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ABSTRACT: An adaptive threshold enhanced-Cross-correlation Back Projection (CBP) imaging algorithm is presented for artifacts sup-
pression and accuracy improvement of Synthetic Aperture Radar (SAR) imaging in Ground Penetrating Radar (GPR) applications. B-Scan
profiles of underground pipelines were obtained by using the open-source gprMax simulator, and they were then preprocessed using the
background subtraction method to remove direct waves. An adaptive threshold scheme using Hilbert transform is adopted to obtain the
envelopes of B-Scan profiles after removing direct waves. GPR-SAR imaging of underground pipelines is simulated and discussed in
detail for different pipe parameters and soil environments. The simulated results demonstrate that the adaptive threshold enhanced-CBP
algorithm achieves focused pipeline images with sub-wavelength localization accuracy, enabling geometric contour reconstruction for
non-metallic pipelines with strong robustness in Peplinski’s soil and multiple target scenarios.

1. INTRODUCTION

nderground pipelines constitute critical urban infrastruc-

ture for energy transmission, water supply, and drainage
systems. However, rapid urbanization has resulted in disor-
derly pipeline distribution, aging damage, and management
deficiencies, causing incidents such as water leaks, fires, and
explosions. Therefore, the high-precision detection of under-
ground pipelines has become an urgent necessity to ensure ur-
ban operational safety. Ground Penetrating Radar (GPR) is a
geophysical exploration method that can conduct nondestruc-
tive testing (NDT) of underground targets or scenarios, lead-
ing to its widespread application in both military and civilian
fields. With the development of GPR-SAR imaging at high
resolution, the imaging algorithms have primarily focused on
the Back Projection (BP) Algorithm [1], Diffraction Tomogra-
phy (DT) Algorithm [2], Range Migration (RM) Algorithm [3],
and Reverse Time Migration (RTM) Algorithm [4]. Among
these algorithms, the DT algorithm achieves high imaging ac-
curacy and enables the inversion of pipeline dielectric permit-
tivity and electrical conductivity. However, its inversion pro-
cess requires precise observation scenarios and strict approxi-
mation conditions, which substantially limit its practical appli-
cability. Studies have shown that RM and RTM exhibit instabil-
ity under heterogeneous media conditions between the GPR an-
tenna and target, resulting in longitudinal positioning errors and
artifacts [5, 6]. The BP algorithm is based on the delay-and-sum
(DAS) beamforming algorithm. It fully considers the effects of
the layered media between the antenna and target in imaging ge-
ometries, providing accurate electromagnetic wave refraction
compensation at media interfaces. Therefore, this algorithm
has been widely adopted for time-domain GPR-SAR imaging.
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However, images reconstructed by this algorithm contain neg-
ative values in GPR-SAR imaging, particularly at the edge of
the target, which have no physical meaning and are essentially
undesired artifacts [7]. In recent years, artifact suppression
has attracted extensive attention from researchers. Foo and
Kashyap proposed Cross-correlation Back Projection (CBP) al-
gorithm, in which a reference signal far from the antenna center
is required, increasing hardware costs and computational com-
plexity [8]. Lim et al. introduced a delay-multiply-and-sum
(DMAS) algorithm in medical imaging, enabling target recon-
struction without additional reference channels [9]. Based on
the DMAS algorithm, Zhou et al. proposed a novel CBP algo-
rithm for effectively suppressing artifacts [10].

In this study, an adaptive threshold-enhanced CBP algorithm
is presented for GPR-SAR imaging to locate and reconstruct
underground pipelines. The B-Scan signatures of underground
pipelines were simulated by using open source gprMax. To
obtain more distinct hyperbolic features, the B-Scan profiles
of underground pipelines are preprocessed by using the back-
ground subtraction method, and the envelopes of B-Scan pro-
files are then further extracted using the adaptive threshold
scheme. Based on the extracted envelopes, the CBP was used
for the location and reconstruction of underground pipelines.

This paper is organized as follows. Section 2 introduces the
principle of GPR, the electromagnetic modeling (EM) of under-
ground pipelines, adaptive threshold scheme, and the principle
of CBP algorithm for GPR-SAR imaging. In Section 3, the re-
sults and analyses are presented, including the performance in-
dexes of the CBP for focusing and restructuring different types
of underground pipelines, which are also used to focus and re-
structure multiple pipelines. Section 4 concludes this study.
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FIGURE 1. The time-domain and power spectrum for Ricker waveform.

2. METHOD

In this section, the complete data processing workflow for
GPR-SAR imaging of underground pipelines is outlined. First,
electromagnetic modeling of the buried pipelines was per-
formed using gprMax to acquire raw B-Scan data containing
the targets. Next, the background subtraction method was em-
ployed to remove direct wave interference, thereby enhanc-
ing the pipeline reflection signals. Subsequently, an adaptive
thresholding method based on the Hilbert transform was uti-
lized to extract B-Scan envelope data, further highlighting the
targets and suppressing noise. Finally, the imaging and local-
ization of the pipelines were achieved using the CBP algorithm.

2.1. EM Modeling of Underground Pipelines Using GprMax

GPR is an NDT geophysical technique that utilizes antennas to
emit high-frequency pulsed electromagnetic waves (typically
100 MHz-3 GHz) into the subsurface. When the electromag-
netic wave comes into contact with boundary or inhomoge-
neous media, a portion of the energy is reflected. The dielectric
permittivity of the medium is determined by combining the time
delay and amplitude variations of the signal. GPR offers techni-
cal advantages including high-resolution (centimeter-level ac-
curacy), strong real-time performance, and wide environmental
adaptability. It is widely used in underground pipeline detec-
tion [11], geological structure surveys [12], archaeological site
positioning [13], security applications [14], and other nonde-
structive testing fields [15].

This study employs the gprMax simulator for electromag-
netic modeling of underground pipelines. GprMax is an open-
source electromagnetic simulation software program specifi-
cally designed for GPR numerical simulations. The software
solves Maxwell’s curl equations using the Finite Difference
Time Domain (FDTD) method, enabling an accurate simulation
of electromagnetic wave propagation in complex media [16].

The impulse GPR system is one of the most extensively uti-
lized GPR systems in practical applications. When modeling
underground pipelines using GprMax, the Ricker wave is com-
monly used as a source [17]. Mathematically, this zero-phase
seismic wavelet is defined as

W (t) = —(2((t — x)? — 1)e 0"
In Eq. (1), f is the frequency, ¢ = 72 f2.
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Figure 1 shows the time-domain waveform and power spec-
trum of the Ricker waveform plotted with an amplitude of 1
and a center frequency of 1 GHz. By analyzing Fig. 1, in the
time domain, the Ricker wave has characteristics of a symmet-
rical double-peak structure, a narrow main lobe, and rapidly
decaying side lobes, effectively suppressing the interference of
multiple reflected waves in the strata, thereby significantly en-
hancing the vertical resolution of thin-layer targets. In the fre-
quency domain, the energy of the Ricker wave is primarily
concentrated around the main frequency, exhibiting a typical
single-peak band-pass characteristic, which is beneficial for im-
proving the frequency concentration of the signal. By adjusting
the main frequency parameter, a balance can be achieved be-
tween the detection depth and resolution according to the elec-
tromagnetic propagation characteristics of different media and
detection requirements, while effectively reducing the impact
of low-frequency noise and high-frequency attenuation on sig-
nal integrity.

To achieve the accurate detection of pipeline targets, it is nec-
essary to improve the GPR signal-to-noise ratio (SNR) [18].
In practice, the direct wave exhibits a stronger amplitude than
target echoes. Therefore, suppressing the direct-wave interfer-
ence is critical for pipeline targets. Currently, the background
subtraction method is a widely adopted and effective tech-
nique [19]. This method involves constructing a background
signal model and subtracting it from the radar signal that con-
tains the targets. This method first performs a B-Scan of the
underground pipeline to obtain the matrix data of the pipeline,
recorded as Spipeiine. Then, a B-Scan was performed on the
background model to obtain the matrix data of the background
model, recorded as Spackground. The signal after background
subtraction is then expressed as follows.

2

S’I"(t) = Spipeline - Sbackground

2.2. Adaptive Threshold Scheme for B-Scan Envelope

To enhance the imaging quality, the B-Scan data require further
processing. In this study, an adaptive envelope filtering algo-
rithm based on the Hilbert transform was adopted to achieve
signal enhancement and background noise suppression [20].
First, the echo data were preprocessed. The negative values
in matrix Sr(t) were set to zero [21]. Then, the analytic enve-
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FIGURE 2. B-Scan profiles of underground pipeline. (a) Original B-Scan profile. (b) Background-subtracted B-Scan profile. (c) Envelope of B-Scan

profile.

lope of the signal was calculated using the Hilbert transform.
The calculation formulas are as follows.

) Sr(t) ifSr(t) >0
Srit) = {o if Sr(t) < 0 ®)
x(t) = Sr(t) + jH{Sr(t)} 4)
E(t) = |a(t)] = /Sr(t)? + H{Sr(t)}? )
To = o x max(E(t)) (6)
Tk+1 = rnax(Tmin, Tk - At) (7)

N (u;—u)(v; — T

> im (Ui )(vi — ) ®)

w2

Egs. (3)—(5) represent hard thresholding, analytic signal, and
envelope, respectively. « and pirge¢ denote the scale factors
of the initial threshold and the target value of envelope signal
fidelity, respectively. They are set to 0.28 and 1 in this pa-
per. In Eq. (4), j = v/—1. In Eq. (7), At = 0.01, Tpin =
0.1, Thax = 0.5. In Eq. (8), u;, v;, uw, v, and N repre-
sent the envelope signal, discrete sampled values of the orig-
inal signal, mean value of the envelope signal, mean value of
the original signal, and signal length, respectively. The electro-
magnetic modeling of underground pipelines was constructed
using GprMax 3.0. The simulated models contained metallic
(iron) and non-metallic (PVC) pipelines. The electromagnetic
parameters of these pipelines are listed in Table 1.

TABLE 1. Electrical parameters in the model.

Material ~ Relative permittivity (F/m)  Conductivity (S/m)
Copper 1 5.8e7
PVC 33 0.00134
Sand 3 0.001

Figures 2(a)—(c) are the original B-Scan profile, the B-Scan
profile after background subtraction, and the envelope of the
B-Scan, respectively. Comparing Fig. 2(a) and (c), the direct
waves and negative amplitude are effectively processed by the
background subtraction and adaptive threshold scheme.
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2.3. CBP Algorithm for GPR-SAR Imaging

In practical scenarios, the operating environment of GPR is
generally not in free space. When both the antenna and targets
are situated in a homogeneous medium with relative permittiv-
ity, the GPR antenna is typically positioned in air and maintains
a distance from the target medium. The scenario depicted in
Fig. 3 can be employed for analysis, except that the wave ve-
locity in vacuum ¢ must be substituted by the wave velocity in
the medium v = ¢/ /€.

(x,.—h)
kth

—nl/
0

air

underground X

(rp2,4)

Yz

FIGURE 3. The scenario of GPR-SAR imaging.

In Fig. 3, the scenario is divided into two parts by the line
z = 0. The upper part is air with dielectric constant ¢; = ¢y =
1 and permeability ;11 = po = 1, where ¢y and po represent
the permittivity and permeability of free space, respectively.
The lower part is an isotropic homogeneous medium with rel-
ative permittivity es = €,€g and permeability us = pg, where
€ > 1 denotes the relative permittivity of the medium. Owing
to the air-medium interface, the electromagnetic wave propaga-
tion is refracted at (x,., 0) rather than following a straight path
through (x;, 0), resulting in two segmented trajectories. The
electromagnetic wave is transmitted from the k-th transmitter,
passes through the refraction point (z,-,0) to reach point A, and
subsequently travels from A through (z,, 0) to the receiver. Ac-
cording to Snell’s law of refraction

sin 91

=Ver )

sin 0,
In Eq. (9), the incident and refraction angles are denoted by 6;
and 6, respectively. According to the geometric relationship
in Fig. 3, it can be expressed as follows.

(e —o0) (@4 —w)+ 23
(z, — xp)? + h? (x4 — )2

=é&r (10)
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From Eq. (10), determining the refraction point (x,.,0) essen-
tially involves solving the quartic equation in terms of x,.. The
two-way travel time can be derived from the solution of x,

2/ (x, — x3)% + h? N 2\/ (x4 — )% + 25
c v

(11)

TAkR =

For N, antenna positions, the time delays {71, 72, - ,7n,}
for each target imaging point are first calculated using Eq. (11),
then used to extract the back-scattered amplitude of this point
from the echo signals.

k=1,2,...,N, (12)

In Eq. (12), x;, and si(t) represent the amplitude of the scat-
tering response at the k-th antenna position and the echo sig-
nal received at the k-th antenna position, respectively, specifi-
cally denoting the final envelope signal obtained after the com-
plete preprocessing described in Section 2.2. Through this pro-
cedure, an IV, x 1 dimensional vector {x1,Z2, - ,TNp} asso-
ciated with the imaging point is obtained. The BP algorithm
neglects the signal correlations between echo channels. The
CBP algorithm is used to multiply the N, elements of vec-
tor {x1,x2, - ,TNp} Without repetition before stacking. The
multiplication strategies are listed in Table 2.

T = Sk(t = Tk)

TABLE 2. Cross-correlation multiplication schematic matrix.

T T2 TN, -1 TN,
x1 * Ty Z1°TN,—1 Z1 TN,
Z2 * * T2  TNp—1 Z2 - TN,

% * %
* * % % .

INp—1 INp,—1 " TN,

TN, * * * * *

In Table 2, the element at position (¢, j) (the ¢-th row and j-
th column of the matrix) represents the product of x; and x;,
where 7 < j, i.e., only the elements above the matrix diagonal
are considered. The remaining combinations are omitted owing
to matrix symmetry and are denoted by * in this representation.
The superposition process is formulated as follows.

p

Np—1 N,
E = Z Z T -]

k=1 l=k+1

(13)

The imaging process is completed by implementing the opera-
tion defined in Eq. (13) across all the imaging points.
Standard BP algorithms are based on the ‘delay-and-sum’
principle, where the pixel intensity is derived from the linear su-
perposition of the echo amplitudes. Although computationally
simple, this linear method is prone to artifacts, as strong noise
or residual direct waves in a single channel are directly added to
the image, creating false targets. In contrast, the CBP algorithm
utilized in this study introduces a Spatial Coherence Constraint
via a ‘delay-multiply-and-sum’ strategy. As shown in Table 2,
CBP does not perform simple addition but computes the cross-
correlation product of signal amplitudes from different antenna
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pairs. The physical rationale is that valid target echoes from
different viewing angles are spatially coherent, yielding large
positive values upon multiplication; conversely, random noise
and background clutter are typically incoherent across chan-
nels, meaning that their products tend to be negligible or cancel
out during the summation. Consequently, this multiplication
operation acts as a spatial filter, significantly enhancing the tar-
get focus and suppressing artifacts compared with traditional
BP methods.

3. RESULTS AND ANALYSIS

The diameter of a single pipeline (copper and PVC) is set to
0.1 m with a wall thickness of 0.02 m. The upper surface of the
pipeline is buried at 0.4 m underground (defined as the depth of
pipeline), and the lateral position is 0.5 m. To validate the focus-
ing capability of the method on non-metallic pipeline geome-
tries, a square pipeline was positioned with its upper surface at
0.3 m depth. The square pipeline has a side length of 0.2 m and
its center is located at (0.5 m, 0.4 m). The arched pipeline was
buried at 0.3 m depth. The profile consists of an upper semicir-
cular segment with a radius of 0.1 m and a lower square with a
side length of 0.2 m.

As shown in Fig. 4(a), the copper pipeline was focused at co-
ordinates (0.5 m, 0.4 m). Owing to the total reflection of elec-
tromagnetic waves from the metallic pipelines, only the upper-
surface reflection is visible in the imaging results. In Fig. 4(b),
the PVC pipeline upper surface was imaged at depth 0.3 m and
the center of axis is 0.5 m, with a circular cross-sectional pro-
file. Figs. 4(c)—4(d) show the geometric profiles of square and
arched conduits with upper surfaces positioned at 0.3 m depth.
The simulation results of PVC pipelines with various geome-
tries confirm that the adaptive threshold enhanced-CBP algo-
rithm enables the detection of underground pipelines, providing
positional and geometric parameters critical for pipeline data
interpretation.

As shown in Figs. 5(a)-5(b), the multiple pipelines (cop-
per and PVC) are buried at 0.3 m depth and positioned at co-
ordinates (0.5m, 0.4m) and (1.5m, 0.4m) with a radius of
0.1 m. Two additional simulation models were established to
evaluate the resolution performance under dense target scenar-
ios. As shown in Figs. 5(c)—(d), The first model consists of
two pipelines centered at (0.9 m, 0.4m) and (1.1 m, 0.4m),
respectively, resulting in a center-to-center spacing of 0.2m
(i.e., physically touching targets). The second model comprises
three pipelines located at (0.6 m, 0.4m), (0.8 m, 0.4 m), and
(1.2 m, 0.4 m). Consequently, the spacing between the first pair
is 0.2 m, while the spacing between the second pair is 0.4 m.
The Peplinski soil is used in this study to verify the robustness
of the method in inhomogeneous soil. In Figs. 6(a) and 6(c),
two copper pipelines are positioned in the sand and Peplinskis’
soil media. They are buried at 0.3 m and 0.5 m depth and po-
sitioned at coordinates (0.5 m, 0.4 m) and (1.5 m, 0.6 m) with a
radius of 0.1 m.

As shown in Fig. 5 and Fig. 6, different types of multiple
pipelines are focused at coordinates (0.5m, 0.4m) and (1.5
m, 0.4m), and different depths of copper pipelines are fo-
cused at coordinate (0.5m, 0.3m) and (1.5 m, 0.5m). The

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 165, 61-67, 2026

rPIER C

Copper

0.25 050 0.75
Position (m)

Square-PVC-pipeline

0.25 0.50 0.75 0.0

Position (m)

PVC

~
Depth (m) =
o o
&~ N

o
o

o
o

0.25 0.50 0.75
Position (m)

Arch-PVC-pipeline

A

0.25
Position (m)

0.50 0.75

FIGURE 4. The imaging results of the pipeline by CBP. (a) Copper pipeline. (b) PVC pipeline. (c) PVC-square pipeline. (d) PVC-arch pipeline.
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FIGURE 5. The imaging results of multiple pipelines by CBP. (a) Copper pipelines. (b) PVC pipelines. (c) Two adjacent PVC pipelines. (d) Three

PVC pipelines positioned at different coordinates.

analysis of Fig. 5 and Fig. 6 demonstrates that both metallic
and non-metallic pipelines can achieve precise positional lo-
calization and geometric reconstruction when focused imaging
is performed using the adaptive threshold enhanced-CBP al-
gorithm. Under multiple pipeline conditions with either close
inter-pipeline spacing or significant burial depth variations, the
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algorithm maintains superior spatial resolution capability to ac-
curately distinguish echo responses and perform imaging of
multiple targets. A comparative analysis of Figs. 6(b) and (d)
indicates that anisotropic soils exhibit higher electromagnetic
wave attenuation than isotropic media. This phenomenon re-
sults in reduced echo strength from the second pipeline, as il-
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lustrated in Fig. 6(d). Nevertheless, even with diminished echo
signals, the adaptive threshold enhanced-CBP algorithm effec-
tively determines the spatial positioning and geometric charac-
teristics of pipelines.

To validate the imaging effectiveness of the proposed CBP
algorithm, a comparative experiment was conducted by ap-
plying the traditional BP algorithm to the identical simula-
tion model shown in Fig. 5(b), and the results are presented in
Fig. 7(a). Subsequently, to evaluate the focusing quality quan-
titatively, the lateral maximum amplitude profiles of both algo-
rithms were extracted and compared (as illustrated in Fig. 7(b)).
The analysis of Fig. 7(b) reveals that the CBP algorithm ex-
hibits excellent beam sharpening effects at the target centers.
Quantitative data indicate that the Full Width at Half Maxi-
mum (FWHM) of the CBP main lobe is approximately 50%
of that observed in the BP algorithm. This difference shows
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that the proposed CBP algorithm outperforms the traditional
BP method in terms of both the target focusing performance
and imaging resolution.

4. CONCLUSION

This paper presents a CBP algorithm with an adaptive thresh-
old scheme to enhance its capability for GPR-SAR imaging of
underground pipelines. Different types and shapes of pipeline
models were constructed by using GprMax, validating the
adaptability of the method to diverse target geometries. To en-
hance the target echoes and suppress noise during data pre-
processing, the background subtraction method was employed
to remove direct wave interference. The adaptive threshold
scheme was adopted to obtain the envelopes of B-Scan profiles
using the Hilbert transform for enhancing CBP. Three experi-
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ments demonstrate that the enhanced-CBP algorithm achieves
sub-wavelength localization for different types of pipelines and
reconstruction ability for non-metallic pipelines. The proposed
method demonstrates enhanced accuracy in the positioning of
metal pipelines and effectively reconstructs the geometries of
non-metallic pipelines with weak reflections, exhibiting robust-
ness in complex soil conditions and diverse target environments
in GPR-SAR imaging. This study establishes a technical foun-
dation for high-precision GPR-SAR imaging, providing criti-
cal infrastructure information for urban pipeline safety assess-
ment and aging network maintenance. However, it should be
noted that the absence of measured field data represents a lim-
itation of the current study, as a controlled simulation environ-
ment was prioritized to validate the core principles with precise
Ground Truth. Therefore, future work should focus on conduct-
ing physical model experiments and field measurements.
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