
JOURNAL OF ELECTRONIC SCIENCE AND TECHNOLOGY OF CHINA, VOL. 5, NO. 2, JUNE 2007 167 

  
Abstract⎯ It is a challenge to evaluate the conditions 

of railway track without interruption of regular traffic. In 
this paper, the authors introduce the detection of cavities 
under the railway substructure by using forward-looking 
ground penetrating radar (FLGPR). Main advantages of 
FLGPR are that such a system can illuminate a large area 
and can stand off a long distance over its down-looking 
counterpart. Two methods, frequency wave-number (F-W) 
synthetic aperture imaging (SAI) and beam-forming by 
delay and sum (DAS), are applied to process the collected 
data. Analysis and measuring show that the distinct radar 
image of the cavity beneath the substructure 1.2 m deep 
can be formed by these two methods.    

Index Terms⎯Forward-looking ground penetrating 
radar, radar imaging, railway track inspection, synthetic 
aperture imaging. 

 

1. Introduction 
In past twenty years, ground penetrating radar (GPR) is 

one of the best technologies to non-destructively investigate 
the objects under the shallow earth and concrete structures. It 
is widely used in many domains [1],[2], such as pipes and cable 
detection, archaeological investigation, bridge deck analysis, 
detection of buried mines and geophysical investigations etc. 

Railway can suffer from several problems and their 
analysis requires reliable instruments. As a matter of fact, 
ballast sacks, contaminations, moist areas, and packet layers 
under railway base must be located and monitored 
continuously since they might be severe hazard to railway 
traffic. Fig. 1 shows the common models of railway 
substructure lacunas. These lacunas we are interesting in are 
hidden in the region beneath the railway about 1 m−5 m deep 
and in commonly they have a diameter about 0.5 m−2 m. 

Until now, inspecting conditions under railway base has 
been done almost by performing coring operation or using 
electrical resistivity method. These methods are complex and 
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expensive. The detection lines are arranged in the two sides 
of railway. These methods can only detect objects in the 
region beneath of these detection lines, whereas are not able 
to detect those objects beneath the railway. 

The use of GPR as railway track inspection equipment is 
becoming popular especially in Europe, where several 
railway companies utilize GPR data for monitoring 
conditions of ballast and sub-ballast layers [3]. But these 
GPRs all are used in down-looking manner. And this 
operation manner has a number of limits. An obvious limit is 
that such manner will make interferences in trains running 
since down-looking GPR must be operated over the railway. 

 
 

 
 
 
 

(a) Cavity 
 
 
 
 
 

(b) Ballast sack 
 
 
 
 
 
 

(c) Soil cavity 

Fig. 1. The common models of railway substructure lacunas. 

Mostly, the forward looking ground penetrating radars 
(FLGPRs) are used in military to detect anti-person or 
anti-tank mines under the earth about from 10 cm to 20 cm. 
However, no report can be found about using an FLGPR to 
detect the objects under the ground deeper than one meter. 

GPR imaging techniques are useful for improving the 
spatial resolution and increasing the signal-to-noise ratio of 
the survey. Migration is a family of GPR imaging techniques 
and its goal is to refocus the reflection signatures in the 
recorded data back to the true positions. Conventional SAR 
imaging techniques also achieve image refocusing by 
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coherent summation of backscattered data after proper phase 
compensation. Some SAR processing can be viewed as the 
near-field beam-forming based on a delay and sum (DAS) 
technique or analogy to DAS, while other processing 
reconstructs images iteratively using the fast Fourier 
transform (FFT)[4]-[10]. 

In this paper, the authors utilize a GPR working in 
forward-looking manner to detect the cavity beneath railway 
substructure. Two methods, namely F-W SAI and 
beam-forming by DAS in time domain, are used to process 
the collected data. These two methods can all obtain the 
distinct radar image of the cavity beneath the substructure  
1.2 m deep. 

2. Data Acquisition Using an FLGPR 
In our experiment, a segment of a railway substructure is 

simulated in a dry-up farm-land. For the purpose of 
measuring, a hole is set in the farm-land which depth is 1.7 m; 
and a ball is put in the hole. The ball is made by the material 
which dielectric is almost equal to 1. The ball is empty in the 
middle and its diameter is 0.5 m. On the ground a stone 
trapezoid stack is heaped up with height 0.6 m, down width 
2.6 m, upper width 1.4 m, and length 5.1 m, as shown in Fig. 
2 (a) and (b).  
 
 
 
 
 
 
 
 
 
 
 

(a) Picture of experiment site 
 

 
(b) Parameters of experiment site 

Fig. 2.  The experiment site and its parameters. 
 

The center of the GPR antennas is at a height of 0.5 m 
above the ground and the moving line of antennas has a 
distance of 1.46 m to parallel line over the object top. The 
transmitting antenna radiates the railway substructure in the 
angle of 51° and the receiving antenna receives the backward 
scattered energy. The GPR works in pulse manner its radiating 
frequency is 250 MHz. The GPR moves along the railway 
track and gets an A-scan every 2 centimeters. Each A-scan has 
258 samples and the sampling frequency is 2585.6 MHz. 

3. Basic Theory of the FLGPR 
Suppose that the ground model is target-free 

homogeneous dielectric half-space. That is, the radar 
electromagnetic wave travels in the ground with constant 
velocity. The geometry of the forward-looking measurement 
is shown in Fig. 3. The radar is working with mono-static 
mode. The antennas are located off the ground at the height 
of h. The transmit antenna illuminates the air-ground 
interface with a looking angle. The antennas move along the 
axis of x for sampling. When the radar collects the mth 
A-scan, its antennas are located at ( ,0, )m mx h=x . The 
region to be imaged is located along the positive y-axis. In 
this work manner, a forward-looking profile named B-scan is 
obtained. For the case of single point target located at 

( , , )p a a ax y z=x , the output of the mth A-scan is given by 

,( ) ( ) ( )m p p p my a s t τ= −x x           (1) 

where ( )pa x  is the complex reflectivity of the point 
target. The wideband signal ( )s t  is a narrow pulse that 
provides the desired range resolution.  

 
Fig. 3.  The basic theory model of FLGPR. 

In Fig. 3, ( , , )a a ax y z  is the target’s location in the earth, 
( ,0, )mx h  is the radar’s location, and ( , ,0)p px y  is the 
incident point on the ground. 

As shown in Fig. 3, the propagation delay ,p mτ  

encountered by the signal as it travels from the transmitter to 
the target, and back to the nth receiver, is given by 

, ( , ) ( , )
2
p m m g g pD D

c v
τ

= +
x x x x

        (2) 
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where c is the speed of light traveling in the air with a 
dielectric constant 0ε  (here we suppose 0 1ε = ), v is the 
speed of the wave traveling in the earth with a dielectric 
constant 1ε , ( , ,0)g p px y=x  is the refraction point on the 

ground, and D(⋅) means the Euclidean distance. It is obvious 
that 1/v c ε= . To get the propagation delay ,p mτ , the 

refraction point gx  must be determined first. 

Apparently, the five points ( ,0,0)mx , mx , gx , px , 

and ( , ,0)a ax y are in the same electromagnetic radiating 
plane, as shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  The radiating plane. 
 

In Fig. 4, ( , , )a a ax y z  is the target’s location in the earth, 
( ,0, )mx h  is the radar’s location, and ( , ,0)p px y  is the 
incident point on the ground. 

Let 
2 2(( ,0,0), ( , ,0)) ( )f m a a m a ax D x x y x x y= = − +  

(( , ,0),( ,0,0))x p p ml D x y x= . 

By Snell’s law, we have 

1

2 2 2 2

( )

( )
f xx

x f x a

x ll

l h x l z

ε −
=

+ − +
           (3) 

2 22 2
, ( ) ( )

2
f x ap m x x l zl h

c v
τ − + −+

= + .       (4) 

To obtain xl , firstly, square both sides of (3) and let  

11a ε= − , 12 ( 1)fb x ε= −  
2 2 2

1 1(1 ) f ac x h zε ε= − − + , 2
12 fd x hε=  

2 2
1 fe h xε= − . 

the following concision fourth-order equation for the xl  can 
be obtained as 

4 3 2 0x x x xal bxl cl dl e+ + + + = .           (5) 

To find out the correct solve, it is necessary to take 
some complex computation. The following equations 

are required to be calculated 
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2 33
2 13 (144 18 72 )q s a d b abc= + − . 

Then the last equation we need is given by 

1 2
2 3

1 2(4)

3 3

12x

q qb s
s s

l
a

− ±
− + ±

= .           (6) 

In (6), there are four solves, but only one is the desired. 
In the four solves, two of them are imaginary numbers 
introduced when we squared both sides of (3), and one is 
real data but not in the interval (0, fx ). The only correct 

solve is given by 

1 2
2 3

1 2

3 3

12x

q qb s
s s

l
a

− −
− + −

= .           (7) 

4. Data Processing 
Major signal processing tasks associated with GPR 

include ground bounce removal and synthetic. Furthermore, 
because the much deeper information under the ground than 
common FLGPR usage is desired, we use time varying gain 
to compensate each A-scan data. We treat data with ground 
bounce removal and time varying gain as preprocessing. 

4.1 Preprocessing 

The original profile image is shown in Fig. 5(a). With the 
antenna moving, the strongest signal usually comes from the 
ground reflection. Because this signal changed very slowly in 
common, it can be removed by filtering of average trace 
subtraction. The filtering of average trace subtraction can be 
described by the following equation: 

1

1 ,   1,2, , ;   1, 2, ,
N

mn mn mi
i

W W W m M n N
N =

= − = =∑ L L  

where mnW  is the value of collected image matrix or refer as 
the echo intensity, M  is the row of the matrix and N  is 
the column. We got the image shown in Fig. 5 (b) after to do 
so. 
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(a) Original image 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Image after ground bounce removal 

Fig. 5. Image of original and ground bounce removal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Image of F-W SAI result. 

As a pulse travels from the transmitter into the 
medium, its amplitude decreases according to the classical 
1/r law for an expanding spherical wave, where r is the 
distance traveled by the pulse. Furthermore, after the pulse 
is reflected off an object within the medium and travels 
back to the antenna, its amplitude decreases by 1/r again. 

As electromagnetic wave travels in two media, it is need 
be careful to compensate the amplitude of collected data.  

4.2 FLGPR Frequency Wave-Number SAI 

The first method, namely FLPGR frequency 
wave-number (F-W) synthetic aperture imaging (SAI) [10], is 
used to process the data after preprocessing. This method is 
based on equivalent wave-field and hologram imaging, 
because of the characteristic that FLGPR wave incidents 
aslant and propagating through two layer medium of the air 
and ground. According to the ground, the recorded data are 
divided into two sections. The section above the ground is 
processed by F-W SAI based on the hologram imaging 
method. And the section underground is processed by SAI 
with the equivalent wave field in the swath on the ground 
surface. The last image is shown in Fig. 6. 

4.3 Beam-Forming in Time Domain 

The idea of delay and sum (DAS) is to sum all data 
coherently at one focal point in the ground at a time and 
repeat for all points of interest. Using (7), the accurate 
refraction point can be obtained and then using (4), the 
correct delay time is calculated. The region of interest is 
divided into a finite number of pixels in along-track and 
depth. The complex composite signal corresponding to the 
image of pixel located at qx  is obtained by applying time 

delays and weights to the M received A-scan signals, and 
summing them. The resulting output for a single target case is 
given by 

,
1

( ) ( )
M

q m m p m q
m

I w y τ
=

= −∑x x            (8) 

where mw  is the weight applied to the mth antenna location, 
( )m py x  is the output of the mth A-scan with only one target, 

and ,m qτ  is the focusing delay applied to radar at the mth 
location staring at the pixel qx . Using (8) for every pixel, 
the last image is formed and is shown in Fig. 7. 

 
 

Fig. 7.  Image of Beam-forming by DAS in time domain result. 
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5. Conclusions 
FLGPR data provides a valuable insight to railway track 

substructure conditions such as track support, track stability 
and overall track safety. The distinct image of the cavity 
beneath the ground 1.2 m depth can be formed from the 
collected data of an FLGPR, in which the data are processed 
by using two methods: F-W SAI and beam-forming by DAS. 
Comparisons between Fig. 6 and Fig. 7 show that better 
images can be achieved in time domain SAR than in 
frequency domain with F-W SAI. However, it will take more 
computing time with the method of DAS. 

References 
[1] R. L. van Dam, “Cause of ground-penetrating radar reflections 

in sediment,” Ph.D. dissertation, Vrije University, Germany, 
2001. 

[2] X.-F. Zeng, W.-J. Xu, R.-Y. Qian, and X.-S. Deng, “Ground 
penetrating radar high resolution exploration reservoir dam 
structure layer,” Progress in Geophysics, vol. 15, no. 4, pp. 
104-09, Dec. 2000, (in Chinese). 

[3] G. Manacorda, D. Morandi, and A. Sarri, “A customized GPR 
system for railroad tracks verification,” Proceedings of SPIE, 
vol. 4758, pp. 719-723, April 2002. 

[4] Y.-J. Sun and J. Li, “Landmine detection using forward- 
looking ground penetrating radar,” Proceedings of SPIE, vol. 
5794, pp. 1089-1097, June, 2005. 

[5] M. Bradley, T. Witten, and M. Duncan, “Mine detection with a 
forward-looking ground-penetrating synthetic aperture radar,” 
Proceedings of SPIE, vol. 5089, pp. 334-347, Sept. 2003. 

[6] M. Bradley, T. Witten, M. Duncan, and B. McCummins, 

“Anti-tank and side-attack mine detection with a 
forward-looking GPR”, Proceedings of SPIE, vol. 5415, pp. 
421-432, Sept. 2004. 

[7] G.-Q. Liu, Y.-W. Wang, J. Li, and M. Bradley, “SAR imaging for 
a forward-looking GPR system,” Proceedings of SPIE, vol. 
5089, pp. 322-333, Sept. 2003. 

[8] K. Gu, G. Wang, and J. Li, “Migration based SAR imaging for 
ground penetrating radar systems,” IEE Proc. Radar Sonar 
Navig., vol. 151, no. 5, pp. 317-325, Oct. 2004. 

[9] Y.-W. Wang, X. Li, Y.-J. Sun, J. Li, and P. Stoica, “Adaptive 
imaging for forward-looking ground penetrating radar,” IEEE 
Trans. on Aerospace and Electronic Systems, vol. 41, no. 3, pp. 
922-936, Jul. 2005. 

[10] J.-F. Hu and Z.-G. Zhou, “Research on forward-looking ground 
penetrating radar synthetic aperture imaging”, Journal of 
Electronics & Information Technology, vol. 28, no. 12, pp. 
2219-2223, Dec. 2007, (in Chinese). 

 

 

Tai-Yin Zhao was born in Chongqing, China, in 1974. He 
received M.S. degree from Chengdu University of Technology in 
2002. He is now working with the School of Electronic Engineering, 
University of Electronic Science and Technology of China (UESTC). 
His research interests include radar imaging, radar signal processing, 
and radar target recognition. 

Zheng-Ou Zhou was born in Yongzhou Hunan, China, in 1940. 
He graduated from Chengdu Institute of Radio Engineering in 1962. 
He was a visiting scholar with the University of Cambridge from 
1987 to 1988. He is currently a professor with UESTC. His research 
activities include radar signal processing, ground penetrating radar 
systems and data transmission. 

 


