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ABSTRACT
This paper presents detection of plastic landmines and characterization of subsurface and the
target using ground penetrating radar (GPR) measurements. The inverse transmission line (TL)
modeling approach is used to analyze the characteristics of practical GPR system operating
above non-uniform ground. The modeling approach considers the presence of surface roughness,
natural clutter, targets and soil moisture. With this model, the time domain signature of
electromagnetic (EM) propagation can be assessed. The inverse TL modeling is applied to
estimate the characteristic parameters (such as conductivity, magnetic permeability and
permittivity) of the subsurface and buried plastic landmines. TL modeling is applied to obtain the
reverse solution of the electromagnetic equations. Different scenarios were considered and test
signals of the B-scan data are used to test the effectiveness of the method. Simulations of the real
data analysis showed the effectiveness of the model and its application to target detection and
characterization of the subsurface. Performance of the modeling is analyzed using receiver
operating characteristic (ROC) analysis of the four hypotheses and it has found that 99.5%
detection has achieved as the cost of 12% of false alarm.

Keywords: Dielectric properties; EM wave propagation; GPR; Parameter estimation; Inverse
transmission line.

1. INTRODUCTION

Subsurface characterization is important for the study of the nature of underground structures,
utility lines, drainage lines and other objects buried in the ground. Landmines, anti-personal and
antitank, are devices planted during conflict in the subsurface or thrown on the surface to injure
(kill or maim) enemy forces. Decades later, they injure indiscriminately whoever (civilians or
animals) who triggers as explained in MAction (2015), MAction (2014), MAction (2011),
MAction (2010), MAction (2009). According to the study by Zoubir et al. (2001), Daniels
(2009), MAction (2010); and MAction (2009), hundreds of millions of landmines actively
lodged globally due to many international wars and internal conflicts, are causing causalities to
innocent civilians and animals.

The modern landmines are mainly comprised of nonmetallic substances with wood, ceramic or
plastic casings. The magnetic properties of plastics, ceramics and wood are similar to the ground
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surface. Conventional de-mining techniques, such as metal detector, discriminate landmines
based on the metallic contents of the landmine. Zoubir et al. (2001); and Gebremichael (2013)
explained that the classical de-mining techniques used for the detection of modern landmines are
slow, difficult and expensive.

Ground penetration radar (GPR) system is one of the techniques used to detect the subsurface
objects. It provides a centimeter resolution to locate small objects with no or low metallic
contents (Zoubir et al., 2001). The system is makes use of non-destructive device that do not
affect the environment and the targets (Xu, 2002). There are also shortcomings in the GPR
system performance due to the presence of strong noise, clutter and subsurface roughness
(Zoubir et al., 2001). However, detection performance of GPR can be improved with the
application of advanced signal processing techniques which does filtering and shaping of the
received signal.

The GPR system transmits an EM pulse trains based on speed or displacement of the system.
The pulse travels through the ground gets reflected at layer boundaries and is received by the
GPR system. The transmitted wave propagates at a velocity dependent on the dielectric constant
of the media. Reflections are caused due to the dielectric contrast of the adjacent media. The
travel time of the pulse is related to the depth from which the energy is reflected. Thus,
interpretation of the reflected energy provides information on structural variation of the
subsurface, and presence of buried anomalies.

Transmission line (TL) modeling is a conceptually simple approach, which can be used to gain
an insight into the operation of GPR (Daniels, 2004; Jol, 2010; Lipiniski, 2008). In TL
modeling, the subsurface ground and the buried targets are considered as layers of small sections
of lumped transmission line cascaded vertically (Gebremichael, 2013) (see Fig 1). The model
generates a set of reflections, scaled in terms of amplitude and time, and convolved with the
driving impulse function. In the course of calculating the reflections, multi-reflections at the
boundaries of a given medium are also taken into account (Gebremichael, 2013). Landmines in
the subsurface are considered as layers of media having distinct electrical properties.
Non-statistical modeling of GPR responses (via finite-difference time-domain (FDTD) modeling
and time-frequency analysis, for example) is widely explored field, and significant advances
have made it possible to accurately model target responses under heterogeneous and realistic

soils. Despite these advances, the computational complexity of most electromagnetic modeling
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techniques coupled with the unknown composition of soils prohibit the real-time application of
these models in fielded scenarios. Moreover, inverse modeling of these techniques doesn’t

provide sufficient information about target detection.

Reflected Incident
Air A A A A ?
Layer 1
Layer 2 i
Layer 3 l
Layer 4 Transmitted

Layer 5 l

Figure 1. Layout of transmission line model (Gebremichael, 2013).

Many authors are conducting GPR -based landmine detection researches. Among them, Zoubir et
al. (2001) have considered many signal processing techniques and found that the Kalman filter -
based approach is the most powerful. Gebremichael (2013) also considered many signal
processing techniques and found that symmetry filtering and adaptive background subtraction is
very effective. Barakat et al. (2000) have considered time-frequency techniques for the detection
of plastic landmines. However, symmetry filtering considers the object to be symmetrical. Most
of the above techniques are not valid or effective because they are based on offline processing.
However, landmines demand an online detection.

In this paper, the inverse TL modeling approach is used to analyze real GPR data, based on the
surface reflection parameter method (SRPM) (Gebremichael, 2013; GSSI, 2005; and
Arunachalam et al., 2006). In this approach, reflected peak layer voltage amplitudes and arrival
time were measured. These measurements are compared to the incident voltage and a signal
modeled using TL modeling, to calculate the reflection coefficients, intrinsic impedance and
relative permittivity (Lambot et al., 2004; Liu et al., 2002). Each layer is assumed as lossless,
where the conductivityo,, = 0, in the estimation of the relative permittivity of the layer.

This paper tries to estimate the electromagnetic properties of the subsurface and buried
anomalies. The estimated parameters are used to detect the presence of landmines and classify it

from the background clutter. A-scans, reflection of a single pulse from the measured GPR data,
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are considered and the consecutive peaks of the A-scan indicate the reflections from the

interfaces of the layers.

2. TL MODELING PRINCIPLES
The A-scan signal received from GPR is wavelet shaped and at horizontal position x and discrete

time instants,t = 1, -+, N, is given by the following (Gebremichael, 2013; Valle et al., 2000):

7(t,%) = Wo(t) + z W(m)F(t —m,x) + N(t, %) 1)

m=—M
Where, W(m) is a driving wavelet function of width 2M+1, W, is direct pulse measured by the
receiver antenna as crosstalk, N(t,x) is additive noise measured at the receiver antenna and F(t,x)
represents the magnitude of the pulses reflected at the boundaries, and is given by:

ny—1

F62) = ) P 0)8(E = ta(3) @
n=0

Where, n, is the maximum number of layers identified at a given antenna position X, Py, is the
transmission and reflection product of the n' layer, t,is layer’s calculated equivalent travel time

and 6(t) is the Kronecker delta function, considered as pulse signal of GPR system.

2.1. EM Wave Propagation in Dielectric Materials
When an EM wave propagates in a lossy dielectric media in z(downward)-direction, the electric
field component, E, in x-direction is given below (Sadiku, 2010, and Maurice, 2010):

E.(z,t) = Re(Ese "?e/®t) = Ege™%cos(wt — fz) (3)
Where, Re indicates the real component. Similarly, the magnetic field intensity component, H, is
given as (Sadiku, 2010)

Hy(z,t) = Re(Hoe "*e/*t) = Hye™%cos(wt — fz) (4)

Where, H, = % and # is a complex quantity known as the intrinsic impedance of the medium (in

Ohms); a, B and v are the attenuation, phase and complex propagation constants respectively and
o is the angular frequency of the electromagnetic wave in (rad/sec). The propagation constant, v,

is given by:

=a+jpf =+ jou(o + jwe) (5)
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The propagation velocity, v, of an EM wave in a medium is given by

(@)

Where, ¢ = 3 x 10 8 m/s is velocity of EM waves in free space, & is relative permittivity, ¢ is

=

(6)

absolute permittivity, | is relative permeability, p is absolute permeability, and ¢ is conductivity
of the medium.

2.2. Transmission Line Equations

Transmission line (TL) is a pair of electrical conductors carrying an electrical signal from one
place to another in a fixed time (Sadiku, 2010; and Chien et al., 2007). A lumped model of small
length TL is given in figure 2. Using simple circuit analysis, the voltage and current equations of

the lamped system are-

I(z) Ldz pg, I(z + dz)
Pl (1)) A —
Ik +

T3
V(z2) C dz Gdz V(z+dz)
L

O 0

< dz >

Figure 2. Lumped model of TL with vertical length of dz.

V(z)-V(z+dz) = ala—(tZ)Ldz + I(z)Rdz (7
1(z) —1(z+ dz) =WCdz+V(Z+dz)Gdz (8)

Where, the lumped circuit parameters; R, L, G and C represent the resistance, inductance,
conductance and capacitance of the element respectively.
The time harmonic analysis of this circuit gives the following wave equations,

aV(z) d1(z)

Py R+ jwl)I(z) and o, - (G +jwC)V(2) 9
Differentiating both equations of (9) and rearranging gives,
0*V(z) 0%1(z)
5z Y V(z)=0 and 5z 7 I(z) =0 (10)
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The solutions for the wave equations (9) and (10) is given by:

V(z,t) = Vye "%el®t = Ve *cos(wt — fz) (11)

Where, ¥ = /(R + jwL)(G + jwC) is the propagation constant.

The EM wave propagation equations in dielectric materials are similar to the EM wave equations
in TL. The electric field equation in (3) and the voltage equation (Jol, 2010) can be used
interchangeably. Hence, the equivalence can be achieved using the assumptions,

V=E, L=, C=¢,G =0, R = 0 (lossless media) and Zo = #.

The TL equivalent equation is a good model for the GPR EM wave propagation in the
subsurface. This modeling approach can be used to assess the time domain signature of a
physical situation. Each layer in the subsurface is modeled using equivalent impedance and
propagation constants. Transmission and reflection coefficients are also calculated at the
boundaries of any two media. Propagation velocity, equivalent travel time and the material losses
are also included.

In this modeling approach, each layer will have attributes: range to layer boundary, 7;
conductivity, o, or loss tangent, o,/(we,); relative dielectric constant, &,,; and relative
magnetic permeability constant, u,,,.The absolute quantities are determined from the product of

the relative values and the free space quantities,e, = g-n€0and u,, = Uynio. The free space

quantities o = 4zx10 ~" H/m and & = 8.85 x 10 ~*2 F/m.

Impedance of the lumped circuit in figure 2, is given by\/(R + jwL)(G + jwC). Using the above

analogy, impedance of the n'" layer is given by:

Mn = \/jw.un(o-n + jwey) (12)
At the n™ layer, reflection coefficient in the forward direction, when wave travels from n to

(n+1)" layer is given by (Gebremichael, 2013):

NMn — Nn-1
[,=0L_i,=—7—m— 13
n n-1in M + N1 ( )
Similarly, the transmission coefficient in the forward direction is given by:
2Np—
T, = —nml (14)
M+ M-t

Signal reflected from each layer is represented by a delta function of time, transmission and

reflection coefficients. The back scattered signal is calculated as a convolution sum of the delta
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function and the driving impulse function as in eq. 1. The equivalent travel time of a layer is
given by
ty = 2—— (15)

c

v grn.

Most antennas used in surface-penetrating applications have limited low frequency response and

Where, Vj is the velocity of the EM wave in a given layer, for =1, v =

tend to act as high pass filters effectively differentiating the applied impulse, hence creating a
wavelet (Gebremichael, 2013; and Jol, 2010). For this reason, a second order Ricker wavelet is
used as a driving impulse function for the GPR antenna under consideration, and is given by:
W,(m) = A(1 — 2m2f2m2)e ™M _M <m<M (16)
Where, A is gain of the impulse signal, fc is the center frequency of the radar antenna, M is a

positive integer and M =5 is commonly used in literature (Daniels, 2004).

3. INVERSE MODEL BASED PARAMETER ESTIMATION

In this section, SRPM technique is applied to estimate antenna height, ground and target
parameters. For known pulse amplitude or transmitter antenna terminal voltage, the air-ground
reflection coefficient is the ratio of the reflected peak voltage to the incident voltage (GSSI,
2005; and Helemi et al., 2008). However, from layers lower than the ground surface, the voltage
ratio is given as a product of the reflection coefficient and the two-way transmission coefficients
of the above layers (GSSI, 2005).

A reference A-scan signal Um(t) is modeled using the TL approach for an EM wave propagating
from a height similar to the GPR antenna height. The subsurface is assumed to be target-free
with average soil characteristics. This signal will serve as a reference signal for the parameter
estimation of real GPR data. Mean square error between the real and estimated data can be used
as a validation technique for the estimation.

From each measured A-scan, the mean value is subtracted to remove the low frequency DC
offset component. The absolute peak amplitude |Epiland arrival time tpiare measured and
recorded in the vicinity of 0 <t < ¢* + /2, where t*is the absolute peak time of the modeled
signal Um(t) and 7 is the antenna pulse width. A shifting and scaling is introduced to the modeled

signal so that the peak value and its peak time matches to the present A-scan. The shifted and
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scaled model signal is then subtracted from the measured A-scan to remove the first peak.
Parameter estimation of the consecutive layers will follow the same procedure.

In this procedure we assume three subsurface layers that the first layer corresponds to the ground
soil, the second layer corresponds to landmine (target) or mine-like objects and the third layer
corresponds to soil subsurface which is assumed to have similar characteristics to the first layer.

The first task in ground parameter estimation is to remove the DC offset and is given by:

N
u(t,x) = A(t,x) — %z At %) 17)
t=1

Where, A(t,x) is measured A-scan at position x, t = 1,2,3--- , denotes two-way travel time at a
given antenna position.

Reflection strength of each layer is measured as a ratio of the peak voltage reflected from each
layer to the incident amplitude. Figure 3 shows a general shallow layer transmission-reflection
scenario and the ratio of the reflected to the incident is given by equation 18.

|Epnl
—_— = T0,1T1,2 s Tn—l,n s T2’1T1’0 (18)

| E;
Where, |E pn| s the absolute peak value of electric field reflected from the n™ layer, |Ej| is the
incident electric field, Tijand /7 are respectively the transmission and reflection coefficients at

the interface of the i — | layers.

Figure 3. Reflections from lossless shallow subsurface layers (Helemi et al., 2008).

3.1. Antenna Height Estimation

The first subsurface reflection echoes are processed to provide estimations of the antenna height,
roughness and reflection coefficient of the layer. Radargram of two targets, PMN1 and PMN2

under wet clay soil is given in figure 4. Radargram or B-scan is a two dimensional data
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composed of many A-scans at different positions and each A-scan has 512 sample points. In
GPR measurement, the antenna should generally be placed close to the ground so as to reduce
air-ground interface reflections for subsurface investigation. However, for landmine detection
applications the antenna usually adjusted to scan 1.5 to 3 cm above the ground to avoid
detonation of the surface lying landmines (Zoubir et al., 2001).

The antenna height ha is estimated as a product of the velocity of the EM wave in air and arrival
time of the first peak. The arrival time of the first peak in the backscattered A-scan is half of the

two way travel time, and is calculated as:

T
£y (x) = arg;”“xm(t, Ol 0<t<t 45 (19)

Where 1 is the pulse width of the driving function, and t*is peak time of the modeled signal and
Ep1(x), the first peak value of the A-scan, as shown in figure 5, is mathematically expressed as:

Ep1(x) = u(t, x)l¢=¢,, (20)
Since, the speed of an EM wave in air is the same as the speed of light in free space and the
height of the antenna and antenna position X is estimated as:

tpl(x)
2

ho(x) =c (21)

Targets 90

— = - "
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Figure 4. B-Scan (radargram) of PMN1 and PMNZ2 under wet clay soil.

3.2. Soil Characteristic Estimation

Assuming the incident wave is perpendicular to the surface and lossless media, the air-ground
reflection coefficient is calculated as a ratio of the first peak of an A-scan to the incident
amplitude (Lambot et al., 2004). The air-ground reflection coefficient is always negative and can
be estimated using the voltage standing wave ratio (VSWR) of a transmission lines as:
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N1(x) — 1Mo _ Epl(x)
n1(x) + 1o |E;

Where, Ep1(X)is the first peak of measured A-scan, the intrinsic impedance of air #ois known to

FO,l(x) = (22)

be\/ uy/eo = 376.82 Q and from (22), the intrinsic impedance of the first layer is calculated as

_ 1—Th(x)
Mo 1Ty, ()

Assuming the ground surface is lossless, the relative permittivity of the ground surface can be

N1 (x) (23)

estimated as a function of the reflection coefficient of the first layer as:

1+ r01(x))2

en(® = (1= o

(24)

3.3. Target Characteristic Estimation

The reflection coefficient, 77, ,-;represents the relationship between the impedances of the
adjacent media reflected and incident energy of a plane wave. The reflection coefficient at the
interface of free space and a different media, assuming a normally incident plane wave on a

planar interface, the reflection coefficient is:

15

= = = Before subtraction
After Subtraction

=
o
T

-

Amplitude

o

-05F

I 1 1 ! 1
10 12

Timeﬁdelay (ns) ’
Figure 5. A-Scan, at 45 cm, before and after subtraction of the first layer.
M — Mo _ 1—veg
m+ne 1++&
To estimate the second layer parameters, we subtract the scaled and shifted model signal to

(25)

I‘0,1 =

remove the first peak and search for the next peak voltage and arrival time are given as the
maximum and argument of the maximum value of the difference of the incident and, the scaled

and shifted signals respectively as:
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Epz(x) = mtc-lxlu(tr x) — aref(x)um(t - tref)l (26a)
tp2(0) = 8T 0, 1) = Qg (Dt (£ = trey) | (26b)

Where, aref (X) = Ep (X)/|um(t¥)]is the scaling introduced at position X, um(t) is modeled signal
and tref(X) = t*—tp1(X)is time shift introduced by the A-scan measured at given antenna position.

The thickness of the first layer which is the same as the depth of the target below the first surface
IS estimated as:

dy(x) = ——

24/ &1 (x)

To compute the relative permittivity of a second layer, the EM wave interaction of the first and

(£p200) = t1 () 27)

second media need to be considered. The composite reflected signal from the second layer is the
product of the incident, transmission coefficient of the first interface, the reflection coefficient of
the second interface, and the transmission coefficient back through the first interface as given in
the equation (18).

Epz(x)
|E|

= T0,1(x)r1,2(x)T1,o(x) (28)
_ n1(x) — Mo N2 =M Mo — 11 (x)
B (1 * n(x) + 7]0) [12(x) (772 + 771) <1 * Mo + 1M1 (x))
_ An1 (), N2 — M
B <(771 + 770)2> f1z <772 + TI1>

In the interface of the first and second layers, the reflection coefficient, I3 ,, and impedance of

the second layer, respectively, are given by the following.
|E;l  4neni(x)

(20 = "0 T i + 0oy @)
_ 41E;[non: (x) + Epa (x) (11 (x) + 19)?
“Z(X)""1(x)<4|EAnon1(x>+—E¢2<x><n1(x)——no>2> G0

Assuming the impedance in (30) is due to the lossless components, the relative permittivity of
the second layer can be calculated from (29) and (30) as:

1+ rlz(x))2

- T () (31)

€200 = 00 (
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4. HYPOTHESIS TESTING

Reflection of an EM wave from an interface occurs only when adjacent media have different
electromagnetic properties, especially different intrinsic impedances. The difference in
permittivity of the adjacent media gives rise to difference in impedance, which causes an
incident EM wave to reflect from the interface. Therefore, the hypotheses for testing the presence
of a target could be defined easily based on one of the four parameters, namely, reflected peak
voltage, reflection coefficient, impedance and relative permittivity.

Objective of this hypothesis is to test the presence of a target, that is, Hy: E,p(x) >
0 against Hy: E)»(x) = 0. Presence ofa target is declared if there is considerable reflection from
the second layer or equivalently the impedance of the second layer is different from the first
layer.

4.1. Hypothesis Definition

4.1.1. Based on Peak Reflected Amplitude

mgx|u(t, X) = trer (U (t = trep)].

Here, the hypothesis is based on a test statistic, T;(x) =
The null hypothesis (target free) is declared if the test statistic is smaller than some threshold
value, T(a),Hy: T;(x) < €;,0therwise, the alternative is accepted if,H,: T;(x) > €;, where the
threshold 7(a)= €, = 0Ois determined empirically.

Hy
T, (x) 2T(a) (32)
Hy

4.1.2. Based on Reflection Coefficient

The test statistics in this case is defined as function of the reflection coefficient. The null
hypothesis is accepted if there is no considerable reflection in the boundary of the first and
second layers,Hy: n,(x) = n.(x) , otherwise the alternative is accepted if, Hy: n,(x) # n,(x).

The test statistic is defined as, T2(x) = |I'12(X)|
T,(x) 2 € (33)

4.1.3. Based on Relative Permittivity
The null hypothesis is accepted if the first and second layers have equal permittivities,
Hy: &,(n) = &,(n), otherwise the alternative is accepted if H;: &,(n) # &;(n). The test statistic

in this case is T3 (x) = |er2 (x) — & r1(X)]
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Hy
T3(x) 2 €3 (34)
Hy

4.1.4. Based on Impedance
The null hypothesis is accepted if impedance of the first is closely similar to the second layer,
Hy: n,(n) = n,(n), otherwise the alternative is accepted if H;: n,(n) # n,(n). The test statistic
in this case is Ta(x) = |nr2(x) — nr1(X)]

H,

Ty(x) Z €4 (35)
Hy

4.2. Receiver Operating Characteristics

Performance of detection and classification system shall be studies based on the receiver
operating characteristics (ROC). ROC can be defined as the relationship between the true
positive (hit), true negative (correct rejection), false positive (false alarm) and false negative
(miss detection). Here, the analysis of the detection mechanism will be assessed in terms of true
positives and miss detections are defined as:

P(H P(H
() miss (flase rejection) = (Ho)

hit(true detection) =

P(H,) P(H,) G6)
true rejection = P(Ho) false alar m = P
P(Ho) P(Ho)

Where, P(H;),i = 0, 1 represents the probability of deciding the hypothesis 0 for no target and 1
for target presence. Three threshold levels are considered for each test statistic and the results are
presented in section 6.

4.3. Target Detection and Parameter Estimation Procedure

The GPR is configured to be operated as distance mode of collection with 1 pulse per millimeter
setting and the data is imported to Matlab environment. The procedure for ground and target
parameter estimation is summarized as follows:

Step 1 Call a DZT/DAT type file and reshape the GPR into Matlab environment

Bs = fopen (‘filename.dat")% calling into Matlab environment

Bbs = fread (Bs, 'uint16")% encoding with 16 bit (depends on the GPR type)

B-scan = reshape(Bbs,512,[])% reshaping the row data into matrix form
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Step 2. For each A-scan, A(t,x), subtract temporal mean to remove the DC bias or DC offset of
the A-scam by subtracting the expected value of the A-scan, u(t,x) = A(t,x)- E(A(x)), where E
represents the expected value of the A-scan at position x.
Step 3. Consider a model signal in equation 1, and determine the first peak and peak time of the
measurement A-scan at the vicinity of peak time of the model signal using equations 19 and 20,
then estimate antenna height ha(x) using equation 21.
Step 4. Calculate air-ground reflection coefficient as a ratio of first peak to the incident voltage
using equation 25.
Step 5. Estimate ground surface impedance and relative permittivity with the assumption of
lossless ground respectively using equation 26 and calculate mean square error (MSE) of the
measured and estimated A-scans to validate the estimate using,
ey (U (£) = U (1))?

Sp
Where, sp is the number of samples per A-scan, which is based on the type of the GPR antenna.

MSE =

Step 6. Layer reflection is estimated as maximum value of the difference of measured A-scan and
modified model signal for time values higher than the first peak time plus half of the pulse width,
and Kk, is the peak amplitude ratio of the first layer and the reference using equations 26a and
26b.

max T
Erp=, (a0 —koxm(t =), tpu+ SSt<M

Step 6. Reflection coefficient of a layer as a function of the ratio of voltages and transmission
products using equation 29.

Step 7. Estimate intrinsic impedance and relative permittivity of the second layer assuming
lossless layer using equations 30 and 31.

Step 8. Performance analysis of the detection model using ROC analysis using equation 36.

Step 9.Estimate antenna height (eq. 21) and target depth or thickness of the first layer is given as

dy (x) = 2Jﬁ(tpzoc) e
5. SIMULATION
5.1. TL Modeling Simulation
For the purpose of generating model signal, we consider the mixture model of water and clay soil

(8, Helemi et al., 2008) and clay soil and target characteristics as in table 1. In the present case,
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relative permittivity considered for water is 81 and 2-6 for clay soil; and conductivities for clay is
0.05Siemens and 0.01 Siemens for water. In addition, relative permeability of all the materials is

considered to be unity.

Table 1. Electrical properties at 100 MHz and calculated parameters (Gebremichael, 2013).

Medium &r c a p Zo
Air 1 0 0 20.98 376.6
Clay soil 2-6 0.01-0.1 0.77-12 29.7-54 151-266
Water 81 0.01 0.209 188.61 41
TNT 2.86 0.00029 0.03231 35.44 223
PVC 3 0.003 0.3254 36.30 215

15 : ‘
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Figure 6. Comparison of Modeled A-scan and real GPR A-scan.

Figure 6 presents modeled A-scan of 15 GHz GPR system for 10% moist, target free clay soil
and practical A-scans for the same soil characteristics in the presence and absence of a target.
Where, it can be seen from figure 6 that the target-free modeled A-scan is similar to the practical
target free A-scan and the mean square is found to be 0.003, which is acceptable for geophysical
systems.

5.2. Experimental Setup

In the experiment, a Geophysical Survey Systems Inc. (GSSI) GPR antenna system with a center
frequency of 1.5 GHz and80% bandwidth has been used. The GPR antenna is shielded, in which
coupling between the transmitter and receiver antenna is negligible. The radar is adjusted in a
distance mode of data collection with a survey wheel and 10 scans per cm, 16 bit, 512 sample
points per scan and a range of 12 ns.
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The GPR unit is suspended 1.5 to 3 cm above the ground surface. The targets were made of PVC
cylinders of appropriate dimension and the cylinders were filled with wax and a small metal
component at the center of the cylinder, which represent a plastic landmine with a firing pin. For
the real data analysis, we consider the setup for three targets at different arrangements: PMN1
with dimensions 120x50mm buried at 42 cm and PMN2 with dimensions 110 mmx 55mm
buried at 84 cm from the starting point of the scan in wet clay soil. The targets were buried at the
same depth and oriented normal to the surface. Analysis results of the setup, with appropriate test
statistics are shown in figures 7 to 10.

6. RESULTS AND DISCUSSION

6.1. Peak Amplitude

An EM wave to reflect from the second layer, there must be a dielectric contrast between the first
and the second layers. If there is no difference in dielectric constant or the contrast is very low,
which is due to inhomogeneity of the background soil, there is no reflection or the reflection is
very weak. Figure 7 shows this scenario that, there is relatively high voltage amplitude at the
target locations centered at 42 cm 84 cm and low reflection amplitude away from the target
locations. The reflection amplitude of the first layer is due high due to that the contrast between
the air and ground is high. Good detection could be achieved for threshold values between 2 and
6. Values less than 2 introduce false alarms whereas more than 6 lead to miss the target. The
ROC analysis of this method is presented in table 2 for three threshold levels.

6.2. Reflection Coefficient

Uniformity of the reflection coefficient of the first boundary (between layers 1 and 2) implies
that the ground surface is smooth and absence surface lying targets. However, high variation
indicates the presence of surface lying target of roughness of the ground surface. Figure 8 shows
the first boundary reflection is uniform. Positive reflection coefficient indicates the presence of
air filled or void in the dielectric (Daniels, 2004), whereas negative coefficient indicates the
presence of water field voids. Real data simulation results in figure 8 indicates that reflection
coefficient of the first layer is almost smooth and reflection coefficient of the second layer is
close to zero in the target free locations, whereas there is big negative reflection coefficients at
the target locations. Classification would be easy if we use appropriate threshold lower than -0.1
and higher than -0.45.
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Figure 9. Intrinsic impedances of the first layer (1) and second layer (72).

6.3. Impedance

The impedance of second layer is greater than the first layer is similar to having a positive

reflection coefficient in the first boundary. However, nearly equal impedance corresponds to

having low reflection constant or similarly low voltage amplitude, and absence of a target. Real

data simulation result in figure 9 shows that impedance of the ground surface lies between 110Q

and 140Q which is realistic to the soil type under consideration. However, impedance of the

second layer is close to the ground at the target free locations but very small, less than 20€, at
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the center of the target location. Very good classification could be obtained for threshold values

between 8002 and 50Q where diameter of the test statistic is close to the width of the landmine.

20

— First layer
s A = = = Second layer

Rel. permittivity

20 40 60 80 100
Distance (cm)

Figure 10. Relative permittivity of the first layer (¢1) and second layer (&2), assuming loss less.

6.4. Permittivity

Assuming lossless layers means conductance of the soil is negligible, where the impedance of
the medium is due to the permittivity and/or permeability components. Relative permittivity, er,
of dry subsurface materials ranges between 3 and 6. Relative permittivity is always greater than
unity and relative values away from the sub surface permittivity indicate the presence of a target.
Common explosives, such TNT, RDX and Comp B have relative permittivity ranging 2.7 to
3.14, however, explosives like ammonium nitrate and nitroglycerin have very high value 7.10
and 19.00 respectively (Daniels, 2006). Simulation results in figure 10 indicates that permittivity
values at the target free locations is exactly equal to the ground surface, however, large enough
(close to 15) at the center of the target locations. Excellent classification could be achieved for
threshold values ranging between 5 and 7.5 so that the width of the test statistic is close the
diameter of the landmine.

Table 2. ROC analysis of the four methods.

Method Threshold P(Hwv/Hi) P(Ho/Ho) P(Hw/Ho)  P(Ho/H1)
level
Peak 2.0v 0.971 0.868 0.132 0.028
amplitude 5.0v 0.940 0.906 0.094 0.060
8.0v 0.912 0.922 0.078 0.088
Reflection -0.10 0.962 0.866 0.134 0.074
coefficient -0.30 0.931 0.908 0.092 0.068
-0.50 0.905 0.922 0.078 0.096
90Q 0.971 0.871 0.128 0.029
Impedance 70Q 0.950 0.910 0.089 0.080
50Q 0.910 0.915 0.085 0.089
5.0 0.996 0.880 0.120 0.004
Permittivity 7.5 0.963 0.918 0.096 0.038
9.5 0.951 0.960 0.040 0.041
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6.5. Arrival Time

Arrival time can be used a means of estimating depth of the target and antenna height. The EM
wave propagation velocity is inversely proportional to the permittivity of the medium and is
assumed to be constant in a given medium. Depth is calculated as the product of the speed of the
wave in a given medium and half of the two way travel time to be reflected back from the lower

boundary of the medium estimated as:
Cc
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Figure 11. Antenna height and depth of the second layer.

Since, permittivity is used to detect the presence of a target, large two way travel time of the
second layer is very large in the presence of a target. Anti-personal (AP) mines are buried
shallowly in the top 10 cm and AT mines 30 cm deep in the ground soil. Simulation results in
figure 11 shows that the arrival times of the first layer is similar, which indicates the absence of
surface lying targets. Simulation results in figure 11 show that target depth is found to be below

10 cm and antenna height is about 2cm from the surface.

7. CONCLUSION

The transmission line modeling approach is the best model for the study of GPR system
Electromagnetic propagation. The reverse method is also useful to the parameter estimation of
the subsurface and buried plastic landmines. The effectiveness of the methods is checked by the
simulations presented in this paper. For known antenna height and magnitude of the incident

voltage, the problem of parameter estimation can be simplified. Moreover, for known soil
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characteristics, nature of buried plastic landmine could be estimated perfectly using either one or
fusion of the detection techniques presented in this paper.

All the hypotheses and analysis results indicate that the inverse transmission line modeling
technique is the best method to estimate the subsurface parameters and detect the presence of
buries objects. It has also shown that the four subsurface EM parameters convey the same
information and equally apply if proper selection of the threshold is applied. Moreover, from the
simulation results it is found that about 99.6% probability of detection is achieved at a cost of
12% false alarm. This is acceptable as UN accepted 99.6% detection for humanitarian demining
process. The antenna height and target depth are also found to be good estimates of the actual
scenario. Finally, it can be concluded that the inverse TL modeling technique presented in this
paper is possible to apply for wider applications for scanning subsurface, and study the structural
status of buildings and bridges.
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