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The objective of this communication is to establish a 
new technique for GPR data interpretation using con-
tinuous wavelet transform (CWT) approach. In the 
present study, we have adapted the CWT technique to 
detect the edges or abrupt changes in the signal. For 
validation of the proposed technique, we have ac-
quired data over a known tunnel in point mode and 
time mode using two antennas of two different fre-
quencies (40 MHz and 80 MHz). The tunnel is already 
known in the area, however information of overbur-
den depth and extension of the tunnel was not proper-
ly known.  Initially, GPR data have been processed 
using standard processing (RADAN 7.0) software and 
the tunnel has been delineated by the two small peaks 
in the signal. Sometimes, it becomes tough to interpret 
the small changes or discontinuities in the reflected 
GPR signal processed by the available standard soft-
ware. Further, CWT has been performed on a wavelet 
around the same time depth at which tunnel has been 
detected based on the standard processing of the GPR 
data. The tunnel has been prominently delineated by 
the high wavelet coefficient values. A comparative 
analysis for width and depth estimation using GPR 
data and CWT technique has been carried out. While 
implementing CWT, it is essential to choose the suita-
ble mother wavelet for high-resolution scalogram plot. 
Mother wavelet for our study area has been selected 
based on the maximum normalized mean power value 
of wavelet coefficients. We discuss an approach for 
tunnel detection and provide an efficient procedure to 
improve detection performance. 
 
Keywords: CWT, dielectric, GPR, mother wavelet, 
scalogram, tunnel. 
 
NOWADAYS, ground penetrating radar (GPR) is the most 
extensively used geophysical technique by different 
community mainly, civil engineers and geotechnical  
engineers, for quick and high-resolution imaging of the 
shallow surface. This geophysical method is generally 
used to extract subsurface information based on the  
dielectric contrast of the medium. GPR works on the 
principle of transmission, reflection and receiving of an 
electromagnetic (EM) wave of high frequency (10 MHz–
2.5 GHz) normal to the ground surface. GPR has many 
applications in geological profiling1, pipe and cable  

detection2, archaeology3,4, tunnelling5–7 and coal bed thick-
ness detection8,9. Under promising conditions, GPR can 
provide detailed information very rapidly and efficiently 
regarding the nature of buried objects10. The EM wave is 
reflected from a boundary or buried object with different 
dielectric constants to the surface at the receiving antenna 
to record the variations in the reflected signal. The GPR 
principle is similar to reflection seismology, except that 
EM wave is used instead of an acoustic signal, and reflec-
tions appear at boundaries with prominent contrast of  
dielectric constant instead of impedance contrast. In tun-
nel detection, EM pulses may be attenuated due to disper-
sion and formation conductivity, which generates noise in 
the signal11. The attenuation of EM pulses may also  
increase owing to rise in dielectric permittivity, which 
mainly occurs due to upsurge in the moisture content of 
the material. 
 In the GPR signal, identification of small-scale discon-
tinuity is difficult and most of the time creates ambigui-
ties during interpretation. GPR uses very high frequency 
signal for data acquisition and thus, gives high-resolution 
shallow surface information. At shallower depth, there 
may be various objects which reflect the GPR signal and 
create confusion with the main object. Also, one of the 
common problems encountered in GPR data acquisition 
is interference of noise in the signal, which may mask the 
reflected signal. To encounter these problems we generally 
use different filtering techniques for processing of GPR 
data. To enhance the features detected in the GPR survey, 
it is important to remove noise without losing the main 
signal. The continuous wavelet transform (CWT) tech-
nique has been found to be the suitable approach to  
resolve these problems12–14. In this communication, we 
have attempted a new approach for analysing GPR sig-
nals using CWT. Wavelet transform technique is well  
established method for analysis of well-logging15,16, gra-
vity17 and magnetic data18. In the present study, we have 
adapted this technique for analysis of GPR data. Chan-
drasekhar and Rao15 implemented wavelet analysis on 
well-log data to determine the space-localization of the 
oil and/or gas formation zones. Mukherjee et al.16 em-
ployed wavelet and Fourier transforms on well log data 
for the identification of formation interfaces. There are 
very few studies based on uses of wavelet transform for 
interface or discontinuity detection in GPR data.  
Ouadfeul and Aliouane19 used the wavelet transform 
technique for noise attenuation from GPR data using 
wavelet transform and artificial neural network (ANN). 
Liu and Oristaglio20 carried out a study for parameter  
estimation using the wavelet transform. This communica-
tion discusses a combined approach of conventional and 
CWT techniques on GPR data for the better understand-
ing of small-scale discontinuity in the subsurface. For a 
case study, a known tunnel has been selected, however 
information of overburden depth and extension of the 
tunnel was not properly known. 
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 The high frequency EM wave generated using antenna 
propagates inside the earth with different permittivity 
value depending on the water content, dissolved minerals 
and clay content21–24. The wave gets reflected to the sur-
face from a layer having different dielectric properties 
from the surrounding medium. The reflected signal is de-
tected by the receiving antenna at the surface. The re-
flected wave received by a receiver antenna at the surface 
is stated as scan and recorded on a digital storage device 
for later interpretation. The propagation velocity of EM 
waves does not change in a specific medium, so for  
reflection wave total travel time (ΔT) is used to estimate 
the depth (D) of the geological interface with different 
permittivity value and it can be written as25 
 
 D = VXΔT/2, (1) 
 
where V is the propagation velocity of EM waves in the 
media and depends primarily on the permittivity of the 
material. It can be written as25 
 
 / ,V C ε=   (2) 
 
where C is the propagation velocity (3 × 108 m/s) of elec-
tromagnetic waves in the atmosphere and ε is the relative 
permittivity of the medium. The depth of penetration  
depends mainly on antenna frequency, dielectric proper-
ties (relative permittivity) of subsurface and moisture 
content. Antennas convert electric currents into electro-
magnetic waves that propagate into a material just like a 
transducer. The amplitude of the reflected GPR signal is 
proportional to the reflection coefficient. The reflection 
coefficient R can be represented as26 
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The intensity of the reflected signal depends on the con-
trast of relative dielectric constant between the adjacent 
layers/medium. In general, greater contrast leads to 
stronger reflected signal. 
 The continuous wavelet transform constructs a time-
frequency illustration of a signal that gives time and fre-
quency localization of a signal. The CWT is the convolu-
tion of signal f (t) with time-shifted (τ) and a scaled (s) 
version of the mother wavelet ϕ(t). The scale of the 
wavelet means the stretching and shrinking (analogues to 
frequency) of wavelet, smaller-scale factor results in 
more compressed wavelet. The frequency range for each 
scale component can be assigned for different wave-
lets27,28. In mathematical form CWT can be written as 
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where (*) indicates the complex conjugate. The outputs 
of the CWT are coefficient values, which are estimated at 
each s by continuously varying τ. The larger value of the 
CWT coefficient corresponds to the greater resemblance 
between the shapes of the signal and the wavelet at τ and 
s, which guide to select the most precise mother wavelet 
for analysing the signal. The positioning of maxima of 
the modulus of the CWT at scale s equivalent to the depth 
level, using this concept depth can be calculated29,30. 
There are different types of mother wavelets with differ-
ent properties for specific purposes31. It is important to 
select the suitable mother wavelet to identify the discon-
tinuity and prominent edge effect in GPR data. In this 
study, we have selected mother wavelet based on the 
maximum normalized mean power of CWT coefficient 
values.  
 In this study, Haar, Gauss and Daubechies mother 
wavelets have been used. Haar wavelet (ϕ(t)) (Figure 1 a) 
is the oldest, simplest and compactly supported wavelet. 
It is a sequence of rectangular function (not continuous) 
at time t, which can be written as 
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Gauss wavelet ( f (t)) (Figure 1 b) is the result of deriva-
tive of Gaussian probability density function at time t and 
it is complex valued. It provides phase information and 
by taking the pth derivative of f it can be written as 
 
 

2

p( ) e e ,it tf t C − −=  (6) 

 
where Cp is the normalization constant. 
 Daubechies wavelet (db) (Figure 1 c) is compactly 
supported wavelet because of its finite numbers of non-
zero scaling coefficients. The associated scaling filters 
with Daubechies mother wavelet are minimum phase fil-
ters. These wavelets have no explicit expression except 
for Daubechies wavelet at first level (db1), which is a 
Haar wavelet. 
 In the present study, we have used the bistatic mode of 
the transmitter–receiver (T–R) antennas for the GPR unit 
to provide high resolving power for interface detection. 
GPR data have been acquired on the road for 50 m profile 
length crossing a tunnel normally. Two antennas of fre-
quency 40 MHz and 80 MHz have been used for this sur-
vey to provide a suitable bandwidth and beam pattern. 
The system typically acquires 1024 samples with a 16-bit 
sampling resolution. We have used bistatic fixed T/R off-
set (1 m) in continuous mode (time mode) and in static 
stacking (point mode) mode for both the antennas. The 
transmitting and receiving antennas are fixed at a separa-
tion of 1 m for this survey. The antennas are moved 
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Figure 1. Mother wavelet selected for CWT of GPR signal. a, Haar wavelet and its decomposition high pass fil-
ter; b, Daubechies wavelet at decomposition level 3; c, Gauss wavelet at decomposition level 7. 

 
 
simultaneously over the interested area for scanning in 
continuous mode.  
 Whereas in point mode, the antenna set up is the same 
as the continuous profiling mode. But instead of conti-
nuously acquiring data, the antenna system is operated in 
point-collection mode and the antenna system is moved 
along a survey line at a fixed interval. Point mode indi-

cates that the data have been collected at different points 
along a profile with a constant spacing. In the present 
study, we moved T–R antenna system at each 20 cm  
distance, i.e. 5 scans (5 data points) in 1 m distance.  
The scans are collected with the suitable number of  
stacking (64 stack) to achieve the optimum signal-to-
noise. 
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Figure 2. Overall methodology on GPR data processing and application of CWT. 
 
 
 Overall methodology mainly focuses on GPR data 
processing and application of CWT technique (Figure 2). 
At the end, an attempt has been made for the conjugate 
analysis of conventional GPR data interpretation and un-
derstanding of GPR output using CWT technique. Initially, 
point mode and time mode GPR data have been processed 
using standard processing steps. The time zero correction 
has been applied to adjust signal position that arises due 
to the gap between antenna and subsurface. A boxcar fil-
tering has been applied to enhance the signal by removing 
different types of noise embedded in the signal. After  
applying all the required processing steps, overburden 
depth, width and position of the tunnel have been  
detected. 
 Further, a wavelet has been picked around the same 
time depth for CWT analysis. We have used different 
mother wavelets like Haar, Gauss and Daubechies at dif-
ferent decomposition levels. Mother wavelets at each  
decomposition level respond differently for the same 
GPR scan. To overcome this problem, CWT has been ap-
plied on each decomposition level and further mother 
wavelet selected based on the maximum normalized mean 
power value of wavelet coefficients. The result of CWT 
on GPR data has been shown only for maximum norma-
lized mean power value of wavelet coefficients for each 
mother wavelet. 
 Initially, the continuous mode survey has been carried 
out to get a close idea about the location of the tunnel. In 
continuous mode (Figure 3 a), it is difficult to calculate 
the width, overburden depth and the position of the tun-

nel, because time-based data has no real distance tag due 
to uncontrolled manual speed of the antenna system  
during data acquisition. So it has poor understanding on 
distance covered at any instantaneous time. However, two 
edges E1 and E2 can be observed in the profile, which 
delineate the tunnel. In continuous mode (Figure 3 a), 
GPR signature is not very clear because, it is important to 
move antenna at a constant speed (some times it is poorly 
controlled during manual data acquisition), which is a 
function of the scan spacing (horizontal resolution) of 
time-based data profiles. Based on continuous mode sur-
vey, we have carried out GPR data acquisition in point 
mode to locate the exact position and overburden depth of 
the tunnel. 
 Figure 3 b shows the GPR response over the tunnel us-
ing 80 MHz antenna in point mode. The tunnel width and 
overburden depth have been calculated approximately 
10 m and 2 m respectively, two edges (kink in the profile) 
have been observed in each profile, one at 32 m (E3) and 
another at 42 m (E4) approximately. Figure 3 c shows 
GPR response over the tunnel using 40 MHz antenna in 
point mode. The edges of tunnel (E5 and E6) have been 
detected at the same profile distance, width and overbur-
den depth are 10 m and 2 m respectively, results are  
almost the same as in 80 MHz antenna in point mode. 
The rectangular blocks R1, R2 and R3 in Figure 3 a–c 
show the ringing noise. These noises arise due to the re-
verberation of GPR reflected wave32,33. This patch of 
ringing noise is caused by the void space of the tunnel in 
both time (R1) and point mode (R2 and R3) GPR data. It 
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Figure 3. Processed ground penetrating radar section over tunnel. a, Time mode section; b, 80 MHz point mode section; c, 
40 MHz point mode section. Vertical down arrow indicates the position of single wave shown in oscilloscope format. 
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Figure 4. Normalized mean power at different decomposition level. a, Gauss (gaus7) mother wavelet; b, Daubechies (db3) mother wavelet. Ver-
tical dotted arrow indicates the decomposition level at which Gauss and Daubechies mother wavelet have maximum normalized mean power. 
 
 

 
 

Figure 5. Continuous wavelet transform outputs. a, Processed GPR signal; b, Scalogram plot using Haar mother wavelet. 
 

 
 
can be observed that 40 MHz configuration renders 
greater depth of penetration but at the expense of vertical 
resolution (Figure 3 c), in comparison to the 80 MHz con-
figuration (Figure 3 b). 
 Further based on GPR data interpretation, we have 
picked a horizontal wavelet of around the same time 
depth at which tunnel has been detected. CWT has been 
performed on the selected GPR wavelet using different 
mother wavelets. Figure 4 a and b shows the plot of the 
normalized mean power of the Gauss and Daubechies 
mother wavelets. From these plots it can be inferred that 
maximum normalized mean power of CWT coefficients 
is associated with Gauss mother wavelet at decomposi-
tion level 7 and with Daubechies mother wavelet at  
decomposition level 3 (db3). Figures 5–7 indicate the 
continuous wavelet transform coefficient plots for Harr, 
Gauss (gaus7) and Daubechies (db3) mother wavelets of 
GPR signal respectively. The abrupt change in GPR sig-
nal amplitude can be observed at the maximum value of 

the CWT coefficient scale. Figures 5 a, 6 a and 7 a are the 
GPR signal, which has been selected for CWT analysis. 
Scalogram plot for Haar (Figure 5 b), Gauss7 (Figure 6 b) 
and db3 (Figure 7 b) resulted in the high coefficient val-
ues (HIGH1 and HIGH2) at the positions where abrupt 
changes in signal are taking place. The depth has been  
estimated using CWT technique for all mother wavelet at 
the maximum dilation value. The depth level is equiva-
lent to the dilation scale (s), which results into the  
approximately same overburden depth value (~2 m) for 
all mother wavelet. Total number of scans collected for 
the profile is 250 and in each 1 m distance there are 5 
scans (scan/unit is 5). The width of the tunnel has been 
calculated by subtracting both scan values and then divi-
sion by 5. Harr mother wavelet (Figure 5 b) indicates tun-
nel boundaries approximately at 140 and 195 scan 
numbers (i.e. tunnel width ~11 m). Similarly, Gauss 
mother wavelet (Figure 6 b) indicates tunnel boundaries 
approximately at 145 and 195 scan numbers (i.e. tunnel 
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Figure 6. Continuous wavelet transform outputs. a, Processed GPR signal; b, Scalogram plot using Gauss mother wavelet. 
 
 

 
 

Figure 7. Continuous wavelet transform outputs. a, Processed GPR signal; b, Scalogram plot using Daubechies mother wavelet. 
 
 
width ~10 m). Whereas, Daubechies mother wavelet 
(Figure 7 b) indicates tunnel boundaries approximately at 
138 and 212 scan numbers (i.e. tunnel width ~15 m). 
 Initially, we acquired GPR data in time mode over a 
known tunnel and identified the position of the tunnel  
after completing the required processing in a standard 
software. It is observed that time mode data can be used 
as an initial survey to decide the profile lines for point 
mode GPR data collection. It is found that depth of pene-
tration of 40 MHz frequency antenna is more than the 
80 MHz antenna but at the cost of vertical resolution. 
CWT technique has been verified as an efficient alterna-
tive approach for GPR data interpretation for tunnel  
detection. A comparative analysis for width and depth  
estimation using GPR and CWT techniques shows a good 

match. Selection of suitable mother wavelet is essential 
for performing CWT and hence we have selected a moth-
er wavelet with a high value of normalized mean power. 
In the present study, we have chosen three mother wave-
lets Haar, Gauss and Daubechies at different decomposi-
tion levels. The normalized mean power of wavelet 
coefficient for Gauss and Daubechies mother wavelets 
shows the highest value at level 7 (gaus7) and level 3 
(db3) respectively, which are further used for CWT. It is  
observed that CWT using all three mother wavelets indi-
cates the same overburden depth of tunnel, which is  
approximately 2 m. However, width of the tunnel varies 
for all mother wavelets. Interestingly, both Harr and 
Gauss mother wavelets indicate a good match with the re-
sults (~10 m width) of the standard software (RADAN) in 
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delineation of tunnel width. CWT has been found to be  
an effective alternative approach to interpret the GPR  
data.  
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