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Abstract—We propose a plane wave model (PWM) which is
derived based on analytical solution of a full wave model (F\WW1)
applied to ground penetrating radar (GPR) signal propagaton in
layered media. The computation efficiency of PWM is enormous
and accuracy is comparable to FWMs. In this model, reflection
from different interfaces and their higher order terms are
expressed separately resulting in infinite number of terms dr
the forward model computation. The mathematical expressio of
PWM becomes complicated as the number of layers increases,
and higher order reflections are considered for better accuacy of
the model. It is observed that by applying suitable time winaw
and limiting order of reflections based on GPR system dynamic
range, the PWM expression can be simplified to a great extent.
The effectiveness of the proposed method is verified by inviéng
synthetic data of a three layered (3L) media.

Index Terms—Ground penetrating radar (GPR), Green’s func-
tion, inverse modelling, SFCW radar, layered media

I. INTRODUCTION

Quantitative reconstruction of sub-surface media by gdoun

penetrating radar (GPR) technique finds many application

in the field of civil engineering, mining, geological suryey
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In this work, we have improved the PWMs for efficient
characterization of multi-layered media. First, the PWNis a
represented by a generalized formula. Then, the property of
PWMs is exploited to reduce its computation complexity by
using time domain Green’s function scaled with a suitable
time window. An improved method of layer stripping (LS)
is realized with the help of PWM-2. The proposed LS can
give apriori information about complete electrical parteng
of layered media even in the presence of measurement and
calibration errors. This, in turn helps to realize the costgpl
inversion of the model by applying gradient method.

Il. PROPOSEDMETHOD

The derivation of PWMs is elaborately discussed in [8].
Here we present a brief discussion on it. A generalized fétamu
is presented to express the PWMs for multi-layered media
with higher order reflections in Sec. II-A. Then a frequency-
domain inversion (FDI) and a time-domain inversion (TDI)
methods are presented in Sec. II-B to overcome the limitatio
of PWM-2. Finally, the LS technique is proposed in Sec. II-C
for complete inversion of layered media electrical pararset

archeology, etc. [1]. The accuracy and speed of GPR detec- .

tion strongly depend on the architecture of the GPR systenf\- Model Formulations

Monostatic off-ground GPR has the advantage of achieving 1pe stepped frequency continuous wave (SFCW) GPR
high scanning speed with decreased penetration depth [Zystem can be realized in the laboratory with a VNA, and
[3]. The accuracy of GPR signal model and its computation, tem horn antenna. The assumptions of monostatic and far-
efficiency have a great impact on the efficiency of a GPRyje|q GPR configuration are elaborately discussed in [2],1f6]
system. Achieving both i.e. the accuracy and efficiency by qer to consider the effect due to the antenna, a lineasfean

effective modelling is a difficult task because of complexfynction model is used to represent the monostatic antenna
media property. Compared to the numerical methods [4], [Slgnd the media under test as shown in Fig. 1. Hare)

analytical methods are time efficient and application dfeci

Among various analytical methods, full wave models (FWMS) aference planef;
[6-8] are very accurate methods for characterization of lay 5,4 H, :

and Y(w) are the transmit and receive signals at the VNA
(w) is the return loss of the antenrfd; (w)
(w) are the transmit and receive transfer functions of

ered media. However, their computation efficiency is poOfhe antenna, andl; (w) represents the feedback loss transfer

compared to the other simplified methods based on plangnctio
wave approximation. In [8], two plane wave models, i.e.a?

PWM-1 and PWM-2 are proposed based on the analytic
solution of an FWM. Laboratory testing on layered media an

comparison analysis with synthetic data have demonstrated
that, the PWMs are highly time efficient and as accurate as

n.G!,(w) is the Green’s function representing response
ue to the air-subsurface media. The VNA measured complex
eflection coefficientSy; (w) is expressed as following.
Y(w) Hy (w) Gl (w)Hy (@)
1— Hy (W) Gle(w)

=H; (w) + (1)

= Xw)

the FWMs [6], [8]. The PWMs express the Green’s function
by summation of reflections from different interfaces aneirth  All these frequency dependent transfer functions can be ex-
higher order terms. As the number of layers increases, theacted by a set of measurements by placing the antenna at
analytical expressions of PWMs become complicated withdifferent heights above a large size perfect electric cotaiu
exponentially increasing number of terms to compute. (PEC), and then solving a set of linear equations [9]. The



X(w) VNA Y (w) correlated and differed by a constant factor [8]. These FWMs
A Green’s functions take longer time for integration, cagsin

GPR detection process to be slow. This problem is addressed
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air-ground surface media is modeled as a 3-D multi-layered

media consists ofV horizontal layers separated hy — 1 Fig. 2. N-layered medium with a point source at top.

interfaces as illustrated in the Fig. 2. Any singlé" layer is

homogeneous and is characterized by its complex permijttivi by proposing PWMs [8] with PWM-2 being most accurate
e (=€n+ 2=), permeability 4, and thicknessh,,. The  among them. They are derived based on the analytical solutio
assumption of planner media for the monostatic radar is&dgi of Eq. 3 and Eq. 4. In PWM-2, th¢st order reflection from
as long as variation of media property is negligible with ininterfacez, is given by the following formula.

the spatial and range resolution of the GPR system [2]. The

frequency dependent electrical property of the materials i (727117n+1> 1 (Z;;l hj/yf)

most accurately described by the Debye relation [10]. For ER,le_l =

: 5 + 5
limited frequency band, theis assumed to be constant ands 2w 2 Zj:l hj/7vs 4 (2721 hj/%.)
assumed to be a linear function of the frequency as following ©)

o(f)=0ctor(f— 1) (2) ~ Where

n—1

whereo, is the static conductivity (S/m) at center frequency (.1 _ ( o 2) = o
fe, and o, is the linear variation rate of it (S/m/GHz). For (Print1) = Tnnss 1:[1 L= (r341) Hlexp( 273h3)
most of the materialg, = po i.e. the free space permeability. = = (6)

The antenna is assumed to be a point source and receivir;+1 1S the reflection coefficient gt layer interface £;) for
at its phase center, and it is located at the origin O of thlane wave propagation as given below.

coordinate system. The Green’s function is defined as the Zi — 7
ratio between the back scattered and the transmitted ielectr T = (7)
fields acting in the x-direction. By applying Huygen's field gt J

equivalence principle [11]pp. 575 — 581), and solving 3-D NN ITAY i h i
Maxwell’s equation for wave propagation, the Green’s fiorct whereZ; _(f m‘) S thg m_pedance of*" layer media. The
due to the air-subsurface media is derived in spectral domaiProPagation parametey; is given by
as following [8]. . . ; .

v = o +i0; = \/(ny = yJiwp, (o +iwe;) = ik;  (8)

Gl, (kp,w) = [REP — RTM] ¢ 2min 3)
) Let us modify the Eq. 5 in the following form.
where RIE and RIM are, respectively, the transverse elec-

tric and the transverse magnetic global reflection coefficie n—1 ) 1
accounting for all reflections from the multilayered intarés R}l,nﬂ = | "nont1 H (1 — (7j,41) ) i
[12] (pp. 48 —53). ', (: N k%) is the vertical wave j=1

numberk,, is the free space propagation constant8f layer 1 (Z;}:l h; /7;3)

defined ask? = —Cunn, (o = iwpn, andn, = o, + iwep,. - 3 Hexp(—Q’yjhj)
The spatial domain Green’s function at the source point 22 =1 hi/ 4(2’?_1 hj/%-) j=1
((x,y,2) = 0) is expressed as following. =

+oo 1 71 -
1 - =Ly, L exp | > —2y;h; 9)
Glm(o,w) = i / jSm (kp, w) kpdk, (4) =1
0
1 _ n—1 o 2 1 _
Here, the variablek, is a spectral domain parameter. The where Ly = runt1 [[52 (1 = (rj.5+1) ) and Lg, =
Green’s function expression in Eq. 3 is similar to the Green’ ; 1 (Z0_y ki /) 1
function expression in [6]. It is found that, they are highly 2mi\ 2527 hi/v © a(r, hy/vy)° ) Here Ly, represents



the losses due to reflections and refractions at different inB. Model Inversion Approaches
1
terfaces andLg represents the spherical spreading loss for For the SFCW monostatic GPR, the uncertainty in the

tra\t/telllng tgel pat?z =1 20;5. tA;hgeneﬂralltzed forr?fula ctar:dbe inverted model parameters is largely originated due to the
Wr:hendas eﬂowt 0 re]E)resent fe refiection coetliclentSIoUe  cajibration error, height measurement error, instrumestar
order refiections from interface,. bility with respect to time and environment conditions, sei
pm n interference, etc. [9], [13]. It is reported that the cadition
R™ | — oy kL omaihs 10 error contributes to error in Green's function extractiorda
nntl Z Sn Feap Z V34 (10) limit the usable band-width of the SFCW GPR system. The
antenna height measurement error causes tremendous uncer-
wherea, are +ve integers having values more than one, andainties on the reconstruction of layered media parameters
are related by the following inequality. While working with inversion with synthetic data, it is very
important to analyze the performance of the proposed model
in the presence of various sources of errors and noise.

k=1

n—i—m—lgz%g(n—l)m—i—l (11)

o For inverting the PWMs, we define two kinds of objective

function i.e. one in the frequency domain and other in theetim
P™ is the total number of possible combinations by whichdomain. For frequency domain inversion (FDI), the objetiv
the inequality (Eq. 11) is satisfied‘;‘;f is the losses due to function ¢(b) is defined in the least square sense as following.

reflections and refraction in multiple mter_facgs ahy” _|s & (b) = \GI,; (w) — Glx(w,b)‘T \GIZ (w) — G1_(w, b)
the spreading loss for the” path. TheL is simple to find 15)
by the following expression. where G1* (w) and G, (w,b) are the vector containing, re-
spectively, measured and simulated Green’s function of the
. 1 1 (2?21 ajhj/ﬁ) multilayered media. The parameters vector(consists of
’S”T; =5 | 357 W 3 In, €n, On, hy) Needs to be reconstructed by minimizing the
mi |\ 2205 ajhi/v; 4 (2?21 ajhj/'yj) objective function® (b) in Eq. (15). It can be observed that,

(12) every reflections are denoted by separate terms in PWMs
The L} * depends on the path followed by the signal. It is (Eq. 14). Therefore, we can limit the number of terms based
easy 6" calculate them for a limited number of layers. AsON the required observation time window. This time window
an example, the.”" k for mt" order reflection fromz is @D be defm_ed, either starting from 0 to the time mstarit“bf
expressed as Bn order reflection fror_n the last layer of our interest, or it den

focussed on a particular layer of our interest. In seconé,cas

the previous layers parameters must be known. Therefore, we
propose the objective function for the time domain invarsio
(TDI) based on cross correlation coefficiedi{C) between
the measured and simulated models as following.

L?—\}zl = |:T’2_’3 (1 — TiQ) (7’2717’273)(m71) . (13)

Here Pj* is 1, as there is only one way the higher order
reflections are possible. The overall PWM-2 Green’s fumctio

for maximum orderN, from all the interfacesz to zy_1) ¢ _ 1
b d as followi o) = (16)
can be expressed as following. folole, (G?;(t),Gix(t,b))
N, N—1
TPWM where Gl (t) and G1,(¢,b) are the measured and simulated
Ga Z Z R* 3+l (14) Green's function in time domain, and limited by an obseorati

k=15=1 time window. These objective functions are highly non-dine

By neglectingh? variation fromR* ;,, the Eq. 14 represents and have multiple minima. We use a gradient based approach
the PWM-1 Green’s function. The PWMs have been analyzedPr inverting the model. Since, gradient based techniquet ca
rigorously and compared with the FWMs for a three-layerecCOnverege unless the starting parameters values are ialglob
media in terms of correlation coefficients and average RM$asin, a layer stripping (LS) technique is utilized to get
differences [8]. It is found that the PWM-2 is highly corrigle preliminary information on electrical parameters of thediae

with FWMs as we consider for the higher ordéY,) terms.

However, as we consider for higher order reflections fromC: Layer Stripping (LS) Method

multi-layer mterfaces computation of refection and sris- LS is used for many years for approximate and fast
sionloss L} *) becomes difficult task with number of possible calculation of electrical parameters of the layered medja [
paths ") increasing exponentially. The accuracy of PWMs[14]. In this method, GPR processing is done in the time
degrades, if higher order terms are neglected for compthi®g domain for reconstruction of each layer in step by stepistart
layered media Green’s function. There can be a limit for thefrom the top layer. In most of the cases, there are common
N, value based on GPR system dynamic range requirementassumptions like plane wave propagation and neglecting the
instrument capability, prevailing noise, measuremerﬂreemd presence of multiple reflections. In [14], authors havedtrie
external interferences. In the cases, where elﬂf’e or L'y ™ok to improve this method by applying dispersion correction,
of the layers are high, th&/, can be taken as small number energy-based detection method, super resolution techniqu
It would be possible to derive PWM-2 as accurate as FWMstc. However, this method is based on the assumption of loss
for finite number (V) of layers. In subsequent section, we will less media. The main drawbacks of the existing techniques ar
explore to reduce the complexity of PWMs. the accumulation of error due to recursive formulations.



The proposed method is based on common LS techniquerevious interface. It is also obsreved that, applicatibrao
and the TDI focusing on a limited number of reflection to global optimization technique further improves the accyra
reconstruct the property of one layer at a time. The methodf parameters estimation.
is named as layer stripping by inversion method (LSIM). The
process starts with time domain processing of the measured n
Green’s functionG1* (¢). First, the timing informationt¢) and '
amplitude values for all th&** order significant reflections¥) GPR detection process starts with GPR calibration process,
are evaluated. An appropriate synthetic pulse needs todx usfollowed by measurement on the media under test, and finally,
for reducing range side lobes, and an accurate algorithm hasoftware simulation to invert the model to retrieve the raedi
to be applied to extract the timing and amplitude informatio parameters. In this work, we present our analysis of a three-
of the reflected pulses. For any'" layered media]** layer layered (3L) media with synthetic data generated by the FWM
is the air media. It's thicknesa; i.e. height of the antenna proposed in Sec II-A. A 3L media is created by placing open
can be easily evaluated by the relatiop= w Herec is half space on top and a known media at the bottom. This
the velocity of EM wave at free space. Then following stepsmedia is equivalent to a 5L media based on Fig. 2. We analyze
need to be applied for realizing the LSIM. the effects of two major sources of errors i.e. the effect of
calibration height measurement error, and the effect ajitei
i i measurement error on GPR detection. To add calibratiorhheig
oy, are known. For air media,, = 1, andoe, = 0,y = 0. measurement error, the height error of uniform variangg (
Then generate a Green’s function for the media hauvifig varying from 0 to 1 mm is added by following the process
layer property as,, ey Tris andh,, and a PEC at layer gypjained in [9]. An error of=0.5 mm is added with the actual
2. Find the reflection?™ from the |nte(face,z;'}€(’by time-  hejght of the antenna to simulate the effect of the antenna
domain processing. Now compare thg with PI™" and use  pgjght measurement error on the GPR detection. For compar-

RESULTS ANDDISCUSSION

Step 1:1%% layer property is known i.ehq, €,,, 0., and

the following approximate formula to fine.,. ing the performances of FDI and TDI, we take two models of
P Ve — e 3L media i.e. 3L-M1 (Sec. llI-A), and 3L-M2 (Sec. IlI-B) with

~ppec — 2= 1 = (17)  athin layer placed at layer 3. For both FDI and TDI, we choose

L Ver T Ve actual media parameters as the initial parameters vector fo

gradient based optimization. In Sec. IlI-C, the completalato
inversion approach with the help of LSIM and gradient method
is presented. In this case, there is no previous knowleddjeeon
initial model configuration or model parameters. The SFCW
GPR system parameters are specified by the requirement of
range, resolution, sensitivity, scanning speed, levellwfars

Step 3: Update the,, based on the inversion result €tc. For synthetic model verification, we select a frequency

obtained in Step 2. Find the thickneas by the following ~band of 1 GHz to 3 GHz with frequency spacing of 40 MHz
relation. based on our model configuration requirements. For comgerti

to time domain, we perform 4096 points IFFT, which can give
(18)  height measurement accuracy of 0.3 mm in ideal case.

Step 2: Apply the GPR inversion with a time window
focusing onP; to invert the parameters vectérconsists of
seven parametersi.e. , o.,, o, b1, €ry, 0c,, aNdo ., . Initial
values foro.,, and o, can be chosen either arbitrarily or
equate to the values @f.,, ando,, respectively.

c X (tg*tl) N c X (tg*tl)
282/B0 2,/€2

Now repeat the step 1 to 3 for next layer and repeat them tilA. Inversion of Synthetic 3L Media
all the layers are evaluated. Here step 2 helps to stop tbe err
propagation by improving the accuracy of the parameters b%
using TDI based on accurate model PWM-2. S

hy =

A 3L model (3L-M1) is taken with layer parameters
e = [1,24,9,25,6], h = [35,20,10,10,00] cm,
o. = [0,15,18,20,20] mS/m, ando, = [0,10,10,10,0]

The ability to find accurate values for current layer pa-mS/m/GHz. For FDI, the PWM-2 is computed with maximum
rameterse, , o.,, o, h, and next layer parametees .,  order N, as 4. By settingV, = 4, the ratio between the
Oc...» ando, ., depends on the sensitivity of time domain most significant reflection and least significant higher orde
objective function ¢* (b)) on these parameters. We have donereflection is 72 dB at center frequengy = 2 GHz. In this
a response surface analysis to find sensitivityddf(b) for  case, more than 50 reflection terms are required to be indlude
a 3L media with respect to the variation of parameigts  for computing PWM-2 Green’s function even after neglecting
Ocyr ha, €, and o.,. Here &' (b) is bounded by a time many insignificant4'™® order terms originated from,. For
window focusing on1st order reflection from interface,. It ~ TDI, only the necessary terms are computed which are placed
revealed that thed! (b) is less sensitive tar in the lower betweenlst order reflections from interfaces andz,. In this
range of parameter values. Better quality of signal is negli case, we require to compute just 10 terms with maxin®itn
to resolve conductivities accurately. Th# (b) being more order terms fromz,, 2°¢ order terms fromzs and 15* order
sensitive toe, and h, they can be retrieved accurately by term from z,. Then, the synthetic Green’s functiots),, (w)
the TDI method. For good quality signal, the complexity of are generated after adding calibration height measurement
LSIM can be reduced by reducing number of optimizationerrors. Then TDI and FDI are carried out with antenna height
variables to 5 &.,, o, €r,, 0c,, ando,,) Or just 3 €,,, measurement errors of 0 aad.5 mm. The results of inversion
oe,, ando,.,) for faster implementation of the process. To are presented in the Table I. It can be observed that, the
improve the accuracy of inversion in the Step &, (b) can  TDI is able to invert the model parameters with almost same
be defined over a time-window focusing on two consecutivecorrelation coefficients as FDI. The fluctuation of inverted
reflections i.e. one from current interface and other from th parameters is observed for both the inversion methods.



TABLE I. INVERTED PARAMETERS OF3L-M1 FORTDI AND FDI

O o ho Oe or hs Oc o ha t
mm) (mm) T2 (Sim)  (SmGHz) (em) 3 (ShM)  (SImGHz) (em) T4 (Sim) (SIm/GHz) (cm) (s) €T
Time Domain Inversion (TDI) Results

0 0 2.40 15.00 10.00 20.00 9.00 18.00 10.00 10.00 25.00 20.00 0.001 10.00 1.56 99.9999
0 0.5 2.86 11.74 11.74 18.28 9.28 19.23 10.21 9.86 22.46 21.01 10.05 10.05 5.55 99.9818
0 -0.5 2.05 17.71 8.74 21.68 9.30 15.60 9.78 9.83 28.96 19.23 .99 9 9.29 6.46 99.9958
1 0 2.08 17.56 9.66 21.48 9.44 15.84 9.81 9.76 28.84 18.35 9.91 9.31 6.56 99.9581
1 0.5 2.45 14.79 11.00 19.79 9.17 18.00 10.07 9.91 24.94 19.97 9.99 10.01 4.25 99.9696
1 -0.5 1.92 19.04 9.21 22.40 9.98 13.67 9.66 9.48 32.05 17.42 91 9 8.78 7.28 99.9339
Frequency Domain Inversion (FDI) Results
0 0 2.40 14.89 10.02 20.00 8.94 18.59 9.95 10.04 24091 19.24 56 9. 10.02 7.55 99.9999
0 0.5 241 11.96 9.70 19.91 7.52 27.97 11.50 10.95 22.15 430 .36 1 10.62 22.01 99.9584
0 -0.5 2.39 17.90 10.32 20.09 11.14 19.82 8.99 8.99 35.90 040.6 17.03 8.34 22.62 99.9596
1 0 2.45 16.21 9.93 19.83 9.83 14.40 15.00 9.58 25.80 25.07 137 983 15.61 99.8855
1 0.5 2.46 13.07 9.51 19.73 8.07 26.19 15.39 10.58 22.06 3.73 .00 0 10.63 15.15 99.9494
1 -0.5 2.43 16.86 10.15 19.94 10.07 13.01 13.55 9.46 26.63 3524. 8.49 9.68 12.41 99.6962
TABLE II. | NVERTED PARAMETERS OF3L-M2 FORTDI AND FDI

op Ah . Oy Org ha e Ocgy Org h3 € Ocy Ory ha t S elelo
(mm)  (mm) T2 (S/m) (S/Im/GHz) (cm T3 (S/m)  (S/m/GHz) (cm T4 (S/m) (S/Im/GHz) (cm) (s)
Time Domain Inversion (TDI) Results

0 0 240 15.00 10.00 2000 9.00 18.00 10.00 1000 25.00 20.00 0.001  2.00 104  99.9999
0 05 288 1161 11.61 1822 9.42 28.82 12.81 9.78 2654  21.7110.46 1.94 1172  99.9925
0 05 199 16.43 8.06 2202 795 1193 9.34 1063 21.85 19.14 9.85 214 731 99.9973
1 0 201 1621 9.48 2185 7.99 1228 4.22 1060 21.69 17.99 6 90 215 891  99.9741
1 05 248 14.69 10.93 19.63 931 1870 9.30 983 2557 19.85 .88 9 198 6.93  99.9803
1 05 192 1870 9.88 2240 963  0.85 0.00 9.64 2622 1587 358. 196 1349  99.9554

Frequency Domain Inversion (FDI) Results

0 0 240 1420 10.40 20.00 854 19.66 8.38 1027 2336 2492 00 0. 207 866  99.9990
0 05 240 1377 10.05 19.94 839 20.86 9.72 10.36 23.00 25.71 0.00 2.09 963  99.9625
0 0.5 239 14.54 10.68 2008 8.64 1849 7.15 1021 2362 3241 0.00 206 929  99.9496
1 0 245 1487 10.60 1983 893 21.62 10.38 1005 2421 1151 .00 0 202 855  99.9054
1 05 246 1447 10.22 19.75 880 22.92 11.95 10.11  23.88 312.1 0.00 204 875  99.9565
1 05 243 1517 10.88 19.93 9.02 20.34 8.95 10.00 24.43 1109 0.00 201 843  99.7700

B. Inversion of Synthetic 3L Media with Thin Layer C. Complete Inversion of Model

The 3L-M1 is selected for simulation analysis of complete
ersion with the help of LSIM and gradient method. In the
st case, we consider the error-free synthetic data geetbra

y the FWM as the input data. In the second case, the synthetic
data is modified with the calibration height measuremendrerr
o, = 1 mm and then LSIM and TDI are carried out

The same experiment is repeated for the second model
i.e. 3L-M2 with a thin layered media placed at third g,
layer with a PEC at the bottom. The layer parameters arg
e = [1,2.4,9,25,6], h = [35,20,10,2,00] cm, o, =
[0,15,18,20,6 x 10°] mS/m, ando, = [0,10,10,10,0]

of band-widthx time-resolution is 1.33 for the GPR System. mm. The results are presented in Table Ill. The LSIM outputs

The thin layer placed at the bottom most layer above g, the different la ;
X il . : yers are presented in th& three rows
PEC is the most difficult case for the PWM-2 inversion. They¢ the (aple. The final inversion results are presented in the

higher order reflections from, overlap with each other in jih "It can be observed that. the inversion can’t yield

time d_omaln, and they do_n’t diminish early becal_Jse of PEGhe correct parameters values, even in the case of error free
reflections. For FDI, the\, is taken as 4 for reflections from 4. This error is mostly due to the limitation of gradient

22, a.‘r.]dz& and 1(.) for reflections froms. However, only the . method of optimization, which can't find the global minima in
significant reflections are computed based on the attenruatlopresence of local minima. Secondly, there is a small diffege

analysis at the center frequency. Even after increasingeahue etween the PWM-2 and the FWM Green’s functions. For
of N,, the ratio between the most significant reflection an he second case of inversion. it can be observed thét the

the least significant higher order reflection is observed®s S |4 P ;
o . _ yer parameters are changed significantly. This Bapp
dB. The model computation is much easier for TDI with few 4 .o +7” the degraded signal to noise ratio for the signals

te;lms _requwed to C()_(Tpugefthe ”?°def'- However, il ?rﬂer originated from the interfaces; and z, compared to the
reflections are considered from Interfaceas some of them  ohar jnterfaces. Fig. 3 presents the plots for the time doma

overlap with thelSt order reflection fromz4. The results of 5005 functions @ (t)) for the inverted models and the
models inversion are presented in Table II. It can be Obdferv":input models defined over the time window spanning between
that the TDI leads to better cross correlation coefficientsyo st grder reflections from interfaces and z;.

between the inverted and the input models compared to the
FDI. The TDI takes much less time compared to the FDI for  Discussion: The inversion results with the proposed meth-
the error-free synthetic data. However, the timing requfite@  ods, i.e., FDI and TDI demonstrate that both are useful meth-
both the inversion methods are similar while inverting erro ods to realize PWM-2 inversion. The TDI has the advantage
data. This observation can be explained by the fact that, thef ease of model computation for multi-layered media with
inversion time depends on the forward model computatiomreduced number of terms. The TDI approach indeed helps
speed, the convergence property of the model, the error ito reduce the complexity of PWMs and thereby makes them

the input data, etc. suitable for multi-layered media applications. The cortgle



TABLE III. | NVERTED PARAMETERS OF3L-M1 WITH THE HELP OFLSIM AND TDI
on Ah . Tcy Org ho . Ocy Org hs3 . Ocy Ory ha t P ¥elele]
(mm)  (mm) "2 (S/m)  (S/m/GHz)  (cm) "3 (S/m)  (S/m/GHz)  (cm) T4 (S/m)  (S/m/GHz)  (cm) (s)
Results of LSIM and complete inversion for error free datangsit
0 0 2.40 15.00 10.00
241 15.01 10.00 19.97 9.05 15.00 10.00
9.21 15.01 10.06 9.88 24.92  15.00 10.00 3.84
2.21 15.02 9.16 20.84 8.71 15.33 9.97 10.06 24.46 15.34 9.97 0.111 7.03 99.9686
Results of LSIM and complete inversion for error data as inpu
1 0.5 3.04 13.91 1.00
2.95 12.15 11.07 18.02 9.50 13.93 0.99
8.79 14.43 9.07 10.13 19.86 13.93 0.77 7.13
2.65 10.89 10.89 19.01 8.05 15.20 8.86 10.58 18.94 14.79 2.50 11.49 12.54 99.8940

Input data (FWM)

Inverted model (PWM-2)

G, (0

-1001

2 3 4 5 6 7 8 9 10
time (ns)

(@

Input data (FWM) Inverted model (Pwmfz)(

G, (0

time (ns)

(b)

Fig. 3. Compare input and inverted Green’s functions in tohoenain for (a) error free data, and (b) data with error.

inversion approach with the help of LSIM and gradient method [3]
is promising. However, this approach needs to be validated
by practical measurements. Based on the results of syatheti
data, it can be said that, accurate antenna height measureme 4]
during GPR calibration and detection are very important for
reducing uncertainties of the inverted media parameters.

[5]
IV. CONCLUSION

In this work, we have improved the model PWM-2 to
make it more effective for reconstructing multi-layereddize
The complexity of PWM-2 can be greatly reduced with the
help of TDI approach for inverting multi-layered media. The
effectiveness of both the inversion approaches i.e. TDI and
FDI is demonstrated by applying them to two different model [7]
configurations of three layered media. They are found to
be effective in the presence of calibration error, and heigh (8]
measurement error during GPR detection. The inversion ap-
proach with the help of LSIM and gradient method can be
very effective to detect unknown layered media parametersjg)
Experiments with synthetic three layered data demonstinate
capability. This integrated approach of inverse modeltiag
be a valued alternative for quantitative reconstructiomafti-
layered media. The future work will focus on more rigorous!19
analysis on the FDI, TDI, and LSIM techniques to verify their

(6]

performances in the noisy practical scenarios. [11]
[12]
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