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Electromagnetic Scattering From a Dielectric
Cylinder Buried Beneath a Slightly
Rough Surface

Daniel E. LawrencgStudent Member, IEEEBNd Kamal Sarabandrellow, IEEE

Abstract—An analytical solution is presented for the electro- buried object, including the direct backscatter and all multiple
magnetic scattering from a dielectric circular cylinder embedded interactions between the object and rough surface. The interface
in a dielectric half-space with a slightly rough interface. The may also be naturally rough. Accordingly, this paper will present

solution utilizes the spectral (plane-wave) representation of the \vtical solution f tWo-di ! | (2-D tteri
fields and accounts for all the multiple interactions between the an analytical solution for a two-dimensional (2-D) scattering

rough interface and the buried cylinder. First-order coefficients Problem involving a buried dielectric circular cylinder below
from the small perturbation method are used for computation a slightly rough surface.
pf the scattered fields from the_rou_gh surface. The deri_vation The analysis of a buried cylinder below a flat surface has
includes both TM and TE polarizations and can be easily ex- aan done analytically by D’Yakonov [4], and subsequently
tendec_i for (_)ther cylindrical buned_ objects (e_.g., cyllndrlca_l sheII,_ has b ined by H drs d0 de 161 wh h
metallic cylinder). Several scattering scenarios are examined uti- as .een examlng y Howar [ lan Quna el ]’.W ere the
lizing the new solution for a dielectric cylinder beneath a flat, Solution was obtained by the eigenfunction expansion of the
sinusoidal, and arbitrary rough surface profile. Results indicate total fields. A number of other analytical studies involving the
that the scattering pattern of a buried object below a slightly scattering from buried objects below a flat interface have also
rough surface differs from the flat surface case only when the |,aan done [7]-[12]. Butler [13] and Xu [14] have solved the
surface roughness spectrum contains a limited range of spatial . - . .
frequencies. Furthermore, the illuminated area of the incident Problem of a buried conducting cylinder of arbitrary geometry
wave is seen to be a critical factor in the visibility of a buried below a flat surface using the method of moments (MoM).
object below a rough surface. In each of these works, the assumption of a flat surface was
Index Terms—Buried objects, ground penetrating radar, rough criticgl for mqthemf';\tical and com_pgtational tractability. For
surfaces, scattering. practical considerations, however, it is necessary to understand
the effect of a rough surface on the scattering from buried
objects. Generally, ground penetrating radar (GPR) systems
|. INTRODUCTION use oblique incidence to direct the strong specular reflection
VER the past few decades, a significant amount @way from the backscatter receiver. While this helps isolate the
O research effort has been spent toward developing a viakéurn from the buried object, rough surface scattering can still
buried object detection scheme. The results of such reseairtierfere with the target return. Only recently has there been
can be applied to buried landmines, pipes, conduits, and otAgy consideration of a target beneath a rough surface. Cottis
buried objects of interest. There are many difficulties associatedd Kanellopoulos treat the scattering from a circular cylinder
with detecting objects beneath the ground due to the existefitgied below a sinusoidal interface, using an integral equation
of clutter and low RF signal penetration into moist soilcombined with the extended boundary condition approach [15]
Recently, the authors proposed an acousto—electromagnatid [16]. Several other numerical studies involving a buried
approach to enhance buried object detection by observing tigect below a rough surface have also been done recently
scattered electromagnetic Doppler spectrum from an obj¢t7]-{21].
vibrated at resonance [1] and [2]. In addition to the object Analytical scattering solutions such as the small perturbation
vibration, the incident and scattered acoustic waves will pertuniethod (SPM) and Kirchhoff approximation are widely known
the interface above the buried object. In a similar detectiémd used to study the scattering from slightly-rough surfaces
technique proposed by Scott [3], a Doppler radar is used [R2]-[24]. To date, the interaction of a buried object with a
conjuction with elastic waves in the ground to detect burig@ugh surface has not been explored analytically. Analytical
objects by anomolies found in the surface vibration. In bogplutions, unlike numerical techniques, are unfortunately
of these techniques, it is important to characterize the relatiited to canonical geometries or small perturbations from
backscatter from the acoustic-induced surface roughness andanonical geometry. Nevertheless, analytical solutions are
valuable in that they do not require a discretization of the
geometry and can provide a benchmark for comparison with
Manuscript received April 19, 2001, revised December 15, 2001. This woﬂ@merical solutions. Furthermore, fundamental insight into the
was supported by DoD HPCMO under a Subcontract from HPT, Inc. scattering mechanisms of a problem can be gained from an
The authors are with the Radiation Laboratory, Department of Electricaha|ytica| approach. In this paper, an analytical solution for a

Engineering and Computer Science, University of Michigan, Ann Arbor, MI . . . . .
48309_2122 USA. P Y 9 Mbur!ed circular _cyllndgr beneath a slightly rqugh surfface [with
Digital Object Identifier 10.1109/TAP.2002.802160 arbitrary one-dimensional (1-D) surface profile] is derived. The
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Wo To first-order, the field initially reflected from the boundary can

% be written

Region O f(x)

(&)

—\-7;_—/-{———/:_ - _/_ - +/ TOl(kw)ej(kéy+k0y)d€_j(k1m+k0yy)dkw 3)

(g) l whereko, = \/k2 — k2. Ro1(k%) andro1(k,) are the coef-
1 ) l ficients for the unperturbed and perturbed components of the

Yo = R01(k;)€j2kéy’iefj(k;m+kéyy)

Region 1 ,

reflected field, respectively. Again to first-order, the field trans-
mitted into Region 1 is

a X
z/)i :TOI(ki)ej(kay_kiy)de_j(kjrx_kiyy)
Fig. 1. Geometry of scattering problem. + / 701 (kg )e? Fov k) dg=i(kew—kiyy) g,
solution .is obtained_by employing.the spectral, plqne—wave rep- _ / [Tol(kz)6(kz _ k;) + TOl(kz)]
resentation of the fields and adding the successive reflections J—co
from the rough half-space boundary and the scattered fields x ¢l (koy—k1y)d o —ilkex—kiyy) g (4)

from the cylinder. All of the multiple interactions are accounted

— 2 7
for in this solution. First-order reflection and transmissiofN€r€k1y = k1 — k2. Toi(k;) and 7o (k) are the coef-
coefficients from the SPM are used for the rough-surfaé'é:'ems for the unperturbed and perturbed components of the

scattering. As a result, the ultimate accuracy of the analytié @nsmitted field, respe_ctivel)_/. Th_e spectral representation in (4)
approach presented here is limited by the accuracy of the sPfpws that the transmitted field is composed of a spectrum of

solution. Details of the analytical development are present@c‘?ne waves traveling in they-direction, specifically deter-

in Section 1l followed by several illustrative examples inmmed byk.:, and weighted accordingly.

Section Il utilizing the new solution. B. Scattered Fields in Region 1

The initial scattered field from the cylinder can be found by
N ] ) treating each plane wave of the transmitted field in (4) as being
A. Initial Reflected and Transmitted Fields incident upon the buried cylinder. The eigenfunction solution
Consider a plane-wave incident upon a slightly-rough surfates the scattering of a plane wave from a cylinder in a homoge-
(1-D roughness) with a dielectric cylinder of radiusuried at neous medium is well known [25]. For a single, unity amplitude
a depthd beneath the surface. The geometry of the scatteriptine wave incident at an angje the scattered field is
scenario is shown in Fig. 1. The surface of the half-space has a

Il. ANALYTICAL DEVELOPMENT

1-D profile given by the functiory (). The Fourier transform dr=Y GTAHP (kip)eln =00 (5)
of this function is needed in the development that follows and is n=—o00
defined by where 4,, are mode coefficients for the scattered field. De-
Fk) = 1 / F(z)eik=® da. (1) pending on the polarization, these coefficients are
2 —o00 Z—;Jn(kla)J,’l(kga) — J;L(kla)Jn(kga)

The method used in this section to solve for the scattered fiefdr = (TM Casg

. (2) 1. omoq (2) /1.
in Region 1 will employ the spectral representation of the fields. Iu(kpa)Hn™ (kra) = 30y (kaa) Hi™ (kra)

Since analytical solutions for the scattering of aplanewave from i Ju(k1a)J; (kaa) — J; (k1a) ], (kaa) TEC
a slightly rough interface and the scattering of a plane wave fr 7 (kza)Hff)'(kla) _mg (k'ga)Hflz)(kla) ( asg.

nmon

a cylinder are known, the solution will be formed by adding
the successive scattered fields from the rough interface and B this paper, only a solid dielectric cylinder is considered, but
cylinder. Both TE and TM polarizations will be treated simulin general, the mode coefficients for other cylindrical objects of
taneously by using only general expressions for the reflectdaterest such as a metallic cylinder or dielectric cylindrical shell
transmitted, and scattered fields. In this paper, we define TE a¢ruld be inserted fad,,. With ] incident upon the cylinder, the
TM to be transverse to the axis of the cylinder, thaxis. Note scattered field can easily be written to account for the spectrum
that this is the usual convention for cylinder scattering problens, incident plane waves by integration ovgr. Integrating the

but is opposite the usual convention for rough surface scatterigggenfunction solution in (5) over, and using the appropriate

The incident field is expressed weighting from (4), the initial scattered field becomes
i —j(kia—kl 4 co
vy = @ g2 [5Gl ]
wherey) is a scalar quantity equal #. for the TM case oiff . —%© p=—co
for the TE case. Using the SPM solution, the reflected and trans- X [To16(ks — kL) + 701 (k)] ed(koy—ky)d gp.
mitted fields at the interface with no cylinder present can be ob- o
tained. Complete expressions for the relevant coefficients of the  — Z FT AL HP (kyp)edn? [Cr(tl) + ADS)] (6)

reflected and transmitted fields are provided in the Appendix.

n=—oo
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where Both ADS) andAlI7, ,, are small quantities containing the per-
NP , IR turbation parametef. By keeping only first-order terms i\
CW =Ty (ki )ed (Fou=FiyJdg=intan™ (=hi, /k2) we can rewrite (9)
AD’I(’Ll) = /OO TOl(kz)ej(kéy_kly)deijntanil(7k1y/kz)dkz~ oo
e ¢ = 3 T AHPD (p)e™ [CP) + ADP| (10)
A here denotes a small quantity singg(k..) is directly pro- n=-00

portional to the small-surface roughness. The expression in (6)

is the scattered field resulting from the first interaction withvhere

the buried cylinder. Subsequent calculations will add the con-

tribution from the successive reflections from the boundary and c® _1 Z A COe

scattering from the cylinder. Using the integral expansion of -
HP (k1 p)ei™? [26], (6) can be expanded into its spectral rep- "o
resentation as ADT(?) :l Z A, (C,Q)Alﬁ,’z o ADS)I% n) )
= ; :
1/}51) _ l /oo e—j(kxz—i-klyy) io: An m=—o00
T J—oo Fy n=—o0 Equation (10) represents the second scattered field from the

% [07(11) n ADS)} ejman*l(kly/km)dkw. @) buried cylinder. In general, thgh scattered field can be written

This representation is seen to be a linear combination of plane, (¢) _ — A H (e p)eimd (0@ 4 AD@ 11
waves propagating in they-direction, specifically determined r- Z J nH7 (kip)e [" + "} (11)

by k. and incident upon the rough surface from below. Hence, e
the reflection coefficients from the SPM solution can be irb'vhere
cludedinthe integral, and the downward traveling field reflected
from the perturbed boundary becomes =
. cw == 3" A,cl v, (12)
Pl 1 1) )] jntan=" (k1 /k1z) T oo ’

' = / = A, [o,g +ADS }e v -

T Jk, F1y ne—oo AD’EL’I) :l Z Am

X [Rlo(kx)e_gjklyde_j(k’”x_klyy) & m=—o0

x (Cla=YATR 4+ AD-Dre ) (13)
+/ r10(ka, klx)e*j(kdwrkiy)de*j(kéwfkiyy)dk; ( ’ ’ )
k;, - .
% dk ®) Note from (12) and (13), that thgth coefficients are found in
“ terms of the ¢—1)th coefficients, indicating the recursive nature

Reflection coefficients with subscript “10” are used since tHg this solution. The total scattered field in Region 1 can be
fields are incident from Region 1. The superposition of dowrPtained by adding each successive scattered field. That is

ward traveling plane waves described by (8) now become in-

cider)t upon the cylinder. ane again, thg known eigenfunction by = i 1/;(‘1) (14)
solution for the scattered field from a cylinder with plane wave 1= 1
incidence is employed. Integrating the eigenfunction solution =1 -

in (5) overk, and using the appropriate weighting from (8), the
second scattered field from the cylinder can be written

M

> 0 AHP (kip)e™?

g=1n=-—o0
i , D+ ApW@ 15
W = Y AR (kyp)e <o+ ani] (19
= = D i AHD (kip)e?
x | = Ay (CD £ ADWDY) (12 +AIZ )| (9) ==
R R e am a9
where where
1 . . .
Igz.n :/ Rlo(km)efhklyde]mtan (k1y/k2) 0o 0o
Sk, Ry C.=Y O andAD, =Y ADY. 17)
> efjntanfl(fkly/km)dkz g=1 a=1
1 (L / . . .
AlL, :/ / k—no(kx, k;)e”(klﬁkly)d One way to calculate the coefficierds and AD,,, is to begin
ko Sk My with the known coefficients from the first interactiof’" and

x edm tan‘l(kly/km)e—j""a“_l(‘kiy/’“;)dk’xdkm. D,(f), use the recursive (12) and (13), and add each successive
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term until the result converges. An alternative method for olhere
taining the coefficients, which includedl the multiple interac- 1
I»Zu _/
k

tions, can be seen by rewritird, in (17) Tw(kz)eintan’l(kly/kx)

oo M1y
0o x ed(koy—=k1y)d o —i(ksztkoyy) gr.
o (¢+1) -
C, _Cn + Z qu (18) AJtP :/ / 1 TlO(ka:~ K )ejntanfl(kly/kx)
g=1 n k. . kly y v
Eagy , (K, —kay )d =i (K, a+kl,y) 71/
=cM) z A,,CD v 19 x 3 (koy—k1y)d o =i(koa+ko,y dk dk,.
W+ ; - m;w L . (19)
. = The total scattered field in Region 0 should include the initially
=CcWM 4 = Z ApCon Y . (20) reflected component from the rough interfacg, from (3).
T o= ’ Accordingly, the total scattered field in Region 0 becomes
Equation (20) represents and infinite set of equations to solve o = o + Y. (26)
for the unknown coefficients;,,. For computational purposes,
a truncation inn. andm can be chosen to conveniently solve
IIl. SIMULATIONS

the system using matrix techniques. SimilayD,, can be
rewritten Several cases are considered to demonstrate the general so-
lution derived here and to illustrate the effect of the half-space
and rough surface on the scattering pattern. In each case, the
specular component of the initial reflected wave from the inter-

- - face is not included. In order to calculate the far-field scattering
:ADS) n Z 1 Z A, pattern, the highly oscillatory integral$* and A7*? must be

q=1 T

AD, =AD{) + Y AD{H (21)

q=1

evaluated using the saddle point integration technique [27]. On

m=—00

the other hand, the integralg, , andAI? . can be evaluated

x (053>AI£;,n + ADSZ)I#L,n) (22) directly provided the buried cylinder depti, is within a few
1= wavelengths of the surface. Otherwise, asymptotic evaluation
=ADM + - N A, of these integrals is also required. The scattering scenarios to be
[ — presented include a dielectric cylinder buried beneath a: 1) flat
X (CmAIfn’n + ADmI;;l’n) . (23) surface; 2) sinusoidal surface; and 3) an arbitrary rough surface.

Once again, an infinite set of equations is obtained. Note that tﬁe Flat Surface

coefficientsC,,, found from (20) are used here to solve f5D,, . When there is no surface variation, the scattering solution
Itis worth mentioning again, that although a truncationiand simplifies considerably. Terms containing the perturbation pa-
m is required to solve (20) and (23), the resulting coefficientameterA become zero, and the solution in (25) reduces to
include all the multiple interactions between the rough surface

he buried cylinder. 1 ¢ u
and the buried cylinder o = - Z A, Co Tt 27)
C. Scattered Fields in Region 0 n_ioo

In order to compute the scattered field in Region 0, the Scﬁl_though obtained by a different method, (27) is equivalent to

teredfield in Region 1is first expanded into spectral form. Usin e solution found in [3]. As an example, consider a dielectric

. - ) /1. ing i lindere = 2.25¢q, with radiusa = 0.16), buried below a
22)'?:2(;?:]22%”3'0” aify.” (v p)e’™?, the scattered field of flat surface at a deptth= 1.3)\,. For a TE plane-wave incident

at 30 from they axis (¢; = —60°), Fig. 2 shows the bistatic
o scattering (far-field) pattern for different background permittiv-
b = 1 / Le—j(kmm-i-kwy) Z A, ities. The far-field radar cross section (RCS) pattern shown in
T Jr, Fiy oo each of the plots is calculated by = lim,_.. 2mp [¢* /¢ |%.

In addition to reducing the magnitude of the scattered field, the
presence of the interface and background permittivity also sig-

) , nificantly affect the scattering pattern of the cylinder. Note that
The spectrum of upward traveling plane waves described by t null'in the free space scattering pattern located atid0

equation are transmitted through the interface and scaled by f_l?g 2 moves outward, and ultimately disappears, as the back-
transmission coefficients to produce the scattered field in -ound dielectric constant is increased

gion 0. Once the transmission coefficients are included, the scat-
tered field in Region 0 can be expressed B. Sinusoidal Surface

X (Co+ ADy) e 207 /K g, (24)

oo A great deal of insight into the scattering from objects buried
v = 1 Z A (Cp + ADy,) (I + AIP) (25) below a rough interface can be obtained by looking at the
T scattering from a cylinder below a sinusoidal surface. Also, the



1372 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 10, OCTOBER 2002

3sl ---  Flat Surface |
B ——  Sinusoidal Surface
_60 1 1 1 1 1 1 i1 L _40 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
¢ (deg) ¢ (deg)

Fig. 2. Effect of ground permittivity on the scattering pattern of a dielectrifig. 3. Effect of sinusoidal surface roughness on the scattering pattern for
cylinder,e = 2.25¢(, with radiusa = 0.16, buried atdeptld = 1.3X\o,and A, = 0.25X;, @ = 0.16),.
¢; = —60°. (Unperturbed TE Case.)

expressions derived in this paper for a general rough surfs -22 1
simplify when the surface roughness is sinusoidal. Noting th
the Fourier transforn¥'(k,) of a sinusoidal surface variation
(and hence the SPM coefficients) are composed of Dirac de -26f
functions, the double integrals /2, . in (23) andA7/? in (25) o8
both reduce to single integralsin. This simplification reduces
both the complexity and computation time of the squtior%-SO-
Figs. 3—-6 demonstrate the effect of a sinusoidal surface
the scattering of a TM plane wave incident gt = —60°
upon a buried dielectric cylindes, = 0.16)¢, € = 2.25¢o and -34
€1 = (4.0 —j0.01)¢g, buried at a depthf = 1.3\, below the  _z4}

-32r

surface. Note that the discrete Floguet mode components ———  Flat Surface
the initial reflected field are not shown. The surface variatio 58] ——  Sinusoidal Surface
function is —40 . : - . - L . .

0 20 40 60 80 100 120 140 160 180

o ¢ (deg)
f(z) = 0.0064), cos <—z) (28)
As Fig. 4. Effect of sinusoidal surface roughness on the scattering pattern for
As = 040y, a = 0.16 .
where); is the period of the surface which is varied frOml5\g

in Fig. 3t02.0)¢ in Fig. 6. As seen in Fig. 3, the scattering pat. -20 . . - - : . . .
tern for A\, = 0.25)\q is almost identical to that of a flat surface.
Onthe other hand, the scattering pattern is significantly chang
for A\, = 0.4)¢ and0.6)\q as shown in Figs. 4 and 5. Note, how- -24
ever, for\, = 2.0\, shown in Fig. 6 that the pattern once agair _pg|
approaches that of a flat surface. The conclusion here is tt
the scattering pattern of a buried object is only significantly ai
fected by a limited range of (spatial) surface frequencies, aI$ _so|
roughness outside this frequency range does not alter the s(®°
tering pattern. To determine whether this effect is depende
upon the size of the buried scatterer, simulations were repea -34-
for a cylinder of radius: = 1.0\ buried at depthl = 1.3)¢.
Results are shown in Figs. 7—10, and confirm that surface roucg
ness outside a limited range of frequencies does not affect { -3ssf
scattering pattern of a larger buried object. Although not show 20 _ , , , , , , ,
this result holds for the TE case as well. 0 20 40 60 8 100 120 140 160 180
It is well known that the SPM scattering solution for randon, ¢ (deg)

rough surfaces _(WithOUt bl_med objects) is only valid when thﬁg. 5. Effect of sinusoidal surface roughness on the scattering pattern for
surface correlation length is small [28]. Hence, a relevant ques-= 0.6, « = 0.16X,.

- Flat Surface
——  Sinusoidal Surface
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Flat Surface
Sinusoidal Surface

-30 . . . h N I " N
0 20 40 60 80 100 120 140 160 180

¢ (deg)

Fig. 6. Effect of sinusoidal surface roughness on the scattering pattern fgg 9. Effect of sinusoidal surface roughness on the scattering pattern for

As = 2.0, a = 0.16A,.

o (dB)

Fig. 7. Effect of sinusoidal surface roughness on the scattering pattern ﬁq@ 10.
As = 0.25Ag, @ = 1.0.
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As = 0.6, a = 1.0A,.
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-12}

-14}

-16+

Flat Surface
Sinusoidal Surface

_30 . . . h N " N N
0 20 40 60 80 100 120 140 160 180

¢ (deg)

Effect of sinusoidal surface roughness on the scattering pattern for
As = 2.0Ag,a = 1.0,

tion to ask is whether the SPM solution is even valid when the
sinusoidal surface has a long period. To address this question,
a comparison is made between the SPM solution and the solu-
tion obtained from the extended boundary condition (EBC) ap-
proach for a sinusoidal surface without a buried object. The EBC
solution, outlined in [29], provides coefficients for the discrete
angular spectrum of plane waves scattered from the surface and
propagating along

where
i . 2™ [12 19

S

The subscript denotes thexth scattered plane wave and is re-

Fig. 8. Effect of sinusoidal surface roughness on the scattering pattern fg,rred to as the:th Floquet mode. A comparison between the

As = 0.4X0,a = 1.0A,.

SPM and EBC reflection coefficients for modes in the range,
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TABLE | 0.2 T T T T T
MAGNITUDE COMPARISON OFFLOQUET MODE REFLECTION COEFFICIENTS
FROM A SINUSOIDAL SURFACE, f(x) = 0.0064X, cos(2m/Ax), USING 015k J

EBCAND SPM. TM CASE WITH ¢»; = —60° AND €; = 4.0¢q

01}
Mode A = 0.1 A = 1.0X As = 10

0.05F B

n EBC SPM EBC SPM EBC SPM
< o /\/\/\/\/\/\/\/\W
-2 2.014e-4 - 2.420e-4 - 2.336e-4 -

-1 2.028e-3 | 1.990e-3 || 1.329¢-2 | 1.330e-2 || 1.295e-2 | 1.296e-2

0 3.809e-1 | 3.820e-1 || 3.816e-1 | 3.820e-1 || 3.815e-1 | 3.820e-1 -0 E
+1 1.838e-3 | 1.796e-3 || 2.152e-2 | 2.152e-2 || 1.376e-2 | 1.377e-2 _015} 4
+2 2.020e-4 - 3.761e-4 - 2.3086—4 - 02 ) ) ) ) )
i3 -2 -1 0 1 2 3
XA,
TABLE 1l

Fig. 11. Single realization of Gaussian rough surface.
MAGNITUDE COMPARISON OFFLOQUET MODE REFLECTION COEFFICIENTS

FROM A INUSOIDAL SURFACE, f () = 0.0064\ cos(27 /A x), USING EBC

AND SPM. TE QSEWITH ¢»; = —60° AND €; = 4.0¢ rough surface scattering literature, this is usually accomplished
by either tapering the incident wave or limiting the extent
Mode As = 01X As = 1.0Xo A = 10X of the rough surface. For the examples presented here, a
Gaussian scaling functiorxp[—8(x/L)?], is used to taper
n | EBC | SPM | EBC | SPM | EBC | SPM the generated rough surface, with the consfamtroviding a

measure of the illumination length. Another consideration is
the computational complexity of the double integrald?, ,,

-1 || 1.102¢-2 | 1.075e-2 || 1.700e-2 | 1.701e-2 || 1.029e-2 | 1.030e-2 andA[I'?, for an arbitrary rough surface. These integrals can be
made computationally tractable by assuming the rough surface
0 |l 2820e-1|2.829¢-1 || 2.823e-1 | 2.829%-1 || 2.825e-1 | 2.829-1 5 phe periodic, reducing the double integrals to a summation
of single integrals weighted by the Fourier series coefficients
of the periodic surface. This is a reasonable simplification for
+2 || 2.275e-3 - 1.397e-4 - 1.436e-4 - a shallow object because the object/rough surface interaction
only takes place in a limited area directly above the buried
object. Hence, the reduction does not significantly affect the
—2 < n < 2,aregiven forthe TM and TE cases in Tables | angccuracy of the solution provided the period is sufficiently
I, respectively. Since the SPM coefficients are proportional f@rge & 10\, and > a). One should note that the surface
the Fourier transform of the surface variation function, and the 3ssumed periodic only for the two integrals which account
Fourier transform of a sinusoidal function contains Delta fungy, the object/rough surface interaction. All other integrals are
tions located ak, = +27/),, SPM coefficients for a sinu- gyg|yated directly.

soidal surface only exist fon = +£1. It is not necessary for  consider the same dielectric cylinder used in Fig. 2 buried ata
the first-order SPM solution to predict higher order modes b@epthd = 1.3\, below the rough surface shown in Fig. 11. The
cause the EBC coefficients for = +2 and higher are seengyface profile is a sample of a random process with a Gaussian
to be at least an order of magnitude smaller tharvthe +1  gytocorrelation function with correlation lendir2\, and rms
coefficients. Thex = 0 component is simply the Fresnel reﬂec‘height0.0l)\o. The permittivity of the ground medium is =

tion coefficient from an unperturbed, flat surface. As seenin tt@@.o — j0.01)e. For a TE incident plane wave &t = —60°,
tables, the SPM solution accurately predicts the Floquet mogi scattered, reflected, and total far-field patterns are shown in
coefficients for the three dominant modes= 0, +1), and the Fig. 12 for an illumination length of. = 1.25),. When there
agreement is maintained as the period of the surface variatiofsigo cylinder present, the only scattered field is the initially re-
increased. Although not shown, the SPM solution for the trangacted field, 7, from the rough surface. When the cylinder is
mission coeffiecients have similar agreement. These r93U|tstﬁroduced, the total scattered field is obtained by coherently
tify the use of the SPM coefficients in the new solution presentg@ding the cylinder component;s, to the initially reflected

-2 2.304e-3 - 1.158e-4 - 1.965e-4 -

+1 1.093e-2 | 1.075e-2 || 1.818e-3 | 1.818e-3 || 9.442e-3 | 9.448e-3

here and validate the results shown in Figs. 3-10. field. For this particular illumination length and surface rough-
) ness, Fig. 12 demonstrates that there is a noticeable increase in
C. Arbitrary Rough Surface the total scattered field when the cylinder is introduced, making

The final example involves the scattering from a cylindesbject detection possible. An increase in the rms height of the
buried below an arbitrary surface profile. In order to limit theurface roughness will, of course, increase the amount of inter-
amount of reflected energy from the surface, it is necessdgrence caused by the surface scattering component and make
to limit the area illuminated by the incident field. In theobject detection more difficult. Another factor influencing the



LAWRENCE AND SARABANDI: EM SCATTERING FROM A DIELECTRIC CYLINDER BURIED BENEATH A SLIGHTLY ROUGH SURFACE

0 T T T T T T T

Surface Scattering, ‘VB

Cylinder Scattering, y?

Total Field, y+y5

-40F . \

\ 7
/ \ 1

20 40 60 80 100 120 140 160
¢ (deg)

180

1375

limited only by the accuracy of the first-order SPM coefficients.
The examples illustrate the usefulness of the solution and pro-
vide insight into important scattering properties. It was shown
that the scattering pattern from a cylinder below a rough surface
is only significantly different from the flat-surface case when
surface roughness contains a limited range of spatial frequen-
cies. Surface frequencies outside this range do not cause a sig-
nificant change in the scattering pattern. It was also shown that
the area illuminated by the incident wave should be close to the
size of the object in order to increase the visibility of the buried
object below a rough surface. The solution presented here can
be easily extended for other cylindrical buried objects such as
dielectric shells or metallic cylinder and may be useful in the
development of inversion algorithms for buried targets.

APPENDIX
SMALL PERTURBATION METHOD PARAMETERS

Fig. 12. TE scattering pattern of dielectric cylinder buried at depth, Forthe TM case, the unperturbed reflection and transmission

d = 1.3\, below arough surface with = 1.25\¢ ande; = (4.0—30.01)¢,.
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Fig. 13. TE scattering pattern of dielectric cylinder buried at depth,
d = 1.3, below a rough surface with = 5.0\, ande; = (4.0 — 70.01 )eo.

visibility of a buried target is the illumination area. An increase
in the illumination area will increase the initially reflected field,

180

coefficients are

k01 - kh kl'r - kO'r
Roi(ky) =—2— and Rio(k,) = —2—2(30
01( ) kOy + kly 10( ) kly + kOy ( )
2]601 2k11
Toi(ky) =—"2— T =—-Y (31
01(/i,x) k‘oy n k‘ly and 10(kw) k‘ly n k‘oy (3 )

and the TM perturbed components from the SPM are
(kg — k3)2K,
(koy + k1y) (ko + K7,)
—(k? — k§)2k1,
(k1 + ko, ) (k1y + koy)
Tgl(kx) :7“()1(k'm) andﬁo(k'm, k;) = 7‘10(/1'1, k;) (34)
For the TE case, the unperturbed reflection and transmission
coefficients are

7"01(’%) = jF(kx _k;)

(32)

Tlo(kmv k;) = JF(k.;c - kx) (33)

_ k%kOy — k(%kly

Ro1(k2) _m and
Ruo(k.) =H (35)
To1(kz) :k%k:ﬁ—% and
Tho(hy) =g 200 (36)

" kZkyy + k2o,

but will not significantly increase the scattering componentfroglnd the TE perturbed components from the SPM are

the cylinder. Consequently, for buried-object detection the illu-
minated area should be as close as possible to the size of the
buried objects of interest in order to minimize the interference
caused by the rough surface. To illustrate this point, the rough
surface from Fig. 11 was simulated with a longer illumination
length,L = 5.0, and Fig. 13 displays the corresponding scat- 7y (k,, k.,) = —
tered fields. As expected, the longer illumination length is seen
to increase the interference from the rough surface, making ob-

ject detection more difficult.

IV. CONCLUSION

An analytical solution for the electromagnetic scattering from
a dielectric cylinder beneath a slightly-rough surface has been r4(k,, k) = —
presented. This solution accounts for all of the multiple interac-
tions between the rough surface and the buried cylinder and is

(kg — ki) (kaks ki — Ky ki, k) 2k,
rorhe) = Kakyy) (KR, + k2K
(kfkoy + k3k1y) (K3 oy T Ko 1y)
x jF (k. — k) (37)
(k2 = k) (K, kok3 — kb, koyk?) 2k1,
(Kgkr, + k2ko,) (k1 + kikoy)

x jF(ky — k) (38)
P (R koy + KBy (K2HG, + K3k,
X jF(ky — k&) (39)
(kf — k%) (k;kT + k’lykoy) k%ley
(Kgke, + kiko,) (kgky + kikoy)
x jF (K, — ka). (40)
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