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Abstract— Subsurface imaging 3-D objects buried in layered medium with electromagnetic
waves has recently attracted significant interests. Due to the uncertainty of dielectric parame-
ters of layered background media in practice, most of existing electromagnetic inverse methods
reconstruct the buried objects unfaithfully. In order to accurately reconstruct the objects buried
in multilayered media with unknown dielectric parameters, we develop a new imaging method
named electromagnetic inverse scattering series method (EISSM) for imaging 3-D objects in mul-
tilayered media. The 3-D EISSM combines the inverse scattering series (ISS) theory with a
multi-array tomographic approach. It directly reconstructs the positions of the buried objects
(not their dielectric properties) solely with the dielectric parameters of free space according to
the discontinuities of dielectric parameters. Moreover, the effects of multilayered media to the
position error predicted by EISSM are also analyzed and discussed. Aiming to validate the fea-
sibility of the developed 3-D EISSM, some numerical simulations are given as well as the results
reconstructed by commonly used time reversal mirror (TRM) technique. Through the simula-
tions, the EISSM is capable of positioning 3-D targets buried in multilayered media with less
error than traditional TRM.

1. INTRODUCTION

Subsurface imaging 3-D objects buried in multilayered media with electromagnetic waves has re-
cently attracted significant attentions and been extensively studied. Up to now, various algorithms
have been proposed to circumvent the inherent difficulties in different application backgrounds [1—-
5]. However, most of existing electromagnetic inverse methods are based on the assumptions that
the dielectric parameters of multilayered media are exactly known. Owing to the uncertainty of
dielectric parameters of the layered background media in practice, existing methods in [1-5] will
reconstruct the buried objects unfaithfully.

Aiming to accurately reconstruct the buried objects in practice conditions (the dielectric pa-
rameters of multilayered media are unknown), a modified inverse scattering series method (MISS)
based on the inverse scattering series (ISS) theory was developed in hydrocarbon exploration for
1-D and 2-D scenarios [6]. The MISS method reconstructs the electric conductivity of objects with
an approximation that the dielectric permittivity is constant and equal to the value of water.

Different to the MISS method, we develop an imaging method named electromagnetic inverse
scattering series method (EISSM) for imaging 3-D objects buried in multilayered media. The
proposed EISSM combines the ISS idea with a multi-array tomographic approach [7]. It directly
reconstructs the positions of the buried objects (not their dielectric properties) solely with the di-
electric parameters of free space according to the discontinuities of dielectric parameters. Moreover,
the effects of multilayered media to the position error predicted by EISSM are also analyzed and
discussed. In order to validate the feasibility of the developed EISSM, some numerical simulations
are given as well as the results reconstructed by commonly used time reversal mirror (TRM) tech-
nique [8,9]. Through the simulations, the EISSM is capable of positioning 3-D targets buried in
multilayered media with less error than traditional TRM.

2. THEORY

Figure 1 shows the configuration of a 3-D object buried in a layered medium. In order to avoid the
mutual coupling, an antenna array which consists of a sequence of monostatic pairs is applied. When
a given transmitter emits an electromagnetic pulse, only the corresponding receiver is activated [7].
In addition, the transmitters are assumed as z-directed electric dipoles.
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Figure 1: Typical configuration of an object in a layered medium.

For the model in Figure 1, the wave equations for electric field in the actual medium and free
space are expressed as

(V2 + k%) E(r,ry) = —J(w)d(r —ry), (1)
(V2 +k3) Eo(r,rs) = —J(w)d(r —ry), (2)

where k,, = w\/Empim, ko = w\/E0l0, (Em, Om, tm) are the permittivity, conductivity and perme-
ability of the actual layered medium m, (€, o, p) are the permittivity, conductivity and permeability
of the target, (o, 00, 1o) are the permittivity, conductivity and permeability of free space. J is an
excitation source, w is the angular frequency, the field point r = (z,y, z) and the position of source
rs = (3’5& Ys, Zs)'

Define a perturbation operator as

8= (V2 + kg%) - (V2 + k‘g) = wleopo [(Empim/copo) — 1] = k2 a, (3)

where the dielectric perturbation o = (&, 14m/eop0) — 1. In this paper, p, and p are assumed as

Ho-
According to the Lippmann-Schwinger equation, electric field E is rewritten as

E(r,rs) = Eo(r,ry) +/ Go(r,v")B(x")E(r/, rs)dr’, (4)
D
where Gy is the Green’s function of free space, D is the image domain.

Assume E = Eq+E; +... + E, +... = 320 E,, substitute it into (4) and therefore (4) can
be successively iterated for field E on the right hand side,

Ei(r,r,) = /D Go(r, )3 )Eo(r', rs)dr' "L (GoBEy), (5)
Es(r,r,) = /DGO(P, ) B(r)Er (v, ry)dr’ PV (GoBEy), (6)

E,(r,r5) = / Go(r,r')B (v') By (x/, 1) dr’ Denote (GoBE,—1), n=1,2,...,40c0. (7)
D

Then the scattered field is

Es =E-E)=E; +Ey+E3+... = (GofEg) + (GofSE1) + (GofBE2) + ...
= (GoBEg) + (GoB(GoBE)) + (GoB[GoB(GoBE)]) + .. .. (8)

Assume 3 and « as a sum of constituent terms,

“+o0o +00
B=PBi+Ba+ ... 4Bt .= Bo=kja=kjor + kjaz + ...+ Kjan+...=k3 Y _an, (9)
n=1 n=1
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where 3, and «,, are the nth part of 3 and «, respectively.
Substitute (9) into (8)

s (£ (5[4 o (1))

= (GoS1Eo) + (GoB2Eo) + (GoBsEo) + ... + (Gof1(GoBrEo)) + (GoBi(GoS2Eo))
+(GoB2(GoB1Eo)) + ... + (Gofri(GoP1(GopiEg))) + .. -, (10)
where Eg(ry, rs) is the scattered field measured at the positions of receivers rjy.

Match the equal order of (3, and therefore the solution of (10) is equivalent to solve following
equations

(Gokgoqu) s(rMv, Ts), (11)
(Gok§asEo) + (G0k0a1 (Gok§arEo)) = (12)
(GokjasEo) + (Gokjar (GokjasEo)) + (Gokoag (GokgorEo))

+ (Gokan (Goktai (GokianEg))) =0, (13)

By using Fourier transform and inverse Fourier transform, one can solve (11) with (3) for o,

0 in 0
€080 9y — gy — ) + 2 °> , (14)
Co Co

3
cos® 6
ai(x,y,z) = —8 0

EZS (rM) rS;
Co

where 6y is the incident angle, © = (2, +25)/2, ¥ = (Ym~+Ys) /2, '™M = (T Yms 2m)s Ts = (Ts, Ys, 2s)-
Ezs(ry, rs; t) is the z-directed electric field data measured by the receiver at position ry;.
Then substitute «; into (12) to solve for aw, and so on. Finally, « is constructed by summing a
series of constituent terms, i.e.,
(=1/2""

Oé(i[fa Y, Z) = Zn:l (n _ 1)] COSQ(n—l) 90

By using the differential properties of Fourier transform over a1, a closed form of « is derived

z n—1 871,710[ T, Y,z
' Uz o (z,y,2")dz' : 82175—1) (15)

as

aEISSM(x7y7 Z) = Oél(ﬂf,y, Z = A)v (16)

where A = (2cos?6y)~! f; a1 (z,y, 2")dz’. Detailed derivation can be referred to [10].

In (16), agrssm is an approximate solution of actual « in (15) because it encapsulates an infinite
number of terms through a manipulation of the depth variable z in a;;. So, an error will be produced
by using EISSM for positioning the buried target.

In order to well understand the error of EISSM, the position error predicted by «q is firstly
discussed. For simplicity, the transmitters and receivers are assumed to be placed on the same
plane (zs = z,). So the position predicted by «ay is

R n cos by co . N
R fz co/\/er(x,y, 2 cos B 2 fz er(@,y, 2)d + 2, (17)

where zp is the real position of target. According to (14), oy uses ¢ of free space to position the
target buried in the layered medium. The position error of ay is

Ady, =Z2p—2p= fZZR Ver(z,y,2)dz' + zs — zr = f;R( er(z,y,2') —1)dz’. (18)

From (16), the position reconstructed by EISSM is Zgissm = Zr + A. Then the error in position
predicted by EISSM is

Ckl(x Y,z )dzl
2 cos? 0y

ZR
Al0EISSM = 2EISSM — 2R = 2R — ZR +A = / ( er(w,y,2) — ) dz’ +

R 4cosf 0 in 6
:/ ( er(x,y,z’)—l)dz’— cos 0/ Ez5<rM,rS,COSO(Qz’—zm—zs)—Fsm O)dz'.(lg)
Zs Zs ¢

€o 0 €0
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For the planar layered medium shown in Figure 1, (19) can be rewritten as

m+1 .
dcosBy [ 0 in 6
Adgrssni= Y (v/er (@)~ 1)~ CZ’S 0/ Ezs(rM,rs;meio(Qz’—zm—zs)—i-512 %)d',  (20)
i=2 0 Zs 0 0

where ¢,(7) is the relative permittivity of layered medium ¢ and assumed as a constant in layered
medium i (i = 2, 3, ..., m+1). [; is the z-direction thickness of layered mediumi (i = 2, 3, ..., m),
Im+1 is the depth that the target embedded in layered medium m + 1, and Z:r;gl li = zR.

In (20), the incident angle 6y and the measured data Ezs are fixed when the transmitters and
receivers are given. So Adgissm relates with zg, €,-(7) and [; of layered medium according to (20).

3. NUMERICAL SIMULATIONS

In order to demonstrate the feasibility of the proposed method, Figure 2 shows a scenario of a
3-D target buried in the bottom of a three-layer medium. 18 z-directed electric dipole antennas
are co-located to form 9 monostatic pairs with a uniformly space of 15cm. When a given dipole
transmitter emits a pulse, only the corresponding receiver is activated [7]. 9 transmitters operate
sequentially until completing one full cycle of activations. Then the antenna array moves along
+z direction (scan line) for surveying. In the simulations, the antenna array moves 9 times evenly
along +x direction with an interval of 15cm. A pulse of Blackman-Harris window (BHW) function
with characteristic frequency of 1.5 GHz is used as a source signal. The dielectric constant and
conductivity of the three layers and the target are (¢,,0) = (1.0,0.0S/m), (2.0, 0.01S/m), (3.4,
0.01S/m) and (9.0, 2.0S/m), respectively. The size of the target is 20cm x 20cm x 5cm. The
synthesis data are generated by using FDTD method.
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Figure 2: Configuration of an object in a three-layer medium.

With the synthesis data, the results reconstructed under different conditions are given in Fig-
ure 3. In practice conditions, the dielectric parameters of layered background medium are unknown.
So, Figure 3(a) shows the result reconstructed by using time reversal mirror (TRM) technique solely
with the dielectric parameters of free space. Here, Figure 3(a) is used as a reference because TRM
has been widely used for surface-penetrating radar detection [8]. In Figure 3(a), the interface 1 is
accurately reconstructed because the layer 1 is just free space, while the interface 2 is difficult to
detect. The target reconstructed by TRM shifts about 12.9 cm downward to the actual one with
the dielectric parameters of free space. Figure 3(b) gives the result reconstructed by using the
EISSM under the same conditions as Figure 3(a). The interface 1 is accurately imaged and the
interface 2 has a 3.6 cm error downward to the actual one. The buried target reconstructed by the
EISSM deviates about 6.0 cm downward to the actual one. Compared with the TRM, the EISSM
positions the buried target with more accuracy. To simulate more realistic scenario, Gaussian noise
is added to the measured data. The result reconstructed by the EISSM at an SNR of 5dB is given
in Figure 3(c). From Figure 3(c), Gaussian noise does not affect the positions of subsurface scatters
predicted by the EISSM and just decrease the image contrast.
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Figure 3: Results reconstructed by using (a) TRM with the dielectric parameters of free space; (b) EISSM
with the dielectric parameters of free space; (¢) EISSM with the dielectric parameters of free space at SNR
= 5dB.

4. CONCLUSION

This paper presents an electromagnetic inverse scattering series method (EISSM) for sensing 3-D
object buried in planar multilayered media with unknown dielectric parameters. The advantage of
the EISSM is that it can locate the concealed target without knowing the exact dielectric parameters
of multilayered media. Numerical results demonstrate that the EISSM can position the target
buried in multilayered media with more accuracy than traditional TRM by solely using the dielectric
parameters of free space. For the measured data with Gaussian noise, the EISSM still obtain good
results. The developed EISSM is potentially useful for subsurface sensing the concealed targets in
practice conditions.
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