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Abstract—An electromagnetic scattering solution for the inter-
action between a dielectric cylinder and a slightly rough surface
is presented in this paper. Taking the advantage of a newly
developed technique that utilizes the reciprocity theorem, the
difficulty in formulating the secondary scattered fields from the
composite target reduces to the evaluation of integrals involving
the scattered fields from the cylinder and polarization currents
of the rough surface induced by a plane wave. Basically, only
the current distribution of isolated scatterers are needed to
evaluate the interaction in the far-field region. The scattered
field from the cylinder is evaluated in the near-field region
using a stationary phase approximation along the cylinder axis.
Also, the expressions for the polarization current induced within
the top rough layer of the rough surface derived from the
iterative solution of an integral equation are employed in this
paper. A sensitivity analysis is performed for determining the
dependency of the scattering interaction on the target parameters
such as surface root mean square (rms) height, dielectric constant,
cylinder diameter, and length. It is shown that for nearly vertical
cylinders, which is of interest for modeling of vegetation, the
cross-polarized backscatter is mainly dominated by the scattering
interaction between the cylinder and the rough surface. The
accuracy of the theoretical formulation is verified by conducting
polarimetric backscatter measurements from a lossy dielectric
cylinder above a slightly rough surface. Excellent agreement
between the theoretical prediction and experimental results is
obtained.

Index Terms—Cylindrical scatterers, electromagnetic scatter-
ing, rough surfaces.

I. INTRODUCTION

rough interface representing the ground. Most scattering mod-
els developed for this problem are based on single scattering
properties of the scatterers [1]. In these models, the scattering
interaction among the vegetation particles, and the vegetation
particles and the rough surface are ignored. In more advanced
models such as radiative transfer [2] (numerical or second-
order iterative solutions), the scattering interaction among
scatterers are accounted for assuming that the particles are
in the far field of each other. This is not an accurate model
because most vegetation structures contain large particles
such as tree trunk, long branches, and the main stems for
grasses. The length of these particles are comparable to the
vegetation layer thickness and are usually much larger than
the wavelength. In these cases, the near-field interaction,
as opposed to the far-field interaction, must be taken into
account [3]-[5]. Experimental results indicate that although
the first-order scattering models are capable of predicting the
copolarized backscatter adequately, they are not able to predict
the cross-polarized backscatter within a desirable accuracy [6].
The underlying ground plane, its dielectric constant and
surface roughness play an important role in determining the
scattering behavior of a vegetation-covered terrain. Existing
scattering models for vegetation account for the interaction be-
tween the ground and the other vegetation scatterers by model-
ing the ground plane as a flat half-space dielectric and using the
image theory. The effect of the surface roughness is accounted
for by simply modifying the Fresnel reflection coefficient [7].
Therefore, the backscatter from an individual scatterer above

HARACTERIZATION of scattering behavior of targetSye ground plane simplifies to four major scattering mecha-

Cabove rough surfaces has a number of important practical g including: 1) the direct backscatter from the target; 2)

applications. Assessing the performance of a radar systemy|Qatic scattering from the target reflected from the ground
detecting a point target in a clutter background like a lowsjane. 3) pistatic scattering from the target illuminated by the
flying aircraft or a military ground vehicle can be mentionefhfected incident wave: and 4) backscatter from the target illu-
as one such application. In radar remote sensing of vegetatigpn ateqd by the reflected wave. Obviously, this solution ignores

accurate scattermg models that can d_escnbe the |ntera\_cq8Q near-field interaction between the target and surface rough-
of electromagnetic waves and vegetation-covered terrainjSqq \yhich is the subject of the investigation in this paper.
of great importance. The common approach is t0 regardrps nyrnose of this study is to develop an analytical
the vegetation-covered surfaces as a random collection fy compytationally tractable solution in order to investigate
dielectric partlcles with canonical geometrles_ such as cyllnd_eﬂzﬁe significance of the interaction between a cylinder and a
representing IStemS z:\)nd brahncl?es andd_trlun (_j|e|ec(tjr_|c di$kBigh surface. Our approach is based on a recently developed
representing leaves above a hail-space dielectric medium V\{Jélahnique which provides the dominant scattering interaction
Manuscript received June 23, 1997; revised January 12, 1998. This wiretween two arbitrary objects [4]. This approach is very
was supported by NASA under Contracts NAGW-4180 and JPL-958749. efficient since only the current distribution and scattered fields
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0018-926X/99$10.001 1999 IEEE



CHIU AND SARABANDI: EM INTERACTION BETWEEN DIELECTRIC CYLINDER AND ROUGH SURFACE 903

Section 1I-A. In Section 1I-B, expressions for the scattered
fields in the near field region of a tilted dielectric cylinder
is provided. In Section II-C, expressions for the polarization
currents induced in the top layer of a slightly rough sur-
face with an inhomogeneous dielectric profile are presented.
To simplify the calculation, a theorem is developed which
indicates that in the backscattering direction the near-field
interaction of the cylinder with the rough surface is equal to the
interaction of the rough surface with the cylinder. This theorem
is discussed in the Appendix. A sensitivity study is carried oftg. 1. Configuration of the scattering problem.

and the pertinent results and discussion are provided. Also,

polarimetric backscatter measurements are performed at gaeupied by object2. Applying the reaction theorem [14]
bistatic scattering facility of the University of Michigan inover the entire space results in

support of the theoretical model.

/ (E1XH62—E€2XH1)'ﬁd8
Il. THEORETICAL ANALYSIS See

Analytical scattering solution that accounts for the near-field = _/ J1-Eep dv - / J12 - Eea dv
. g ; . Vi Vs
interaction between a cylinder and a rough surface is devel-
oped in this section. The solution is composed of three basic +/ Joo -Eqdv+p-Eq. 3)
Va

formulations: 1) the fundamental formulation based on the
reciprocity theorem, which provides the scattered field up tdsing the radiation condition, it can easily be shown that the
the first-order interaction; 2) analytical expansions for the ifrtegral on the left-hand side vanishes. Also by substituting
duced current and the scattered field from a dielectric cylindé€t) and (2) into the second and the third integrals on the right-
and 3) the induced polarization current and the scattered fitland side, it can be shown that the last two integrals cancel
from a half-space with rough interface. In what follows, theach other. Therefore, the sum of the primary scattered field
aforementioned formulations are described briefly and then,fiem objectil and the secondary scattered field from object
Section II-D, are combined to arrive at the desired polarimetri@ is given by

backscattered expressions for the cylinder-rough surface target.
ﬁElz/ Jl'EegdU. (4)
v

-
1

A. Electromagnetic Scattering from Two Adjacent Objects ] ] ) ] )
Applying this technique, the scattering formulation for a

_ A general method was developed for characterizing scati§fa|ectric cylinder above a slightly rough surface which in-
Ing |nteract|on betvyeen two adjacent target US'”Q the S(_:atte”&gdes the near-field interaction between the cylinder and the
properties of the isolated scatterers [4]. In this section, Wg,qh surface can be obtained. The geometry of the scattering
briefly summarize the method and focus on its application B?oblem is shown in Fig. 1. By inspection, the backscatter
the problem at hand. _ o o from this composite target can be decomposed into four
Consider two adjacent dielectric objects illuminated by & ayering terms: 1) direct backscatter from the cylingsh;(
plane wave. T_he |nc_|dent wave would mduce a p?'a”_za“% direct backscatter from the rough surfa®&)( 3) cylinder-
currentJ, in objectt1 in the absence of objeg2. Considering g tace scatteringSt™); and 4) surface-cylinder scattering
the volumetric currend, as the primary source, this currenigrey ge can be calculated using a semi-exact solution which
would induce a_volumetrlc currgrﬂtm in the dielectric object is based on the eigenfunction expansion and physical optics
t2. The total fields produced in this case, denotedEas .o oyimation [4]. To calculats”, a complete second-order
and H,, are the primary scatFered fields _from objert perturbation is applied. Using this method, the scattered fields
and the secondary_scatt_ered field f_rom omeI In orpler and induced polarization current of a rough surface with
to compute these fields in the far-field region, consider "i‘ﬁhomogeneous profile can be calculated as shown in [10].
elementary current sourGk placed at the observation point-l-he challenge here is the calculation 8f" and S7°. In
illuminating object;2 while the current sourca, is removed. \hat follows, analytical expressions 8t will be formulated
The elementary currenl. = pé(r —7,) in the presence of \5inq (4) However, in this approach there are some subtleties
object 42 produces an electrqmagnetlc field V\_’h'Ch_W'" b&volved as one of the two objects is a distributed scatterer.
denoted byE., and H... The induced current in obje¢2 i 5(a) and (b), respectively, shows the geometry of the
with relative permittivitye, can be expressed in terms of thg,,, jsolated scatterers, namely, a rough dielectric slab and
total electric field and-. The induced polarization in each ofa cylinder over a dielectric ground layer. Using the plane
the aforementioned cases are given by wave expansion of the scattered fields and applying reciprocity
Ji2(r) = —ikoYo(e2 — DE1(r), reW 1) thfl-‘OfleT, it iSf ;hown that” =_S"C]-c ThtlI’J]S, emEJtloyiggf _(Lllgl ffor
. calculation ofS™¢, an expression for the scattered field from
J. = —ikgYo(ea — DEo(r), eV 2 . X )
2(r) ihoYo(ez JEea(r) g 2 @ the cylinder illuminated by an elementary curreft.{) and
where kg and Y, are the wave number and characteristithe induced polarization current in the top rough layer of the
admittance of free-space, respectively, dridis the region surface illuminated by a plane wavé; ] are needed.
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Both fields are approximated locally by plane waves. To
express the near-zone scattered fields from the cylinder, it
is convenient to express the illuminating field in a local
coordinate systen’, 3/, 2’) in which 2’ axis coincides with
the cylinder axis. The coordinate transformation between these

@) (b) » two systems is simply given by
Fig. 2. The target is decomposed into two isolated targets above a half-space cos Jcosa —sina sin 3 cos o\ |2
dielectric. (a) A rough layer of dielectric. (b) A dielectric cylinder. y| = | cos Bsin«a cos o sin /3 sin « Y
z —sin 3 0 cos f3 2
9)
If we confine our interest in the backscatter direction, that is
k* = —ki, the propagation direction of incident wave in the
new system are given by
v ki = 2 sin 6 cos ¢} + 4 sin 6} sin ¢ — ' cos ¢,  (10)
where
) —k;-¢
Fig. 3. The parameters indicating the dimensions and orientation angles for Skl - €
a cylinder. = —sin 6; sin 3 cos(¢; — o) +cos 0; cos 5 (11)
. ) . . sin . =,/1 — cos? & 12
B. Scattered Field from a Tilted Dielectric j _ ¢ _ _ ( ) )
Cylinder Above a Flat Surface cos ¢; = [sin 6; cos B cos(¢; — «) +sin S cos 6;]/sin 6;
In this section, an expression for the scattered field from (13)
a tilted dielectric cylinder above a half-space dielectric layersin ¢} = sin 6; sin(¢; — «)/ sin 6.. (14)

illuminated by an elementary current(;) is obtained. Since
Expandmg the tangential electric and magnetic fields in terms
the elementary current is in the far-field region of the cylinder

it is assumed that the cylinder is illuminated by a plane wav: f e|‘|genfl:r:1ctlotnf of the r::yllndncal coor?mate Tysttlem atr;]d

The orientation of the cylinder is specified by a unit vecto?pp ying the stationary phase approximation only along the

parallel to the cylinder axis given by direction perpendicular to the cylinder axis [3], the scattered
field from the cylinder when illuminated by tH8¢ ,(r) in the

¢=2sin B cos o+ g sin §sin o+ £ cos 3 (5) absence of the top rough layer of the ground plane is given by

i tkor, R
where 8 and « are the elevation and azimuth angles of the E, = —thoZoce"e etkeki P Bl (g — @l )
cylinder, respectively, as shown in Fig. 3. Also the center of ' dmr,
the cylinder is specified by a position vectr= (z., v., ) -Hél)(ko sin 6%p"). (15)

The radiated field of the elementary current with polariza-
tion p(J. = pé(r — r,)) in the vicinity of the cylinder, as
shown in Fig. 2(b), is approximately given by

ere,p, = &(x. — 2. tan B cos ) + §(y. — 2. tan G sin «),
Hél)(-) is the zeroth-order Hankel function of the first kind

‘ and
Ecu(r) = Ely(r) + ELy(r). ©  piy - g2
Here, E¢ ,(r) is given by [4] __—1 i oim(@ =)
ikZ, L . " sin? 6! .

ghereem ke T s by xp o (7)

id( )_

47,

"

. . { [Am(fcﬁ: X I%i, x 2') + Bm(ifi: X 2’)} ks
where —k, is the unit vector representing the direction of

propagation ofE¢ ,() and is given bk, = 2 sin 6, cos ¢, +
 sin 6, sin ¢, + 2 cos 6,. EL () is the field reflected by the

7’,,,.(9")([14,,,(/%; x B % 3') + B (K, x 7)]
surface given by

. thoZo ijry ikoiTr (K x K x 7 )M
ca(r) = G, © e o |k!, x k. x 7|2
Ar) 0007 = (06 -h )} (8) + 71 (0") ([ Am (R x W, x 2) + Bt x 2)]
~ ~ ~ ~ ~ ~ ~ k' xn NI
where it = —ky + 2(k, - 2)2, BT = (7 x )/ x 4, -k x0) 7] Gk } (16)
o7 = hr x k7, and r, and r, are the Fresnel reflection |k > af?

coefficients of the ground plane. For (15) to be valid, two requirements have to be met. First,
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since the internal polarization currents are assumed to be the
same as those of an infinite long cylinder with the same
cross section, the length of the finite cylinder should be
electrically long and its dielectric should be somewhat lossy.
Second, because of the application of the stationary phase
approximation along the cylinder axis, the observation point
must satisfy the far-field criterion in regard with the cylinder
diameter; that is

2d?
p> DY 17)
where p is the distance between the observation point and @ ©
h |p d . dl is th linder di A P ig. 4. The conical regions of the significant scattered field from a cylinder
the cylinder axis anaz Is the cylinder diameter. ACCUracy o ine (a) direct incident field&? , and (b) the reflected incident fiel” ,.
of (15) has been verified by performing polarimetric radar

measurements [3] and examining it against the method of 2

moment solution [4], [8]. Incidence
Equation (16) includes the two components shown in TR

Fig. 4(a). The first component is the bistatic scattered field AR

from the cylinder, which propagates along the direction given d‘ 8(2)‘ p

by t 0 x
k. =& sin 0) cos ¢’ + 4§ sin 0} sin ¢/ — 3’ cos 0, (18)

i, 5. An inhomogeneous half-space medium with a rough interface. Left

and the second term is the reflected scattered field generate&i of this figure shows the dielectric profile.

the ground plane, and its direction of propagation is denoted by

E =k —2(h - E)h. (19) to vertical or nearly vertical cylinders for whicls, = 0.
) . o Therefore, this mechanism will not be considered in this paper.
The unit vectors is the surface normal and is given by

f=3=—3sin B+ cos 8 (20) C. Induced Polarization Current in a Slightly Rough Surface

The expression for the polarization current induced by a
plane wave in the top rough layer of a stratified half-space
medium is obtained in a recently developed scattering model
for slightly rough surface with inhomogeneous dielectric pro-

and (16)r.(¢") andr,(¢") are the Fresnel reflection coef-
ficients of the ground plane &’ = cos™*(—# - k.). The
coefficientsA,,, and B,,, are given by

A, :OT]\’T(Gf)I;S % (/;‘5 X p) - + i5n1(9{)(/;‘s X p) -2 file [10]. Unlike the traditional small perturbation model
_ T;E o N s g Y N (SPM) [11], this new model was developed based on a volume
B = Cp 2 (0) (ks x p) - 2 = iCm(0)ks x (ks x ) - 2 integral in conjunction with the half-space dyadic Green’s

(21)  function, which takes into account the effect of dielectric

in which CTM, CTE and T, are expressed in terms of themhomogenelty unde_r the rough sm_Jrfac_e. This section will only
gresent the formulation required in this paper. The interested

cylinder radius, orientation angles, relative permittivity, threaders for the detailed derivation is referred to [10].

frequency, and the incidence angle (see [9]). Consider an inhomogeneous half-space medium with a
It should be noted thaF’(¢’ — ¢%, 2’) is nonvanishing at ; geneous Pg
r&»ugh interface, as shown in Fig. 5. It is assumed that the

observation points for which the stationary point is IOCatemedium is stratified; that is, the relative permittivity is only

on the surface of the finite cylinder; that is, the region of thg function of» and the permittivity of the top laver down to
significant scattered field is confined to the forward scatteri z P Y play

- . : . r(lzlgdepth ofd is uniform where—d < min (surface profile).
cone as shown in Fig. 4(a). The illuminated regigh) (may he surface profile is denoted asf(z, y) where f(z, y)

be a finite or infinite area, depending on the incidence angle . .
. . . o S a zero-mean stationary random process with a known
and the orientation angle of the cylinderglf+ 3 > 90°, then . . :
autocorrelation function, and\ is a small constant known

S; has infinite area whe#! + 5 < 90°, S, is an elliptical . .

. . . ! : .__as the perturbation parameter. The top rough layer is replaced
region (for tilted cylinders) or a circular region (for vertical . . o . :
cylinders) with an equivalent polarization current, and using a volumetric

Similarly, the scattered field from the cylinder when |IIu—'meg.ral equation in _c_onjuncthr_l with the dyadic _Greens
. ” . function of the remaining stratified half-space medium, the
minated by theE” () in the absence of the top rough layer . X ; .
ed\"/ - . scattering problem is formulated. Analytical expressions for
of the ground plane is shown in Fig. 4(b). The region of the . o .
Lo o . .the induced polarization currents up to any desired order can
significant scattered field is confined to the forward scatterin . : . .
derived, nevertheless, in this treatment, only the induced

cone as well. Noting that the observation points of interest, "= . ) .
o S . . olarization current up to the second-order are needed; that is,
are within the top rough layer, significant scattering exist on o ; .
e total polarization current is approximated by

when . + 5 > 90°. Also, the illuminated regionS,., if it
exists, is always infinite. In this paper, we confine our interest J(r) = Jo(r) + ATy (r) + A% To(r). (22)
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These currents are expressed in term of their two-dimensiorre, @™ denotes then-fold self-convolution operator
Fourier transforms defined by —_
("F = FxFx---xI),

Jo(r) = % / Fo(ky, 2)e™7 dk, (23)
(2r) D. Evaluation of the Secondary Scattered Field
in a recursive manner. The expressionJatk (. 2) is given  Substituting (15) and (22) into (4), the secondary scattered
by field from the cylinder is given by
jo(kJ_, Z) = (27?)2(5(kJ_ — ki)Jo(z) . ) d+Af(z, y) .
— (2m 250k, — k) o2y = [[aay | I Ei(p. 2) dz. (25)
. ‘ 5
Ton (2RO + (2K 7
. It is noted thatE’, and E”, are not included in (25) since
+ Z(z)z} (24) these fields would produce the direct backscatter from the

S S h Al i Y rough surface. For surface with small rms heighf(z, y) is
whereh(kz) = (ki x 2)/|ki x 2|, #(kz) = £ x h(k2), and a small quantity and, therefore, (25) can be approximately by
2kok?

g E _ h1,t d ] oo
Jon(2) = e Yo(e — 1)Cy (K, 2) p-Er = / da dy/ J(r) - E (p, 2)dz + Z //
o / 0 n=0 ">
: [Eo-h(k;)} o ikid s 05
Qg Af(x, gt on =
. 2koki kY, o [— d)}dxd
Jor(z) = — i 2y DCR(KE 2) (n+1)! I(xa) Bio(p, d)}dedy
kZ (Fki + klz)
T (26)
B, - 2le
ook ‘ wherery = Zz + 4y + 2d. Substituting (23) into (26), the
Jo(z) = — 4 ﬁ Yo(e — DH)CT(K', 2) first-order secondary scattered field can be expressed as
Rz 1z
51 —ikid d S
- [E, - Z]leT =4 ﬁ-E’S’C(l)I dz Jiky, 2) //
The parameters in these expressions for the zeroth-order o S;

current are given by o - A
. Ez 2 1K1 p k =
ec(p7 7)6 dsd 1+ (27T)2 Jo(d)/

K =koJe —sin 6;, ki = ko sin 6, 4 ‘ ST
Pk —KY) / / E (7, d)e®Pdsdk, .

h — T —, v — 12 14
ki + ki ki + ki
- n h k1.2 . ' —tk1-2 (27)
Ch(k 7) — ( ) (Rh - 7h) 122+ (Rh7 h — 1) 1t
A Rp(Ry, —rp)e =4 + (Rprp, — 1)e—k1:d Similarly, the second-order secondary scattered field is given
. -1 v — R, iki.z Ryrp — 1 —ik1.2 b
v, 2y = CD e = R)EHS 4 (Byry — 1)e y

R'n(R'n - T'n)eiklzd + (R’L‘T’U - 1)6_ik1:d

. .. A~ 76(2)— - d7 J2 kJ_, V
As before,r;, andr,, denotes the Fresnel reflection coefficients E 27
of the half-space medium. The expressions for higher order Si

A o
(t:);rrents are similar to that of the zeroth order and are given B3, )™ dsdk | + <2_> /
- 72 - R - i =
Jl\’h(kl, Z) = M C ( )|:VN . h(kz):| ) F(kJ-) *Jl(klv d) // Eec(p7 d
k. + ki .
~ Lkoklz( ) . i N 72
.]rk,vzicbk,v\fr- —k. 2 o0
ni(ky, 2) k. + ki, o 7)[ N ( )} R P dsdk | + < ) A_Jo(d)/
vy, ) = Hokale = 1) po g 7)[V o(—k )] S
BEEOE L N T Flk) Pl - ) [ B
Z
where 5
N—-—n-1\ = . k.5 1\?A% 4 >
1 N- < m ) (ik.) R P dsdk, + <27r) ErE —Jo /_Oo

V= Z >
N —n)!
n=0  m=0 (W =n) CF(ky) (k. — K)) / / E' (5, d
aanfrnfl —
S,

[t s ]« © 1

TP dsdk (28)
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Note that for evaluating the zeroth-order secondary scatteisdepresented by the fourth term of (32) and is given by
field, one can simply use the formulation derived for a cylinder

. ) 4ar (12
above a smooth ground plane. 0’})21,(1 = lim — 5;(51) A2
The polarimetric response of a target can be expressed in A—eo
terms of its complex scattering matrix defined as r2)|? (1) or(3)* 4
P g + K 532 >+2Re<spg )57 >}A } (33)
eikr § .
E° = E'. - - - , .
r whereSi, 72 and 5L are the first-, second-, and third-

er backscatter of the rough surface. The expressions for

For random targets, the expected radar cross section (R€ ) )
¢~ are given by

for a particular transmit and receive polarization configuratidﬂ’"

can be calculated from 1y kKRS (e — D)e=itke+hd

— ‘ _ Ch(ks d)
hh i 7 s s 0 ’
Opapq = 47F<|Sm|2>, p, ¢ € {h, v} (29) W(]kz + k1 )(ks + k1) ‘
Co(K', d) cos(¢s — ¢i)F(KL — K ) (34)

where(-) denotes ensemble averaging. Depending on the order
of the scattered field$"© can also be expanded in terms of a Py ik 4k%)d
- kok  k2K: (e —1 B
perturbation series, i.e§™ ~ ST 4 ASe(D) 4 A2gre g7 = 20 k(r;ci 1;(; )(3:5 TE
As mentioned earlier$™® can easily be obtained from 72 e s
- Co(K', d) sin(¢, — i) (k] — K| ) (35)

Ch(k®, d)

S350 = 1, (0S5 (hy, i)k T (30) | o

. . . w1y _ hokik2hi, (e — De ik 4
Here, r,(8;) is the reflection coefficient of the ground plane Son = 5 1 18 (i 1 i
and the top rough layer with a flat interfade\ = 0) m(ek? + B )(RL + Ki)

kv = ki — 2(k; - 2)i, and Sc¢! denotes a bistatic scattering Co(K, d) sin(g, — ¢i)F(k] — k) (36)
matrix element of the cylinder located at the origin in free- o o
space which can be evaluated by using the infinite-cylinderg,1) _ KR (e —‘1)(3_7’(1“‘%‘)(1
approximation [13]. Expressions fa8*(!) and $"¢) can YT ekt + KL ) (ks + K2)
be obtained from (27) and (28), respectively. The calculation

Co (K', d)

of 8¢ directly is even more complicated tha8i“. It can | = EBE_CY(K®, A)CY(K, d) cos(¢ps — i)
be shown thatSe" can be evaluated fror8”¢ using S = ‘
7], [ k2 ks k. ‘ ‘
[S ]( t), that is + C;{#Cf(ks’ d)clu(kz’ d) F(k‘i _ki)
1z
Ser Ser Sye =S¢
(2 ’$)=< e Z)- (31) (37)
Sh'v Shh _S'Uh Shh

Here the superscrifft—¢) denotes the matrix transposing ane{vhereF(-) is the Fourier transform of the surface roughness

. 7(2) r(3)
ltiolving the off-di lel ts bvl. Th f of thi (f(-)) and the rather lengthy expressions E)Jfl and Sy
ggnlﬁglir;gpr:sgnteha?:?see:pmpgz dsixby © prootoriis can be found in [10] and [12]. For a distributed target

Finally an analytical expression for the average RCS cpmposed of uniformly distributed cylinders with a number

. . . ; ensity N above a rough surface, the scattering coefficients
the cylinder-rough surface composite target illuminated by @ y 9 g

. . o can be computed from
collimated beam, illuminating an arehof the rough surface, P

is given by 0 2
s — w{[sg, + 5550 + 555
g c rc(0 cr(0 2 rc(l cr(l 2 2 g
%25pq+qu()+qu()‘ +<Spq()+qu()‘ >A +<Src(l)+5cr(l)‘2>A2
* prq prq
2R, Sr(l) Src(l) Scr(l) N
AR (5 ) ) +2Ref (570 (575 + 555)")
c re(0) cr(0)
+ (Spq T Spg Tt g ) + (Sc 4 gre(0) 4 Scr(0)>
. <(S1‘c(2) + Scr(2))>*}A2 + gy é pq pq Pq y
pe pe pare 47 . <(Src(2) + Sc1‘(2)) >* }A2 + UPQPQ
p, ¢ € {h, v}. (32) ra 7 “ar

: : : p, q € {h, v} (38)
The first term in (32) represents the zero-order solution, and the
second-term accounts for the first-order secondary scatteygitere the mutual interaction between cylinders is ignored.
field. The third term in (32) represents the coherent interactionTo evaluate the ensemble average in (32) some properties
of the cylinder and rough surface scattered fields. The complefeGaussian processes can be applied. For exam@¢kf, )
second-order backscattering coefficient from the rough surfeagpears as a multiplicative factor such as those in (34)—(37),
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i initi . re AZOkOkz iko(k.—k.)p
then the following definition can be used: re oy otko(lk;—ks) pCCOTEJOt(d)
1 s s S 1.8 S 1.8
fm —(Jar —k)[) =wki-k)  (39) , / (754 — 1 — r (¢ — 1)) B2(e— 1)
ATeo I%Z klz + ekz

where W(k, ) is the power spectral density of the surface. Cicd s iktd

For some expressions'(k, ) appears inside an integration + (e et )}

and therefore the evaluation ¢f'(k, )F*(k’, )} is required. iy

In such cases, the following identity can be used [2]: (kL Ky sin ¢rBy(ky) dk (44)
AXF (k) F*(KL)) = (2r)%6(k - K )W (ki)  (40) Where

a+(l.+h) tan 8;
which simplifies the evaluation of a two-fold integration. Other Bi(ky) = / (te+h) Hél)(ko sin 6°p')

useful properties needed for the evaluation of the ensemble +h tan §;
averages can be found in [10]. - J(ko|p)p dp
A particular case of interest is when the cylinder axis is a+(l.+h) tan 6
vertical to the mean surface. In this case, the cross-polarized  Ba(ki) = / Hél)(ko sin 6°p)
backscatter is mainly generated from the interaction between ath tan 8;
the cylinder and the rough surface and the rough surface itself. ~Jo(IkLlp)p' dp'.

In this case,s”™", §7¢° §7(® and §¢, are zero and the

vl ' Mol vl vh I

expression for the cross-polarized RCS is simplified to

Ouhuoh = 47r<
_ re(1) er(1) _ ~ polarimetric backscatter measurement that demonstrates the
where the expressions fof,, '™ and 5" are given in yqjidity of the scattering formulation are presented.

[12] and the expression for the cross-polarized backscatteringye begin the sensitivity analysis with a realistic scenario.
coefficient is given by Consider a soybean plant above a ground plane with a slightly
rough interface. The scattering interaction between the main

stem of the plant and the rough surface is of interest. Typical

values of 0.71 m and 0.385 cm are chosen for the length

] ) 5 and radius of the main stem, respectively, and the simulation

Co (K, d)Cy (K, d)| is performed at 1.25 GHz. The length of the main stem is

i 2.96), and the ratio of the length to the radius is 184.4. For

Wk, +Ki) sin®(¢ — ¢1) these dimensions the far-field criterion given by (17) requires

. SIMULATION AND EXPERIMENTAL DATA ANALYSIS

) In this section, a sensitivity analysis is presented to demon-
S,’?f(l) —|—S,“.;’(1) >A2 + 0T A (41 strate the significance of the scattering interaction between
o o e cylinders and rough surfaces to the overall backscatter. Also

O—;)L':'h'v = O—'(lj;;vi}
_ |koki(e — 1)
o 1673
Q- RHA+ R,

)
w1

2 that p > 0.048 cm. Hence, for most practical situation (15)
2 ko h kzklz . . . . . .
-cos” (¢ — ¢;) mCO (k, d) — R is valid. The dielectric constant of a stem with moisture
s Lz et constantm, = 0.58 is found to be 43.4+ i13.2 at 1.25
v GHz [18]. The cylinder, which is used to model the main
- Ci(k, d)| dk,. 42
ok, ) + (42) stem of the soybean, is placed right above the rough surface

with £s = 0.1 and k! = 3.0 having an exponential correlation

At IOV_V freque_nues or for electrically thin cyllnders_, thefunction. The volumetric soil moisture content is set to be
Rayleigh solution or only the zeroth-order component in (16); ang the dielectric constant is calculated by applying an
corresponding ton = 0 is sufficient to calculatd.... In this empirical model [15] choosing a soil texture with 10% sand

case,Sy;, and S are, respectively, given by and 30% clay. Fig. 6 shows the RCS ratio of the zeroth-
o order [the first term in (32)] to the complete first-order
re __ AZOIfO iko(ki—ks)-ﬁcOT]\'TJ d . . . .
ol = —(27r)2 e o Jon(d) backscattering solution egcludmg the dlregt backsgatter from
iked o ikt the rough surface [the first three terms in (32)] is plotted
. {COS 95/ [(C 14 (™ - 1)) versus incidence angle. The RCS’s are calculated and averaged
k2 over many azimuthal angles) for six different cylinder tilt
Ckkya(e—1) L (emiki —7’56ik2d):| angles §): 2°, 4°, 6°, 8°, 10°, and 12. In this simulation
k1. + k. v azimuthal symmetry (uniform distribution ove) is assumed.
Pk, — k) sin ¢puB1(k1 ) dk, Fig. 6(a) and (b) show that, for the cppolgrized.b.ackscatter,
—ikid _ ] _ po(gikid _ 1)) the average _of the zeroth_—order solution |s_su_ff|C|ent except
—isin 95/ (e e when the incidence angle is close to normal incidence. On the
k2 other hand, Fig. 6(c) shows that the cylinder-rough surface

kikyz(e—1) Fky — i) sin ¢uB(k.) dkL} interaction is significant for the cross-polarized scattering,
ki + ¢k, especially for nearly vertical cylinders. The simulation for the
(43) vertical cylinder corresponding t8 = 0° is not plotted here,
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Fig. 7. The cross-polarized RCS caused by the interaction between a cylinder
(e = 0.385 cm, . = 0.71 m, ande, = 43.4 4+ ¢13.2) and a rough surface
7 (ks = 0.1, kI = 3.0, andey = 4.9 + 40.9).

HH-Pol Ratio (dB)
T

3 k . . l ! ! to 130 min for a tilted cylinder, depending on the incidence
0. 10. 20. 30. 40. 50. 60. 70. angle. As mentioned earlier the interaction between cylinders
and rough surfaces become less important as the cylinders’ tilt
angle increases. Therefore, the focus in the rest of simulations
(b) will be on the cross-polarized backscatter for nearly vertical
cylinders, which is often a case of interest in problems such
as scattering from vegetation canopies. The complete first-
order cross-polarized RCS [the first three terms in (32)] of
the example shown in Fig. 6 is presented in Fig. 7. It is shown
that the scattering interaction increases with the increase in the
incidence angle and the cylinder’s tilt angle. It is also shown
that for 3 < 6° the cross-polarized RCS can be approximated
well by that of the vertical cylinder.
The effect of surface roughness parametérsgnd kl) on
the cross-polarized RCS of the vertical cylinder and rough

Cross-Pol Ratio (dB)

230. I L I I 1 1

0. 10 20. 30. 40. 50. 60. 70 surface is also examined. The direct backscatter from rough
surface is still excluded in this investigation to focus on the

Incidence Angle (degree) interaction between these two targets, so the RCS will only
(© include the first term in (41). In Fig. 8 the correlation length is

Fig. 6. The RCS ratios of the zeroth-order to the complete first-order fept constant¥! = 3.0) while the surface rms height is varied.
(a) ve-polarized, (b):/2-polarized, and (c) cross-polarized backscatter and fqg js found that the cross-polarized RCS is rather sensitive to
2Te:rer[])t.1cye|1|r?gi; tﬁ %rll(g);.les. The simulation is carried out for a surface W'tfhe variation ofks. In Fig. 9, the rms height is kept constant
(ks = 0.1) and the correlation length is varied. It is shown
that the sensitivity tdil diminishes wherkl > 1.5.

because the zeroth-order solution predicts no cross-polarizegtig. 10 shows the cross-polarized RCS [only the first term
backscatter. As the tilt angle increases, the cross-polarizgd(41)] of the vertical cylinder and rough surface as a
backscatter predicted by the zeroth-order solution increasgfiction of the cylinder radius. In this simulation, the cylinder
and, therefore, the cylinder-rough surface interaction becomefgth and dielectric constant are, respectively, 0.71 m and
less important. ¢ = 43.4+1413.2, and the surface parameters &ke= 0.1 and

It should be noted here that the numerical evaluations pf = 3.0. When the cylinder is electrically thirk(z\/ﬂ < 1)
the integrals which account for the interaction between thige cross-polarized RCS can be calculated using (43) and (44),
cylinder and rough surface is much more time consuming f@mich indicates that the cross-polarized RCS varieékas®.
a tilted cylinder than for a vertical cylinder. The reason foAs ka increase further, the cross-polarized RCS begins to
this is that the lit area, shown in Fig. 4(a), has a circulasscillate and exhibits a much gentler rate of increase with
contour when the cylinder is vertical and the integratioimcreasingka. Fig. 11 shows the dependency of the cross-
along ¢ can be carried out analytically. For tilted cylinderpolarized RCS [only the first term in (41)] on the vertical
the contour is elliptical and four-fold numerical integrationsylinder length. In this simulation the cylinder radius is fixed
must be carried out. Besides, for tilted cylinders an averagiaga = 0.385 cm. It is shown that for relatively short cylinders
over the azimuthal angle is required. On a Sun Workstation(kl. < 20) the cross-polarized RCS increases rapidly as its
Ultra 2, while it takes only less than 10 s to evaluate tHength increases, and the increasing rate becomes gentler for
scattering interaction for a vertical cylinder, it takes about 1&/linders with k. > 30.
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target versusks of the rough surfacea( = 0.385 cm. I, = 0.71 m, arget versus the length of the vertical cylinder & 0.385 cm,

€ = 434 +413.2, kI = 3.0, ande, = 4.9 + i0.9) €. = 43.441413.2, ks = 0.1, kl = 3.0, ande; = 4.9 4 40.9).
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Fig. 9. The cross-polarized RCS of the cylinder-rough surface composftld)- 12. The cross-polarized RCS of the cylinder-rough surface composite
target versuskl of the rough surfacea( = 0.385 cm, I. = 0.71 m, target versus the height of the cylinder lower end above the graurd({.385

€. = 4344 i13.2, ks = 1.0, ande, = 4.9 + i0.9). cm, l. = 0.71 m, e, = 43.4 4 i13.2, ks = 0.1, kIl = 3.0, and

' ‘ e, = 4.9 +i0.9).

N B ,ff%fﬁ’ the height of the vertical cylinder’s lower end. It is shown
= - s that as the height increases, the RCS increases first and then
g becomes almost a constant function. Note that the rough
@ 8=10" ] surface is a distributed target. As the height increases, the area
2 - 6=20" ] of the illuminated region also increases, thus the RCS does not
o - e=30° decrease as the distance between these two target increases.
S - 6=40° ] The sensitivity to the dielectric constants of the cylinder is
0=50° also examined and the results are shown in Fig. 13. Instead
0=60° of varying the complex dielectric constant, its corresponding

volumetric moisture content is varied. The empirical model
[16] is used to calculate the dielectric constants for the chosen
ka moisture content. In Fig. 13, the cross-polarized RCS [only the
Fig. 10. The cross-polarized RCS of the cylinder-rough surface corﬂ-rSt_ term in (41)] is p!otted VErsus the_ cyhn_der’s volumetric
posite target versus the radius of the vertical cylinder & 0.71 m, Mmoisture content, while the volumetric moisture content of
€c =43.441413.2, ks = 0.1, kl = 3.0, andey; = 4.9 4 40.9). the surface is kept at 10%. The temperature is assumed to be
23°C in the calculation of the cylinder’s dielectric constant. It
In the previous simulations, the lower end of the cylinis found that the interaction increases as the moisture content
ders were placed right above the surface. In the followir@r dielectric constant) increases.
simulation the effect of the cylinder height location on the For vertical cylinders, ignoring the cylinder rough-surface
scattering interaction between the cylinder and rough surfaiogeraction, the main source of the cross-polarized backscatter
is considered. Fig. 12 shows the cross-polarized RCS (withasitthe rough surface alone (second-order and higher-order
the direct backscatter from the rough surface) as a functionpdrturbation terms). Fig. 14 compares the cross-polarized
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Fig. 15. The experimental setup for the backscatter measurement of a
Vegetation Volumetric Moisture Content vertical cylinder above a rough ground plane.
Fig. 13. The cross-polarized RCS of the cylinder-rough surface compos-
ite target versus the volumetric moisture content of the vertical cylinder _10. E ! T T T T ]
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Fig. 14. A comparison of the cross-polarized backscatter of the vertic@d ! = 1.0 at 9.25 GHz.
cylinder-rough surface composite target to that of the rough surface along.
The RCS is plotted as a function of incidence angle and number density.

The direct backscattering from rough surface alomg, J is also plotted for the layer was found to be around 30%. The water content is
comparison ¢ = 0.385 cm, [ = 0.71 m, e. = 43.4+i13.2, ks = 0.1, 355umed to increase linearly to nearly 100% at 0.5 cm below
kl = 3.0, ande; = 4.9 4 40.9). . .
the top rough layer. The dielectric constant of water calculated
from Debye formula was found to b&8.4 + ¢39.3.
backscatter of the rough surface and the rough-surfaceFig. 16 shows the measured and the theoretical backscat-
cylinder for different values of cylinder number density. Thesering coefficients of the rough surface without the cylinder.
cylinders are uniformly randomly distributed on the rougffhe excellent agreement indicates that the physical parameters
surface and the mutual coupling between them is ignoreahd the complete second-order perturbation solution the rough
While the cross-polarized backscatter from the rough surfagerface are very accurate. Fig. 17 shows the measured and
(ks = 0.1 and kI = 3.0) alone decreases rapidly as théheoretical cross-polarized RCS of the rough surface with and
incidence angle increases, the backscatter of the compouitthout the water cylinder. The inclusion of the cylinder does
target increases. increase the cross-polarized backscattered field significantly.
To examine the validity of the scattering formulationsiNote that the interaction of a vertical cylinder with flat surface
backscatter measurements were performed polarimetric#i§es not produce any cross-polarized backscatter.
using the indoor bistatic facilities of the Radiation Laboratory,
University of Michigan. The radar was calibrated polarimet- V. CONCLUSIONS

rically using STCT [17]. In these experiments, arband | this paper, an electromagnetic scattering solution for the
stepped-frequency radar with the center frequency 9.25 GBga|uation of the scattering interaction between a dielectric
and the bandwidth 1.5 GHz was used. The experimental setfinder and a slightly rough surface is presented. Taking
is shown in Fig. 15. A lossy circular cylinder was made byhe advantage of a newly developed technique that utilizes
filling a cylindrical cavity in a styrofoam block with water. Thethe reciprocity theorem, the difficulty in formulating the sec-
radius and length of the water cylinder were 0.83 and 11 cmdary scattered fields from the composite target reduces
respectively. A computer-generated Gaussian random roughthe evaluation of integrals involving the scattered fields
surface withks = 0.2 and &l = 0.9 was made by milling the from the cylinder and polarization currents of the rough
surfaces of floral foam blocks and then they were soakedsarface induced by a plane wave. The scattered field from
water. Because of the gravity, the water content at the toptbe cylinder is evaluated in the near-field region using a
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-10. ; . . : : absence of targef2 is given byJi(r;), then the scattered
©  vh,m, withcyl field generated by this current can be computed from
@ hv, m, with cyl
-20.F e xx, t, with cyl 7] Ei :ikoZo G(I‘7 I‘ll)Jl(I‘ll) dU:/L
’é\ vh, m, no cyl Vi
Z —koZ 1 /= 4 - /
hv, m, 1 _ oo - _ 1y tkok-(r—r')
% 0. L v, m, no cy! | = 32 // T (I k‘k‘) /V Jl(rl)e
n —-—- XX, t, no ¢yl , “ 1
%4) '-"‘_:@“_::ézt::é‘i"\v.\ ~dv' dk ) (A1)
‘\\\B\ : ()“\ . . . .
-40. ¢ Ty where the second equality is resulted from the application of
sl the Fourier transform of the dyadic Green’s functiGh If
" . l l , , the observation point is significantly apart fromV;, most
1o, 20, 30. 40. 50. 60. 70. contribution of the spectral integrand for calculation I6f
come from values ok, for which k. and thesek are real
Incidence Angle (degree) guantities. In this case, it is recognized that
Fig. 17. The cross-polarized RCS of a water cylinder wits 0.83 cm and ik 7 ciker .
. = 11.0 cm above the rough surface at 9.25 GHz. The RCS of the roughES(/;. /;) _ HosoC (j _ /2/2) Ju(r )Cfikok“r’ dv’
surface aloneo(qu) is also shown for comparison. B A7r v L

(A.2)

stationary phase approximation along the cylinder axis. Alsp,

the expressions of the polarization current induced within tﬁ%the bistatic scattering far-field of targe with the incident

top rough layer of the rough surface are employed which a‘wd_ scatterlng directions "’."0”9 and k, re_spectlvely. Also,
oting that this scattered field can be written as

derived from the iterative solution of an integral equatiorp.
The expression for the scattering matrix of the composite o
target, which is of interest for modeling of vegetation, are E°(k, ki) =
formulated. A sensitivity analysis is performed that shows

that the cross-polarized backscatter from the vertical or neagppere S, (f, &,) is the bistatic scattering matrix of targgt
vertical cylinders is dominated by the scattering interactioghqr_, is a vector representing the location of target

between the cylinder and the rough surface. Although thetnerefore, the scattered field given by (A.1) can be written
evaluation of the scattering interaction for tilted cylinder igg

computationally inefficient, it was found that the scattering in- .

teraction for cylinders with tilt'anglé < 6° is approximately E = {L // i§1(/5¢, ,;)eiko(ki—k).meikok.r dkL}Ei'
the same as that for the cylinder with = 0°. The results 27 k.

of the sensitivity analysis indicate that the cross-polarized (A.4)
backscatter generated by the scattering interaction between

the cylinder and the rough surface increases with increadeghis representation the near-field scattered from taryes
in the incidence angle, rms height, and correlation length &xpanded in terms of a spectrum of plane waves. U$ifg
the rough surface, Cy|inder radius and |ength, and dielectdé the iIIuminating field the secondary scattered field in the
constants of the cylinder and the rough surface. The accurdeyfield region can be computed from

of the theoretical formulation is also verified by conducting iKor (o | B

polarimetric backscatter measurements from a lossy dielectric Ej, = e_{i // k_§2(f€87 /;)gl(f@ /A%)

tkor . N ~ — A A .
e otko(ki—k)rcy Si(k, k)E! (A.3)
‘7,

cylinder above a slightly rough surface. Excellent agreement r
between the theoretical prediction and experimental results is - eikolli—h)rer ik (k) ro gp i
obtained. 1L
Cikor — R R .
APPENDIX =—— Sa(k;, k)E (A.5)

The near-field scattering interaction between two adjacent = . . | o . )
targets can be evaluated approximately using an iterative 4fiereSz(ks, k) is the bistatic scattering matrix of targg2

proach. It is assumed that the current distribution of an isolatBRdre2 is the vector position of targe®. in a similar manner
scatterer is the illumination source of the other scatterer afig2 ¢an be obtained and is given by

so on. Here it will be shown that the secondary scattered dikor ( 1= . L

field emanated from targef2 (E3;) can be obtained from Ei, :f{? //k_ Si(ks, —k)So(—k, k;)

the secondary scattered field emanated from targeEs,). ! T *

Basically, the proof of the relationship betwe®ft andS™ as - giko(—h—ko)wen ko (ks Jf’;)"“chkL}Ei
given in (31) is presented. Without loss of generality, consider "

. . _ H H CZ ‘OT f— ~ ~ .
two adjacent targets in free-space illuminated by a plane wave. _ 1oy, ) EL (A.6)

Suppose the induced current on (or within) targetin the r
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= [10]

Now it can easily be shown thatS;s(ks, k)
§§It)(—15i, —k,) since according to reciprocity theorem
(using the forward scattering alignment [9]) [11]
[12]

(23]

In the backscattering directior;, = —Fk; and, therefore, [14]

Sio(—ks, k) = S5 (—ky, ki) as stated in (31). (5]
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