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This paper proposes a new method to improve the accuracy of locating
buried object using Hilbert transform combined with the least square
curve fitting algorithm (LSCF) in impulse radio ultra wide-band (IR-
UWB) system. In buried object locating methods, the UWB pulse is
considered as an ideal candidate in a short-range with high spatial
resolution. Howerver, the power of UWB signals rapidly reduce while
traveling in propagation medium, hence detecting reflected UWB
pulses are difficult. The Hilbert transform is applied to the correlation
function to enhance the detection of reflected UWB pulses, and to
increase the accuracy in determining the propagation time and to locate
the buried object more accurate when combined with the LSCF
method. The analytical expression is validated by Matlab simulation
and the locating errors used to assess the performance of systems. The
numerical results indicate that the proposed method has higher
accuracy than the conventional ones.
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VOI BIEN POI HILBERT VA THUAT TOAN PHU HQP PUONG CONG
BINH PHUONG NHO NHAT

Dwong Pire Ha'", Nguyén Thi Huyén®, Bui Quéc Doanh?, Phan Treng Hanh*

'Pai hoc Ky thudt Lé Quy Pon
2Pai hoc Thong tin lién lac

TOM TAT

THONG TIN BAI BAO
Ngay nhin bai:  15/3/2023
Ngay hoan thi¢n:  15/5/2023
Ngay ding: 15/5/2023
TU KHOA

Cong ngh¢ UWB

Bién déi Hilbert

Dbi tugng bi chon vui

Thuat toan phu hop duong cong
Xung Gauss

Bai bdo dé xuat mot phuong phap méi dé cai thién do chinh xac cua
viéc dinh vi dbi twong bi chon vui bang cach sir dung phép bién doi
Hilbert két hop véi thuat toan phu hop duong cong binh phwong nhé
nhat (LSCF) trong hé théng bang thong siéu rong xung vo tuyén (IR-
UWRB). Trong cic phuong phap dinh vi dbi twong bi chén vii, xung
UWB dugc coi 1a mot ang cir vién 1y tuong trong pham vi ngan voi do
phan giai khong gian cao. Tuy nhién, cong sut cia tin hiéu UWB bi
suy giam nhanh chéng khi thu phat trong méi trudng lan truyén, do d6
viéc phat hién cac xung UWB phan xa vé 1a rat kho khan. Bién ddi
Hilbert dugc ap dung cho ham twong quan nhim nang cao kha ning
phat hién xung UWB phan xa, tang d6 chinh xac trong viéc xac dinh
thoi gian lan truyén va viéc dinh vi d6i tugng bi chén viii chinh xac hon
khi két hop véi phuong phap LSCF. Biéu thirc phan tich dwgc xac thuc
bing mb phong Matlab va sai s6 dinh vi dugc sir dung dé danh gia higu
qua thuc hién ciia hé théng. Cac két qua tinh toan chi ra ring phuong
phap dugc dé xuat c6 do chinh xac cao hon so véi cac phuong phap
thong thuong.
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1. Introduction

Buried object locating systems in the underground or in structures using nondestructive
technique (NDT) play an important role in modern life especially in rescue, and testing the
imperfection of material structures. There is a variety of techniques which have been developed
for detecting and locating the buried object by NDT such as ground penetrating radar (GPR) [1],
acoustic transmission [2], microwave SAR imaging [3], ground penetrating synthetic aperture
radar (GPSAR) [4],... Among these techniques, the data processing methods in the GPR system
are more widely used due to its advantages of fast, convenient data collection, high image
resolution, and nondestructive testing capabilities.

The GPR system transmits pulses of electromagnetic waves at difference frequencies
depending on the type of application. At the boundaries between layers of the medium or
between the buried objects and medium, there will be reflected waves back to the receiving
antenna due to the difference in dielectric properties. Traditional systems use a narrow band
signal to modulate a sinusoidal carrier signal and the resulting radargram is an image (B-scan
image) that shows the difference regions of heterogeneity in the survey medium. The hyperbolic
feature in B-Scan images of GPR is the most common shape found to detect distinct objects in
the survey medium. In the literature, there are many studies which have been conducted to
analyze the shape of hyperbolic for detecting and locating the buried objects such as Hough
transform [5], neural network [6], [7], template matching [8]. The size of buried objects can be
predicted by CNN model [6], [9]. For improving the detection of deep targets, the multiresolution
time-frequency analysis technique by the log-Gabor filters [10] is proposed.

These above techniques can detect various types of metallic and plastic buried objects and the
size of them but greatly affected by environmental characteristics, noise and cannot determine the
wave speed as well as the dielectric constant of the medium. Besides, the methods based on
neural network require storing a lot of annotated data, and they rely on pre-trained models.
Furthermore, in the GPR systems, the penetration and resolution of the system depend mainly on
the signal bandwidth. The narrow bandwidth makes the information capacity of the radio system
limited and have practically exhausted the information opportunities in range resolution and
target characteristics. To solve this problem, a new penetrating radar system was developed to
transmit radio impulse with ultra-wide bandwidth (GPR-UWB). For practical purposes, the UWB
radar means radio detection and ranging systems which use signal bandwidths greater than 500
MHz to measure distances with spatial resolutions Ar < 30 cm [11]. Combining the ability of
range determination with a fine resolution and the material’s penetrating ability of
electromagnetic waves can provide a wide range of remote sensing capabilities.

In general, the location of the buried object is determined based on the parameters of the
reflected pulse such as received signal strength index, time of arrival (TOA) in which the TOA
parameter is commonly preferred for UWB positioning systems [12]. However, the based-TOA
technique depends strongly on the method for determining the delay time of the reflected pulse
corresponding to the peak of the correlation function. Hence, the error of the estimated TOA
depends on the transceiver synchronization and the determining correlation peak. In order to
increase the accuracy in determining the propagation time of UWB pulse and locating the buried
object of GPR UWB system, in the paper, a method of applying Hilbert transform combined with
LSCF is proposed. The proposed method is applied to locate a single buried object in both
homogeneous and heterogeneous medium with the high accuracy.

The rest of the paper is organized as follows. Section 2 describes the system model and
methodology for the proposed method. In Section 3, we present the simulation results to evaluate
the proposed method performance in comparison with previous method using Matlab software. In
Section 4, we draw conclusions and outline areas for future work.
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2. Research methodology
2.1. System model

A system using UWB technology for detecting and locating the buried object is illustrated in
Figure 1. This paper specifically examines a transmission medium consisting of two layers with
relative permittivities (dielectric constants) denoted as &, and &,, respectively. The transmitted
UWB pulses denoted as s(t) are generated at the transmitter, then go through to the survey
medium and reflected back from the buried object, the boundary between the layers. The
reflected pulses denoted as r(t) contain information about the location of the buried object which
is defined in two-dimensional space including the horizontal parameter of X,, (the direction
moving of the GPR UWB device) and the burial depth of dq,. In this paper, we focus on the
Signal Processing block based on the proposed method to determine the wave propagation time
and the object's location using Hilbert transform combined with CFM.
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Figure 1. The UWB system model used detecting and locating buried objects

In the system model shown in Figure 1, the impulse radio UWB (IR-UWB) is used as
transmitted pulse. A IR-UWB pulse takes the form [17]:

S(0)=VP 39 (c-iT,), W

where t is time, P is the transmit power, N, is the number of transmitted pulses, g(t) is the
derivatives of the basic Gaussian pulse with pulse width of T, and the repetitive period of T. The
derivative of n" order of the basic Gaussian is:

On(t)=Ep dt_”e : 2

where 7, is a time normalization factor and E, is normalized energy of gn(t). The reflected
pulse r(t) has the form:

r(t)=AA,s(t—7,)+A (1-A,)s(t—7,)+n(t), (3)
where Ay, A; are the attenuation factors of the medium with layer 1 and 2 respectively; As; is
the reflection factor from the boundary between two layers; n(t) is additive white Gaussian noise;
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and 7y, 7o, are the propagation time from the transceiver to the boundary and the buried object
respectively.

In conventional UWB receivers, the propagation time is determined by calculating the peak of
the correlation function (CF) in Equation (4):

R(r)= j r(t)o(t-7)dt ()

w(t) is the template pulse generated at the receiver, usually use g(t) pulse.

Determining the peak of the CF correctly depends on choosing the quantization step to take
the value of CF. In this work, in a simpler approach, we propose to use the Hilbert transform
applied to the CF for determination the propagation time. The Hilbert transform [13] of the
correlation function (HTCF) is determined:

R 1 +0 R(u)
R(t)=HTR(t){=— | ——=du. 5
(O=HT RO = [y ©)
Figure 2 presents the shapes of the autocorrelation function of a UWB pulse using a 2" order
Gaussian pulse normally and when applying the Hilbert transform.
As depicted in Figure 2, the propagation time (delay time) can be determined by identifying
the argument value that results in the Hilbert transform of the correlation function reaching zero:

r:Arg{IQ(t):O}. (6)
The propagation velocity through layers of medium is [14]:
Vi= . i=1,2, (7)

&
where ¢; is the relative permitivity of the i" layer and ¢ = 3x10® m/s is the velocity of light in
the vacuum medium. The distance from the transceiver and the buried object is determined based
on propagation time and velocity as follows:
1 1
I = Evl'l'l + EVZTZ , (8)
where 7; and, represent the propagation time of UWB pulses through the first and second
layers, respectively.

2.2. Locating method

In Figure 1, to determine the location of buried objects ‘O’, the tranceiver is moved
horizontally and emits a chain of UWB pulses after every movement step of AX, the pulses are
transmitted along the d direction. The system parameters of &;, Xqp, D, &, do, are estimated based
on the propagation time values 71, 7, and coordinates in the direction X (Xp.) of the transceiver.
The relationship between those parameters are expressed in the following equations:

T, = ZDT\/E, 9
\/gz ((dob D)’ +(Xg ~ Xos )2)
Ty =7+ 2 c . (10)

In the case of the buried object ‘O’ is in the first layer of medium, we have the following

relationship:
2
\/‘E‘l(dob2 +(XDei - Xob) )

TObi = 2 c ’ (11)
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where Xpei= IAX is the position of device at the i moving times, 71, 7o, are the propagation
time from the device to the boundary between the two layers and to the buried object,
respectively. In this paper, we propose a method of determining these times and the unknown
parameters using the Hilbert transform combined with LSCF [14]. Accordingly, 7, 7o are
determined by Equation (6) and &3, Xo, D, &2, dqo, are calculated using LSCF which makes the
deviation function in Equations (12) reach the minimum value:

DF:ZN:[TObi—f(XDei)}ZZi . Tl+2\/82((d0b_D)2+(xob_XDei)2)

i=1 C

2

, (12)

where N is the number of movements of transceiver and DF is a function of variables e1, Xqp,
D, &2, dob-

In addition, as seen in Figure 3, the value of z; is constant when the transceiver is moved, so
with the value of 7y, the value of the remaining unknown parameters can be estimated.
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Figure 2. The shapes of autocorrelation Figure 3. The shapes of HTCF in IR-UWB system as shown
function and Hilbert transform in Figure 1 with different position of the transceiver (Xpe)
and the location of buried object is (Xqp, dob)= (0.4, 0.5) m,
the boundary at the depth of D=0.4 m
Denote Y as a vector of unknown parameters to be determined, Y is represented as:

Y =[D,&,, Xy, dgy | - (13)
Hence, Equation (12) can be rewritten as follows.
N 2
DF = [ 35— f (XoqY)] (14)
i=1

The value of 7y, corresponding to Xpe; is determined using the Hilbert transform, with the
values of 74, Xpei, the vector Y is estimated so that the value of DF in Equation (14) reaches the
minimum value. In this paper, a nonlinear estimation method called least square curve fitting is
proposed to be applied to estimate the unknown vector Y. The estimation procedure is shown in
Figure 4.

The graph of z,, versus Xpe is a curve, the Y vector is estimated to best fit this curve.
According Figure 4, the values of the unknown parameters are estimated as follows:

Step 1-Initialization: The Y vector is initialized with any value (usually in the range of
(0=1)) as well as the values of 4 (the damping factor is adjusted at each iteration), 0 (the updated
step vector), and the number of iterations of K, the initial value of the deviation function is also
calculated in this step.
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Step 2 - Update values of variables: The Y vector is updated by the newone (Y+ 0) and the
deviation function is calculated by the Equation (12). The deviation function reaches its minimum
value at zero gradient with respect to @ vector, hence 0 vector can be determined satisfying:

[JTJ +/1diag(JTJ)]e =" [r-f(Y)]. (15)
Therefore, 0 vector is computed as follows.
0 =373+ Adiag(373) ] 37 [~ (Y)], (16)
where ()= [ f (Xpe Y)] ,and J is the partial derivative Jacobian matrix, whose i" row equals:
of (Xn.,Y
J,= O (X, Y) . (17)
oY

The damping factor A has a non-negative value which is used to increase the convergence
speed of the CF algorithm, if the value of DF is reduced rapidly, a smaller value of 1 can be used,
whereas A can be increased.
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Figure 4. The flowchart algorithm of the CF Figure 5. The errors of estimated distance by
method MPCF and the proposed HTCF method

Step 3 — Check condition and results: The updated value of DF is checked against the
minimum value constraint. If not satisfied, the algorithm repeats steps 2 and 3, vice versa, we
have the estimated values of Y vector which is the best fitting curve.

In the case of buried object in a homogeneous medium (only one layer), the LSCF is
performed with z,, determined by Equation (10). In case of heterogeneous medium (from 2 layers
or more) LSCF performs with z,, determined by Equation (11).

3. Simulation results and discussion

The simulations were perrformed on Matlab software, the errors of estimated values in
comparison with the true values were used to evaluate the proposed and conventional
methods.The UWB system employed in this research is characterized by parameters listed in
Table 1, utilizing a second-order Gaussian pulse. The simulation model is illustrated in Figure 1.
Firstly, the simulations were performed to determine the different thicknesses of a homogeneous
medium based on the method of determining the maximum peak of the correlation function
(MPCF) and the proposed method using Hilbert transform for the correlation function (HTCF).
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Secondly, the LSCF is applied to locate the buried object and determine the parameters of the
medium.

At the first stage, the survey medium is considered of concrete material with ¢=4.5 with
various thickness from 0.1 m to 1 m. We compare the exact estimation errors of the
implementation of the two methods MPCF and HTCF in determining the thickness of medium by
the propagation time (Figure 5). To assess the performance of those methods, the error of
estimated distance is defined as:

5y =[dy —d| , (18)
where deg denotes the estimated distance and d is the true value. As seen in Figure 5, with the
same system parameters, the HTCF give smaller errors than the MPCF, the HTCF method
outperforms the conventional with average relative error in comparison to the true value is about
7.1% meanwhile with the MPCF, it is about 13.2%. This result comes from the fact that the
Hilbert transform is an effective tool in detecting the reflected signals, especially pulsed signals
such as IR-UWB [16], hence, the detection of received pulses is significantly enhanced compared
to conventional system. Morever, the replacement of determining the delay time with the HTCF
changes the search for the maximum location of the CF to the zero crossing location of the HTCF
(see Figure 2). This approach is simpler and hence provides more accurate results.

Table 1. Simulation parameters

Parameter Notation Value
Impulse Width 0.7 ns
Pulse repetition cycle Tr 0.2ns
Time normalization factor i 0.2877 ns
Number of pulses Np 100
Movement step of the device AX 10 cm

At the second stage, to determine the relative permitivity and location of the buried object in
model system as in Figure 1, the transceiver moved from position 0 in the X axis direction at each
movement step AX = 10 cm, transmited a sequence of Np pulses, received the reflected pulses,
calculated the propagation time from interface D object ‘O’ and then LSCF is used to estimate
the model parameters. The results is indicated in Figure 6 and Table 2 for two above methods.

5 Table 2. The simulation results and comparison
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Figure 6. The curves of propagation time Error of multiresolution monogenic - 58
according to the position of transceiver signal analysis method [10] '
estimated by proposed method Error of wide-band chaotic [17] -- 10

When compared with the conventional methods, the method based on processing GPR images
(multiresolution monogenic signal analysis [7] and wide-band chaotic [31]) have problems with
nearby hyperbolas and background noise. Therefore, with the same survey depth D=50 cm, the
estimated error of the proposed (3.5 cm) is smaller than in the previous methods (5.8 cm, 10 cm).

http://jst.tnu.edu.vn 83 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 228(06): 77 - 84

However, the proposed method is based on the assumption that each layer of the medium is
completely homogeneous and the object’s position as a point.

4, Conclusions

In this paper, we propose a method to locate buried objects in the both homogeneuos and
heterogeneous environments using Hilbert transform and LSCF for IR-UWB systems. Our
analysis indicates that by applying the Hilbert transform to the correlation function at the receiver
of the IR system UWB, the accuracy of determining the propagation time and locating the buried
object can be improved. The performance of proposed method is assessed based on locating
errors with the second-oder Gaussian pulse, however it can be also applied to UWB systems with
arbitrary order in locating applications. The identification of object was left in future work.
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