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Abstract

In this paper, ground-penetrating radar (GPR), which has the capability to do non-destructive testing (NDT) in
civil engineering field, is proposed to detect underground gas pipes, water pipes, electric cables or voids under a road.
SFCW (Stepped Frequency Continuous Wave) radar, which is based on vector network analyzer, is utilized for
target detection and its performance is investigated. Since signal processing is vital for targets reorganization and

clutter rejection, we categories the signal processing method into two phases. In first phase, the numbers of the
frequency domain radar data traces underwent CPM (Combined Processing Method) to obtain two dimensional
time domain data. In second phase, the two-dimensional time domain data was processed by SAR (Synthetic
Aperture Radar) method to obtain the three dimensional image of the pipes. The field experiment was performed
on a gravel road with an asphalt layer at a road construction company’s test site in Saitama-shi, Japan and all the

signal-processing results are presented.

Keywords : GPR, SFCW Radar, FFT, MUSIC Algorithm, SAR,Super Resolution Signal & Image Processing.

1. Introduction

The detection of buried pipes and cables has been a chal-
lenging issue for the construction and maintenance of road.
In addition, characterizing underground surface at the con-
struction site for the study of bearing capacity of soil, measur-
ing the thickness of a roadway’s pavement layer are the major
topics of interest in the field of civil engineering"”. However,
there are several limitations such as existence of natural clutter
such as metallic can, nails, and stone in the environment.
Non-homogeneity of soil is also a burning problem, which
alter a relative permittivity of the soil and makes the scenario
complicated to characterize the underground surface® ™.
Nevertheless, ground-penetrating radar (GPR) has been well-
established and mature technology for the non-destructive
testing (NDT) in civil engineering field and widely applied in
overcoming such problems. Most GPR are in the time
domain using the pulse signal, and sensitivity and maximal
detectable depth are usually limited by the size of antenna and
the dielectric constant of the soil. Recently, more FMCW
(Frequency Modulation Continuous Wave) GPRs are emerg-
ing due to larger dynamic range, less power consumption, and

more convenient calibration. Unlike to conventional impulse

type radar, which has been studied over years, the SFCW
(Step Frequency Continuous Wave) radar has attractive fea-
tures such as capable of operating with high central- frequen-
cy over the ranges of several gigahertz, large dynamic range,
and higher computation facilities and so on. In this paper, we
applied the SFCW radar to detect underground gas pipes,
water pipes, electric cables or voids buried under a road? >

Signal processing is vital for target reorganization and
clutter rejection in GPR. GPR normally required high reso-
lution to get the clear information of the physical and
geometrical characteristic of the buried targets¥. Basically,
there are two ways to improve the resolution, which are
vertical resolution and azimuth resolution. The vertical reso-
lution can be achieved by inverse filter such as Weiner filter,
Gaussian method and so on and a super resolution technique
such as MUSIC (Multiple Signal Classifications)'®~'>, MEM
(Maximum Entropy Method)'®, ESPRIT (Estimation of
Signal Parameter via Rotation Invariance Technique)'”. The
azimuth resolution can be achieved by holograph Image
Processing Method, and Migration Technique (Synthetic Ap-

erture Radar Processing)'® ™

. In this paper, we implement
the MUSIC algorithm to improve the vertical resolution. In
addition, we use CPM (Combined Processing Method)*,

which is a method of combining the time domain results of
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Fig. 1 S parameters S;; measurement of bow-tie antenna
by vector network analyzer.

MUSIC and IFFT (Inverse Fast Fourier Transform) to ac-
hieve a good tradeoff between high resolution and a high
precision signal level. Finally, we use SAR (Synthetic Aper-
ture Radar) processing method to improve the azimuth reso-

lution and also to reconstruct the three dimensional images.
2. SFCW Radar System

The SFCW radar produces the synthetic pulse that sweeps
through a pre-defined frequency band, which increases in step
wise, and measures the return signal strength at different
frequencies to obtain the frequency spectrum of the target
return. The major components involve in this research are as
following.

1. Antenna System

2. Vector Network Analyzer

3. Signal processing unit

2.1 Antenna System

Antennas are a very important parts of GPR equipment.
The main requirement for a good GPR antenna is wide
bandwidth. Element antennas such as dipole and bow tie
antennas (usually resistive loaded) are considered as broad-
band antenna. The waves radiated from the antenna are
attenuated, but the cost is loss of efficiency®”. The directivity
function of a GPR antenna is also vital, which depends upon
the dielectric properties of the surveyed half space and the
distance from it?». In order to satisfy the bandwidth require-
ment, element antennas like shielded (ferrite covered) bow-tie
antennas, which has been developed at the University of
Electro-Communications, Tokyo is applied in this research
work. The shield prevents interference from the spurious
signal or echoes coming from the environment and improves
the directivity of the antenna. The antennas were resistively
loaded and the dimension of the antenna was (4025X10)
cubic centimeter.

In order to check the performance of the antenna, the

Return Loss (dB)

0 200 400 600 800
Frequency (MHz)

Fig. 2 Measured input loss versus frequency.

frequency domain measurement has been done using the
vector network analyzer (See Fig. 1), which has capability to
take a measurement from 30kHz to 40 GHz and a selected
numbers of frequency points are 201, 401, 801 and 1601. The
bandwidth was selected 800 MHz (0 MHz to 800 MHz) and a
selected number of frequency was 801. The return loss of an
antenna was measured and the measured return loss versus
frequency is shown in Fig. 2. The reflection coefficient was
found less than —30dB for the range 100 MHz to 500 MHz.
Thus, the performance of the antenna is good within this
bandwidth range.

2.2 Vector Network Analyzer

The commercial vector network analyzer works as a SFCW

radar'®.

The commercial vector network analyzer (Agilent
8712ET RF) was used for the measurement campaign. The
Vector Network Analyzers optimized for production meas-
urements of reflection and transmission parameters. The
instrument integrates an RF synthesizer sources, transmis-
sion/reflection test set, multi-mode receivers, and display in
compact box. The frequency band ranges from 300kHz to
1300 MHz and a selected number of points (frequencies) are
201, 401, and 801. The three-channel, dual mode receivers
provide dynamic range of greater than 100 dB in narrow band
direction measurement mode, which is also the interest of this
experiment. The receiver incorporates digital signal processing
and microprocessor control for fast operation and measurement
throughput. The major advantage of vector network analyzer
(SFCW radar) system stems from the potential for controll-
ing an ultra wideband around the central frequency for a
given application and for obtaining a higher dynamic range.

2.3 Signal Processing Unit

A lap top computer is a signal-processing unit, which is
shown in Fig. 3. The receiving signal from the RF output of
the vector network analyzer is stored in the computer. The

acquisition from the network analyzer to the computer is done
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Fig. 3 A SFCW radar system components such as an-
tennas, vector network analyzer, and signal pro-
cessing unit. This system is used for measurement
campaign both on the asphalt and gravel to
detect the water pipes, gas pipes and ducts buried
under the road pavement.

by “GPIB-USB A” cable (National Instrument). The soft-
ware used for data acquisition is developed in Visual Basic.
Since the vector network analyzer is used, the data acquisition
process is in frequency domain and the signals are coherent
signals. This frequency domain signals having extremely high
dynamic range are processed by proposed signal processing
algorithm. The authors have developed the entire signal

processing software-using MATLAB.
3. Signal Processing Approach

This research deals with a signal processing method used to
increase the vertical and azimuth resolution of a radar image
and to obtain a high precision signal level. As mentioned
above, we used SFCW radar, which is based on vector net-
work analyzer. This SFCW radar operates in the frequency
domain and is almost similar to the FMCW radar except the
frequency changes in steps. The vector network analyzer
transmits the frequency domain signal and received the com-
plex reflected signal at different frequencies. This reflected
frequency domain data is considered as a radar signal®®.

Since signal processing is vital for target detection and
clutter rejection, we categories the signal processing method
into two phases. In first phase, The frequency domain radar
signal spectrum undergoes IFFT and MUSIC processing
simultaneously to obtain a high precision receiving signal level
and high resolution signal respectively. Time domain re-
sponses are obtained in both cases. The time domain response
of IFFT and MUSIC>”~? are combined, in a process we call
CPM as shown in Fig. 4. The numbers of the frequency
domain radar data traces underwent CPM and the results

were arranged in an array to obtain two dimensional time

Time Domain Signals

IFFT

CPM ¥ SAR || 3-DImage

1

Frequency Domain Signals

Radar

Signal

MUSIC

Fig. 4 Simple block diagram of radar signal processing
approach.

domain data. In second phase, the two-dimensional time
domain data was processed by SAR method and image is
presented as shown in Fig. 4. The theoretical concepts of the
signal-processing algorithm applied in this research work are
briefly explained as following.

3.1 MUSIC Algorithm

The MUItiple SIgnal Classification (MUSIC) algorithm is a
nonparametric spectral estimation technique, which estimates
multiple scattering centers from the observed voltage received
on an array of antenna utilizing the eigenvector. The
eigenvectors can be used to compute a spectrum with TOA

)5) 8

(Time of arrival , i.e., estimate delay time of high fre-

quency spectrum'”

. The Eigen value of diagonal matrix helps
to estimate the numbers of reflected signals.

The measured value of reflected signal from the target with
a vector network analyzer can be expressed using vector

notation as follows.

x=Ay+w (1
where,

x =[xy, xpeox ]t (1a)

A=la(z), a(z) - a(z)] (1b)

a(20) = [e 2% ¢ e en g 5] T (1c)

Y=y, yoropilT (1d)

w=[wi, wywi] T (le)

Here, T represents transpose. Again a () vector can be
declared by its time and it is called a mode vector. 4 is a delay
parameter matrix, which has L numbers of arrays and the k™
element of row. Therefore, L can be regarded as the number
of signals. y is the reflection coefficient of the L" reflection
point at frequency f;, and w is a noise vector.

The position (delay time) of each reflection point can be
estimated by searching the peak position of the MUSIC
function (Pousic)

a(0)*a(z)

Poisic (D) :m ®

where, a (7) is a delay time mode vector and Ey is noise L (L
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—k) matrix whose columns are the (L —k) noise eigenvector.

Ground Penetrating Radar signals are generally coherent
signals as the measurements was taken by SFCW radar based
on vector network analyzer. The vector network analyzer
generates the identical signal, and the phase and the amplitude
of the reflected signals also do not change from snap shot to
snap shot. MUSIC fails to work properly when the signals are
coherent. So, a decorrelation process or specifically speaking

Spatial Smoothing Process (SSP)'¥

is performed in order to
eliminate the problems encountered with coherent signals.
The received signal is divided into the numbers of overlapping
sub arrays or snap shots. Consequently, the phase is changed
in each snap shot. The spatially smoothed covariance matrix
is defined as the sample means of the sub array covariance and

eXpreSSed as
S P— Z S 3
SS. M . k ( )

3.2 CPM (Combined Processing Method)

CPM is a method of combining the time domain results of
MUSIC and IFFT to achieve a good tradeoff between high
resolution and a high precision signal level”. Let the complex
IFFT results in the time domain be represented by X (¢) and
the MUSIC results in time domain is represented by Y ().
The time domain results of IFFT and MUSIC are combined
using the Combined Processing Method (CPM), which is

calculated using the following expression.

ot ot

VAOE - - *
or | |ox
ot ot

where, Z (t) is the time domain data of CPM.

In order to explain the equation (4), mathematical analysis
has been performed. Since combining the time domain re-
sponses of IFFT and MUSIC are performed by calculating
the slope and the position of the signal, the delay of IFFT
response signal and MUSIC response signal should be
coincided, which is a required condition. So, in this particular
condition, when we consider the point at the peak (centre) of
the curve (Fig. 5), the slope of MUSIC will be very higher
than the slope of IFFT due to sharp response of MUSIC. This
can be expressed mathematically by

0Y 0X 0X -

ot > > ot so that 9 =

0

Substituting the value of %f

ZH=X (42)

in Eq. (4) gives

At the centre

XO—*

Y(0) i \¢—— Away from the centre

VAVAN

t1 t

Fig. 5 IFFT and MUSIC response curve to demonstrate
the CPM method.

The Eq. (4a) means the signal level of Z (¢) will be the
amplitude of the IFFT. Similarly, when we consider the point
drifted from the peak (center) of the curve (Fig. 5), the slope
of IFFT response curve is very higher than MUSIC response
curve. It can also be expressed mathematically by

0X 0Y 0Y

>
ot > > ot so that ot >0

Substituting the value of % in Eq. (4) gives

ZO=Y (4b)

The Eq. (4b) means the signal level of Z (¢) will be the
amplitude of the MUSIC. Therefore, it is found that Z (¢)
selects the precision signal level of X (IFFT response) when
the slope of X is low and also select the signal level of Y
(MUSIC response) when the slope of Y is low.

3.3 SAR processing

18)~20) 23)

In SAR processing , a set of transmitting and receiv-
ing antennas are seperated equally over a synthetic aperature
length. This is also known as migration technique'?”. The
time domain radar signal is received, which can be
represented in the A-scope and the B-scope. The echoes from
the point target are represented in the A-scope as shown in
Fig. 6. When the co-ordinates of the point target are P (x; y;),
the echoes or receiving signal are distributed along a trajecto-

ry, which is expressed as following
y'=Ge—x)*+y/ 4)

The echo received at the antenna, which is just above the
point target is higher than the echo received at the antenna
which is away from the point target. All the distributed
echoes along the trajectory are combined to get high signal

level at (x; y;), which is expressed as

Qe )= 2 Dy P(iim y) ©)
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wihsuriace

-

Fig. 6 SAR processing method (Migration technique).

Where ymZV(xi . m*xl)er y]-2 and D,, is weighting function.
Normally, the D,,=1 for soil because the attenuation is high.
2M +1 is the total number of echoes along the trajectory. If
an ideal impulse is transmitted and received, the horizontal
(azimuth) resolution received by the Eq. (4) would be equal
to 2M +1 antenna being spaced over a synthetic aperture
length.

4. Computer Simulations

The main objectives of the simulation are to examine the
resolution, precision of amplitude, and computation speed of
CPM. In order to meet this objective we generated the

frequency domain sinusoidal wave using the following formula.
X =sinw; +sinw, @)

The sampling frequency was set to be 1 MHz and sampling
number was set to be 200. Therefore, the bandwidth was 200
MHz. The delay time was set to be 60ns and 120 ns, which
generate the two signals. It is expressed by the following

equations.
d=e 71+0.5¢ /2 ®)

The second signal was set to the half of the first signal in order
to check the amplitude level of CPM response. The frequency
domain signal thus generated was processed by MUSIC, IFFT
and CPM method and the results are shown in Fig. 7. From
the simulations result (Fig. 7), it is found that the resolution
of MUSIC is very high, and it is the most attractive feature of
MUSIC algorithm. However, we could observe the amplitude
of second signal less than half of the first one, which is
supposed to be half according to its setting. In contrast to
this, FFT response shows the amplitude of the second signal

half of the first one but resolution is sharply declined and also
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Fig. 7 MUSIC, IFFT and CPM response from the
frequency domain signal Simulated signal is a
sinusoidal wave with frequency bandwidth=200
MHz, sampling point=200, Sampling frequency
=1MHz.

loss of energy in the form of side lobes. CPM has high
precision signal level than MUSIC and very high resolution
than FFT at the small expenses of SNR.

Computation time is also an important achievement of
CPM because CPM uses the information of FFT and the
computation time of FFT is very fast. The computation time
of MUSIC is long due to the eigen-value calculation, which is
documented in most of the signal processing. It is also stated
that the precise amplitude of the signal could be calculated
from by MUSIC processing. This could be possible if the
signal covariance matrix and noise covariance matrix is calcu-
lated to get the eigenvalues and its corresponding eigen
vectors. The eigen decomposition the of the signal coveriance

matrix can be expressed as following.

S=xx*

=ly+w)(dy+w)* )
where, * denotes complex conjugate transpose.
S=Aydy)* +w* (dy) +w(dy) * +ww* (10)
Since w* (4Y) & w (Ay) are zero, then
S=Ayy*A* +ww* (11)

Hence yy™ =P is diagonal matrix, then the signal coverance

Matrix can be written as
S=APA*+0 (12)

Where P is the signal covariance matrix and ¢’ is the noise
power in each channel. The eigenvalue of this array covari-
ance matrix and the corresponding eigenvectors gives the

information such as number of signal and time of arrival
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(delay time), which is calculated using Peak MUSIC (PMUSIC).
Spatial Smoothing Process (SSP) is performed as a pre-
processing method to decorrelate the coherent signal. If the
frequency domain array with L reflection coefficient that
extend from (1,2,3:--N, N+1,---L-1,L), making M number of
overlapping snap shots having length N, then the relation

between L, M and N can be written as
M=L—N+1 (13)

The computation time of the MUSIC can be decrease by
increasing the value of M. As the value M is increased, N will
be decreased, since L is a constant term for certain frequency
domain signal. This will reduce the size of covariance matrix
and the computation time will also fast. In this simulation, L
was set to be 250. When the value of M was set 10, the size
of signal covariance matrix become (239 X239) resulting the
computation time becomes very long. However, the precision
signal amplitude is high and stable. In contract, when the M
was set to be 230, the size covariance matrix become (29 X
29), which is very small and the computation time reduces by
10 times. However, we could not get correct amplitude. So,
in order to achieve the high speed computation, we increased
the number of snap shot and just estimate the peak position of
MUSIC function and combined with IFFT result to get
correct amplitude. Thus high speed, high resolution and
correct amplitude is achieved. This algorithm is perfectly fit

to perform signal and image processing of GPR data.

5. Experiments on a Road

5.1 Experiment Setup

The primary objective of the research work is to detect the
water pipes, gas pipes, cables or duct under the road layer,
which is important to detect before construction and mainte-
nance of the road. Therefore, the resulting experimental
setup used for the work described in the paper is summarized
in Fig. 3. It is a test site of a road construction company in
Saitama-shi, Japan, which is design to test the performance of
GPR. The test site was 8 meters long and 4 meters width.
Various types of pipes and voids are buried as in normal road
in the town. The asphalt layer was about 4 cm thick. The
experimental field was an inhomogeneous type composed of
asphalt, gravel and soil. We used the migration technique,
which is not sensitive to the dielectric constant of the soil’®.
So, the average dielectric constant value was set to be 10. The
measurement was taken both on the surface of the gravel and
the asphalt layer.

In order to derive the dielectric constant 10, the following

expression can be written.

iravel Layer Asphali Layer
il | | 2
_ it
AlEimm
1
o ——
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WMhm |.“.|.|I'II!| Hilimrm I e

Fig. 8 Geometry of the pipes buried below the ground
surface.

Table 1 Material, Diameter and Depth of the Pipes.

Pipe Symbol | Material Diameter Depth
B1 PLV (Vinyl Chloride) | 50 mm 1m
B2 Steel 50 mm lm
B3 Steel 100 mm 1lm
Cl P1V 13 mm 0.5m
R=—"° (14)
24¢,

where,
T : delay time
¢ : velocity of light
& : relative permittivity of the medium
The depth of the target is known value 1 meter and delay
time was recorded about 21 ns. If we substitute these values in
equation (14), we will obtain the relative permittivity 10.
5.2 Data Acquisition for Experiment
The antenna was moved at the increment of 10 cm up to 3.2
meters in x-axis on the surface of the gravel and the asphalt to
scan the underground targets (See Fig. 3). Several such scan
were taken in y-axis at the increments of 10 centimeters shift.
The geometry of the targets is shown in Fig. 8. The pipe
material, depth, and its diameters are presented in Table 1.
SFCW radar was used for the measurement campaign. The
principal advantages of SFCW radar over a conventional
GPR are high dynamic range, and the wide range of frequen-
cy band application, which can be varied at the different site
on a required basis. In this measurement, the frequency band
selected was 600 MHz (1 MHz-601 MHz). Within the limit of
600 MHz frequency band, the effective bandwidth utilized
during signal processing was 400 MHz (100MHz to 500
MHz) because the return loss of the antenna was found less
than —10dB from 100 MHz to 500 MHz, which is found

from Fig. 2. The detail parameter setting for the vector
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Table 2 Parameter setting for field experiment.

Frequency Band 600MHz (1-601) MHz

No. of Points 401

Sweep time 80 ms

Small change in frequency | 1.5 MHz

Soil Permittivity £, 10

Test Site Inhomogeneous medium
Radar Type SFCW radar

network analyzer and experiment are shown in Table 2.

5.3 Signal Processing Results

In this measurement, the total scanned length was 3.2m
and the first 2m was gravel road and the later 1.2m was
asphalt road. The raw data received from the measurement is
shown in Fig. 9, when the radar antennas were above the
target B2 (Steel pipe with 50 mm diameter). This frequency
domain data having real and imaginary information under-
went conversion by the IFFT algorithm, and MUSIC algo-
rithm and the results are shown in Fig. 9 (b). The time
domain results were obtained in both cases. It is found from
this experimental result that the IFFT response has precise
signal level, however the resolution is poor. In contrast,
MUSIC response has very high resolution but the received
signal level from the target is higher than the coupling signal
level, which is practically not acceptable and it means that the
precision of receiving signal level of MUSIC is insufficient.
Therefore, the CPM processing method was performed com-
bining time domain response of IFFT and CPM, which is also
shown in Fig. 9 (b). The CPM response has higher resolution
than IFFT and highly précised amplitude than MUSIC re-
sponse.

The B-scan image processed by IFFT, MUSIC, and CPM is
shown in Plate 1 (a), (b), and (c) respectively. The results in
Plate 1 are presented in linear scale. The value of color bar is
the intensity of signal level, in other words, it’s discrimination
between the targets, clutters, and the surroundings. If the
results are closely visualized, image reconstruction of target B
2 and target B3 is clearly seen in image processed by MUSIC
and CPM. However, the image processed by IFFT doesn’t
demonstrate the sharp image reconstruction of target B2 and
target B3 due to its low-resolution characteristic. The time
side lobe effect is also prominent in IFFT response. The
reflected signal from the target B1 is very weak as it is a PLV
(Vinyl chloride) pipe with diameter 50 mm. Accordingly, the
image of target Bl is also weak and ambiguous. As the test
site is an inhomogeneous field mixed with stone, the reflection
from stone and clutter is also observed in IFFT, MUSIC, and
CPM results. The upper portion of the image is due to the
effect of direct coupling, which is shown in the B-scan image,
processed by CPM (see Plate 1 (c)). The coupling (direct

wave) between the transmitting antenna and the receiving
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Fig. 9 (a) Frequency domain radar spectrum measured on
the gravel and asphalt.
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Fig. 9 (b) Experimental results to demonstrate the IFFT,
MUSIC, and CPM responses (Bandwidth=
600 MHz, frequency point=401, frequency
interval=1.5 MHz).

antenna, and the coupling between the antenna and the
ground surface is known as the “directing coupling”. The
effect caused by this direct coupling is termed as coupling
effect. This coupling effect can be visualized in the B-scan
image processed by IFFT and MUSIC. The data was meas-
ured on the surface of the asphalt and its effect is sharply seen
in the B-scan of MUSIC response (see Plate 1 (b)).

It is found from the experiment that the result obtained on
the gravel layer is better than the result obtained on the
asphalt layer because signal reflected from the asphalt layer is
higher than the signal reflected from the gravel layer. In this
experiment campaign, the antenna is designed to match with
the ground, that is matching between the antenna and the
ground is perfect. In contrast, the matching between the
antenna and air is not good. This is a main reason why the

target below the asphalt layer is very difficult to trace.

— 237 —



Buried Pipe Detection Under the Road by High Resolution Frequency Domain GPR
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Plate 1 The B-scan images of buried pipe under the road
pavement presented in linear scale. It was scan-
ned on the gravel plus asphalt.

5.4 Three-Dimensional Imaging and Discussion

The B-scan image reconstructed from single scan is not
good enough to figure out the pipe buried under the earth.
However, if we scan the numbers of traces making an array of
trace to get the 3-dimensional image or slice view using SAR
method, the precise information about the underground
target could be received. Therefore, 3-dimensional image and
slice view is presented to give the precise information of the
underground target. For that, the data was taken at the
experiment field on the asphalt and the gravel as described in
section 4.2. Scanning was performed up to 320 cm length at
the interval of 10 cm in a trace. Again the antenna was shifted
10 cm right to scan another trace. Altogether five traces were
scanned at an increment 10cm. Therefore the total area
scanned was 320cm X40cm. Each trace was processed by
IFFT, MUSIC, and CPM as in section 4.3 to get the B-scan
image of the underground targets. The B-scan images thus
obtained were arranged in an array to make two-dimensional
(2-D) data. Then the two-dimensional data were further
processed by SAR method. Here, we used migration tech-
nique to do SAR processing. The SAR processed results are
presented in Plate 2, which is a time slice view. It is worthy
to mention here that, relative permittivity (dielectric con-
stant) is important while processing the migration technique.
When the value of relative permittivity is varied the depth of
target position seen in the slice view image in Plate 2 is also
varied. Therefore, the correct value of relative permittivity is
required for detecting the correct depth of the target.

The IFFT processed results were arranged in an array,
which was further processed by SAR method and the results
are presented in the Plate 2 (a) and (b). The resolution of the
IFFT is not high, so the image reconstruction of the pile B3
and B2 are not prominent. Similarly, the MUSIC processed
results were arranged in an array, which was further pro-
cessed by SAR method and the results are presented in the
Plate 2 (c) and (d). As the resolution of MUSIC is high, the
slice images of pipe B3 and B2 are prominent and the continu-
ity of pipes are also clearly visible. Checking the each B-scan
traces processed by MUSIC, which is presented in the Plate 3,
did thorough investigation. Each B-scan traces show the
target position B2 and B3 at the similar position. Consequent-
ly, the slice image showed the continuity of target. However,
we could not trace out target B1, as it was a plastic pipe. The
three dimensional image of the target B3 and B2 is presented
in Plate 4. The 3-D image could be rotated to see the target
image from different angle and prospection. It is found that
the pipe B3 is clearly seen and covers the entire length of the
scanned traces. It looks almost like a cut piece of pipe. Pipe
B2 also looks like pipe but could not demonstrate clear

picture, as in the pipe B3.
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Plate 2 Time slice view of the field experimental result of the buried pipe, which is processed by IFFT,
MUSIC and CPM. The diameter of the pipe (metallic) was 100 mm and 50 mm respectively.
Each trace is separated at the increment of 10cm. The total area scanned was (40X320) cm.
The travel time of each time slice view is about 21 ns (100 cm).

— 239 —



Buried Pipe Detection Under the Road by High Resolution Frequency Domain GPR

" ¥ { . ¥ ¥ - ¥ - ' r
i B-seim (mnpe ol inslsl trdoe 1 Bscim animse gl 10 cn shified Teoim ool (e

L L s
{ch Bezcan imaze ol 210 om shified from instind trace ('} Hescan immage at 30 cm shifled from initial e

g1 M=scan imser al 40¢m shifled Gom ool e

Plate 3 The scanning was performed for 3.2 cm length at the interval of 10cm in a trace. Each trace is
separated at the increment of 10cm. The total area scanned was (40 X320) cm. Each trace was

processed by MUSIC to produce B-scan image and B-Scan result was further processed by SAR
for 3-D representation.
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Plate 4 Three dimension image of Pipe B2 and B3. The one dimensional raw data was first processed
by MUSIC to get B-scan image. The array of B-scan data (2-D data) was processed by SAR

method.

Finally, the CPM processed results were arranged in an
array, which was further processed by SAR method and the
results are presented in the Plate 2 (e) and (f). As the
resolution of CPM is also high due to the effect of MUSIC,
the slice image of pipe B3 and B2 are very prominent and the
continuity of pipes are also clearly visible. Checking the each
B-scan traces processed by CPM as in previous case, which is
presented in the Plate 5, also did thorough investigation.
Each B-scan traces show the target position B2 and B3 at the

similar position. Consequently, the slice image showed the

continuity of target. The three dimensional image of the
target B3 and B2 is presented in Plate 6. The 3-D image gives

the clear information of the geometrical characteristic.

6. Conclusions

In this paper, we propose SFCW GPR with significantly
improved signal processing algorithm for the civil engineering
applications. Specifically speaking, we developed a high per-

formance GPR model to detect underground gas pipes, water
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Plate 5 The scanning was performed for 3.2 cm length at the interval of 10cm in a trace. Each trace is
separated at the increment of 10cm. The total area scanned was (40 X320) cm. Each trace was

processed by CPM to produce B-scan image and B-Scan result was further processed by SAR
for 3-D representation.
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Plate 6 Three dimension image of Pipe B2 and B3. The one dimensional raw data was first processed
by CPM to get B-scan image. The array of B-scan data (2-D data) was processed by SAR

method.

pipes, electrical cables or ducts under the road layer, which
are very important to detect before construction and mainte-
nance of roads. We discuss the application of IFFT, MUSIC,
and CPM signal processing algorithm in radar data to im-
prove the vertical resolution and also to reconstruct the
B-scan image of the buried targets. The CPM is a method of
combining the time domain results of MUSIC and IFFT to
achieve a good tradeoff between high resolution and a high
precision signal level

In addition, application of SAR processing method has also
been presented to improve the azimuth resolution and 3-D

image reconstruction. A field experiment was performed on a

gravel road and asphalt layer at a road construction company’s
test site in Saitama-shi, Japan. It is found from the signal
processing results that CPM could reconstruct the B-scan
image of pipes with high resolution. The SAR processing
method was applied on an array B-Scan images of 2-D CPM
data to obtain 3-D image of the targets. The 3-D image gives
the clear information of the physical and geometrical charac-

teristic of the buried pipes under a road.
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