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Electromagnetic Scattering from Slightly Rough
Surfaces with Inhomogeneous Dielectric Profiles

Kamal SarabandiSenior Member, IEEENd Tsenchieh Chiu

Abstract—Remote sensing of soil moisture using microwave in the absence of vegetation cover, can be modeled as an
sensors require accurate and realistic scattering models for rough jnverse scattering problem, where the dielectric constant and

soil surfaces. In the past, much effort has been devoted 10 the g, 306 roughness statistics are to be determined from a set of
development of scattering models for either perfectly conducting
backscatter measurements.

or homogeneous rough surfaces. In practice, however, the permit- .
tivity of most soil surfaces is nonuniform, particularly in depth, The problem of wave scattering from random rough sur-
for which analytical solution does not exist. The variations in faces has been the subject of ongoing research over the
the permittivity of a soil medium can easily be related to its soil past several decades because of its applications in many
moisture profile and soil type using the existing empirical models. o045 of science and engineering. Generally speaking, the
In this paper, analytical expressions for the bistatic scattering . . . .
coefficients of soil surfaces with slightly rough interface and strat- available electromagnetic scattering models can be categorized
ified permittivity profile are derived. The scattering formulation ~ into three major groups: 1) analytical; 2) empirical, and

is based on a new approach where the perturbation expansion of 3) numerical. The analytical scattering solutions for rough
the volumetric polarization current instead of the tangential fields  grfaces apply when the roughness dimensions of the surface
is used to obtain the scattered field. Basically, the top rough layer .

is replaced with an equivalent polarization current and, using are either much smaller or much larger than the Wavelength.
the volumetric integral equation in conjunction with the dyadic ~FOr surfaces with small surface root mean square (rms) height
Green’s function of the remaining stratified half-space medium, and slope, the small perturbation model (SPM) is the most
the scattering problem is formulated. Closed-form analytical commonly used formalism [2], [3]. In this approach, the
expressions for the induced polarization currents to any desired ¢\ face fields are expanded in terms of a power series in the

order are derived, which are then used to evaluate the bistatic . . .
scattered fields up to and including the third order. The analytical small roughness parameter and, then, using either the Rayleigh

solutions for the scattered fields are used to derive the complete Nypothesis or the extended boundary condition [4], the ex-
second-order expressions for the backscattering coefficients aspansion coefficients are obtained recursively. The scattering

well as the statistics of phase difference between the scatteringformulations based on SPM exist for dielectric and perfectly
matrix elements. The theoretical results are shown to agree well conducting rough surfaces. For these surfaces, only first-order
with the backscatter measurements of rough surfaces with known . for th larized and d ' d .
dielectric profiles and roughness statistics. expressions for the copolarized and second-order expressions
) o for the cross-polarized backscattering coefficients are reported
Index Terms—Electromagnetic scattering, inhomogeneous me- [5]. On the other hand, if the irregularities of the surface
dia, rough surfaces. . ! ..
have relatively small slopes and large radii of curvature,
the Kirchhoff approximation (KA) can be used [6]. In this
approach, the surface fields at a given point are approximated
SOIL moisture, and its temporal and spatial variations at#y those of the local tangent plane. In the past two decades,
nfluential parameters in both climatic and hydrologicnany attempts have been made to extend the validity region
models. Soil dielectric constant at microwave frequencied SPM and KA. Among these, the phase perturbation method
exhibits a strong dependence on the soil's moisture contefRPM) [7] and the unified perturbation expansion (UPE) [8]
At L band, for example, the real part of the dielectric constafdr extending the low-frequency techniques and the integral
ranges from three for dry soil to about 25 for saturated sodquation method (IEM) [9] for extending the high-frequency
This variation can result in a change on the order of 10 didchniques can be mentioned. In the PPM, the perturbation
in the magnitude of the radar backscatter coefficient [1]. Witblution is obtained by expanding the phase of the field instead
the advent of the polarimetric synthetic aperture radar (SARY; the field itself, whereas in the UPE method, the solution
radar remote sensing of soil moisture has attained significatobtained by expanding the field in terms of a parameter
prominence in the past decade. SAR systems are capgpi®mentum transfer) that remains small over a region larger
of producing the backscatter map of the terrain with higihan the perturbation parameter used in SPM. Scattering
resolution from an airborne or space-borne platform. From thermulations based on PPM and UPM are reported only
electromagnetic point of view, remote sensing of soil moisturgar one-dimensional rough surfaces. The scattering solution
Manuscript received May 3, 1996; revised January 23, 1997. This Wo_hgseq on the |n'FegraI equation (_IE) methOd 1S Obt[amed .by
was supported by NASA under Contract NAGW-2151. inserting the KA into the surface field integral equation. This
The authors are with the Department of Electrical Engineering and Cofyethod is significant in that it reduces to the SPM solution,
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In this paper, no attempt is made to extend the validigndP,. is the polarization vector of the reflected wave, which
region of the existing methods; instead another practical aspeat be obtained from
of the scattering problem is investigated. In most practical .
situations, the soil moisture content as a function of depth P =ro(Pi - 0:)0r + ra(Pi - hi)he.
is nonuniform in depth. The soil moisture profile is usuall ) o
a complex function of soil type, temperature profile, surfa(),{'eler_e”’v andr;, are _the Fre_zsnel reflection _coeﬁ|C|ents and the
evaporation, and moisture content [14]. For radar remdi@rizontal and vertical unit vectors are given by

sensing of soil moisture, the effect of the inhomogeneity in the - N
e ; . - ke x 2
complex permittivity of the soil surface on its backscatter must hs = — ~
be understood. For this purpose, analytical expressions for l’fs XAv|
the bistatic scattering coefficients of a slightly rough surface Uy =hg X kg Q)

with inhomogeneous dielectric profile are derived. Using the

classical perturbation expansion of the electric field, a neghere the subscrips can be¢ or + for the incident and
volumetric integral equation approach is used to obtain tieflected waves. In presence of the homogeneous rough layer,
iterative scattering solutions. In what follows, the theoretthe incident and reflected waves induce a polarization current
cal formulation for the scattering problem is given and theithin the top dielectric layer which is the source of the
closed-form complete second-order solution for backscatteripgattered field. The polarization current in terms of the total
coefficients and phase-difference statistics are derived. figld and the permittivity of the layer is

Section lll, the theoretical solution will be compared with

experimental backscatter measurements collected using the J(r) = —ikoYo(e — DE’ ()

University of Michigan’s (Ann Arbor) bistatic indoor facilities. . . )
verstty Ichig ( ) bistatic e where Yy = 1/Z, is the characteristic admittance of the

free-space and
[I. THEORETICAL ANALYSIS

Consider an inhomogeneous half-space medium with a E'=E +E +E°.
rough interface as shown in Fig. 1. In the following derivation, ] ) _
it is assumed that the medium is stratified, that is, the relatiy@€ Scattered fiel can in turn be expressed in terms of the
permittivity is only a function ofz, and is given by polarization current and is given by

er(z, y; 2) = &(2). E’® = ikoZo G(r, r') - J(r') dv’ ©)
. . . . Vstab
Suppose a plane wave is illuminating the rough interface

from the upper medium and, with & very high probability, th@ here G(r, r’) is the dyadic Green’s function of the half-
surface height variation is small compared with the Waveleng§5ace inhomogeneous medium (in the absence of the top rough

of the incident wave. To make the solution tractable, thgyer). Substituting (3) into (1), the following integral equation
permittivity of the top layer down to a depth dfis considered fqr the polarization current can be obtained:

to be uniform where-d < min {surface profil¢. Denote the
surface height profile by the function = Af(z, y) where 1 ‘ ’
f(z,y) is a zero-mean stationary random process with a 6_—13(1“) I—ikoYo(E”—i-E’)—l—kg//
known autocorrelation function anl < A is a small constant T
known as the perturbation parameter. The incident wave can /d+Af(w’,y’):

0

be written as G(r, ') - J()dv. (4)

oo

Ei (7_) = Pieikoki'r . . . .
An approximate solution for the integral equation can be
whereP; denotes the polarization of the incident wakg,= obtained using a perturbation technique. By breaking the
27 /) is the free-space propagation constant, &hi$ the unit integral into two integrals, one with limits from zero #band

vector along the direction of propagation given by the other with limits fromd to d + Af(z’, ') and, noting
. Af(2’, o) is a small quantity, up to th&'th order inA, (4)
k* = sin 0; cos ¢;& + sin 6; sin ¢, — cos 6, 2. can be written as

In the absence of the top homogeneous rough layer (with thick-
nessd), the incident wave would be reflected at the smooth
interface between the free-space and the inhomogeneous half-€ ~

1

00 a_
I J(r) ~—ikoYo(E' + E") + kg// / G(r,1’)
0

space soil medium. The reflected wave can be expressed by N_1
L oep . / / / ! 2

B () = p,lok ) ] K 3 i
wherek" is the direction of propagation of the reflected wave [Af(, )]t o
given by  (n+1)! Bzn

=k =205 k)3 AG(r,x)I(r))} da’ dyf (5)
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z be obtained and is given by
Incidence
Field
NS 1 -
91 o p— Jo(kd, 2)
o Ky — —idnkoYod(kL — K )[Pie™ M7 + Pt
/ 0 d . ~
? : + kg / G(ky; 2, 2) - Jo(ky, 2/)d?’ (8)
i 0

Fig. 1. An inhomogeneous half-space medium with a rough interface. Left 6_—1 JN(kJ_v 75)
side of this figure shows the dielectric profile.

d .
= kg/ G(ky; 2z, 2) - Inky, 7)de
wherer/, = &' £+y'g+dz. Taking the two-dimensional Fourier 0

transform of both sides of (5) and noting that the integrals in +k3G(ky; 7, d) - V. 9)
z' andy’ are of convolution type, it can be shown that B
1 Here, V5 is the source function for thévth-order integral
1 J(ky, 2) equation with a closed-form representation
c—
= —idm2koYob(k) — K )[Pie™ ™% 4 PLe*e?] Nen-1\
d . N—1N-— m (ik, )™
+/€2/ é‘rkJ_;z,z/ -ij_,z/ dz VN—
An-l-l |: a]\ —n—m—1
<) o E B iy g kb} F(ky).
+k0 Z Z 7’L+ 1 : 92" G(kJ_7 2, d) 8(7:’)1\ 1 ®

n=0 m=0

gn—m n+l
la__ (ky. d)« () F(ky)

where * is the convolution operatorf'(k, ) is the Fourier
transform of f(«/, ¢/), ®™ representsi-fold self-convolution
n

The integral equations so obtained are Fredholm integral
(6) equations of the second kind, for which analytical solutions
can be obtained. Note that the solution of the zeroth-order
equation is the source function for the first-order equation
and theNth-order equation has an excitation function which
consists of ¥ — 1 lower order polarization currents. To solve
(@ F = /F*_F?_*ﬁ) ki = ko cos §;, and G(/uy 2, 2") (8), letusfirst split the integral into two integrals: one over the

is the Fourier transform of the Green's function, given by (7§terval [0, z] and the other over the intervi, d]. Extending

the integration limits of the second integral over the entire
h t the bott f th A = (k% — k2 — k2,
shown at the bottom of the page. In (£) Fe =k interval [0, d] by adding and subtractlng an integral over the

ki = ko& + kyg, and h(£k.) and 5(+k.) can be obtained jnterval [0, 2] and notingh(k.) = h(—k.), (8) can be written

from (1) with ky = (k.& + k9 £ k.2) /ko. as
Since the surface height variations are much smaller than

the wavelength& < \p), the induced polarization current on

the top rough layer closely resembles that of a smooth Iayer JO(kL’ ?)
with the same dielectric constant and thicknés&Inder this = —idn2koYos(ky — kz )[ emikE P kA
assumption, the polarization current may be expanded in terms
of a convergent perturbation series4y and is given by —22-Jo(ky, 2) + — / {h ( 2)
o [tk (2T —2) _ ik (4 —4) ik (2 —2)
J(I‘) _ Z Jn(r)A" [ 2 ]+[ ( ) (k4)6
=0 = B(=k.)o(—k. )N Jo(k, ) d2

[rre®=® + e~ * A0k h(k.) + [roe™ i (k.)

where Jo(r) is the induced polarization current in the un-
perturbed layer. Then by substituting this expansion into (6)
and collecting terms of equal powers Ax, a recursive set of + e R Eh(—k k=)t / Jolky, ). (10)
equations for the components of the polarization current can

8z = ') {m[( <)/5; G ?) >‘k i ?( f); s }
Cky: 7 ) = —pp 2= k= 4 p(=k,)e 2] § Gk
Gky; 2, 2) k2 + 2k {h( Nrnh(=k ) ik ;L( Yok |k )

Fo(ka)[rob(=k )b bk e R ek} 2>
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Noting that the second integral in (10) is a constant function The source function of (9) can be written as
of » and that the first integral is of convolution type in
(10) is recognized as a vector \olta integral equation thakQ
can be solved analytically using the Laplace transformation®
or Picard’'s Process of successive approximation [15]. Sinc
the involved integral in (10) is explicit in terms of variable”V/"€re

k,, it can be shown thaly(k , z) is of the form

G(ky; 2, d)- Vi 2 —ikoYo(qnie™** £ qure™?) (12)

Zok i S e
qu: 2% 2 gihed {[ (kz) - VN]h(k:)
Jo(kJ_, Z) = (27{')26(kJ_ - ki)Jo(z) + [U( k. ) VN]@( z)}
k‘o zk d ¥ 7
The polarization current can be decomposed into its principal Anr = ok, Alh(k=) - V] hke)
components given by + [0(=F.) -VN]f/(kz)}.
Jo(2) = Jon(2)h(kL) + Jor(2)EKL) + Joo(2)2 Noted that the vector integral equation (9) and the source
function for theNth-order polarization current are identical to
where #(k) = 2 x ﬁ(k?). Evaluating the inner productthose of the zeroth-order polarization current and, therefore, a

of (10) with ﬁ(ki) #(ki), and 2, three uncoupled ScallarS|m|lar solution can be easily obtained. By decomposing the
\olta integral equations are obtained. Solutions to the resulréfo‘h -order tpoletmzatlobn cuhrrent 'tr;] t;arms of its three principle
integral equations for the three components of current are @mponents, it can be shown tha

the following form:

. ik .
| | It 2 = WD) e v b
Jon(z) = Ape™* 4 BremHi- . ikobasc—1) ., ——
Jou(z) = AVciki-m 4 Bk 2 Ine(ky, 2) = P Co(k, 2)[Vn - 9(—k2)]
k.i i L ~ Lk‘ok‘ ( ) ~
. —__r 0 iki.z _ RO —ik]. =z - k ) =P\ T k ;. _]{;, .
Jo:(2) o {A% Bl ). (11) Inz(ki, %) o+ ho t(k, 2)[V - 9(—F.)]

After a long algebraic manipulation, closed-form expressiofs Scattering Coefficients

for the zeroth-order polarization current are obtained Once the polarization current is obtained, the scattered field
in region z > d can be obtained from (3). Assuming that
2okl - . the surface perturbation is localized and the observation point
Jon(z) = kZ ey Yo(e = 1D)Cy (K", 2)[P; - h(kL)] r = 7(sin 5 cos ¢ps2 + sin 65 sin P4 + cos 652) is far from

the scatterer, the far-field approximation can be used to find

ek the scattered fields. Using the stationary phase approximation
k! in the far-field region, the Green’s function is reduced to
Jonle) = =i KRy nopad, o el reg netion s recu
kZ (6/61 +k ) — tkor s
ey G(r, v') = {IAEDRG)r, + d(k2)o(=k)riJe "
2kok? + [R(ER(ES) 4+ 6(k3)(kS)]e™™ 1, 13
Jou(2) :—zﬁ%(e DOV (K, 2)[P; - 2l [h(E)h(EZ) + 8(k2)o(k2)] } (13)
Rz ¥ Fie Substituting (13) and the polarization currents into (3) and
o expanding the integral similar to those used in (5), M-
where

order scattered field is given by a power serieNfi(z, y)
[similar to (3)]. In this process, thé&/th-order scattered field

k. =k [ — sin? 6; components are found to be

) ] N-1 N—
k” =kg sin 6; etk

M) - hk2) =ikoZoAY S ‘Z“Z Z

; Ifz Z n=0 m=0
Ty Nen-1
e (*2 or

R =% , s L m
v Gké—i-/{}iz (N—TL)' [ h+( 1) ]

_1)n(Rh — Th)eiklzz + (RhTh — 1)e—ik1;z aN—n—m—l J
Ch k. » :( g i h s s
n(K, 2) Ry (Ry, — rp)et1:¢ + (Rprp, — 1)e—th=d O (K", d) 9z )N—n-—m-1 In(kL, d)

1) _ (—1)"(7b _ RrU)CiklzZ + (R'UT'U _ 1)e—ik1;z )
Cik, z) = Ry(R, — r)e=d & (Ryry — 1)e—thi=d ® PO -k a0
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ikor S In these expressionB (k3 — k', ) is the only indeterministic

s ArrE\ N ke . . .
N(T) - 0(kD) =thoZoA el > > factor and, therefore, the elements of the differential covari-
N . =0 m=0 ance matrix can easily be obtained by noting that
f— /"L —_— ) .
( (k)™ | 4 4
m s m : = F(k® — K 2 — s _ 1.0 22
A - 1) Jm ZIAFGL KD =Wk —KL)  (22)
. C® (k*, d) cos 0,(k?) whereW (k, ) is the power spectral density of the surface.

s m1 s . A To examine the validity of the first-order results, a special

T [R'U]:r_(rliig_l]cnl+1(k > d) sin 0,2} case is considered. In the case of backscatteirjg=£ —ki)

. { 9 j (k? d)} and for a homogeneous profile whekg = », and Rj, = 7y,
Oz )N—n—m—1 "L the first-order backscattering coefficients are given by

N—
s 4 7 @
* ® Fky). (15) Thhhh = = ko cos® 0| Ry, [PW (~2K ),
The polarimetric response of a target can be obtained from its 4 4 |k = kD(EE, + K sin? 6;) 2
. . . o, =—cos 8 : .
complex scattering matrix, defined by A (K}, + €ki)?
eikr —_ . : W(_2k1)
E° = SE’. 0 _ 0
T Thvhv = Ovhuh
The elements of the bistatic scattering matrix can simply =0

be computed by setting®; = h(k%) and P; = o(k1) in  which are in agreement with the results reported in the
(14) and (_1_5). For distributed targets, such as rough_ surfac_m%,rature [5]. Before we proceed with the higher order scat-
the quantities of interest are the elements of the differentiging solutions, the following observations are in order. The
covariance matrix, defined by analysis is simplified if we assume that the surface-height
o o Ag . o profile f(z, y) is a Gaussian random field. There is some
Tijpg = I A {SijSp)s i J,p, € {h, v} (16) eyidence that this assumption is reasonable for some surfaces

. of practical importance [1]. Since Fourier transformation is a

Here, (-) denotes ensemble averaging. These elements arg; i,y operation}'(k, ) is also Gaussian. It is well known that
general complex quantities, except whes p and;j = ¢, In  he following identities hold for a zero-mean jointly Gaussian

which case the elements are the usual scattering coefficiepts,jom vecto{ X1, -+, X, }:
In the perturbation analysis, each element of the scattering T
matrix can be evaluated up to théth-order, that is (XiX;Xy) =0 (23)
N (Xi X X Xp) = (XilXj) (X Xy) + (XiXi) (X X0)
Sij = SWAr i e {h, v} (17) + (X X0) (X X). (24)
n=1

) ) ] On the other hand, it can be shown that
It turns out that simple expressions for the first-order elements

can be obtained and are given by Si(jl) x F(k} —K) (25)

W) K3k (e — 1) iRk S / dky F(k} —k1)F(ky —k)IS (kL) (26)

Sy = AN Ch(k®, CHXK', d -
M Tk LR A o DA .
-cos (¢ — i) F(K — k) (18) 5O // ik di', F(kY — k)
iLsli (o _ 1)e—i(ki4k)d ]
sy = IR (e = Deme T2 e, i, o = L
ekt R + R Pk —KOFEL -KD)IP KK (27)
-sin (¢ps — i) (k] — k') (19) , ,
y kokikSk(e— 1)6—i(k1+k§)d ‘ whereIi(j) andIi(j) are functions of polarization currents. For
S,E.h) = Z( Zsli R Cl(K', d)CY(k*, d) the evaluation of the covariance matrix, we confine our interest
TRz T L S in perturbation terms up tax*. Substituting (25)—(27) in (17)
-sin(¢s — ¢i)F(k_J_ -k1) (20)  and then using (23), the elements of covariance matrix simplify
1) Rk (e = DemikHRd to
Y ekl 4 kL) (eks + kL o) o) 2) (2)+
(e 12)(e i) (SijS5,) N<Sz‘(j)5§1) YA +[<Sz‘(j)S](J(21) )
| kLG (K, DCE (K, d) cos(s — ) +(S5SET) +(STsimIAt (28
kS ki Noting that property (23) is valid for any odd number of

4if’ L.ov(ke, d)Cf(ki, d)|F(k% — ki)- random variables, the elements of covariance matrix are only
ki functions of even power cA. Therefore, the next higher order
(21) of approximation in calculation ofS;;S;,) can be obtained
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by inclusion of products of the first and the fifth, the secondackscatter measurement, apart from the backscattering coef-
and the fourth, and the third-order scattering terms. Howevéigients, the copolarized and cross-polarized phase differences,
evaluation of high-order scattered fields such as fourth and fiffefined by¢. = ¢n;, — ¢ue aNd ¢ = dp, — Py, are two
order are rather complex and tedious. Noting thas a small additional independent parameters, which can be used in an
guantity compared to the wavelength, the benefit of inclusiamversion process. In a recent paper [12], it was shown that
of A® term is not significant. This argument cannot be usdtle statistics of the phase difference can be derived from
for the second-order solutiom\¢ term) since this term is the the elements of the target covariance matis; {S;,)) and
dominant factor for some important scattering parameters subat the probability density function (pdf) of each phase-
as cross-polarized backscattering coefficient and copolarizitference can be fully determined in terms of two parameters:
degree of correlation. 1) coherent phase differencé)(and 2) degree of correlation

The scattering matrix elements up to third order are derive@d). The coherent phase difference is the phase difference at
These expressions are very lengthy and are not includedwhich the pdf assumes its maximum. The degree of correlation
this paper. Interested readers are referred to [11]. Using thésea real number that can vary from zero to one and is
expressions in (28), the elements of the covariance matrix gamoportional to the spread of the pdf aroufidwherea = 0
be obtained. The ensemble averaging process can be carcedesponds to a uniform distribution and= 1 corresponds
out easily using (24) and to a delta function. In terms of covariance matrix elemeqts,

5 oy , and « are given by
AP (k)P (k) = A% (F(k1)F(=KL))
=(2m)?6(ky —K)W(k1). (29) —1 Im[(5i;55,)]

Re [(5i;5%,)]
|(Si5 S5
(15312} {15 w0 ]?)

¢ =tan
Using the above mentioned properties, and noting that in

backscatter directiony, = ¢; + 7, 6, = 6;) Sm) SSL) =0, o=
the cross-polarized backscattering coefficients can be obtained

and are given by

(32)

where subscriptj = hh for copolarized andj = vh or hv

Tt :Ughvh for cross-polarized phase difference, respectively. Referring to
_ |kokt(e —1)%? (18)—(21), it can easily be shown that = 1 and a, = 0
o 1673 for the first-order scattering solution. Hence, and o, do

(1 - R)(1+ R)CL(K', d)Cy(K', d)|? not contain any information about the surface power spectral

) density or the surface dielectric constant. Noting that to the

/ Wk =k )W (ke +Kkj) first-order solutions, elements of the covariance matrix are

linearly proportional to the power spectral densify,is only

sin” (¢ — ¢s) cos” (¢ — ) ) a function of the surface dielectric profile.

|k Ok, d) — ok Cotk, d)| dx To characterize the dependencycgfanda,. on the surface

k. + k. ki +ek, © + power spectral density, we have to resort to the second-order

(30) scattering solution. Combining the first-order solution given

by (18)—(21) and the second-order and third-order solutions,

which satisfies the reciprocity condition. To examine thgosed-form expressions for the parameters of phase-difference

validity of (30), a homogeneous profile is considered havingatistics can be obtained. It is found thatvanishes when the

R, = m, and R, = r,. In this case surface power spectral density is azimuthally symmetric; that
00, =00 is, if W(ks, ky) = W( k2 + kg) This is usually the case
o o iN2d /12 n2ve |2 for most practical situations, which implies the copolarized and
2 | ko(k2)7k1. (kT — K5) : :
== T LA T 4 cross-polarized backscattered fields are mutually uncorrelated.
w3 | (kKL + KR (KL + 1)

. . . . 2
(kaky — kyke ) (K ko + Eyky)

- I1l. DATA SIMULATION AND EXPERIMENTAL RESULTS
(ki)2(kgkrs + kTk.)

/ ‘ ‘ In the previous section, an analytical model for predict-
Wik -k )Wk +k' ) dky (31) ing polarimetric scattering behavior of inhomogeneous rough
surfaces based on a perturbation expression of induced po-
larization current was obtained. Here, data simulation based
o on the complete second-order analytical model is carried
B. Phase Statistics out to investigate the sensitivity of the radar backscatter

Traditionally, scattering models for rough surfaces provideeasurements to physical parameters of the surface such as the
formulations for copolarized and cross-polarized scatterisgrface dielectric profile and surface power spectral density.
coefficients. With the advances in the development of polatdso, polarimetric backscatter measurements were conducted
metric radar, the statistics of the phase difference of scatteritogexamine the significance of the second-order solution on
matrix elements can be measured and used in inversion thke overall backscatter response as a function of surface
gorithms to retrieve the target parameters. In a polarimetparameters and radar attributes.

which is in agreement with result reported in [5].



SARABANDI AND CHIU: ELECTROMAGNETIC SCATTERING WITH INHOMOGENEOUS DIELECTRIC PROFILES 1425

0'0;-—_‘7_‘?_ ————— o J\_z 0.0k 3
- G-t G:i-__—:j;d; .... RSN c o= p- - E'—--~----::-b'-_"--'_-i_-'i-:—ﬂ-—-'—z
—_ h---"" - 4 — S
m - A A’, m T A—o _—
=3 - P - [ N =~ ~
S osf -t . ; S st 1
= E = —o— ks=0.1ki=2.0 g% —o— ks=01KkI=20
%o @ ks=02KI=2.0 %o o0 ks=0.2Kkl=2.0
~ ~
=% -10} ~=&—- ks=03kl=2.0 5 - g 10F - ks=03Kk1=20 ]
Tz 2
% | e ks=0.2 kl=1.0 % | eee--- ks=0.2 kI=1.0
—-—- ks=02kI=3.0 —-— - ks=02kI=30
_ 1 -5 1 1 1 1 1 i - 1 .5 1 1 1
10. 20. 30. 40. 50. 60. 70. 80. 0.0 0.1 0.2 0.3 0.4
Incidence Angle (degree) Moisture Content (m, )
(@) (@
Y e S S — 0.0E . . . .
BFee
-0.5 bt O e~ A s = T IR o S RPN R
—~ P~
m /M Rat-S
) Fo==-- N o e ol T 10t T A
s -Lor 1 £ —o— ks=0.1 kI=2.0
g 5 —o— ks=0.1kI=2.0 g £
o © c-@e-- ks=02k1=2.0
< sk e ks=02Kk1=20 ] g
= = L P = = i
-3 e Kes03KI20 =% 20 & - ks=03k1=2.0
=S % | eeee-- = =
© 20 -o--- ks=0.2 k1=1.0 E o ks=0.2 kl=1.0
— -~ ks=02KkI=3.0
—-— - ks=02kI=3.0
Py SO 3.0 . : :
10. 20. 30. 40. 50. 60. 70. 80. 0.0 0.1 0.2 03 04
Incidence Angle (degree) Moisture Content (m, )
(b) (b)

Fig. 2. Ratio of the first-order to the complete second-order solution ofFg. 3. Ratio of the first-order to the complete second-order solution of a
homogeneous rough surface with, = 0.2 (¢ = 8.0 4+ ¢2.51 at 1.25 GHz) homogeneous rough surface as a function of moisture content for different
as a function of incidence angle for different valueskefand k1. values ofks andkl at 6 = 45°.

Fig. 2(a) and (b) demonstrates the significance of them 0.01 ¢ = 2.21 + ¢0.002) to 0.4 ¢ = 14.68 + 47.5),
second-order solution where the ratio of the first-order to thige contribution from the second-order scattering term to the
complete copolarized second-order solution$})/a%?]  overall backscattering increases slightly. This effect is more
are plotted versus incidence angle. An exponential correlatipfonounced foro—ghhh_ Figs. 2 and 3 demonstrate that the
function given by inclusion of the second-order solution is more important for

calculation of o9 than for o0 Figs. 4 and 5 show
2 2 hhhh
) l_Lﬂ

plx, y) = s° exp (33) the copolarized coherent phase differerdgecalculated from
J the first-order and complete second-order solutions for the

wheres is the rms height antlis the surface correlation length,homogeneous surface as a function of incidence angle and
is used in these simulations. In Fig. 2(a) and (0),and &l soil moisture. To the first order,. is independent of surface
are varied as free parameters and the soil surface is assuff@hness parameters, however, the second-order solution
to be a homogeneous medium with= 8.0 + i2.51. This shows a weak dependency & and kl. It is interesting to
dielectric constant corresponds to a moist soil surface wifiote that the sensitivity to roughness parameters disappears
volumetric moisture content,, = 0.2 and is computed using for incidence angles larger thanS®s shown in Fig. 5( is
the empirical formula given in [13] at 1.25 GHz with= 0.1 relatively insensitive to moisture content for a homogeneous
and C = 0.3. It is shown that the second-order scatteringurface.
term is more sensitive to variations in rms heigk} than As mentioned before, the second-order solution is the dom-
it is to the surface correlation lengtt).( The sensitivity to inant component for the cross-polarized backscattering coeffi-
s is higher at lower angles of incidence fef,,, unlike cient.o},,. is directly proportional to the square of the rms
oY Fig. 3(@) and (b) shows the ratio of the first-ordeheight, thus, the dependencystts not examined. Fig. 6 shows
to the complete copolarized second-order solutions of th#,,, of the homogeneous surface as a function of incidence
homogeneous rough surface as a function of soil moistureaatgle for different values ofl andm, while ks = 0.2 is kept
6 = 45°. Here it is shown that as the soil moisture increasesnstant. Note that}, ,, increases with increasing dielectric
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with m, = 0.2 (¢ = 8.0 + i2.51 at 1.25 GHz) as a function of incidence Fig. 6. Variations of cross-polarized backscattering coefficient as a function

angle for different values oks and kl.

of incidence angle, moisture content£ 4.89 + ¢0.92 for m, = 0.1 and

e = 14.68 + 7.5 for m, = 0.4 at 1.25 GHz) and correlation length for a
surface withks = 0.2.
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Fig. 5. Copolarized coherent phase difference of homogeneous rough surface
as a function of moisture content for different valuesksefandkl até = 45°.
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Fig. 7. Sensitivity of copolarized degree of correlation to incidence angle for

different values oks andk! and moisture content, = 0.2 (¢ = 8.0+:2.51

constant and decreases with increasing surface correlatid
length. The copolarized degree of correlation is another poten-
tial parameter that can be used in retrieval of surface physical
parameters. The first-order scattering solution predict 1
independent of the surface physical parameters. Figs. 7 and 8
show .. for the homogeneous rough surface as a function of
incidence angle and dielectric constant for different values of
ks andkl. Note thatn,, in general, has a decreasing trend with
increasing incidence angle, rms height, and soil moisture. It is
also noted thaty. increases whe#! is decreased. The total
dynamic range ofx. as a function of the surface parameters
is rather limited.

Next we examine the sensitivity of the polarimetric
backscatter data to the surface dielectric inhomogeneity.
Three dielectric profiles are considered here: 1) exponentially
increasing moisture with depth; 2) exponentially decreasirp:
moisture with depth; and 3) a two-layer step profile, as show

125 GHz).
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in Fig. 9. The exponential profiles are chosen according tmich sensitivity tok.

[14] and are given by

. 8. Sensitivity of copolarized degree of correlation to soil moisture

tent for different values ofs and kl at # = 45°. . does not show

wherem,,; is the surface moisture content addn,, is the

Fame STl ica<o
my(z) =4 Y Mo—pa_y TU=%=
my(z) = my,(—d) z2< —d

increment of moisture at a depth below the surface. The
moisture content below depthis considered to be uniform.
In all cases the backscatter parameters are compared with a
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m, Fig. 11. Comparison of backscattering coefficients calculated for the ho-
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Fig. 9. Three different moisture profiles used in the backscattering simgith ks = 0.2 andkl = 2.
lations: increasing exponential with = 20, decreasing exponential with

£ = 10, and step.
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Fig. 12. Comparison of backscattering coefficients calculated for the homo-

Fig. 10. Comparison of backscattering coefficients calculated for the honfigneous and step moisture profiles for a rough surface kuite= 0.2 and
geneous and increasing exponential moisture profiles for a rough surface vith= 2.
ks = 0.2 and kl = 2.

homogeneous profile having a dielectric constant equal to that 180. fre— 1
of the inhomogeneous profile at the interface. Figs. 10 and ‘ “““
11 show the backscattering coefficients for a surface with 160. .
the increasing and decreasing exponential dielectric profiles 0) h
and havingks = 0.2, kI = 2. Note that the backscatter- & 140.F h
ing coefficients are insensitive to moisture profiles and the =
backscattering coefficients are basically indistinguishable from s 1207 homogeneous \\ i
those of the homogeneous profile having the same dielectric [ increasing
constant as that of the inhomogeneous profile at the interface. 0o e
This is due to the tapered impedance matching nature of the %0. L pl L ]
profile. However, this is not the case for the step profile as 10. 20. 30. 40. 50. 60. 70. 80.
shown in Fig. 12. The difference in°, depending on the

Incidence Angle (degree)

incidence angle, can be as high as 10 dB. The only sensitive

para.'met?r to mOISture, variations in depth f,or contlnuoq_.?g_ 13. Copolarized coherent phase difference calculated for the homoge-
profiles is the co-polarized coherent phase difference asn&us, increasing exponential, and step moisture profiles for a rough surface
shown in Fig. 13, wherg, for the homogeneous, increasingwith ks = 0.2 andkl = 2.

and step moisture profiles are showp.does not show any
sensitivity for decreasing profiles. It should be pointed out The validity of the analytical results are also examined by

that the calculation of the complete second-order solutigonducting backscatter measurements. The backscatter mea-
involves numerical evaluation of twofold integrals. To providgurements were performed polarimetrically using the indoor
a feeling for the required computation time, the calculation tiistatic facilities of the Radiation Laboratory, University of
backscattering coefficients and phase difference statistics Kichigan, Ann Arbor [16]. The backscatter data were collected

one incidence angle would take about one minute on a Sinom a rough layer of sand above a perfectly conducting
ground plane at center frequency 9.25 GHz with a bandwidth

workstation Ultra 2.
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Fig. 16. Comparison of the measured and calculated copolarized coherent
phase difference for a sand layer of thickness (a) 2.52 cm and (b) 3.53 cm
above a perfectly conducting ground plane at 9.25 GHz.
)
=S
i)
A uniform sand with maximum particle dimension of 0.15
mm was chosen to minimize the effect of volume scattering
from the sand layer. The effective dielectric constant of the
sand medium was measured to e = 2.7 + ¢0.05. The

radar was calibrated polarimetrically using STCT [17]. To
generate a desired roughness over the sand surface repeatedly,
Incidence Angle (degree) a template was made. The imprint of the template on the
b) surface generated a rough surface with almost an exponential
autocorrelation function withks = 0.122 and kI = 2.69.

Fig. 15. Comparison of the measured and the complete second-order sif- ot :
lated backscatter for a sand layer of thickness (a) 2.52 cm and (b) 3.53 Fc?rlée surface rothneSS statistics were measured using a laser

above a perfectly conducting ground plane at 9.25 GHz. Symbols represéaNQing system with a range resolution of 0.1 mm. The
the measured quantities and the lines are the theoretical calculations.  hackscatter measurements conducted for two |ayers having

thicknesses! = 2.52 cm andd = 3.53 cm over the angular
of 1.5 GHz. A 6 x 6 sand-box on top of a computer-range 20-5%.
controlled turntable was used to contain the sand layer. TheFig. 15(a) and (b) shows the measured and simulafed
antenna footprint covered an area of about 0.2## on the versus incidence angle. All the measured results are shown to
sandbox and collection of independent backscatter data viesin a very good agreement with the complete second-order
facilitated by rotating the sandbox at steps 6f Fhe wide solution except for the cross-polarized responses at50°.
bandwidth of the radar system was used to “range-gate” tRer these cases we were limited by the system noise floor.
possible unwanted radar backscatter from the sandbox wadlg. 16(a) and (b) shows the response of the copolarized
and edges. A simplified block diagram of the measuremertdherent phase difference as a function of incidence angle.
system is shown in Fig. 14. Both the first-order and second-order solutions are shown and
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Fig. 17. Comparison of the measured and the calculafgd,, /o7, fOr  Fig 18, Comparison of the measured and the calculated copolarized degree
a sand layer of thickness (&) 2.52 cm and (b) 3.53 cm above a perfecforrelation for a sand layer of thickness (a) 2.52 cm and (b) 3.53 cm above
conducting ground plane at 9.25 GHz. a perfectly conducting ground plane at 9.25 GHz.

it is obvious that the second-order contribution is insignificant . .
homogeneous rough surfaces. Also, polarimetric backscatter
at angles below 40

Fig. 17(a) and (b) compare the measured and theoretin’f!lc-Fasurements from rou_gh surfaces with known dielectric pro-
! o o N - iles and roughness statistics were collected and compared with
ratio of 03);,,,,,/ 0o, VErsus incidence angle. Here it is shown

hhhi] = vvvy . ; th? theoretical calculations. Comparisons with the measured
that at high-incidence angles first-order results are incapable e o
ata show excellent agreement. The sensitivity analysis in

accurate prediction of backscattering coefficients whereas {he

second-order solution provide satisfactory results. Fig. 18 ?e)rms of the surface physical parameters is also performed.

. IS shown that, in general, the backscatter parameters such as
and (b) shows the measured and calculated copolarized degre . . . _

. T . ckscattering coefficients and phase-difference statistics, are
of correlation versus incidence angle where a relatively goo

. L N ore sensitive td:s thankl. The contribution of the second-
agreement has been obtained considering the difficulties in the . . o . o
accurate measurement af [18]. order solution for calcu[atlon ob}y . 1S more ;lgn|f|cant
than that for the calculation af?,,,,,. The contribution of the
second-order solution to overalf, ,, can be as high as 2 dB
for ks < 0.3. It is shown that for continuous inhomogeneous
In this paper, a bistatic polarimetric scattering model fgurofiles, the backscattering coefficients are insensitive to the
random dielectric surfaces with inhomogeneous permittivityariations of moisture content as a function of depth. In
profiles and small surface roughnesses is developed usatber words, the backscattering coefficients of a surface with
a perturbation expansion of volumetric polarization currerd. continuous soil moisture profile are equal to those of a
A complete second-order solution for the backscattering ceemogeneous surface having a moisture content equivalent
efficients and the statistics of the phase difference betweenthat of the inhomogeneous profile at the interface. The
the elements of scattering matrix is obtained. The validignly backscatter parameter sensitive to moisture profile is the
of the model is verified in a limiting case, where it isopolarized coherent phase differen¢g.(However, both the
shown that the formulation for surface with inhomogeneoumckscattering coefficients and phase-difference statistics are
permittivity profile reduces to the known formulation forvery sensitive to step discontinuities in moisture profile.

IV. CONCLUSIONS
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