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Abstract. This study focuses on developing the advanced analysis procedure for 

increasing the underground utility resolution using the RADAN software. The 

chop-off of the time domain signal and frequency band filtering approach are 

adopted to improve underground utility resolution. The rebars of rigid pavement 

symbolically appear in the form of hyperbolic rings as an output of the GPR data. 

These small hyperbolic rings reduce the resolution of underground utilities, and 

further difficulty arises in identifying the appropriate location of underground 

utilities. Therefore, the resolution of underground utilities is compared with the 

proposed processing steps of frequency band filtering with the incremental and 

constant time chop-off approach. The incremental time chop-off approach results 

in a high resolution of underground utilities compared to the constant time chop- 

off approach in the GPRs output. The performance of the proposed processing 

steps is explored with the six different earth profiles. The findings of this study 

demonstrate that (1) GPR data collected using a 900 MHz antenna is highly sen- 

sitive and removing the RADAN spectrum of rebars zone is an effective way for 

utility detection of depth less than 1m, and (2) High rebars resolution is obtained 

using 900 MHz compared to 400 MHz. 

 
Keywords: GPR; Underground utility; hyperbolic rings; Frequency band filter- 

ing; Chop-off. 

 

1 Introduction 
 

In several areas of civil engineering, ground-penetrating radar (GPR) surveys are 

adopted to find subsurface utilities. Different frequency bands of electromagnetic 

waves are emitted into the ground by transmitters, and then the reflected waves are 

picked up by receivers. The gathered signals can be used to pinpoint the exact position 

of the subsurface abnormality. GPR has been used to describe the infill, groundmass, 

soil hydraulic characteristics, and soil cracks (Serzu et al., 2004). The location and iden- 

tification of underground utilities (Jaw and Hashim, 2013; Ni et al., 2010), the detection 

of voids and sinkholes (Sevil et al., 2017), the determination of soil water content 

(Schwartz et al., 2009), the assessment of the ground structure around tunnels and lin- 

ings (Porsani et al., 2012), and the inspection of road pavement are other common uses 

(Shangguan et al., 2016; Zhao and Al-Qadi, 2016). GPR is now well known for finding 

subsurface cavities under the pavement. 
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The irregularity in the pavement surface is caused by the settlement in the soil layer 

beneath the pavements. One cause of these kinds of unforeseen settlements is the leak- 

ing of liquid from underground pipes. Kim and Park (2018) studied the damages caused 

by the subsidence of roads in suburban areas and the sudden sinking of buildings. Ex- 

panded polystyrene (EPS) was used to create fake voids beneath the asphalt pavement, 

and the signals from impulse and step-frequency type GPR were compared to determine 

which was the most effective technique for finding cavities (Kim et al.,1967). In the 

meantime, a model chamber from the GPR testing was used to identify the depth and 

position of buried objects (Lee, 2016). Additionally, a tool for image processing was 

created to aid in the analysis of the GPR survey data. 

Similar to this, using the GPR survey data, cavities were found using an image pro- 

cessing technique (Kim et al., 2017). Furthermore, in another study, 3D-GPR measure- 

ments were used to determine the relative permittivity of the ground on test beds and 

actual roads (Jang, 2019). When evaluating GPR signals, it has been discovered that it 

is advantageous to use the collected longitudinal, transverse, and depth images all at 

once. The development of the literature on the use of GPR surveys to identify utilities 

in various types of pavement is discussed chronologically (Table 1). Due to electro- 

magnetic wave scattering, a steel bar in the stiff pavement reduces the resolution of 

underground utilities. However, the study to improve utility resolution when steel bars 

are present is unaffected. Therefore, the development of a reliable method to increase 

the utility resolution in GPR survey is the main focus of this study. To improve the 

resolution of subsurface utilities, we introduced a frequency band filtering strategy and 

time domain signal chop-off techniques. The summary of literature evolved on the util- 

ity detection beneath the pavements are presented in Table-1. 

 
Table 1. Literature summary for the utility detection under the pavement. 

 

Author and 

Year 

Objective Antenna 

used 

Findings of study 

Maser et al. 

(1991) 

To determine the contact between 

the asphalt and base layers 

1 GHz horn 

antenna 

Asphalt thickness of 25 

to 250 mm 

Saarenketo et 

al. (1997) 

To assess the material density for 

quality control 

 
1 GHz 

Measurement of dielec- 

tric constant of pave- 

ment 

Hugenschmidt 

et al. (1998) 

To detect the contact between new 

and old pavement surface 

2.5 GHz 

900 MHz 

Detection of damaged 

zone 

Al-Quadi et al. 

(2005) 

To identify the metal bar and layer 

thickness 
1.5 GHz 

Rebar cover depth esti- 

mation 

Gui et al. 

(2016) 

Automated defect detection and 

robotic runway 
1 GHz 

Pavement quality and 

different type of defect 

Zhang et al. 

(2020) 

Moisture detection in asphalt 

pavement 
2.3 GHz 

Hyperbolic curve for 

buried object 

Rhee et al. 

(2021) 
An expressway investigation 400 MHz 

Energy attenuation due 

to rebar scattering 

Xie et al. 

(2021) 

To identify pavement diseases in 

GPR post processing 
200 MHz 

Interpretation standards 

are developed 
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2 Background 

 
2.1 Principle of GPR 

 
The most popular GPR antennas available at frequencies of 200 MHz, 400 MHz, and 

900 MHz, respectively. The 200 MHz, 400 MHz, and 900 MHz antenna are used to 

investigate depths of 6 m, 3 m, and 1 m, respectively. The electromagnetic pulse beamer 

is produced by the transmitter antenna, as depicted in Fig. 1a, and the receiver receives 

the reflected signal via a circuit inside the radar control unit. Depending on the dielec- 

tric constant of the material (air/pavement layer, ground/cavity or utility, etc.), some 

electromagnetic wave is transmitted and some is reflected through the subsurface me- 

dium. In order to process the data of the pavement's subsurface, numerous side-by-side 

scans are acquired when GPR antennas run along the survey line. Eq. 1 and Eq. 2 pre- 

sent the incident electromagnetic waves at the place of reflection. 

 

𝐸𝑖(𝑧, 𝑡) =  𝐸𝑖  𝑒𝑗 (𝑘1𝑧− 𝜔𝑡)�̂� (1) 

𝐵 (𝑧, 𝑡) =  
𝐸𝑖   𝑒𝑗 (𝑘1𝑧− 𝜔𝑡)�̂� (2) 

𝑖 𝑣1
 

 

The reflected electromagnetic fields are expressed in Eq. 3 and Eq. 4. 

 

𝐸𝑟(𝑧, 𝑡) =  𝐸𝑟𝑒𝑗 (−𝑘1𝑧− 𝜔𝑡)�̂� (3) 

𝐵  (𝑧, 𝑡) =  − 
𝐸𝑟 𝑒𝑗 (−𝑘1𝑧− 𝜔𝑡)�̂� (4) 

𝑟 𝑣1
 

 

where 𝐸𝑖(𝑧, 𝑡) and 𝐵𝑖(𝑧, 𝑡) indicate the incident electric and magnetic fields at a specific 

depth z and point in time t. 𝐸𝑟(𝑧, 𝑡) and 𝐵𝑟(𝑧, 𝑡) indicate the reflected electric and 

magnetic fields at a specific depth z and point in time t. 𝐸𝑖 is the amplitude of the inci- 

dent electric field. 𝐸𝑟 represents the amplitude of the reflected electric field, which is 

function of refractive indices of medium and given in Eq. 5. 𝑘1, 𝜔, and 𝑣1 refer to the 
wavenumber, frequency, and velocity of the electromagnetic waves in the correspond- 
ing medium, respectively. 

 
  

𝐸 =  
𝑛1− 𝑛2 

𝐸  = √
𝗌1𝜇1− √𝗌2𝜇2   𝐸 

 
  

(5) 
𝑟 𝑛1− 𝑛2 

𝑖 √𝗌1𝜇1+  √𝗌2𝜇2       
𝑖
 

where 𝑛1 and 𝑛2 are the refractive indices of each medium. 𝜀1 and 𝜀2 are relative 

permittivity. 𝜇1 and 𝜇2 are relative permeability of two soil mediums. 

 
2.2 Background filtering to enhance underground utility visualization 

To extract the reflected signals from underground objects from the GPR data, it is nec- 

essary to remove the undesired background signals, including (1) pavement surface re- 

flections, (2) reflections from underground layers, and (3) background noise. Interac- 

tions between the electromagnetic waves and buried objects are identified more easily 
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by representing the measured time-domain signal s (T × 1 vector) as a weighted linear 

combination of bases with the following transformation (Yoon et al., 2016): 

𝑠 = 𝐷𝛼, 𝐷 = {𝑑1, 𝑑2,     , 𝑑𝐿} (6) 

Where, T is the maximum duration of measured time-domain signal, 𝛼 is a representa- 
tion of 𝑠 in the transformed domain with the dimension 𝐿 × 1. D is a T × L dictionary 

matrix and consists of 𝑑𝑖 bases (𝑖 = 1, . . . , 𝐿). Each basis 𝑑𝑖 is a time-domain signal 

with the same dimensions as 𝑠. We defined a reference point as a pristine scanning 

location without underground objects in the inspection area. The reference signal 𝐸𝑟𝑒𝑓 

measured from the reference point, which is expressed using Eq. 7. 

𝐸𝑟𝑒𝑓(𝑡) = 𝐸 𝑒−𝑗𝜔𝑡 (7) 

Each basis represents a reference signal with a specific time delay in this study. For 

example, 𝑑𝑖 is reference signal with a time delay of 
𝐿 

( − 1) ∆𝑡 
2 𝐿 ( ( ′ ) ) 

 
 

−𝑗𝜔(𝑡+(𝐿𝘍−1)∆𝑡) (8) 

𝑑𝑖 = 𝐸 (𝑡 + (
2 
− 1) ∆𝑡) = 𝐸 𝑡 +   𝐿 − 1 ∆𝑡 = 𝐸 𝑒 

In other words, the measured GPR data 𝑠 is represented as a sum of reference signals 

with different time delay. Any change in 𝑠 from 𝐸𝑟𝑒𝑓 , such as underground object re- 

flections, is compensated by adding weighted 𝑑𝑖 with proper time delay. 

 

Fig. 1. (a) Illustration of GPR scanning on the road with the travel of electromagnetic waves and 

RADAN setup; (b) Typical soil layer without underground utility; (c) GPR waveform in absence 

of underground utility; (d) Typical soil layers with underground utility; (e) GPR waveform in the 

presence of underground utility. 

: 
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3 Method 
 

The GPR waveforms in the presence and absence of underground utility are discussed 

by the examples. Fig. 1b depicts a typical soil layer without subsurface utilities, and it’s 

electromagnetic waveform is observed with the same amplitude polarity A1 and A2, as 

shown in Fig. 1c. The presence of an underground utility in a typical soil layer (Fig. 1d) 

alters the amplitude polarity of the electromagnetic waveform from A3 to A4, as illus- 

trated in Fig. 1e. Dowel bars are found in various locations in the rigid pavements. In 

the GPR processed data, the existence of these bars is depicted as a hyperbolic ring. 

The observed behavior of the electromagnetic waves are pointed out as follows: 

1) Multiple reflections from the dowel bar in the concrete 

2) Significant abruption of electromagnetic wave transmission 

3) Hyperbolic ring decreases the resolution of utility due to the multiple reflection and 

refraction (Fig. 2) 

 

Fig. 2. Utility resolution effect due to steel bar in the rigid pavement using GPR survey (900 

MHz). 

 

Using the 400 MHz (50 ns) and 900 MHz (20 ns) antennas, a GPR survey is carried out 

in the distance mode. Utilizing the time zero correction, background removal, fre- 

quency deconvolution, and range gain filtering techniques, collected data is processed 

using RADAN software. 

The frequency and wave propagation time of the transmitter and receiver antenna 

are calculated during the time zero correction operation. Additionally, for each GPR 

trace data, the zero amplitude value of the signal is eliminated and interpolated. 

In the continuation of GPR processing, background elimination is one of standard 

step. The average trace subtraction approaches and modified variations, like moving 

average trace subtraction, are also applied for reducing the background noise (Yoon et 

al., 2016). 

A guideline for selecting a narrow frequency range is provided by the time-fre- 

quency window of the RADAN software of a GPR record, and the deconvolution aims 

to contrast signals to increase resolution. The goal is to exclude the source wavelet's 
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influence from the GPR data and preserve the surface layers' impulse response. The 

horizontal layering, homogeneous intra-layer velocity, and coherent signal reflection at 

the interface are all presumptions made by this deconvolution procedure (Maruddani 

and Sandi, 2019). 

A finite impulse response (FIR) band pass filter (Xie et al., 2013) filters the time 

window signal using the moving window approach based a finite unit impulse response.  

The FIR expresses the input and output data, as given in the Eq. 9. 

𝑦(𝑛) − ∑𝑁−1 ℎ(𝑚) 𝑥(𝑛 − 𝑚) (9) 

Here 𝑦(𝑛) and 𝑥(𝑛) represent the output and input data, respectively. The unit im- 

pulse response ℎ(𝑚) is finite, and we took advantage of the ideal filter response func- 

tion 𝐻𝑑(𝑒𝑗𝜔)) and window function 𝜔(𝑚) to get it: 

𝐻(𝑧) = ∑𝑀−1 ℎ(𝑚) 𝑧−𝑚 (10) 

ℎ  (𝑚) =   
1    
∫
𝜋   
𝐻  (𝑒𝑗𝜔) 𝑒𝑗𝜔 ) 𝑑𝜔 (11) 

 

𝑑 2 𝜋    −𝜋     𝑑 

ℎ(𝑚) = 𝜔(𝑚) ℎ𝑑(𝑚) (12) 

 

4 GPR processing Results 
 

The GPR data collected from 400 MHz and 900 MHz antennae are processed by adopt- 

ing the processing steps which are discussed in the section 3.0. Time chop off, and 

frequency band pass filter are additionally applied in the RADAN software framework. 

 
4.1 Incremental time chop off with frequency band pass filter 

The summary of the processing steps with the corrected depth along with the fre- 

quency band pass filter are shown in Table-2 and Table-3. The GPR data were collected 

using 400 MHz (as shown in Table-2) and 900 MHz antennae (as shown in Table-3). 

The limits of high and low pass filters are varied by 50 MHz and RADAN data is 

chopped off by applying time correction, which removes the RADAN spectrum of the 

reinforced zone. As the chopping off of RADAN data is done, the resolution of under- 

ground utility increases, as shown in Fig. 3 and Fig. 4. 

 
4.2 Constant time chop off with frequency band pass filter 

Table-4 and Table-5 present the corrected depth along with the frequency band pass 

filter for the GPR data collected using 400 MHz and 900 MHz antennae, respectively. 

The limit of the high pass filter is increased while the low pass filter is decreased with 

the constant chop-off in the time window, which only removes the RADAN spectrum 

of the reinforced zone. The utility resolution is significantly improved by narrowing the 

frequency band filtering, as shown in Fig. 5 and Fig. 6. 
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Table 2. Time and Depth correction along with frequency band filtering for 400 MHz antennae 

in Profile 1 and 2. 
 

Processing 

Steps 

Time zero cor- 

rection 

(ns) 

Depth cor- 

rection 

(m) 

Vertical low 

filter 

(MHz) 

Vertical high 

pass filter 

(MHz) 

1 0 0 650 62 

2 -12 0.6m 500 80 

3 -24 0.9m 400 80 

4 -36 1.2m 550 70 

 
Table 3. Time and Depth correction along with frequency band filtering for 900 MHz antennae 

in Profile 3 and 4. 
 

Processing 

Steps 

Time zero 

correction 

(ns) 

Depth cor- 

rection 

(m) 

Vertical low 

filter 

(MHz) 

Vertical high 

pass filter 

(MHz) 

1 0 0 1200 100 

2 -5 0.25m 1150 132 

3 -10 0.5m 1000 111 

 

5 Discussion 

 
The underground utility resolutions obtained from the proposed processing steps of fre- 

quency band filtering in incremental and constant time chop-off are compared. The 

incremental time chop-off produces a high resolution of GPR data as compared to con- 

stant time chop-off processing steps. The 900 MHz antenna provided the utility map- 

ping at shallower depth as compared to the 400 MHz antenna for the same soil condi- 

tion, as shown in Fig. 3 and Fig. 4. However, these processing steps are highly suscep- 

tible to noise and small signal disturbances in the time domain, e.g., variations in pave- 

ment thickness, type of rebars, and utilities below the pavement. Therefore, the addition 

of proposed processing steps in the GPR conventional processing steps provided the 

better resolution of underground utility beneath the pavements. 
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Fig. 3. 400 MHz antenna GPR survey to enhance the utility resolution located at 1m for Profile- 

1 applying the correction of (a) time zero; (b) 0.6m; (c) top chop-off at 0.9m (initial depth) and 

(d) bottom chop-off at 1.5m (Table 2). The utility resolution enhancement located at 1.5 m for 

Profile-2 applying the correction of (e) time zero; (f) 0.6m; (g) 0.9m and (h) 1.2m (Table 2) 

 
Table 4. Time-depth correction with frequency band filtering of 400 MHz antenna in Profile 5. 

 

Processing 

Steps 

Time zero cor- 

rection 

(ns) 

Depth cor- 

rection 

(m) 

Vertical 

low filter 

(MHz) 

Vertical high 

pass filter 

(MHz) 

1 0 0 800 100 

2 -5 0.25 600 120 

3 ---- ----- 500 140 

4 ----- ----- 450 150 
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Fig. 4. 900 MHz antenna GPR survey to enhance the utility resolution located at 0.8 m for Profile- 

3 applying the correction of (a) time zero; (b) 0.25m; (c) 0.5m (Table 3). Enhancement of utility 

resolution located at 0.75 m for Profile-4 applying the correction of (d) time zero; (e) 0.25m; (f) 

0.5m (Table 3) 

 

Fig. 5. 400 MHz antenna GPR survey to enhance the utility resolution located at 1.25m and 1.5m 

for Profile-5 applying the time zero correction for frequency range of (a) 800-100 MHz; (b) 600- 

120 MHz, (c) 500-140 MHz , and (d) 450-150 MHz as per Table-4 
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Table 5. Time and Depth correction along with frequency band filtering for 900 MHz antenna 

in Profile 6. 
 

Processing 

Steps 

Time zero 

correction 

(ns) 

Depth cor- 

rection 

(m) 

Vertical low 

filter 

(MHz) 

Vertical high 

pass filter 

(MHz) 

1 0 0 1240 140 

2 -5 0.25 1100 250 

3 ---- ----- 1000 300 

4 ----- ----- 900 350 

 

 

Fig. 6. 900 MHz antenna GPR survey to enhance the utility resolution located at 0.85m for Pro- 

file-6 after applying the time zero correction for frequency range of (a) 1240-140 MHz; (b) 1100- 

250 MHz, (c) 1000-300 MHz and (d) 900-350 MHz, as per Table-5 
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6 Conclusions 
 

This study proposed a processing step based on time chop-off and frequency band pass 

filter to enhance the resolution of utility below the rigid pavement. The proposed tech- 

nique enhances the visibility of subsurface utility (such as, underground pipe, plastic 

cables etc.) by applying incremental and constant time chop-off along with frequency 

band pass filtering to the GPR data. The dielectric constant is kept constant for all sur- 

veyed profiles using 400 MHz and 900 MHz antennae. It is recommended to classify 

the underground object based on the contrast of the profile obtained from the GPR sur- 

vey. However, localization of existing utility detected successfully. The buried objects 

was successfully detected using the proposed processing steps. The significant finding 

of this study is given as follows: 

1. GPR data collected using a 900 MHz antenna was found to be highly sensitive due 

to the existence of rebar. Therefore, removal of RADAN spectrum of rebar zone was 

effective way for utility detection of depth less than 1m. 

2. High rebar resolution was obtained using 900 MHz as compared to 400 MHz anten- 

nae. 

3. The incremental time chop-off and the frequency band pass filtering approach en- 

hanced the resolution of underground utility in the presence of rebar as compared to 

constant time chop-off. Although, both the processing steps had shown the better reso- 

lution over the conventional processing steps. 
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