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Abstract

A new method is proposed to improve the accuracy of locating buried objects in heterogeneous environments using shifted time pulses with
radio impulse ultra wide band (IR-UWB), time-hopping pulse position modulation (TH-BPSK UWB), binary phase shift keying (TH-BPSK
UWB) systems combined with the least square curve fitting method (LSCFM). The analytical expression is validated by 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.

(© 2020 The Korean Institute of Communications and Information Sciences (KICS). Publishing services by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: IR-UWB; TH-BPSK UWB; TH-PPM UWB; Buried objects; Curve fitting method.

1. Introduction

Buried object locating systems in the underground or in
non-destructive structures play an important role in modern
life. Various detection techniques have been developed for
locating buried pipelines such as ground penetrating radar-
GPR [1], metal detection [2], acoustic transmission meth-
ods [3]. These methods can detect the position of metallic or
non-metallic buried pipelines but greatly affected by environ-
mental characteristics, noise and cannot determine the wave
speed. Today, with the development of ultra wide band tech-
nology (UWB) due to high resolution, the UWB technique is
one of the good candidates for positioning methods including
locating buried objects in the non-destructive environments.
The positioning based on the received signal strength index -
RSSI proposed in [4], which can determine the environmental
properties and shape of the object, but these parameters are
determined with assumption that the propagation medium is
homogeneous. Different from the RSSI method, the relative
permittivity of the environment and the location of buried
objects can be determined based on the propagation time
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calculated from the correlation function at the receiver. In
order to increase accuracy in determining traveling time with
heterogeneous environments, the paper proposes a method
using UWB technology with shifted pulses by a certain time
combined with LSCFM for locating many objects in hetero-
geneous environments. The rest of the paper is organized
as follows: Section 2 describes the system model and its
parameters; the proposed method is presented in Section 3;
Section 4 presents the numerical results and Section 5 ends
the paper.

2. System model

A positioning system in a non-destructive environment is
illustrated in Fig. 1. The transmission medium has two layers
with the relative permitivities &; and &, respectively. The
transmitted signal is UWB pulse denoted as s(¢) and reflected
from the first buried object which denoted as r(z). s(t) to
the interface between two layers is partly reflected denoted as
A.r(t), the rest is through the interface and reflected from the
second object denoted by (1 — A)r(¢). The location of each
buried object is defined via horizontal parameter of Z,, and
the buried depth of d,;,. The IR-UWB, TH-BPSK and TH-PPM
UWRB signals are used as the transmitted signal. A IR-UWB
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Fig. 1. System model.

signal takes the form [5]:

Np

sir() =~'PY gt —iT)), (1)
i=0

a TH-BPSK and a TH-PPM UWB has the form [6]:

NP

sepsk(t) =~'P Y digt —iT, — ¢;T,), )
i=0
Np

sppm(t) = \/FZg(t —iT, —¢;T. —diTppm), 3)
i=0

where ¢ is time, P is the transmit power, N, is the number of
transmitted pulses, g(z) is the signal pulse with pulse width
T,; T, is the repetitive period of the pulse; d; € {1, -1}
with TH-BPSK UWB signal and d; € {0, 1} with TH-PPM
UWB signal; T, is TH chip width and Tppy is the time
shift associated with PPM signal. In this paper, the signal
pulses used are derivatives of the basic Gaussian pulse named
Gaussian monocycles with nth order is:

80(1) = By )
n np i )

where o, is a time normalization factor and By, is normalized
energy of g,(¢). An example of the IR-UWB, TH-BPSK, TH-
PPM UWB signals with second-order Gaussian monocycle are
shown in Fig. 2 For the system model shown in Fig. 1, the
received signal from the first buried object, the interface and
the second buried object in Fig. 1 have the forms:

ri®)=Ast — 1) +n(2), 5
ra1(t) = A1Ays(t — 121) + 1oy (1) (6)
rn(t) = Ax(1 — Az)s(t — 122) + nop(t); @)

where A, A, are the attenuation factors of the environment
with layer 1 and 2 respectively; Aj; is the reflection factor
from the interface between two layers; and n(f) is additive
white Gaussian noise. The position of objects determined via
traveling time is calculated using the correlation function:

R(x) = /OO r(t)w(t — x)dt. ®)

o0

o(t) is the template signal at the receiver which is g(¢) with
UWB-IR, TH-BPSK UWB [7]; and g(t) — g(t — Tppum)

3
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Fig. 2. The UWB signal shapes with 7, = 5 ns, T, = 0.9 ns, Tppy =
0.15 ns, e, = 0.2877 ns.

with TH-PPM UWB [6]. The traveling time denoted by t is
calculated from the maximum value of R(x):

T = Xy = Argmax{R(x)}. )

The propagation velocity in the system is [8]
c
Vi=—, 10
NG (10)
where, ¢; is the relative permittivity of the ith layer, ¢ =
3.10% my/s is the velocity of light in the vacuum environment.

The distance from the device to the buried objects:

1
I = §V1T1, (11
1
Ih=AL+ D, = EVzl'z + Dy. (12)

3. Determining the traveling time and locating method

3.1. Determining the traveling time

The value of traveling time strongly affects the estimating
of buried object’s location. To increase the accuracy of es-
timated traveling time, in this paper, we propose a method
of shifting transmitted pulses. Accordingly, let us consider a
sequence of N, transmitted pulses with a repetitive period of
T,, the nth pulse is shifted by a time constant nAT (n =1 :
N,) with:

T,
AT = =, (13)
Np
hence, the transmitted signal in Eq. (1) has form:
t iT,
sirs(t) = VP ;g“ il =) (14)

and similar forms of TH-BPSK, TH-PPM signals. The travel-
ing time is determined according to the correlation values of
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N, pulses as follows:

1 & | & 00 T,
iT,
T=— T = — Argmax/ ri (t——)w(t—x)dt,
15)
where r;(¢) is the received signal of the ith pulse. With the
estimated values of traveling time from the device to the buried
object, the location of the object can be determined based on
LSCFM.

3.2. Locating method

In Fig. 1, to locate the position of buried objects ‘T1’ and
“T2’, the device is moved horizontally and emits a chain of
shifted pulses after every movement step of AZ. The param-
eters €1, Zopi, dop1s D13 €2, Zopa, dypp are estimated based on
the traveling time values 7, 79, 7, and the position Zp, of
the device. The relationship between the system parameters is
expressed in the following equations

\/81 (dfbl + (ZDei - Zobl)2>

T =2 , (16)

c
D, /e
=2 20VEL a7
c
\/82 (dez + (ZDei - Zob2)2>
Ty =Tp + 2 . (18)
c
where Zp,; = iAZ is the position of device at the ith

moving times. The unknown parameters are calculated using
LSCFM [9] which makes the deviation function in Egs. (19)
and (20) reach the minimum value.

M

Ey =) [ti— fi(Zpei): (19)
i=1
M

Ey = [t~ f(Zpei); (20)

=1
where M is the number of movements of transceiver and
J1(Zpei), f2(Zpei) are the right hand side of the Eqs. (16),
(18). In Egs. (19), (20), E; is a function of variables ¢, Z,p1,
d,;1 and E, is a function of variables &, Z,0, dpo; these
variables are referred to as e, Z,;, d,,. In addition, as seen
in Fig. 3 and Egs. (16), (17) the value of D; and therefor the
value of 1( is constant when the device is moved, so with the
estimated value of ¢; and 1y, D; is completely determined.
The values of unknown vector X = (g, Zgp, dop) determined
by the following steps:

Step 1: Initialized with any value; check the constraint con-
dition in Egs. (19), (20), if it is false, perform step 2-updating
the parameter, else, stop the algorithm.

Step 2: The parameter vector is replaced by the new one
(X +6) with 6 being an updated step vector, and calculate the
deviation functions in Egs. (19), (20). The deviation function
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Fig. 3. The correlation shapes of received signal in IR-UWB system as

shown in Fig. 1 with different position of the device.

Table 1

Simulation parameters.
Parameter Notation Value
Impulse width PW 0.7 ns
Pulse repetition cycle T, 0.2 ns
Time normalization factor T, 0.2877 ns
Time shift of PPM Tppm 0.15 ns
Chip width T. 0.9 ns
Number of pulses Ny 100
Movement step of the device AZ 10 cm

has its minimum at zero gradient with respect to 6, hence 6
can be determined satisfying:

[J'J + Adiag(J" D)6 = I [z — £(Zpe)]; @n
where J is the Jacobian matrix, whose ith row equals:
8 Z eis X
Ji = M. (22)
0X

Zp. is a vector whose ith element is Zp,;, the damping
factor A (non-negative) is adjusted at each iteration. If E =
(E, E,) is reduced rapidly, a smaller value of A can be used,
whereas A can be increased.

Step 3: The updated step vector is computed as follows.

6 = [JTJ + AdiagJT D' I [x — £(Zpe)]. (23)

The algorithm repeats steps 2 and 3 until the constraint condi-
tions in Egs. (19), (20) are satisfied. And we have the estimated
values of system parameters which are the best fitting curves.

4. Numerical results and comparisons

According to Section 3, we observe that the location of
buried objects and the relative permittivity of the environment
can be calculated based on traveling time using LSCFM.
All the numerical results in this paper were computed using
Matlab and the errors of estimated values in comparison
with the true values were used to evaluate the proposed and
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Table 2
Estimated results.

Parameter True value Estimated value
by shifted
TH-BPSK-UWB
€1, &2 2.5, 45 2.3415, 4.2387
D, 0.4 m 0.4153 m
0.06 ‘ ‘
—e— RUWE
—&— Shifted-IR-UWB /:
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Fig. 4. The errors of estimated values of IR, TH-BPSK, TH-PPM UWB
and proposed systems.

conventional methods. The parameters of an example UWB
system are listed in Table 1 with using the second Gaussian
monocycle. Simulation model is illustrated in Fig. 1. Firstly,
UWRB systems are compared based on determining the distance
from device to a buried object in a homogeneous environment
with the relative permittivity of ¢ = 2.5, the buried object
moves within a distance of 0—1 m in the d direction. The
performance of conventional IR, TH-BPSK, TH-PPM UWB
and proposed systems are indicated in Fig. 4.

As seen, with the same system parameters, the TH-BPSK,
PPM UWB give smaller errors than the IR-UWB system; the
shifted-time systems outperform the conventional with average
relative errors in comparison to the true values are about 1.9%
with shifted-TH-BPSK, 2.6% with shifted-TH-PPM, and 3.2%
with shifted-IR UWB meanwhile with conventional IR-UWB,
TH-PPM UWB, TH-BPSK, the values of average relative
errors are 4.8%, 4% and 3.5%, respectively. These results can
be explained from Egs. (1), (2), (3), (14), (15), when UWB
pulses are modulated by time-hopping codes, the detection of
received pulses according to TH codes is better than that of
the IR system; BPSK antipodal modulated pulses also provide
better detection of PPM. Besides, the transmitted pulses are
shifted by a certain time of (i.7,/N,) which makes the deter-
mination of traveling time more accurate because by moving
the pulses, there exists a pulse in the received pulse sequence
which has the traveling time closest to the true propagation
time value. To determine the relative permittivity and location
of the buried objects, the transceiver moved from position 0, in
the Z axis direction (as illustrated in Fig. 1), at each movement
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Fig. 5. The curves of traveling time according to the position of transceiver
estimated by proposed method.
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Fig. 6. The location of buried objects estimated by proposed method.

step AZ = 10 cm, emits a sequence of N, pulses, receives the
reflected signals, calculates the traveling time of signals from
object ‘T1’, interface D; and object “T2’, and then, LSCFM
is used as presented in Section 3.2. Table 2, Figs. 5 and 6
indicate the results for estimating the model parameters and
Table 2 only presents estimated values that are not visually
shown in Fig. 6. The parameters €|, Z,pi, dyp1 are computed
at first, then D; is determined based on 1 and &;; then, with
79, T2, the parameters €, Z,p2, dopp are also specified. Fig. 5
shows the curve of Eq. (16) for the first buried object (‘T1’),
Fig. 6 shows the locations estimated by the proposed method.
Observe that similar to that shown in Fig. 4, the estimated
results of shifted-TH-BPSK have the highest accuracy in the
compared system.

5. Conclusions

In this paper, we propose a method to locate buried objects
in the heterogeneous environments using shifted time pulses
and LSCFM for UWB systems. Our analysis indicates that the
accuracy of locating buried objects can be improved by pro-
posed method with IR-UWB, TH-BPSK, and TH-PPM UWB
systems. The performance of those system is assessed based
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on locating errors and TH-BPSK UWB system outperforms
the others with the second-order Gaussian monocycle. The
proposed method can be also applied to UWB systems with
arbitrary order in positioning applications.
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