concrete cell, we simulated four additional config-

urations where we gradually increased the spacing between

adjacent objects with a 5-cm step (as indicated on top of

Figs. 1a and 1b).

For the original reference scenarios, synthetic radargrams

were already available. They were calculated in [25] by

using GprMax2D [29], a free electromagnetic simulator

implementing the finite-difference time-domain technique.

The new version of the simulator, gprMax [24], was not

yet available at that time. For the enlarged versions of the

cells, it was necessary to perform new simulations.

In all the simulations, the central frequency of the Ricker

pulse emitted by the GPR was fc = 1.5 GHz. The transmit-

ting antenna (a dipole) and the receiving antenna (not mod-

eled) were at 2 cm from the air-concrete interface (Fig. 3).

The distance between the antennas was 10 cm. Results were

calculated on a time window of 5 ns, by moving the an-

tennas along a line orthogonal to the axes of the scatter-

ers. The distance between consecutive traces was 5 mm

and the time sampling respected the Courant stability con-

dition. The relative permittivity of concrete was εr,c = 6

and its conductivity was σc = 0.01 S/m. The relative per-

mittivity of the compacted fill was εr,c f = 16 and its con-

ductivity was σc f = 0.005 S/m.

The input files for the original cells are reported in the

following, in order to encourage interested Readers to con-

sider the same cells for a possible testing of their inver-

sion/imaging/processing approaches and a comparison with

our results. The input files for the enlarged configurations

can be easily derived.
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Fig. 3. Test-case geometric model: (a) cell 1-1 – conductive rebars of different size, (b) cell 1-2 – conductive and dielectric objects of

different size.

cell 1-1

#medium: 6.0 0.0 0.0 0.01 1.0 0.0 concrete

#medium: 16.0 0.0 0.0 0.005 1.0 0.0 compacted fill

---------------------------------------------------

#domain: 0.66 0.28

#dx dy: 0.0005 0.0005

#time window: 5e-9

#abc type: pml

#pml layers: 10

---------------------------------------------------

#box: 0.0 0.0 0.66 0.05 compacted fill

#box: 0.03 0.05 0.63 0.23 concrete

---------------------------------------------------

#cylinder: 0.18 0.17 0.01 pec

#cylinder: 0.28 0.14 0.01 pec

#cylinder: 0.38 0.11 0.01 pec

#cylinder: 0.48 0.14 0.005 pec

#cylinder: 0.58 0.14 0.015 pec

---------------------------------------------------

#line source: 1.0 1500e6 ricker MyLineSource

---------------------------------------------------

#analysis: 100 cell 11 concrete.out b

#tx: 0.03 0.25 MyLineSource 0.0 5e-9

#rx: 0.13 0.25

#tx steps: 0.005 0.0

#rx steps: 0.005 0.0

#end analysis:

---------------------------------------------------

#geometry file: cell 11 concrete.out.geo

#title: Cell 1.1

#messages: y

cell 1-2
#medium: 6.0 0.0 0.0 0.01 1.0 0.0 concrete

#medium: 16.0 0.0 0.0 0.005 1.0 0.0 compacted fill

#medium: 3.0 0.0 0.0 0.0 1.0 0.0 pvc

---------------------------------------------------

#domain: 0.66 0.28

#dx dy: 0.0005 0.0005

#time window: 5e-9

#abc type: pml

#pml layers: 10

---------------------------------------------------

#box: 0.0 0.0 0.66 0.05 compacted fill

#box: 0.03 0.05 0.63 0.23 concrete

---------------------------------------------------

#cylinder: 0.18 0.14 0.015 pec

#cylinder: 0.3 0.14 0.015 pvc

#cylinder: 0.3 0.14 0.013 free space

#cylinder: 0.42 0.14 0.015 pvc

#cylinder: 0.42 0.14 0.013 free space

#cylinder: 0.42 0.1345 0.0075 pec

#cylinder: 0.54 0.14 0.035 pec

#cylinder: 0.54 0.14 0.033 free space

---------------------------------------------------

#line source: 1.0 1500e6 ricker MyLineSource

---------------------------------------------------

#analysis: 100 cell 12 concrete.out b

#tx: 0.03 0.25 MyLineSource 0.0 5e-9

#rx: 0.13 0.25

#tx steps: 0.005 0.0

#rx steps: 0.005 0.0

#end analysis:

---------------------------------------------------

#geometry file: cell 12 concrete.out.geo

#title: Cell 1.2

#messages: y
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Table 1

Test scenario for Cell 1-1

Cell 1-1 original

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.28, 0.14) 0.01

No. 3 (0.38, 0.11) 0.01 PEC

No. 4 (0.48, 0.14) 0.005

No. 5 (0.58, 0.14) 0.015

Size of the cell section: 0.66×0.28 m2

No. of A-scans in the radargram: 100

Cell 1-1 (a)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.33, 0.14) 0.01

No. 3 (0.48, 0.11) 0.01 PEC

No. 4 (0.63, 0.14) 0.005

No. 5 (0.78, 0.14) 0.015

Size of the cell section: 0.86×0.28 m2

No. of A-scans in the radargram: 140

Cell 1-1 (b)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.38, 0.14) 0.01

No. 3 (0.58, 0.11) 0.01 PEC

No. 4 (0.78, 0.14) 0.005

No. 5 (0.98, 0.14) 0.015

Size of the cell section: 1.06×0.28 m2

No. of A-scans in the radargram: 180

Cell 1-1 (c)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.43, 0.14) 0.01

No. 3 (0.68, 0.11) 0.01 PEC

No. 4 (0.93, 0.14) 0.005

No. 5 (1.18, 0.14) 0.015

Size of the cell section: 1.26×0.28 m2

No. of A-scans in the radargram: 220

Cell 1-1 (d)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.48, 0.14) 0.01

No. 3 (0.78, 0.11) 0.01 PEC

No. 4 (1.08, 0.14) 0.005

No. 5 (1.38, 0.14) 0.015

Size of the cell section: 1.46×0.28 m2

No. of A-scans: 260

General setup

Relative dielectric constant medium 1: 6 (concrete)

Relative dielectric constant medium 2: 16 (compact fill)

Trace spacing: 5 ·10
−3 m

Time window: 5 ·10
−9 s

Centre frequency: 1500 MHz (Ricker pulse)

In Tables 1 and 2, the physical and geometrical proper-

ties of all the considered cells, as well as the simulation

parameters, are resumed.

For each enlarged cell, the relevant synthetic B-scan is pre-

sented in Figs. 4 and 5. The B-scans of the original cells

can be found in [25] and are not repeated here.

We processed all the simulated radargrams with SPOT-

GPR, for detecting and localizing the targets. We com-

pared the results obtained with our software with the results

Table 2

Test scenario for Cell 1-2

Cell 1-2 original

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.30, 0.14) 0.015 PVC

(0.30, 0.14) 0.013 Free space

No. 3

(0.42, 0.14) 0.015 PVC

(0.42, 0.14) 0.013 Free space

(0.42, 0.1345) 0.0075 PEC

No. 4
(0.54, 0.14) 0.035 PEC

(0.54, 0.14) 0.033 Free space

Size of the cell section: 0.66×0.28 m2

No. of A-scans in the radargram: 100

Cell 1-2 (a)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.35, 0.14) 0.015 PVC

(0.35, 0.14) 0.013 Free space

No. 3

(0.52, 0.14) 0.015 PVC

(0.52, 0.14) 0.013 Free space

(0.52, 0.1345) 0.0075 PEC

No. 4
(0.69, 0.14) 0.035 PEC

(0.69, 0.14) 0.033 Free space

Size of the cell section: 0.81×0.28 m2

No. of A-scans in the radargram: 130

Cell 1-2 (b)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.40, 0.14) 0.015 PVC

(0.40, 0.14) 0.013 Free space

No. 3

(0.62, 0.14) 0.015 PVC

(0.62, 0.14) 0.013 Free space

(0.62, 0.1345) 0.0075 PEC

No. 4
(0.84, 0.14) 0.035 PEC

(0.84, 0.14) 0.033 Free space

Size of the cell section: 0.96×0.28 m2

No. of A-scans in the radargram: 160

Cell 1-2 (c)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.45, 0.14) 0.015 PVC

(0.45, 0.14) 0.013 Free space

No. 3

(0.72, 0.14) 0.015 PVC

(0.72, 0.14) 0.013 Free space

(0.72, 0.1345) 0.0075 PEC

No. 4
(0.99, 0.14) 0.035 PEC

(0.99, 0.14) 0.033 Free space

Size of the cell section: 1.11×0.28 m2

No. of A-scans in the radargram: 190

Cell 1-2 (d)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.50, 0.14) 0.015 PVC

(0.50, 0.14) 0.013 Free space

No. 3

(0.82, 0.14) 0.015 PVC

(0.82, 0.14) 0.013 Free space

(0.82, 0.1345) 0.0075 PEC

No. 4
(1.14, 0.14) 0.035 PEC

(1.14, 0.14) 0.033 free space

Size of the cell section: 1.26×0.28 m2

No. of A-scans: 220

General setup

Relative dielectric constant medium 1: 6 (concrete)

Relative dielectric constant medium 2: 16 (compact fill)

Trace spacing: 5×10
−3 m

Time window: 5×10
−9 s

Centre frequency: 1500 MHz (Ricker pulse)
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obtained by using the traditional hyperbola-fitting method.

In particular, for what concerns the latter method, we im-

plemented a dedicated procedure, as follows.

The coordinates of each hyperbolic signature in a radargram

do not perfectly lie on a hyperbola. For any point (xl , yl)

lying on the curve of maximum amplitude, the error with

respect to the best fitting hyperbola can be defined as:

e2
=

L

∑
l=1

(

1−
x2

l

a2
−

y2

l

b2

)

, (1)

being a and b the best-fitting-hyperbola semi major and

semi minor axes, respectively.

Fig. 4. Radargrams for Cells 1-1 (a)–(d).

The error is therefore a function of the parameters a and b,

which have to be estimated by minimizing the square

error e2. The optimal values are obtainable by differen-

Fig. 5. Radargrams for Cells 1-2 (a)–(d).

Fig. 6. Hyperbolic data fitting on B-scan data – Cell 1-1 (a).
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Table 3

Test scenario for Cell 1-1

Cell 1-1 original

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.28, 0.14) 0.01

No. 3 (0.38, 0.11) 0.01 PEC

No. 4 (0.48, 0.14) 0.005

No. 5 (0.58, 0.14) 0.015

Size of the cell section: 0.66×0.28 m2

No. of A-scans in the radargram: 100

Cell 1-1 (a)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.33, 0.14) 0.01

No. 3 (0.48, 0.11) 0.01 PEC

No. 4 (0.63, 0.14) 0.005

No. 5 (0.78, 0.14) 0.015

Size of the cell section: 0.86×0.28 m2

No. of A-scans in the radargram: 140

Cell 1-1 (b)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.38, 0.14) 0.01

No. 3 (0.58, 0.11) 0.01 PEC

No. 4 (0.78, 0.14) 0.005

No. 5 (0.98, 0.14) 0.015

Size of the cell section: 1.06×0.28 m2

No. of A-scans in the radargram: 180

Cell 1-1 (c)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.43, 0.14) 0.01

No. 3 (0.68, 0.11) 0.01 PEC

No. 4 (0.93, 0.14) 0.005

No. 5 (1.18, 0.14) 0.015

Size of the cell section: 1.26×0.28 m2

No. of A-scans in the radargram: 220

Cell 1-1 (d)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.17) 0.01

No. 2 (0.48, 0.14) 0.01

No. 3 (0.78, 0.11) 0.01 PEC

No. 4 (1.08, 0.14) 0.005

No. 5 (1.38, 0.14) 0.015

Size of the cell section: 1.46×0.28 m2

No. of A-scans: 260

General setup

Relative dielectric constant medium 1: 6 (concrete)

Relative dielectric constant medium 2: 16 (compact fill)

Trace spacing: 5 ·10
−3 m

Time window: 5 ·10
−9 s

Centre frequency: 1500 MHz (Ricker pulse)

tiating e2 with respect to a and b and by equating the dif-

ferentials to zero:










∂e2

∂a
= 0

∂e2

∂b
= 0

. (2)

The latter equation can be solved for a and b and the fol-

lowing expressions can be obtained [26]:

Table 4

Test scenario for Cell 1-2

Cell 1-2 original

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.30, 0.14) 0.015 PVC

(0.30, 0.14) 0.013 Free space

No. 3

(0.42, 0.14) 0.015 PVC

(0.42, 0.14) 0.013 Free space

(0.42, 0.1345) 0.0075 PEC

No. 4
(0.54, 0.14) 0.035 PEC

(0.54, 0.14) 0.033 Free space

Size of the cell section: 0.66×0.28 m2

No. of A-scans in the radargram: 100

Cell 1-2 (a)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.35, 0.14) 0.015 PVC

(0.35, 0.14) 0.013 Free space

No. 3

(0.52, 0.14) 0.015 PVC

(0.52, 0.14) 0.013 Free space

(0.52, 0.1345) 0.0075 PEC

No. 4
(0.69, 0.14) 0.035 PEC

(0.69, 0.14) 0.033 Free space

Size of the cell section: 0.81×0.28 m2

No. of A-scans in the radargram: 130

Cell 1-2 (b)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.40, 0.14) 0.015 PVC

(0.40, 0.14) 0.013 Free space

No. 3

(0.62, 0.14) 0.015 PVC

(0.62, 0.14) 0.013 Free space

(0.62, 0.1345) 0.0075 PEC

No. 4
(0.84, 0.14) 0.035 PEC

(0.84, 0.14) 0.033 Free space

Size of the cell section: 0.96×0.28 m2

No. of A-scans in the radargram: 160

Cell 1-2 (c)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.45, 0.14) 0.015 PVC

(0.45, 0.14) 0.013 Free space

No. 3

(0.72, 0.14) 0.015 PVC

(0.72, 0.14) 0.013 Free space

(0.72, 0.1345) 0.0075 PEC

No. 4
(0.99, 0.14) 0.035 PEC

(0.99, 0.14) 0.033 Free space

Size of the cell section: 1.11×0.28 m2

No. of A-scans in the radargram: 190

Cell 1-2 (d)

Object Centre position [m] Radius [m] Material

No. 1 (0.18, 0.14) 0.015 PEC

No. 2
(0.50, 0.14) 0.015 PVC

(0.50, 0.14) 0.013 Free space

No. 3

(0.82, 0.14) 0.015 PVC

(0.82, 0.14) 0.013 Free space

(0.82, 0.1345) 0.0075 PEC

No. 4
(1.14, 0.14) 0.035 PEC

(1.14, 0.14) 0.033 Free space

Size of the cell section: 1.26×0.28 m2

No. of A-scans: 220

General setup

Relative dielectric constant medium 1: 6 (concrete)

Relative dielectric constant medium 2: 16 (compact fill)

Trace spacing: 5 ·10
−3 m

Time window: 5 ·10
−9 s

Centre frequency: 1500 MHz (Ricker pulse)
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a2
=

∑
l

x4

i ∑
l

y4

i −
(

∑
l

x2

i y2

i

)2

∑
l

x4

i ∑
l

y2

i −
(

∑
l

x2

i y2

i

)

∑
l

x2

i

,

b2
=

(

∑
l

x2

i ∑
l

y2

i

)

∑
l

x4

i −
(

∑
l

x2

i y2

i

)2

(

∑
l

x2

i y2

i

)

∑
l

y2

i −∑
l

x2

i ∑
l

y4

i

.

(3)

To provide a qualitative idea of the accuracy of such pro-

cedure, we present an example in Fig. 6.

The localization results for Cells 1-1 and 1-2 are presented

in Tables 3 and 4, respectively. In particular, the position

error is given for each target, for both the hyperbolic fitting

method and the SAP-DOA technique. The position error

is defined as the difference between the actual and esti-

mated positions of the target. It can be noted that the hy-

perbolic fitting cross-range estimation is pretty close to the

SAP-DoA method, whereas the range (depth) estimation

of the SAP-DoA method differs from the hyperbolic fit-

ting by less than 2 cm in the worst case. In some cases,

the SAP-DoA method is more accurate than the hyperbolic

fitting method.

In Fig. 7, the position error is plotted for all the targets of

Cell 1-1 and for both localization methods, as a function

of the horizontal distance between adjacent targets. Five

Fig. 7. RMS estimation error vs object mutual distance (5 sim-

ulated cases) for Cell 1-1.

Fig. 8. RMS estimation error vs object mutual distance (5 sim-

ulated cases) for Cell 1-2.

points are present in each curve. The first point corre-

sponds to the original cell and the subsequent four points

correspond to the enlarged cells. In Fig. 8, the same as

in Fig. 7 is reported, for Cell 1-2. The SAP-DoA depth-

estimation seems to have a little offset in comparison with

the hyperbolic fit, which is probably due to the presence of

cavities in this case study.

4. Conclusions

In this work, an innovative Sub-Array Processing (SAP)

approach exploiting Direction of Arrival (DoA) algorithms

was presented, for the processing of Ground-Penetrating

Radar (GPR) data. The purpose of the method is to detect

an unknown number of targets in the subsoil or in a struc-

ture, and estimate their positions. For the first time, the

matched-filter technique was used in the GPR field, with

very good results.

The proposed SAP-DoA approach was developed in the

framework of the COST Action TU1208 activities and it

was implemented in Matlab. A GUI was realized, too.

The resulting software tool has ben called SPOT-GPR and

is freely distributed via the Action website, for academic

and commercial use.

The accuracy of the developed tool was investigated by pro-

cessing several synthetic radargrams, calculated by using

the finite-difference time-domain simulator GprMax2D. In

this paper we presented two examples. We considered two

concrete cells, with embedded metallic and dielectric cylin-

drical targets. We simulated the cells varying the distance

between the targets and processed all the obtained radar-

grams with SPOT-GPR and compared the obtained local-

ization results with those of the standard hyperbola-fitting

approach, which is commonly employed for the process-

ing of GPR data when circular-section cylindrical targets

are present. The SAP-DoA technique demonstrated a good

functioning with respect to the hyperbolic approach. One

of the advantages of our method is that it can be applied

also in the presence of arbitrary-section targets, when the

hyperbolic fitting method cannot be used.

Further tests will be carried out on synthetic radargrams

obtained by including in the model a realistic representa-

tion of the transmitting and receiving antennas. Moreover,

we will check how the presence of losses in the materials

affects the accuracy of our approach.

Additional tests based on real measurements will be car-

ried out. In particular, as a subsequent step, we plan to

check the accuracy of SPOT-GPR against the TU1208 ex-

perimental dataset coming from measurements performed

at the IFSTTAR Geophysical Test Site (Nantes, France) by

using several different GPR systems and antennas.

We also plan to implement in our tool different DoA al-

gorithms and compare their performance when applied to

GPR scenarios (currently, the tool uses the well-known

MUSIC) method.
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