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Abstract. Scattering from metallic and penetrable objects buried inside the ground is of
interest for remote sensing applications. In this work, a cylindrical scatterer buried inside a
two-layer lossy ground with a sinusoidal air-earth interface is considered, with an incident
field impinging from the air region. Thus, a realistic ground model, with a surface layer of
increased conductivity, is incorporated. The sinusoidal profile adopted to model the
surface roughness is amenable to a semi-analytic (moment method) treatment of the
scattered field. An integral equation approach combined with the extended boundary
condition method has been employed for the formulation of the boundary value scattering
problem. The Green function of the problem and the electric field in the absence of the
scatterer are expressed in terms of Floquet spatial harmonics. The electric field inside the
scatterer is expanded in terms of circular cylindrical wavefunctions and the expansion
coefficients are computed by means of a moment method procedure. Subsequently, the
far-zone scattered field is evaluated asymptotically by means of the steepest descent
technique. Numerical results obtained show that the main factors affecting the scattered
field are the conductivity of the ground and the horizontal position of the scatterer with
respect to dips and lifts of the sinusoidal surface.

Keywords: electromagnetic scattering; underground cylinders; sinusoidal surface; surface
layer.
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INTRODUCTION

Scattering from metallic or penetrable objects buried inside a lossy dielectric half-space, and
the interaction between the scatterers and the surrounding media, has applications to remote
sensing and geoscience [1 — 4] and various other fields as medical physics [5]. A considerable
number of work has been carried out based on the assumption of a flat interface, while some
recent studies incorporate a random rough surface profile (see e.g. [5, 6] and references
therein) which may be addressed by analytical models (e.g. small perturbation approach) or
numerical solutions combined with Mont Carlo averaging. In the present study, the assumption
of a sinusoidal profile for the air-ground interface is combined with a two-layer model for the
structure of the ground. This approach incorporates a more realistic model for the ground (as
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compared with the simple homogeneous halfspace model used in previous literature), while
taking into account both the surface roughness and the surface layer in a way that allows
derivation of good qualitative results for various roughness scales at low numerical cost.

The geometry of the problem is depicted in Fig. 1, where the sinusoidal profile {(X) is
characterized by the height h and the spatial period d as follows

¢(x)=-h co{anj @

The distances of the axis of the cylindrical scatterer from the xz- and the xy-plane are
denoted by A and D, respectively, « is the cylinder radius and n;, np, nz are the complex
refractive indices of the two-layer ground and the scatterer, respectively. The surface layer has
a thickness b with reference to the xy-plane. A TE plane incident wave impinges on the surface
of the ground with its direction perpendicular to the axis of the cylinder, making an angle &; with
respect to the vertical direction. The whole space is assumed magnetically homogeneous (u =

47:107" H/m). A harmonic exp(—jst) time dependence is assumed and suppressed throughout
the analysis.
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FIGURE 1. Geometry of the scattering problem.

An integral equation approach is adopted for the formulation of the boundary value problem
in conjunction with the Extended Boundary Condition (EBC) method. Green’s theorem is applied
to formulate the integral equation for the unknown electric field inside the scatterer.The Green
function of the problem and the electric field in the absence of the scatterer are appropriately
expanded in terms of Floquet spatial harmonics using the EBC method [7, 8]. The electric field
inside the scatterer is expanded in terms of circular cylindrical wavefunctions and the integral
equation is transformed to an infinite system of algebraic equations, which is truncated and
solved for the unknown expansion coefficients of the internal electric field. Evaluation of the
scattered far field in the air region is accomplished asymptotically by the steepest descent
method. Finally, numerical results are obtained to estimate the impact of various parameters of
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the problem and to investigate possible applications to remote sensing and underground
mapping.

FORMULATION OF THE BOUNDARY VALUE PROBLEM

We assume a y-polarized unitary incident electric field E; (F) =V, (F) ¥, with
v (F)=exdj(kosind; x — ko cosh; z) )
where kg is the free-space wavenumber.
We denote by \VO(F) and w(?) the electric field in the absence of the scatterer and the total
electric field, respectively, and by G(F;F’) the electric type Green function of the problem. The
Green function G(F;F’) is also y-polarized and is determined as the response to a unit

excitation parallel to the y-axis located inside the second layer (i.e., z’< —b), which satisfies the
wave equation in two dimensions

[v2 + kZ(F)] G(F;F)=-58(F—F) @)
where
FT=XxX+2Z , I'=X'X+22 (4)
and
Ko = (1 eo)*? o z2>¢(x)
k(F)=1kq = ko(51+101/0380)]/2 , —b<z<¢(x) (5)
ko =Kolep +jos/0ef2 ,  z<-b

is the wavenumber in each of the three layers shown in Fig. 1, while the wavenumber ks
corresponding to the scatterer is defined analogously. The Green function G(F;F’) must also
satisfy the boundary conditions, i.e. continuity at the two interfaces z = — band z = £(x).

Applying Green’s theorem, the following compact integral expression in two dimensions for
the total field \|1(F) in the presence of the scatterer is obtained

w(®)=wolt )+ -k2?) [ [e(r: () o ©
St

where § is the cross-section of the cylindrical scatterer and the observation point T can be in
any region. If T is considered inside the region S, eq. (6) becomes an integral equation for the
total electric field inside the scatterer. After solving the integral equation for the internal electric
field, one can subsequently evaluate the total electric field via (6) by taking T in the region of
interest.

The first step of the above procedure is to determine the total field \VO(F) in the absence of

the scatterer applying the EBC method. To this end, we assume a y-polarized plane wave, as
given by (2), impinging from the air on the sinusoidal surface as shown in Fig. 1. Then, the total
electric field can be written [7, 8] as an appropriate superposition of Floquet modes

wolF)= i %exp{jkﬁ;g .f]+ i %exp{jkﬁ% -F] @)

where the upward or downward directed (corresponding to the supersripts +, respectively)
wavevectors are given by
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K& Kk Rtk 2 , m=012 )
and
. 2nm y2
kxn :kosmei +T ' kmzn:(kmz_kxnz) 9)

The indices m = 0, 1, 2correpond to the regions z > h, — b < z < hand z < — h respectively,
while the selvedge region — h < z < h where a different situation arises, does not need to be
considered in the present analysis. The square roots of kn;n are defined with the appropriate
branch cuts so that the radiation conditions hold

Re(kmzr)zo d Im(kmzr)zo
The incident field from the air region, according to (2), corresponds to

Cgo) = 8nO\/ k 0zn (10)

where oy is the Kronecker delta coefficient. Due to the outgoing wave condition for the field in
the lower region z < — Qy the corresponding upward wave coefficients are identically zero
DWD-0  Vnefw,.,~101.. -+ (11)

Applying the extended boundary conditions on the sinusoidal interface z = £(x), the following
matrix equations [7, 8] are obtained

M = [Rpn]B° - [Rvn (12)
B = [Rpy |5 [Rin]5° (13)
where the tilde (~) deinotes_acolumn m_atrix as follows L o
cy) ol o’y B3
cm—|cm|  Bm-ipM| , &=|af |, B°=|pE
) o | | |6

The elements of the square matrices [R] involved in (12) and (13) are given in the Appendix
and ocﬁ ,Bf, are the Fourier expansion coefficients adopted for the field boundary values of

and Jy /h on the sinusoidal interface. Imposing the boundary conditions at z = — band taking
(11) into account, the following equations are obtained
pY =[L.]cW (14)
c@ =[m]c? (15)

where [Lc] and [M] are diagonal matrices (corresponding to reflection and diffraction of Floquet
waves on the z = — bplane) with elements given by

[LC]nn =R exdeklznb) (16)
[M ]nn =Ty exp{j (klzn -k Zzn)b} (17)
where
Ki,n—K
R —_—%n 2zn 18
" klzn +k 2zn ( )
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Tn _ 2\/ k:lzn k2zn (19)

- k]zn +k 2zn
Combining now (14) with (12)-(13), one obtains
S =-[s]a® (20)

[s]= ([RBl]— [Lc][RBl]Tl([Rﬁl]— [LC][R_Nl]) (21)

Substituting (20) into (12), ocf1 are obtained as
o= ([RE)O][S]— [R?\lo]ylé(o) (22)

The determination of ocf, , f‘] from (20)-(22) leads to the calculation of the column matrices

where

E(m) , B(m) . The coefficients of interest for the present study are C(nz) which, combining (12),
(15), (20) and (22) are found to be

@ = [M]([Rouls]- [Rra) N [Roo 8- [Rivo] ) '€ (23)

The Green function G(T;¥') in the regions z > hand z < — bmay be determined in a similar

way. Since, for application of the integral equation (6), the source point is located in the lower
layer, i.e. Z’ < — b, one may write

on [Gso(FiT) , z>h
G(F; )‘{Gfs(f;?')ms,z(?;?') , z<-b

where Gfs(F;?’) is the “free space” Green function (corresponding to a homogeneous space

(24)

with wavenumber k, ) and GS'O(F;F’) , Gs,z(?i?') are the secondary fields induced in the

corresponding regions. To apply the boundary conditions at z = — band z = {(x) we note that in
both cases the relation z > z”holds, and hence Gfs(?;?’) may be written, according to the well
known Weyl plane wave expansion, as

Gfs(f;f’)=T{exp[jbxj(j;f(’“ )Z]} (25)

where the operator T is defined as

T_ J‘ " expg— jAx' = ju,(1)Z'] (26)

Voo (1)

and

2
uz(x)z(k z—xz)y , Im(v,)>0 (27)
Since the operator T is linear and independent of X and z, the problem is simply reduced to

that of determining the reflected field in the lower region z < — band the diffracted field in the
upper region z > hdue to a plane wave

.y eXgjAX+ ju,l(h)z

\Vk,i(r): r‘{J J 2( ) ] (28)
V(1)

impinging from the lower region z < — bon the plane interface z = — b. Then, the operator T is

imposed to derive the full expressions for GS,Z(F;F') and GS'O(?;F') which correspond to the
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reflected and diffracted fields, respectively. The problem is strictly analogous to that of finding
the field \VO(F) in the absence of the scatterer and can be treated in the same way by

substituting
kosing, < A (29)
Thus, the waves associated with the incident field ,( ) are expressed in a way analogous
to (7)

eXF{JUmn ] Z eXF{JUmn ] (30)

N=—o0 n——oo
where
o) =y Rtv 2 , m=012 (31)
with
2nn 12
_7\,+T ) VUmzn = (k 2_ an) ) |m(l)mzn)20 (32)

The symbol v is used instead of k to emphasize the dependence of the corresponding
wavenumbers on A. The difference from the previous evaluation of q;o(F) is that in the present

case the incident wave comes form the lower region z < — binstead of the upper region z > h
Thus, it should be set

BIZ/(1) =B =5 (33)
APn)=A0 =0 (34)

Application of the extended boundary condition for the sinusoidal profile z = £(x) yields the
following matrix equations

A ()= -{Q5m B2 - [oim a3 (@)
B0 (1)=-{Qbm |5 - [Qtm |53 (36)
where the coefficients ay,; ,Bn, are directly analogous to ap ,By involved in the

determination of the field \VO(F). The matrices [Q] are obtained from the expressions of the

corresponding matrices [R] (see the Appendix) by means of the substitution (29). On the other
hand, application of the boundary conditions at z = — byields

BY (1)=[La, JAOG)+[M, ]BD (1) (37)
A® (1)=[M; JADR)-[Lg, BP0 (38)

where the matrices [La;] and [M,] are determined from [Lc] and [M], respectively, by the
substitution (29), and [Lg;] is diagonal with elements

[L ka]nn = Rn,k eXd— 12022nb) (39)
where
Vin — L
Ry, =—20—20 (40)
Vizn T V2

Eliminating &i and Ef , one finally obtains the following expressions for the coefficients of
interest A%Z)(X) and B%O)(X)
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'&(2)(7&) =M, ][Sa ]([SB]_ [LA,X][SA ] fl[M x]é(z)(m— [L B.. ]-LS’(Z)(K) (41)
©0.)=[So]([Ss]-[Laz 18] ) M, JBP) (42)

where
[5a 1= [Qoa @50 [QRo - [ora) (43)
[55]=|@be|Qbo) *[ono)- i) (44)
[So]= [0 )|QBo) (@80 )- [@to] (45)

Having evaluated A(nz)(k) and B(no)(k), one may impose the operator T to obtain the final
expressions for Gs,z(?i?') and GS'O(F;F')

+w .7\' ] -
Go(F; )= jdx expl- '~ jua (2

6
\/02(7\, Z_ \/UZZn eXdJan —Jognz ] (46)

and

+00
. X
Gslo(r;r):jdk expl= X'~ jo, (R ]Z e exdjuxnx+1002nz] (47)
- Ozn

\/UZ(K

EVALUATION OF THE FAR FIELD IN THE AIR REGION

In the presence of a scatterer inside the second layer of the ground, the incident field is
distorted due to the secondary field excited inside the scatterer. This field may be evaluated by
properly expressing it as a superposition of scalar cylindrical wavefunctions

+00
= Z Em Jm (kSP)eJm(P , Te§ (48)
M=—00
where the local polar coordinates (p, @) are related to the initial coordinate system through
Xx=A+pcosp , z=-D+psing

At this point, one substitutes into the integral equation (6) the expressions (7) with m = 2 for
the incident field, (46) for the secondary part of the Green function along with the well known
eigenfunction expansion for the primary (free space) part of the Green function, i.e.

G (F;T ')—ZH kol -71)= ZJ kzp<) Hplkzp..) ™)
p——oo
where
p.=minfp,p’} ., p.=maxp,p’}

The standard procedure of multiplying by exp(— j®) (S is any integer), integrating over the
cross-section of the cylindrical scatterer and making use of the orthogonal properties of the
cylindrical basis functions over a period of 2x is then applied. Letting s vary over the whole set of
integers, the following set of linear algebraic equations is obtained, whence the unknown
expansion coefficients E;, may be evaluated.
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+00
jnKs(kza’ k3a) Es—] z Ksm Lm(kza’ k3a)Em =

M=—00
Z exp[— ity + JKun + K 220D (49)
n*—oo
where
Ks(x’ Y): X Hs+1(x)Js(Y)_ YJS+1( )Hs(x) (50)
Lm(X,Y)= Y I (Y )3 (X) = XIpya(X) I (Y) (51)

+00 (2)
Kem=J°" Z glzma/d j dxﬂexp[juz(x)m joon(X)D+js®,(1)+jmO(L)]  (52)

oo VM2V 22n

with
T, = sin‘l(%j (53)
@, (%)= tan ‘1{022“@)} (54)
Vxn (7‘)
9(n)= tan‘l[UZTm} (55)

The matrix equation (49) can be truncated and solved numerically. In general, the truncation
size concerning the series expansion of the Green function and the expansion of the incident
field in terms of Floquet modes depends on the parameters k;, k», h/d, lgd; the truncation size

concerning the expansion of the internal electric field depends mainly on ksa and o3. As far as
the convergence of the integrals Ksmis concerned, one may easily verify that it is quite fast, due
to the factor exgjuy(A)D + jus,,(A)D] which decays exponentially with A, while the rest of the
integrand behaves as a power of A, for large A.

Having evaluated the expansion coefficients E;, , the scattered far field in the air region is
determined through (6). To this end, the observation point T is taken in the region z > hand all

known quantities are inserted in (6). Employing the expression (47) for Gso(” ”’) the following
expression for the electric field in the air region is obtained

- 3 .+ 2
WO wolr)=] D Bl Il ksn) 3 exd 1220, 0
M=—00

N=—0o0

where

¢ BOnm . . . . .
- [ dx#{.jnexp[wz(m—JUOZna)Dﬂms(x)ﬂp(um cosp+vamsing)]  (57)

To evaluate the integrals |, when p — +o0, the steepest descent method is applied. The final
result for the scattered far field in the air region is obtained in the same way as in [2]

w(F)-yo(F)= jei™* % e y(p) (58)
oP

where
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+00 +0
U(p)=e 0P ficgsing > Byl )L m(lczot ko) D ex;{j?A]
M=—00

Nn=—o0

Bn‘”(kn(@;))M ext} 1Dl k(o) *+ imdlkn(o) 9)

(ka2 k(o

and
2nn
kn(9)=kocosp—== (60)
As far as the truncation of the infinite series appearing in (59) is concerned, similar
arguments as for the truncation of the matrix equation (49) hold.

NUMERICAL RESULTS AND DISCUSSION

Based on the preceding analysis, numerical results for the scattering amplitude |U((p]

(plotted against the observation angle ¢) have been obtained to examine the dependence of the
scattered field on various parameters of the problem. The parameters varied are the roughness
parameter h/d (surface height) and kod (spatial period), the thickness of the upper layer kb, the
normalized horizontal position of the scatterer A/d, the angle of incidence & and the electric
parameters of the ground and the scatterer. The frequency has been taken at 50 MHz and the
normalized depth of the scatterer has been assumed to be koD = 8, corresponding to a realistic
depth (about 7 m) of possible buried scatterers.

First, the convergence of the solution has been verified by varying the truncation size N for
the expansion of the incident field and the Green function in terms of Floquet waves, as well as
the truncation size M for the eigenfunction expansion of the internal electric field. In most cases,
values of N and M up to 5 and 10, respectively, have been found sufficient to achieve
convergence. It has also been verified that M depends mainly on the characteristics of the
scatterer, while N depends mainly on the characteristics of the profile, namely h/d and kod. For
large conductivities of the ground layers and / or large h/d values, a truncation size N up to 15
may be required. For the values of kod considered, the convergence region of the solution with
respect to h/d is narrower than that encountered in the corresponding case of a one-layer
ground [2]. This is due to the ill-conditioning of the method employed to treat scattering by the
sinusoidal interface in combination with the existence of possible guided leaky waves even for
shallower corrugations than in the one-layer case. Further on, the validity of the solution has
been tested in the limit h — O, where the numerical results compare very well to those for the
corresponding problem with a planar ground surface [9].

From the numerical results obtained, it seems that the factors influencing most the scattered
field pattern are the conductivities of the two ground layers and the position of the cylindrical
scatterer with respect to the dips and lifts of the sinusoidal surface. It has been observed that
the scattered wave tends to emerge following the shortest path inside the ground, a quite
reasonable effect which appears more clearly when the conductivity of the crust is large.
Numerical results obtained for various values of the electric parameters of the scatterer,
relatively close to those of the ground, (e.g. & = 4, o3 = 0,01) have been found to yield
scattering patterns identical in shape to those of the hollow scatterer, though of somewhat
smaller magnitude. The situation is different when the parameters of the scatterer differ by
orders of magnitude from those of the ground, as in the case of underground water streams (&
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= 80, o3 = 4). In this case, the scattering pattern also closely resembles that of a hollow
scatterer (though it appears somewhat suppressed for large observation angles, i.e. above 130°
or so) but the scattering amplitude is about 2,5 times larger. This could be useful in detecting
underground water pipes or streams in desert areas.
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FIGURE 2. Variation of |U(e) | with h/d and A/d. The other parameters of the problem are 8 = 40°, & =
4,01=0,0001, =4, 0,=0,001, &3=1, 03=0,Kkib =2, kex=0,5, kod = 4.
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FIGURE 3. Same as in Fig. 2 but for o; = 0,01.

The magnitude and shape of the scattered field are mainly determined by the effective depth
of the scatterer, which depends on kgD, but also on kgb, o1 and o» and its normalized horizontal
position A/d. This is shown in Figs 2 to 5. Effective depth here means the degree of attenuation
undergone by the incident filed on its way to the scatterer; in this sense, the effective depth of
the scatterer tends to increase as oy and/or Kgb increases (since the upper layer conductivity oy
in all practical cases is larger than o).

10
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When o7 is small (see Fig. 2), many lobes are observed, while the main part of the scattered
energy is concentrated around the ¢ = 90°direction. For larger values of o1 (see Figs 3 and 4),
less lobes are observed. For comparable values of kob and kod corresponding to realistic
situations, the direction of the main scattered lobes depends on whether the scatterer is located
below a lift or a dip of the sinusoidal interface. When the scatterer is located right below (A/d =
0) or near (A/d = 0,8 a dip, the shortest path of emergence from the ground is along the ¢ =
90°direction. When the scatterer is located right below (A/d = 0,5 or near (A/d = 0,4 a lift, two
paths of emergence are favored, and therefore two lobes symmetrical with respect to ¢ = 90°
are observed.

1,4E-03
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1,0E-03 | . \ /’ \ — Ad=0,8

8,0E-04
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4,0E-04 -

2,0E-04

0,0E+00 T T ‘ \ \ \ \ T
0 20 40 60 80 100 120 140 160 180

FIGURE 4. Variation of |U(g) | with A/d, where h/d=0,1, 6 = 20°, & =4, 6,=0,0001, & =4, 05 =
0,001, &5=1, 03=0, kob = 2, ker = 0,5, kod = 4.
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FIGURE 5. Same as in Fig. 4 but for 8 = 50°.
The dependence of the scattered field on kob , i.e. the surface layer thickness, is shown in

11
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Fig. 6. Larger values of kob result in a severe decrease of the scattering amplitude, with the
shape of the radiation pattern remaining more or less unchanged; this, of course, is to be
attributed to the attenuation of the incident as well the scattered wave by the lossy layer.
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FIGURE 6. Variation of |U(¢) | with kb, where h/d=0,2, Ald=0, 8 =20°, &,=4, 6,=0,01, £,= 4, 05 =

0,001, g5=4, 03=0, ke =1, kod = 4.

In Figs 7 and 8, the scattering amplitude is plotted for a large surface roughness parameter
h/d and various values of & . Upon comparison of the two figures, it seems that the main factor
affecting the scattering pattern is not the incidence angle but the horizontal position of the
scatterer; two or three dominant lobes are observed, corresponding to the scatterer’s location
below a lift (A/d = 0,5) or a dip (A/d = 0), while the angles of maximum (about 60° and 120°) in
the first case become angles of minimum in the second one.
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FIGURE 7. Variation of |U(p) | with @ , where h/d=0,3, A/d=05, &= &=g=4, 0,= 0,=0,01,

o3=1,kib=2, kea=1, ked = 4.
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FIGURE 8. Same as in Fig. 7 but for A/d= 0.
Variation of the electrical radius koo of the scatterer leads to the results plotted in Fig. 9. As
expected, increase of Ko tends to significantly increase the scattered power and to narrow the
main lobe of the scattering pattern.
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FIGURE 9. Variation of | U(q))| with koer , where h/d=0,3, A/d=0,5,8=20°, ¢s=& =4, 01=0»=
0,001,832 1, 0'320, k0b=2, k0d=4

In Figs 10 — 12, the influence of the surface roughness parameter h/d on the scattering
amplitude is further examined for a relatively low conducting surface layer and various angles of
incidence. It is seen that an increase of the corrugation depth affects to some extent the
amplitude of the scattered field, but with a substantially unchanged shape of the scattering
pattern; to state it in other words, it appears that the main difference is between plane and
corrugated ground and not between grounds with different degrees of corrugation. This might be
attributed to the effect of the preffered shortest path inside the ground, along with the small
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number of nonevanescent Floquet modes (namely 2) corresponding to the value of kod under
consideration. It is also seen that, for either relatively small or large incidence angles (20°, 60°)
an increase in the roughness parameter tends to increase the scattering amplitude, while for an
intermediate incidence angle (40°) the opposite trend is observed.
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FIGURE 10. Variation of |U(¢)| with h/d, where A/ld=0, 6 =20°, & = & =4, 61 = 0,0005 , o, = 0,001,
&=1,03=0,kib=2, keaa=0,5, kod = 4.
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FIGURE 11. Same as in Fig. 10 but for & = 40°.
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FIGURE 12. Same as in Fig. 10 but for & = 60°.

Figs 13-14 present analogous results, varying the surface roughness parameter h/d, for a
surface layer of higher conductivity and two cases of spatial period kyd. The higher conductivity
of the surface layer tends to decrease the scattering amplitude and the number of lobes. It also
seems that a larger value of kod, especially when combined with a large h/d parameter (i.e. for a
large overall surface roughness), results in quite larger fluctuations in the scattering pattern.
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FIGURE 13. Variation of | U(e)| with h/d, where A/ld=0, 6=60°, &,= & =4, 61=0,01, 0»= 0,001, &
=1, 03=0,kb=2, kea=0,5, kd = 4.
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FIGURE 14. Same as in Fig. 13 but for kod = 8.

We note that in the opposite case of a small spatial period (kod = 2), the corresponding
results (not shown here) are very similar to those of [9] for the planar ground surface, with only
one lobe; this may be explained based on the fact that the only significant Floquet mode
reaching the scatterer (i.e. the only nonevanescent Floquet mode diffracted by the grating
surface) is the zeroth-order one, easily verified to be along the direction given by Snell's law (as
for a planar surface).

Finally, in Fig.15 results concerning underground water pipes are shown, which compared to
the corresponding ones for a hollow scatterer (e.g. as in Fig. 13) are seen to yield patterns of
similar shape, but significantly larger in magnitude.
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FIGURE 15. Variation of | U(e)| with h/d, where A/ld=0, 6 =20°, &= =4, 61=0,01, 0, = 0,001, &
=80, 03=4,kib=2, kea=0,5, kyd = 4.
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CONCLUSIONS

The extended boundary condition approach has been employed to treat scattering of TE
waves from a cylindrical scatterer buried inside a two-layer lossy ground with sinusoidal air-
earth interface, allowing investigation for roughness depths substantially larger than
perturbatively treated random roughness models. The numerical results obtained for the far-
zone scattered field show that the factors mainly affecting the scattering amplitude are the
conductivities of the ground layers, the horizontal position of the scatterer and its electric
parameters.
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