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Abstract - An electromagnetic scattering solution for the interaction between a dielectric
cylinder and a slightly rough surface is presented in this paper. Taking the advantage of a
newly-developed technique which 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 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.
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1 Introduction

Characterization of scattering behavior of targets above rough surfaces has a number of
important practical applications. Assessing the performance of a radar system in detecting
a point target in a clutter background like a low-flving aircraft or a military ground-vehicle
can be mentioned as one such application. In radar remote sensing of vegetation. accurate
scattering models that can describe the interaction of electromagnetic waves and vegetation-
covered terrain is of great importance. The common approach is to regard the vegetation-
covered surfaces as a random collection of dielectric particles with canonical geometries, such
as cylinders representing stems and branches and thin dielectric disks representing leaves, above
a half-space dielectric medium with rough interface representing the ground. Most scattering
models 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, 4, 5]. Experimental results indicate that although the first-order scattering models are
capable of predicting the co-polarized 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 between the ground and the other vegetation
scatterers by modeling 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 the ground
plane simplifies to four major scattering mechanisms including: 1) the direct backscatter from
the target, 2) bistatic scattering from the target reflected from the ground plane, 3) bistatic
scattering from the target illuminated by the reflected incident wave, and 4) backscatter from
the target illuminated by the reflected wave. Obviously, this solution ignores the near-field
interaction between the target and surface roughness which is the subject of the investigation
in this paper.

The purpose of this study is to develop an analytical and computationally tractable solu-
tion in order to investigate the significance of the interaction between a cylinder and a rough
surface. Our approach is based on a recently developed technique which provides the dominant
scattering interaction between two arbitrary objects [4]. This approach is very efficient since
only the current distribution and scattered fields of isolated scatterers are needed to evaluate
the interaction in the far-field region. This method is briefly discussed in section 2.1. In section
2.2, expressions for the scattered fields in the near field region of a tilted dielectric cylinder
is provided. In section 2.3, expressions for the polarization currents induced in the top layer
of a slightly rough surface 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. A sensitivity
study is carried out and the pertinent results and discussion are provided. Also polarimetric



backscatter measurements are performed at the bistatic scattering facility of the University of
Michigan in support of the theoretical model.

2 Theoretical Analysis

Analytical scattering solution that accounts for the near-field interaction between a cvlinder
and a rough surface is developed in this section. The solution is composed of three basic formu-
lations: 1) the fundamental formulation based on the reciprocity theorem which provides the
scattered field, up to the first-order interaction, 2) analytical expansions for the induced current
and the scattered field from a dielectric cylinder, and 3) the induced polarization current and
the scattered field from a half-space with rough interface. In what follows, the aforementioned
formulations are described briefly and then, in section 2.4, are combined to arrive at the desired
polarimetric backscattered expressions for the cylinder-rough surface target.

2.1 Electromagnetic Scattering from Two Adjacent Objects

A general method was developed for characterizing scattering interaction between two ad-
jacent target using the scattering properties of the isolated scatterers [4]. In this section we
briefly summarize the method and focus on its application to the problem at hand.

Consider two adjacent dielectric objects illuminated by a plane wave. The incident wave
would induce a polarization current J; in object §1 in the absence of object §2. Considering the
volumetric current J; as the primary source, this current would induce a volumetric current
J12 in the dielectric object §2. The total fields produced in this case, denoted as E; and Hj,
are the primary scattered fields from object §1 and the secondary scattered field from object
f2. In order to compute these fields in the far-field region, consider an an elementary current
source J. placed at the observation point illuminating object {2, while the current source J;
is removed. The elementary current J. = pé(r — r,) in the presence of object §2 produces an
electromagnetic field which will be denoted by E., and H.y. The induced current in object §2
with relative permittivity €, can be expressed in terms of the total electric field and ¢;. The
induced polarization in each of the aforementioned cases are given by:

Jlg(r) = - ikoYO(Gz - 1)E1(I‘) ) re Vg, (1)
Jea(r) = —ikoYo(e2 — 1)Eeo(r) , re Vs, (2)

where kg and Yy are the wave number and characteristic admittance of free space respectively,
and V; is the region occupied by object §2. Applying the reaction theorem [14] over the entire
space results in

/ (E]XH62—E62XH1)'fldsz—/

J] 'Eegd’v -—/ J12 'Eegd’v
oo Vl V2

+/J26'E1d7)+[3'E1. (3)
Va

Using the radiation condition, it can easily be shown that the integral on the left-hand side
vanishes. Also by substituting (1) and (2) into the second and the third integrals on the right-
hand side, it can be shown that the last two integrals cancel each other. Therefore, the sum of
the primary scattered field from object §1 and the secondary scattered field from object §2 is



given by
]3'E1:/ Jl'Eegdl'. (-1)
l'l

Applving this technique, the scattering formulation for a dielectric cvlinder above a slightly
rough surface which includes the near-field interaction between the cylinder and the rough
surface can be obtained. The geometry of the scattering problem is shown in Fig. 1. By
inspection, the backscatter from this composite target can be decomposed into four scattering
terms: 1) direct backscatter from the cylinder (S¢), 2) direct backscatter from the rough surface
(S7), 3) cylinder-surface scattering (S°"), and 4) surface-cylinder scattering (S™¢). S¢ can be
calculated using a semi-exact solution which is based on the eigen-function expansion and
physical optics approximation [4]. To calculate S”, a complete second-order perturbation is
applied. Using this method, the scattered fields and induced polarization current of a rough
surface with inhomogeneous profile can be calculated as shown in [10]. The challenge here is
the calculation of S and S™. In what follows, analytical expressions for S will be formulated
using (4). However, in this approach there are some subtleties involved as one of the two objects
is a distributed scatterer. Figures 2(a) and 2(b), respectively, show the geometry of the two
isolated scatterers, namely, a rough dielectric slab and a cylinder over a dielectric ground layer.
Using the plane wave expansion of the scattered fields and applying reciprocity theorem, it is
shown that 5" = S7¢. Thus employing (4) for calculation of S7¢, an expression for the scattered
field from the cylinder illuminated by an elementary current (E,z) and the induced polarization
current in the top rough layer of the surface illuminated by a plane wave (J;) are needed.

2.2 Scattered Field from a Tilted Dielectric Cylinder Above a Flat Surface

In this section an expression for the scattered field from a tilted dielectric cylinder above
a half-space dielectric layer illuminated by an elementary current (E.;) is obtained. Since the
elementary current is in the far-field region of the cylinder, it is assumed that the cylinder is
illuminated by a plane wave. The orientation of the cylinder is specified by a unit vector parallel
to the cylinder axis given by

¢=zZsinfcosa+ gysinfBsina+ Zcosf (5)

where § and o are the elevation and azimuth angles of the cylinder respectively, as shown in
Fig. 3. Also the center of the cylinder is specified by a position vector 7. = (2., ye, 2c)-

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

Ees(r) = Bly(r) + ELy(r) . ©)
Here Eéd(T) is given by [4]
: _ _ikoZO itkoro —ikoks T ], ) D
()= T gt )

where —k, is the unit vector representing the direction of propagation of E 4(7) and is given by
ks = & sin 0, cos ¢ + §sin 6 sin g5 + 2 cos 0. E () is the field reflected by the surface given by

ikoZOi To ikokl T aoA AT A 1 ONLT
= —2Cgthorogthok: {TU(GS)(Z’ “ )05 — rr(0s)(P - hS)hs} ) (8)
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where A: = —l‘cs + 2k, - 2)z. h: = (/.Z X :)/\A: X 2.t = h: X l.: and r, and ry are the Fresnel
reflection coefficients of the ground plane.

Both fields are approximated locally by plane waves. To express the near-zone scattered
ficlds from the cylinder, it is convenient to express the illuminating field in a local coordinate
svstem (2/,y’.2’) in which z’-axis coincides with the cyvlinder axis. The coordinate transforma-
tion between these two systems is simply given by

~

T cosfcosa —sina sinfcosa\ |z
y| = | cosBsina cosa sinfsina | |y (9)
z —sinf3 0 cos f3 2
If we confine our interest in the backscatter direction, that is k* = —k', the propagation direction
of incident wave in the new system are given by
k; = &' sin 6! cos ¢! + §f' sin 6! sin ¢! — ' cos 6! | (10)
where
, —ki-¢ L
cosf; = ——— = —sinb;sin fcos(¢; — a) + cosb; cos (11)
kil - €]
sinf; = /1 — cos? 6. | (12)
cos ¢; = [sin @, cos B cos(¢; — a) + sin B cos §;] / sin ;| (13)
sin ¢} = sin 6, sin(¢; — @)/ sin 6. . (14)

Expanding the tangential electric and magnetic fields in terms of eigen-functions of the cylindri-
cal coordinate system and applying the stationary phase approximation only along the direction
perpendicular to the cylinder axis [3], the scattered field from the cylinder when illuminated by
the Eid(r) in the absence of the top rough layer of the ground plane is given by

- —iky,Z,etkemo o o
E,. = _Z_i;?*—ezk"k""CF’(é' - ¢, z')H((]l)(ko sin6:p') . (15)

(1)

Here p. = #(z.—2. tan fcosa)+y(y.— 2. tan Bsina), Hy '(-) is the zeroth-order Hankel function
of the first kind, and

1 _1 > im(d' =o' ~ N R R . ik o
F'(¢' - ¢;,2) = 7 Z em(@ ¢.>{ [Am(k; % K % ') + B (K. x Z,)] gkt
B x k" x
kL x kL x 7?2
l. I. 7 7 & N SR
+ra(6") ([Am(ké X ki x 2') 4 By (kL x é’)} : (k; X n)) Ilf’—XH oiklz } _
Ixf

1 [Tv(t‘?") ([Am(ffi x kg x 2') + Bk x 21)] ' (i“z Xk n)>

(16)

For (15) to be valid, two requirements have to be met. First, since the internal polarization
currents are assumed to be the same as those of a 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 satisfv the far-field criterion in regard with
the cvlinder diameter, that is

2d*

) (17)

p>

where pis the distance between the observation point and the cylinder axis, and d is the cylinder
diameter. Accuracy of (15) has been verified by performing polarimetric radar measurements
[3] and examining it against the method of moment solution [4, §].

Equation (16) includes the two components shown in Fig. 4(a). The first component is the
bistatic scattered field from the cylinder, which propagates along the direction given by

k! = #'sin 0} cos ¢’ + §' sin 6 sin ¢’ — 3’ cos @ |, (18)

And the second term is the reflected scattered field generated by the ground plane, and its
direction of propagation is denoted by

B =k - 207K (19)
The unit vector 7 is the surface normal and is given by
n=%=-1'sin B+ % cosf , (20)

and (
1

cos™

16) r,(6") and r4(8") are the Fresnel reflection coefficients of the ground plane at 8" =
(=7 - kL). The coefficients A,, and B,, are given by

Am =CIM(@) kg x (ks x p) - 2+ iCp(8)) (ks x p) - ',
B =CTE(@!) (ks x p) - 5" = iCu(8)) kg x (ks x p) - 2", (21)

in which CIM CTE and C,, are expressed in terms of the cylinder radius, orientation angles,
relative permittivity, the frequency, and the incidence angle (see [9]).

It should be noted that F'(¢' — ¢, 2) is non-vanishing at observation points for which
the stationary point is located on the surface of the finite cylinder, that is, the region of the
significant scattered field is confined to the forward scattering cone as shown in Fig. 4(a). The
illuminated region ($;) may be a finite or infinite area, depending on the incidence angle and the
orientation angle of the cylinder. If 8; + 3 > 90°, then S; has infinite area. when 6! + 3 < 90°,
S; is an elliptical region (for tilted cylinders) or a circular region (for vertical cylinders).

Similarly, the scattered field from the cylinder when illuminated by the E[ () in the absence
of the top rough layer of the ground plane is shown in Fig. 4(b). The region of the significant
scattered field is confined to the forward scattering cone as well. Noting that the observation
points of interest are within the top rough layer, significant scattering exist only when ¢’ + 8 >
90°. Also the illuminated region S, if exist, is always infinite. In this paper, we confine our
interest to vertical or nearly vertical cylinders for which S, = 0. Therefore, this mechanism will
not be considered in this paper.

2.3 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 profile [10]. Unlike the traditional small
perturbation model (SPM) [11], this new model was developed based on a volume integral in



conjunction with the half-space dvadic Green's function which take into account the effect of
dielectric inhomogeneity under the rough surface. This section will only present the formulation
required in this paper. The interested readers for the detailed derivation is referred to [10].

Consider an inhomogeneous half-space medium with a rough interface as shown in Fig.
5. It is assumed that the medium is stratified. that is. the relative permittivity is only a
function of z, and the permittivity of the top layer down to a depth of d is uniform where
—d < min{surface profile}. The surface profile is denoted as Af(z.y) where f(z,y) is a zero-
mean stationary random process with a known autocorrelation function, and A is a small
constant known as the perturbation parameter. The top rough layer is replaced with an equiv-
alent polarization current, and using a volumetric integral equation in conjunction with the
dyadic Green’s function of the remaining stratified half-space medium, the scattering problem
is formulated. Analytical expressions for the induced polarization currents up to any desired
order can be derived, nevertheless, in this treatment, only the induced polarization current up
to the second-order are needed. That is, the total polarization current is approximated by:

I(r) =Jo(r) + AJy(r) + AMy(r) . (22)
These currents are expressed in term of their two-dimensional Fourier transforms defined by

1
(2r)?

Ja(r) = / Jo(ky,2)e* P dk, | (23)

in a recursive manner. The expression for Jo(k_, z) is given by

Joks, ) =m0k, - K)To(2) = (2m)%(ke = K1) [Jon(2Dh(K) + Jua(2)i(KD) + o (2)3]
(24)

where h(ki) = (k; x 5)/|k: x 3|, {(k}) = 2 x h(k'), and

okt | L
Jon(2) = =i Yol ~ 1) GRS 2) [Ba k)] e
ek ki "
J = -2 2 Y ik!
o) = ek gy oL D G2 (B A T
9koki N
JOZ(Z) = 0 ( )Cl [Eo 2] —1kid 7

ek’ + k
The parameters in these expressions for the zeroth-order current are given by

ki, = koVe—sin?8;, ki =kosing;, Rj= f}:;—:i = H
(=1)"(Rp — ) €*12% 4 (Ryry, — 1) e=th17

Ry (Rp — rp)etkzd 4 (Ryry, — 1) e~thizd 7
(=1)*(ry — Ry) eF12% 4 (R,7, — 1) e~ k122

R, (R, —ry)etkhzd 4 (R,r, — 1) e~ik12d

Cvg(ka z) =

Crk,z)=

As before r; and r, denotes the Fresnel reflection coefficients of the half-space medium. The



expressions for higher order currents are similar to that of the zeroth order. and are given by

- k2 (e L

Inn(ky )= ﬁc (k.z) [VN -h(k. )}

~ koki- 1 , - .

Tnilky.z) = Z—S—A’—l—}r—) Gtk 2) [V (k)]
kok, (e — 1 -

Tnaky,z)= bt fk_”fkk ) cyk, 2) [Vn-i-k)]

where

n n PR S —
Here Q) denotes the n-fold self-convolution operator (QF = F + F *---x F).

2.4 Evaluation of the Secondary Scattered Field

Substituting (15) and (22) into (4), the secondary scattered field from the cylinder is given

by
d+Af(z,y)
ﬁ-EgC://dxdy / J(r)-E (p,2)dz . (25)
s: 0

It is noted that E!, and E7, are not included in (25), since these fields would produce the
direct backscatter from the rough surface. For surface with small rms height Af(z,y) is a
small quantity, and therefore (25) can be approximately by

d
. ore [Afmy""'l@" i -
p-E; —//dwdy/J(r z)dz +Z/ i) o {J(ra) - Ei(p,d)} dzdy ,
St 0

(26)

where rq = 2z + §y + 2d. Substituting (23) into (26), the first-order secondary scattered field
can be expressed as:

au

ETC _ j k_La // ~ sz_p ds dk_l_
0 —00 S,
A | o
 rytel@) F(kl ~ ki) [[ Ei(p,d)e*+? dsdk, . (27)
| J |



Similarly. the second-order secondary scattered field is given by:

) 2 d o
]}EZL(Q) = (é) /(1 / jg k.l. o // 3 zk‘l‘ﬁds dk_l_
0 -

2
( ) /fkL *Ji(ky . d // Apod)e® P ds dk )
A : tkyp
.2—” 5 Jo(d) F(kJ_)*F k, - k) (9~ (p.d)e*+P dsdk

+<‘—> éj—d—Jo(d)/ F(ky)* F(ky - k) // i (pod)e® P dsdk, . (28)

—00

Note that for evaluating the zeroth-order secondary scattered field, one can simply use the
formulation derived for a cylinder above a smooth ground plane.

The polarimetric response of a target can be expressed in terms of its complex scattering
matrix defined as

kr _
E=S_SE .

T

For random targets, the expected radar cross section for a particular transmit and receive
polarization configuration can be calculated from

Tpapg = 47(|Spql*) p, q € {h, v}, (29)

where (-) denotes ensemble averaging. Depending on the order of the scattered field, S™ can
also be expanded in terms of a perturbation series, i.e., S & 870 4 AS7(1) 4 A287¢(2) A
mentioned earlier, S™(%) can easily be obtained from

S0 =1 (8;) S (ky, kg Jetholhr =he) Te (30)

Here 7,(6;) is the reflection coefficient of the ground plane and the top rough layer with a flat
interface (A = 0), k, = k; — 2(k; - )7, and S,fg denotes a bistatic scattering matrix element
of the cylinder located at the origin in free space which can be evaluated by using the infinite-
cylinder approximation [13]. Expressions for $7(1) and S$7%(2) can be obtained from (27) and
(28), respectively. The calculation of S directly i is even_ more comphcated than S™. It can be

shown that S can be evaluated from S™ using S~ =[S ](-?), that is
cr cr rc  _ Qre
(58 5= (Cs o) @)
hv hh “+uh hh

Here the superscript (—t) denotes the matrix transposing and multiplying the off-diagonal
elements by -1. The proof of this identity is presented in Appendix A.

Finally an analytical expression for the average RCS of the cylinder-rough surface composite
target illuminated by a collimated beam, illuminating an area A of the rough surface, is given



by
g g “C rc cr TC 1CT :
QT - “Spq + Spq(O) + Spqm)|2 + <‘5pq(l) + ‘Spq(l)’2>A2
+2 Re {(5;;1)(5;;(” + 5oy 4 (S5, + S5t 4 S5 0)((575) + 5;;(2>)>'} A?

T A <
+ "pgpqg : p, ¢ € {h, v}. (32)

The first term in (32) represents the zero-order solution, and the second term accounts for the
first-order secondary scattered field. The third term in (32) represents the coherent interaction
of the cylinder and rough surface scattered fields. The complete second-order backscattering
coefficient from the rough surface along is represented by the fourth term of (32) and is given
by

Q

r . 4T r 2 2 r(2)12 r(1) or(3)* 4
0 )LmoJ{OSpé”' ) ot [<|spg )+ 2Re (S50 >]A } (33)

where S;,gl), 55,52), and 5553) are the first-, second-, and third-order backscatter of the the rough
(1)

surface. The expressions for S;q are given by
r(1) _ kkiks (¢ — 1) e (hathi)
R B ICET N
(1) _ kokikski, (¢ = 1) emiHkd
o (ki k) (ks 4R

d
Co(k*,d) Ch(K', d) cos(¢s — ¢i) F(k5, - kL), (34)

S

Ch(k*,d) CY(K',d) sin(¢s — ) F(KS, - K),  (35)

r(1) _ kokiksks, (€ — 1) emilkatkz)d : . .
g _E0RzR2Ph, —_ CMK',d)CYK®,d) sin(ds — ¢;) F(kS — k), 36
ki (6_1)e—i(kf._+k§)d [ _ ekSkSki

(1) _ 2z z . —EES CY (K. OV (K. d e zpp
T kA ) (ke gy | OO G d)costgs = 9i) +
i, Q0K )| P - 1), (31)

where F(-) is the Fourier transform of the surface roughness (f(-)), and the rather lengthy

expressions for S,T,g(,Q) and S;,SS) can be found in [10, 12]. For a distributed target composed of
uniformly distributed cylinders with a number density N above a rough surface, the scattering
coefficients can be computed from:

0

U) Cc rTC cr TC cr T TC CT *
_rapq :N{lqu + Spq(O) + Spq(O)l2 + (lSpq(l) + 5pq(1)|2)A2 + 2Re{(5p§1)(5pq“) + b,,q(l)) )

4

r0

(o
+ (S5 + Spe@ + Spr@)((Spel?) + s;;<2>)>*}A2} s pge{h v}, (38)

where the mutual interaction between cylinders is ignored.

To evaluate the ensemble average in (32) some properties of Gaussian processes can be
applied. For example if F(k, ) appears as a multiplicative factor, such as those in (34), (35),
(36), and (37), then the following definition can be used:

. 1 s 1 s 1
/}E;Z<|AF(kJ_—kJ_)|2> =W(ki-k\), (39)
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where H'(k_ ) is the power spectral density of the surface. For some expressions F (k) appears
inside an integration and therefore the evaluation of (F(kp)F=(K')) is required. In such cases
the following identity can be used [2]:

ANF(ky )P (K))) = (27)* 6(kL — K )W (kL) . (10)

which simplifies the evaluation of a two-fold integration. Other useful properties needed for the
evaluation of the ensemble averages can be found in [10].

A particular case of interest is when the cylinder axis is vertical to the mean surface. In
this case the cross-polarized backscatter is mainly generated from the interaction between the
cylinder and the rough surface and the rough surface itself. In this case S;;ll). S;;(O). 552(0) .and
S¢, are zero, and the expression for the cross-polarized RCS is simplified to

aunon = 47(|STH 4 STV AT 4 0%, 1A (41)

where the expressions for S;;(l) and Szz(l) are given in [12], and the expression for the cross-
polarized backscattering coefficient is given by

 |koki(e - 1) 2

Ok = 0% = e (1= R (14 BY) CH(K YK, d)

: / W(ky — kK )W(ky + k' )sin®(6 — ¢;) cos’(¢ — ¢;)

2 2
kO

kz + klz

kzklz
kl», + Ekz

Ch(k,d)- Ci(k,d)| dky , (42)

At low frequencies or for electrically thin cylinders, the Rayleigh solution or only the zeroth-
order component in (16) corresponding to m = 0 is sufficient to calculate Ee.. In this case, S7¢
and 57¢ are respectively given by

e DZok, ko (ki— k) e ~TM (e‘“‘;d — 1+ r3(etked - 1) k.ky.(e—1)
= We Co ™ Jor(d){ cos 03/ 3 by 1 ek

J (ki _ r;je““fd)] F(ky — k' )sin ¢y By (k) dk,

- €—ik§d_1_ s ikfd_l kzkz -1 .
—isin, / ( kr“(e )) kkra(e ) Pk, = K4 )sin ¢ Ba(k ) dk, .

j k12+€kz
(43)
AZokok? o k_iys (e7hzd =1 — ry(e™h:d — 1)) k2(e — 1)
gre = BZokoks ik (ki—ka) 7 TE (g / h 0
hv (271‘)2 € 0 Ot( ) ks k1. + €k,
(et g r;efk:fd)] F(ky — ki )singy By (k) dk (44)
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where

a+(lc+h) tanéb,

Bi(ky) = / H(()l)(ko sin6°p")Jy(|kL|p')p'dp" .
a+htanéb,
a+(lc+h) tan 6,

Bki)= [ B ksind (el o'
a+htané,

3 Simulation and Experimental Data Analysis

In this section a sensitivity analysis is presented to demonstrate the significance of the
scattering interaction between cylinders and rough surfaces to the overall backscatter. Also po-
larimetric backscatter measurement that demonstrates the validity of the scattering formulation
are presented.

We begin the sensitivity analysis with a realistic scenario. 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 0.71m and 0.385¢m are
chosen for the length and radius of the main stem respectively, and the simulation is performed
at 1.25 GHz. The length of the main stem is 2.96), and the ratio of the length to the radius
is 184.4. For these dimensions the far-field criterion given by (17) requires that p > 0.048
cm. Hence for most practical situation (15) is valid. The dielectric constant of a stem with
moisture constant m, = 0.58 is found to be 43.4 + 113.2 at 1.25 GHz [18]. The cylinder, which
is used to model the main stem of the soybean, is placed right above the rough surface with
ks = 0.1 and kI = 3.0 having an exponential correlation function. The volumetric soil moisture
content is set to be 0.1, and the dielectric constant is calculated by applying an empirical model
[15] choosing a soil texture with 10% sand and 30% clay. Figures 6 shows the RCS ratio of the
zeroth-order (the first term in (32)) to the complete first-order backscattering solution excluding
the direct backscatter from the rough surface (the first three terms in (32)) is plotted versus
incidence angle. The RCSs are calculated and averaged over many azimuthal angles () for
six different cylinder tilt angles (3): 2°, 4°, 6°, 82, 10°, and 12°. In this simulation azimuthal
symmetry (uniform distribution over «) is assumed. Figure 6(a) and Fig. 6(b) show that, for
the co-polarized backscatter, the average of the zeroth-order solution is sufficient except when
the incidence angle is close to normal incidence. On the other hand, Fig. 6(c) shows that the
cylinder-rough surface interaction is significant for the cross-polarized scattering, especially for
nearly vertical cylinders. The simulation for the vertical cylinder corresponding to § = 0° is
not plotted here, because the zeroth-order solution predicts no cross-polarized backscatter. As
the tilt angle increases, the cross-polarized backscatter predicted by the zeroth-order solution
increases, and therefore the cylinder-rough surface interaction becomes less important.

It should be noted here that the numerical evaluations of the integrals which account for
the interaction between the cylinder and rough surface is much more time-consuming for a
tilted cylinder than for a vertical cylinder. The reason for this is that the lit area, shown
in Fig. 4(a), has a circular contour when the cylinder is vertical and the integration along
¢ can be carried out analytically. For tilted cylinder the contour is elliptical and four-fold
numerical integrations must be carried out. Besides, for tilted cylinders an averaging over the
azimuthal angle o is required. On a Sun workstation Ultra 2, while it takes only less that
10 second to evaluate the scattering interaction for a vertical cylinder, it takes about 15 to
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130 minutes for a tilted cylinder. depending on the incidence angle. As mentioned earlier the
interaction between cvlinders and rough surfaces become less important as the cyvlinders’ tilt
angle increases. Therefore, the focus in the rest of simulations will be on the cross-polarized
backscatter for nearly vertical cvlinders. 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 parameters (ks and kl) on the cross-polarized RCS of the
vertical cylinder and rough surface is also examined. The direct backscatter from rough surface
is still excluded in this investigation to focus on the interaction between these two targets, so
the RCS will only include the first term in (41). In Fig. 8 the correlation length is kept constant
(kl = 3.0) while the surface rms height is varied. It is found that the cross-polarized RCS is
rather sensitive to the variation of ks. In Fig. 9, the rms height is kept constant (ks = 0.1) and
the correlation length is varied. It is shown that the sensitivity to £/ diminishes when when
kl > 1.5.

Figure 10 shows the cross-polarized RCS (only the first term in (41)) of the vertical cylinder
and rough surface as a function of the cylinder radius. In this simulation the cylinder length
and dielectric constant are, respectively, 0.71m and € = 43.44¢13.2, and the surface parameters
are ks = 0.1 and kIl = 3.0. When the cylinder is electrically thin (ka\/l—cl << 1) the cross-
polarized RCS can be calculated using (43) and (44), which indicates that the cross-polarized
RCS varies as (ka)*. As ka increase further, the cross-polarized RCS begins to oscillate, and
exhibits a much gentler rate of increase with increasing ka. Figure 11 shows the dependency
of the cross-polarized RCS (only the first term in (41)) on the vertical cylinder length. In this
simulation the cylinder radius is fixed at @ = 0.385¢m. It is shown that for relatively short
cylinders (kl, < 20) the cross-polarized RCS increases rapidly as its length increases, and the
increasing rate becomes gentler for cylinders with kl. > 30.

In the previous simulations, the lower end of the cylinders were placed right above the
surface. In the following simulation the effect of the cylinder height location on the scattering
interaction between the cylinder and rough surface is considered. Figure 12 shows the cross-
polarized RCS (without the direct backscatter from the rough surface) as a function of the
height of the vertical cylinder’s lower end. It is shown that as the height increases, the RCS
increases first, and then become almost a constant function. Note that the rough surface is a
distributed target. As the height increases, the area of the illuminated region also increases,
thus the RCS does not decrease as the distance between these two target increases.

The sensitivity to the dielectric constants of the cylinder is also examined and the results
are shown in Fig. 13. Instead 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 moisture content. In Fig. 13, the cross-polarized RCS (only the first
term in (41)) is plotted versus the cylinder’s volumetric moisture content, while the volumetric
moisture content of the surface is kept at 10%. The temperature is assumed to be 23°C' in the
calculation of the cylinder’s dielectric constant. It is found that the interaction increases as the
moisture content (or dielectric constant) increases.

For vertical cylinders, ignoring the cylinder-rough-surface interaction, the main source of
the cross-polarized backscatter is the rough surface alone (second-order and higher-order per-
turbation terms). Fig. 14 compares the cross-polarized backscatter of the rough surface and
the rough-surface-cylinder for different values of cylinder number density. These cylinders are
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uniformly randomly distributed on the rough surface. and the mutual coupling between them is
ignored. While the cross-polarized backscatter from the rough surface (ks = 0.1 and &/ = 3.0)
alone decreases rapidly as the incidence angle increases, the backscatter of the composite target
increases.

To examine the validity of the scattering formulations. backscatter measurements were
performed polarimetrically using the indoor bistatic facilities of the Radiation Laboratory at
the University of Michigan. The radar was calibrated polarimetrically using STCT [17]. In
these experiments. an X-band stepped frequency radar with the center frequency 9.25 GHz and
the bandwidth 1.5 GHz was used. The experimental setup is shown in Fig. 15. A lossy circular
cylinder was made by filling a cylindrical cavity in a Styrofoam block with water. The radius
and length of the water cylinder were 0.83 cm and 11 cm, respectively. A computer-generated
Gaussian random rough surface with ks = 0.2 and kl = 0.9 was made by milling the surfaces of
floral foam blocks, and then they were soaked in water. Independent backscatter measurements
were collected by rotating the the rough surface as shown in Fig. 15. Because of the gravity,
the water content at the top of the layer was found to be around 30%. The water content is
assumed to increase linearly to nearly 100% at 0.5 cm below the top rough layer. The dielectric
constant of water calculated from Debye formula was found to be 53.4 + i 39.3.

Figure 16 shows the measured and the theoretical backscattering coefficients of the rough
surface without the cylinder. The excellent agreement indicates that the physical parameters
and the complete second-order perturbation solution the rough surface are very accurate. Figure
17 shows the measured and theoretical cross-polarized RCS of the rough surface with and
without the water cylinder. The inclusion of the cylinder does increase the cross-polarized
backscattered field significantly. Note that the interaction of a vertical cylinder with flat surface
does not produce any cross-polarized backscatter.

4 Conclusions

In this paper, an electromagnetic scattering solution for the evaluation of the scattering
interaction between a dielectric cylinder and a slightly rough surface is presented. Taking the
advantage of a newly-developed technique which utilize 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. 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
of the polarization current induced within the top rough layer of the rough surface are employed
which are derived from the iterative solution of an integral equation. The expression for the
scattering matrix of the composite target, which is of interest for modeling of vegetation, are
formulated. A sensitivity analysis is performed which shows that the cross-polarized backscatter
from the vertical or nearly vertical cylinders is dominated by the scattering interaction between
the cylinder and the rough surface. Although the evaluation of the scattering interaction for
tilted cylinder is computationally inefficient, it was found that the scattering interaction for
cylinders with tilt angle 3 < 6° is approximately the same as that for the cylinder with 8 = 0°.
The results of the sensitivity analysis indicate that the cross-polarized backscatter generated by
the scattering interaction between the cylinder and the rough surface increases with increases
in the incidence angle, rms height and correlation length of the rough surface, cylinder radius
and length, and dielectric constants of the cylinder and the rough surface. The accuracy of the
theoretical formulation is also verified by conducting polarimetric backscatter measurements
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from a lossy dielectric cylinder above a slightly rough surface. Excellent agreement between the
theoretical prediction and experimental results is obtained.
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JPL-958749.
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Appendix A

The near-field scattering interaction between two adjacent targets can be evaluated approx-
imately using an iterative approach. It is assumed that the current distribution of an isolated
scatterer is the illumination source of the other scatterer and so on. In this appendix it will be
shown that the secondary scattered field emanated from target {2 (E$,) can be obtained from
the secondary scattered ﬁeld emanated from target §1 (EJ,). Basically, the proof of the rela-
tionship between S and ™ as given in (31) is presented. Without loss of generality, consider
two adjacent targets in free space illuminated by a plane wave. Suppose the induced current
on (or within) target 1 in the absence of target §2 is given by J;(r;), then the scattered field
generated by this current can be computed from

kZ = L. (e
E =ik, 2, / G(r,r})Jy(r}) dv! ] / I u / Iy (rh)ekok =) gy dk |
Vi

(A1)

where the second equality is resulted from the application of the Fourier Transform of the dyadic
Green’s function G. If the observation point r is significantly apart from V;, most contribution
of the spectral integrand for calculation of ES come from values of k; for which k. and these
k are real quantities. In this case, it is recognized that

kZ thkor ,_ . T
E(k, k) = Z——e—(l—kk) /V Iy (r))emthok T gy (A.2)
1

4rr

is the bistatic scattering far-field of target §1 with the incident and scattering directions along
k; and k, respectively. Also noting that this scattered field can be written as

iko . .
E*(k, ki) = — E_gikotki=k)rag (i EVE (A.3)

where gl(l}, Ic,) is the bistatic scattering matrix of target {1 and r,; is a vector representing the
location of target f1.
Therefore the scattered field given by (A.1) can be written as

N {517? // ki 5,k ,;)e,-koue.--k)-mefkofc-rdkl}Ei, (A4)

In this representation the near-field scattered from target §1 is expanded in terms of a spectrum
of plane waves. Using Ej as the illuminating field the secondary scattered field in the far-field
region can be computed from

eikor 2 1 = ~ a" = A A ik ? 2 . P .
S, = —{ — — Nptkolki—k)rer jiko(k—ks)rco i
= { o [ -Sathe St ke e dkl}E

eikor _

= So1(ks, ki)E (A.5)

7

where §2(fc5, k) is the bistatic scattering matrix of target §2 and r, is the vector position of
target §2. in a similar manner E3, can be obtained and is given by

1kor

s _ _ z‘ko(—ic—ics)-rd iko(ki+k)-reo i

ezkor

12(127 ks )E. (A.6)
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S : S =), : o
Now it can easily be shown that Syy(ks. ki) = S5y '(=ki. —k,). since according to reciprocity
theorem (using the forward scattering alignment [9])

In the backscattering direction,ics = —l}i, and therefore §12(—fci,l;'i) = §(2;t)(—icz-.lz'i) as stated
in (31).
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Figure 1: Configuration of the scattering problem.

(a) (b)

Figure 2: The target is decomposed into two isolated targets above a half-space dielectric: (a)
a rough layer of dielectric and (b) a dielectric cylinder.
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Figure 3: The parameters indicating the dimensions and orientation angles for a cylinder.
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Figure 4: The conical regions of the significant scattered field from a cylinder for the direct
incident fields E!, (a) and the reflected incident field E7, (b).
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Figure 5: An inhomogeneous half-space medium with a rough interface. Left side of this figure
shows the dielectric profile.
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Figure 6: The RCS ratios of the zeroth-order to the complete first-order for (a) vv-polarized,
(b) hh-polarized, and (c) cross-polarized backscatter and for different cylinder tilt angles. The
simulation is carried out for a surface with ks = 0.1 and &l = 2.0.
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Figure 7: The cross-polarized RCS caused by the interaction between a cylinder (a = 0.385¢m,
lo = 0.71m, and €, = 43.4 +413.2) and a rough surface (ks = 0.1, kI = 3.0, and ¢, = 4.9 +140.9).
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Figure 8: The cross-polarized RCS of the cylinder-rough surface composite target versus ks of
the rough surface (¢ = 0.385cm, I = 0.71m, €, = 43.4 4 i13.2, kl = 3.0, and ¢, = 4.9 + 40.9).
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Figure 9: The cross-polarized RCS of the cylinder-rough surface composite target versus k! of
the rough surface (a = 0.385¢m, I, = 0.71m, €, = 43.4 + i13.2, ks = 1.0, and € = 4.9+ 10.9).
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Figure 10: The cross-polarized RCS of the cylinder-rough surface composite target versus the
radius of the vertical cylinder (. = 0.71m, ¢, = 43.4 +413.2, ks = 0.1, kl = 3.0, and ¢, =
4.9 +140.9).
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Figure 11: The cross-polarized RCS of the cylinder-rough surface composite target versus the
length of the vertical cylinder (a = 0.385¢m, ¢, = 43.4 +113.2, ks = 0.1, kl = 3.0, and
€, = 4.9+10.9).
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Figure 12: The cross-polarized RCS of the cylinder-rough surface composite target versus the

height of the cylinder lower end above the ground (a = 0.385cm, I. = 0.71m, ¢, = 43.4 4+ i13.2

ks =10.1, kl = 3.0, and ¢; = 4.9 + i0.9).
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Figure 13: The cross-polarized RCS of the cylinder-rough surface composite target versus the

volumetric moisture content of the vertical cylinder (a = 0.385¢m, I, = 0.71m, ks = 0.1,
kl = 3.0, and ¢; = 4.9 +140.9).
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Figure 14: A comparison of the cross-polarized backscatter of the vertical 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 alone (09 )
is also plotted for comparison (a = 0.385¢m, . = 0.71m, €. = 43.4 + 113.2, ks = 0.1, kl = 3.0,

and ¢, = 4.9 4+ :0.9).
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Figure 15: The experimental setup for the backscatter measurement of a vertical cylinder above
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Figure 16: The backscattering coefficients of the rough surface with ks = 0.2 and &/ = 1.0 at

9.25 GHz.
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Figure 17: The cross-polarized RCS of a water cylinder with a = 0.83¢m and [. = 11.0¢m above
the rough surface at 9.25 GHz. The RCS of the rough surface alone (09,A) is also shown for
comparison.
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