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A geometrical optics model of three dimensional
scattering from a rough surface over a planar
surface

Nicolas Pinel,Member, IEEE Joel T. Johnsonkellow, IEEE,and Christophe BourlieAssociate Member, IEEE

Abstract—A fast analytical method is described for predicting
the bistatic normalized radar cross section of a rough homoge-
neous layer made up of a rough surface over a flat surface. The
model starts from the iteration of the Kirchhoff approximation
to calculate the fields scattered by a rough layer, and is reduced
to the high-frequency limit in order to rapidly obtain numerical
results. The shadowing effect, significant under grazing angles, @ =1
is taken into account. The model is applicable for upper sur-
face roughnesses having small to moderate slopes, for lossles:
and lossy inner media. It was validated for a two-dimensional
problem (with 1-D surfaces) in a preceding contribution. Here, 262 _
the extension of the model to 2-D surfaces is developed, and
numerical results are presented to validate the asymptotic model
by comparison with a numerical reference method.

)
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Index Terms—Electromagnetic scattering by rough surfaces,

Multilayered media, Physical optics, Multistatic scattering Fig. 1. Multiple scattering from a rough layer with a rough

upper interface and a flat lower interface, represented én th
|. INTRODUCTION plane &, z). The points on the upper surfagg, are denoted
as{A;, As, ..., A, }, whereas the points on the lower surface
i‘B are denoted ag B, Bs,...,B,_1}. 0; is the elevation
NRcidence angle, and, is the elevation scattering angle in
.reflection, measured with respect to the vertical axisThe
g;%sitive sense is defined as clockwise.

CATTERING from dielectric homogeneous layers ha
many applications in remote sensing, including the se
ing of ocean ice, sand cover of arid regions, or oil slic
on the ocean, as well as in optics, including optical stud
of thin films/coated surfaces and treatment of antireflecti
coatings. The use of fast asymptotic models can be very lusefu

to predict the scattered signal of such systems, as suchl0gige face and a perfectly flat lower interface) and to obtain
provide fast numerical results compared to "exact’ numaricy formuylation of the bistatic normalized radar cross sectio
methods (for instance, see [1]-[3] and references there'f&lRCS) in the high-frequency limit. The model has been
while retaining accuracy for specific classes of surfaces.  yascribed in recent publications [10], [11] for one-dirienal
Many asymptotic models of electromagnetic scattering from_D) rough layers, in which the surface shadowing effect is
a single rough interface have been developed over the lg§ten into account [12], [13]. Here, the extension of the etod
years. By contrast, few asymptotic models have been devgl-yyo-dimensional (2-D) rough layers is developed in order

oped for rough layers separating homogeneous media, §8&nclude general three-dimensional (3-D) problems and to
mainly Refs [4]-[9]. Most of the available asymptotic maglelsy,qy scattering in cross-polarizations. Numerical rssate

for rough layers are difficult to implement numerically anhesented and compared with a reference numerical method to
demand extensive computing time. To our knowledge, thegjigate the model.

specific case of rough layers with rms heights that may belarg
compared to the electromagnetic wavelength (while retgini
moderate slopes) has not been treated before, and is tleesubj
of this paper. The aim of this paper is to extend the Kirchhoff )
approximation to the case of a rough layer (with a rough upp@r Problem presentation

The studied system (see Fig. 1) is composed of a rough
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WITH THE KA AND THE MSP
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(I%m I%Z-y, l%iz) (the elevation angle, with respect to the verticgboint A; are obtained from the Kirchhoff-Helmholtz integral
axisz, beingd;, and the azimuth angle, with respect to the axisquations [14], [15]. Under the KA, these expressions can be
%, being¢;). The incident field on the upper surfake at the written as

point A, is given byE;(ra,) = Epetf1Ki-Rai g; (the term A

e~ is omitted) whereR s, = z4,%X + ya,¥ + 24,2, with E,1(R) = +2ik (I - K Ky) - // dz 4, dya, (2a)

x4, andy,, the abscissa, angd,, the elevation of the point _ =

A;y. ki is the wave number insid@; (relative permittivity GI(RA“REFF(YAM:VA“‘I’)EARAI) =r(Ray),

erl-) Eml (R) = -2 Zkz (I - Kleml) . // dxAldyAl (2b)
The field transmitted into the intermediate medi{dmalong _

the directionK,,, is reflected by the flat lower interface Go(Rays R)Fmi (Y412, 741,0) Bi(Ray) Ee(Ra,),

at the pointB; into the specular directiod 1, and then where=, and=, are the illumination function in reflection and
reflected by the upper surface at the poiif, and so on. transmission, respectively (i.e., with. , = 1 if the point 4,
Thus, multlple reflections of the field insid®, occur, and Corresponding td:{Al is illuminated, and the rays emanating
this system can be seen as a rough dielectric waveguifl@m both the incident and the scattered waves do not cross
The first two scattered fields in reflectiol, ; and E, 2, the surfaces,.; = 0 otherwise)iza, € [—Las/2;+Las/2]

are treated in detail in this paper; higher orders can b@dy,, < [—Lay/2;+La,/2] (the surface lengths 4, and
expressed at any order in reflection in a similar manner jo, ~are assumed to be much greater than their correlation
tbat described hereE, 1, E, > are observed in the direction|ength L.4,, Leay, respectively, and than the wavelength
Ky = (kvaskry, kr2)/|k1| = (Ko, kry, krz). The unit wave )). In the above equations, the Weyl representation of the

vectorsK;, Ky, K1, Kp1 are defined by Green’s function is used to describe the propagation of the
K, = (sinf; cos i,  sinfising;, —cosd;), (la) scatter_ed wave from a p_oirRAn (with n=1 he_re) of the
N ; ‘ . . upper interface to the poirR of considered mediurf,,. Its
AKr = (bln 07- CcOs ¢7‘7 S 07- Sin err-, + cos 97-), (1b) eXpl‘eSSIOﬂ is glven by [8], [16], [17]
K1 = (s?n Om1 cOS ¢m1,s.1n Om1 sin Pm1, — €08 bp1), (1c) ; Dk e —ran)bif(Olz—Ca, |
Kp1 = (sinfpy cos ¢p1, sinbpsingpi, +cosbpr). (1d) Go.(R,RaA,) = 5/ e 7 ,

In order t'o calculate the f!eIcEml a'der,z, the Klrchhoff' wherek — k,% + k,§ (k. andk, ranging] — co; +ocf) and
approximation (KA) (which is sometimes also called phykica N O
. SN AN r = zX + yy, with
optics approximation, or tangent plane approximation)siscu
for the (upper) rough interface, and the Weyl represeniatio k) = VEZ —[[k[|2 if K2 > k|2 @
of the Green’s function is used to describe the propagation i/l [k|[2 — k2 if k2 < ||Kk||?
f i i her. M isely, thei&A . - .
fom one scattering point to another. More precisely, thei& If the point R is in the far-field zone of the surfack 4,

iterated for each scattering inside the rough layer. Thathig . . . !
the method can be called iterated Kirchhoff approximatio ’orre.spondlng 0 |nqualltj/|R|| >> [[Ra,ll, the Green's
nction can be approximated by

and denoted IKA. The field at any point of the (upper) roug
surface can then be approximated by the field that would be exp [i(kaR - Ks- RAH)]
present on its infinite tangent plane. Thus, the Snell-Déssa Ca(R,Ra,) ~ 4T R ’
laws and the Fresnel coefficients can be applied locally, Rkn K, =K, for a = 1.

any point of the (upper) rough surface. This approach shouldg, hgtitting the expression of the far-field Green's fuoeti
be valid for near-specular scattering geometries at mwer@) in equation [fa), in the far-field zone the first-order

incidence angles and for interfaces whose radii of cureatuf - +tered fieldne (R) can be expressed under the MSP by
are much larger than the incident wavelength rl
’iklEOeiklR =

The formulation is further simplified by applying the . B P o
method of stationary phase (MSP) for each scattering point E(R) =+ 21R (1= KoKy Fr(7a,)
inside the rough layer. The MSP is an approximation of the KA d i(Ki—K.)-Ra, = (Ra,), (6)
that assumes that the major contribution of the scatterédl fie TA, € —ritAL)

comes from regions of the rough surface in the vicinity of the B 0 i
(stationary phase) specular points of the rough surfacesh wherefdx;Al :Zfif(é:;f‘ldy%“l ignd F.;(WOAl)_'S g'g’e” b% half
direction is given by the local normal to the surface and iige equation (2.1.55a) of [18], withx, = (va,.:7a, )

(®)

incidence angle. Using these two approximations, simpiliﬁ@'ven by
expressions ok, ; andE, > can be obtained: in the case of Ve = 7%(:)@ = (ko — Kin) /(s — ki), %
1D surfaces, with integration forE, ;, and3 fold integrations o ot
for E, » [10]. Here, for the case of 2D surfaces, one will see Vary =Vayy = —(kry — Kiy) /(K2 — ki) (8)
that the number of numerical integrations is doubled. Similarly, the higher-order scattered fieldg(z, Ex.s, etc.)
are obtained from equatior2lf) by first using the Weyl
B. Fields scattered by the rough layer representation of the Green function which describes the

The fields scattered in reflectidn, ; inside(2; and trans- propagation of the wave fronR s, to the pointRa,,, of
mission E.,; inside Q, by the upper interface.4 at the the upper interface: 4, after reflection onto the flat lower
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interface X at the pointB,, of elevationzy = —H. It is to the power scattered by the rough surfatg comes from
given by [16], [19] closely-located correlated surface poidts and M’. can be
i dk neglected. Moreover, the height differen¢g — (,;» can be

G2 (Ra,,, Ra,) = 5/ o (k) (9) expressed by the approximate expressi@n, (xa — za) +

Yy (Ynr — ynrr), With ynv = (yar,2, 701,) the rough surface
slope at the poinf\/.

f(k) ’ Then, the incoherent total NRCS (equal to the total NRCS
f’ﬁ under the GOA) of a 2-D target (for a 3-D problem) can

ek (ra, g —ray)+if (K)(Ca, g —Ca, —225)

t
with r(k) the Fresnel reflection coefficient of the lowef’r ) ; Y
be determined more easily. It is given by

interface.
Then, the scattering in reflection and transmission at the ror R? ptot
point A, is described by the Kirchhoff-Helmholtz integral 7y (K Ki) = 20 === cos O] B2 (13)
equation under the KA, expressed in reflectBy,, inside ) ) o o
Q, and in transmissiofE, , inside 25 by whereR is the distance of the target, afid,., L4, the upper

surface length along directioR and §, respectively. In the
E,,(R) = +2iks (I - KpnoKma) - // dza,dya, (10a) above equation, for cases= {1,2}, one has the relations

tot _ tot _
G2(Ray, R)Fm2(7a,) Bpi (Ra,) Er(Ra,), Py =p.y andP5 =p.,+p,9, (14)
E,,(R) = —2ik (- K.K,)- / / diaydys,  (10b) WO -
—_ pr,l = o 7,1
G (RAzaR)Ft(7A2)EP1(RA2) ‘:'t(RAz)a { o

Pra= g [([Beal?) +2Re((Bri Ero))]
respectively, withza, € [—La./2;+La,/2] and yu, € i o
[~Lay/2;+La,/2], and the field inside, incident on the A NRCS corresponding to the contribution of each scattered

upper interface at the pointly, E,1(Ra,), being obtained power can then_be defined. Thus, for= 1, 0, ; corresponds
from the relation to the contribution fromp, ;. Forn = 2, o, ; corresponds
to the contribution fromp, ; and o, , to the contribution

Ep(Ra,) = G2, (Ray, Ra,) Eni(Ra,). (11)  from p,,. Under the GOA and with shadowing effect, one

Thus, under the MSP and by neglecting the evanescent wage show that the interference te(rEr,l ET’2> equals zero,

contribution, by using the far-field Green function (5) ag thWhICh 'S 1N agreemgnt with the I{:\tter appr0>'(|mat|on.'ln this
. o model, the shadowing and masking effects in reflection [12]
point A, = A, EX% is expressed by

and in transmission [13] are taken into account. Indeedpfer
EX%(R) ikiky eF1 R dkm1 grazing incidence and/or scattering angles, a part of thedi)

Eo  (2n)3R ks dra,dra, rough surface is not illuminated by the local incident wave
and/or not seen by the local scattered wave. This phenomenon
must be taken into account in order not to overestimate the
NRCS.

(15)

Fmi1(7a,) X 723(0m1) X Fe(7a,)
ei(K;-RAl+Km1'RA1B1+Kp1'RB1A2 _Kr‘RAz)
d(kp1 — km1) Zi(Ra,)Z-(RB,)Z:(Ra,), (12)
with R, s, = Ra, — Rg,. The calculation ofE>, then A- Expressions of the first three contributions
implies 2 x 3 fold numerical integrations. ) The first-order NRCS in reflectiow, , (K., K;) corre-
By using the same principle for the higher orders, i.e. yponds to the NRCS in reflection from a single rough intetface
iterating the KA at each scattering point (that is why th&nder the KA and the MSP, and reduced to the GOA, it is
model can be called iterated Kirchhoff approximation, anaell-known [8], [18] that the NRCS can be expressed by

denoted IKA), and using the MSP, it is possible to obtain 9

the expressions of the scattered fields in reflecBgn, at any 0 (Ke Ki) = —— | (Ko, K) (16)
ordern € N*. Nevertheless, their expression is long and is (1 O(r))

i . Ps\Y 1 r
consequently not given here “; _A/;. ; S (Ki, Koy | 71(;(1))7

IIl. NRCSIN THE HIGH-FREQUENCY LIMIT L= r . . .
Q with F.(K;, K,) = ﬁr-Fb(Wg(l)) being a2 x 2 matrix which

As for 1-D surfaces, the n-th order total pow8f) = depends on the polarizations of the incident and the seatter
(|E75:]?) /2 scattered by the rough layer is given by equagayes, andS,, (K;, K, 142%) given by
tion (14) of [10], and the n-th order incoherent total power *

P;f;;f,inc is given bfof’,f’“”C _ [<|E$%|2> _ ‘<E7tf’7§>|2] /2771, m if {Qbr =¢;+m,0, > 9@}
with n; the wave impedance inside;. Sy = ﬁ(K) if {¢p =i +m,0, <0:} . (17)
In order to determine the NRCS in the high-frequency limit, L {6y # b; + 7}
the geometric optics approximation (GOA) is applied on the AR HA(KY) ’
(upper) rough surface in order to simplify the calculatigalid For the second-order contribution, the principle is the esam

for very rough surfaces, it assumes that the main contdhutias for 1-D surfaces (see subsection 3.1.1 of [10]). Extendin
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the method from 1-D surfaces to 2-D surfaces does not raeed the polarization general term in transmission et ¢,

any major problem in the calculation. However, this is truenplying Ks = K3) F; o3(K1,Kj3) is defined by

only for the coincidental case. The anti-coincidental case S S - -
Y ° 2[R — ko /kg Kal[(N°® - Ky)

which may contribute around the backscattering directieas  F, ,5(Kq,K3) = —— _ _ . (24)
rather hard to quantify for 1-D surfaces. It is then complex t |[K1 A K3l [ks. — ko /kp ki
quantify for 2-D surfaces. Then, in this paper we will choose {th(XT) N TR % A "R E %
configurations for which this contribution (which may occur 2 (b1 AKy) - K] [(a5 A Ks) - K]
only around the backscattering direction) can be negletied n to(x7) (B K )(ag - K )}
condition of its contribution is given by equation (36) ofl]1 2 R s &
Thus, the second-order NRGS > can be written as with K; the incident wave vector inside the mediufh,
and K3 the scattered wave vector in transmission inside the
5r,2(Kr7Ki) = cos 0, /Sin 9m1d9m1d¢m1 mediquﬁ.
B ! B ) The contribution of the third-order NRC&, 5 is given by
‘Ft,12 K, K1) X 723(0m1) x Fy21(Kp1, Ky)
[ors 3(Kr, Ki) = sin 9m1 d9m1 d¢m1 sin 9m2d9m2
0o(t) ’ cos b,
DPs (’YAI) S (Ki, K | O(t) ~ ~
!k'rnlz _ ];- | 12 v mt [ d¢TTL2 ‘Ft,IQ(Kia Kml) X F23(67nl) X FT'(Kp17Km2)
O(t _ - 2
Om Fi21(Kpz2, Ky
_ (W’AQA) S (Kp1, Kx |V0(t)). (18) X 793(0ma2) X Fi 21(Kp2 )
|km - %kl’12| Ds (%Ox(t)) o(t)
0 0 0 0 0 0 2 o 7 (e K [,
t t t t t t . —
\tI)VIth YA ( ) = (fyA(l )z,fyA(l )y) andy,, (®) (fyAg)z,’yAg)y) given {kmlz k |
Y p5(7 ) r
o(t) — A L 8 (Kp1, Kz | a2
’YAI z,y - _(kmlw7y - kiw,y)/(kmlz - kiz)7 (19) !kaz - kplz‘
ey = —(krey = kpro)/ (ke = k1) (20) ps(7ay)
Tzwy = Ty T Sty )[re T EpLe): Plns L o1 (Kpa Ko | 13Y) (25)
The bistatic shadowm functlons in transmission are given {k,.z - %’fp2z|
by S12(Ki, Km1 | 7a B[1 + A(Ki),1 + A(Km1)], and so on for the higher orders.
and Sy (Kp1, Ky | 1% t>) = B[1+ A(Kp1), 1 + A(K,)].

The second-order NRCST,Q is expressed in the form of aB. Model validity domains and properties
square matrix of dimensio®, in which each term depends on

o o The validity domains of the model are the same as for a 2D
the polarization of the incident and the scattered waves. TBrobIem (with 1D surfaces): see subsection 2.C of [11]. Base
general polarization ternf; ,3(K1, Ks) being also a matrix,

the NRCS ¢ v b it it duct n the iteration of the Kirchhoff approximation and theneal
€ cannot rigorously be Spiit up Into a produc q(%rated Kirchhoff approximation (and denoted IKA), it lths

elementary NRCSs as for the 2D case (with 1-D surface
corresponding to each scattering point inside the dieectr,
waveguide. As a general rule,.» and F; ,5(Ky,Ks) can
be expressed as

v lidity domain of the Kirchhoff approximation. Moreover,

bs reduced to the high-frequency limit, it uses the geometri

optics approximation (denoted GOA). That is why this method

can be denoted as IKA+GOA, and has the validity domain of
2 r2 the GOA.

Or2 = [Uh i (IIEWE) urhs (IIENE )] (21)  One can notice that this asymptotic model, generalized
’Lr“v( » Ki) v Ki) to a 3D problem (with 2D surfaces), has the same general
properties as for the 2D case (with 1D surfaces). Indeed, it i

] , (22) independent of the height statistics (when the anti-cdeial
contribution can be neglected), as well as of the frequency

where the first subscript in the terms inside the matrix reprer of the mean layer thickness (for lossless inner media). As

sents the polarization of the scattered wave, and the secdodthe 2D case, the model in itself, as based on the GOA,
subscript the polarization of the incident wave. The gener@annot deal with lossy media. Still, by using exactly the sam
polarization term in reflection (fos = r, implying Ks = K,) approach as for the 2D case (see section 7 of [10]), taking

vrv, (

T _ Fhshl (KlaKs) Fvshl (KlaKs)
Foop(Ka, Ks) = {Fh (K1 K.) Fy o (K1, K.

F.o5(K1,K2) = F.(K1,K2) is defined by lossy media into account does not raise any problem.
. . Some simulation results, not presented here, were used to
Fr(Ki,Ka) = — HKg - K}H _ (23) validate the first-order contrlbu_tlonﬁf’f = 0, (correspond-
||K1 A Kal|? |koy — k1| ing to the scattering in reflection from a single surface) by

. . . comparison with results of the literature [20]. In next s@tt
{ bl N Kl) KZ] [(5‘2 NKz)- Kl] asymptotic model predictions of the first two order contribu

L. tions of the NRCSs[%f = 0,, ando/% = o, , + 0, , are
+ 2 (b - Ko2)(az Kl)}, compared with a reference numerical method for validation.
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V. NUMERICAL RESULTS. ASYMPTOTIC MODEL Two roughness cases are considered: rms heigtit\ and
VALIDATION correlation lengthl.768\ or rms height0.3\ and correlation
length 2.12\. Both cases have rms slope 0.2. A distance of
2.41 free space wavelengths between the layers was useal in th
A numerical method based on the method of moments wasmerical method; simulations using other distances stiowe
developed for the configuration of Figure 1 following praxéo only a very weak dependence on this distance (likely due to
implementations for non-layered, penetrable rough sadfaaapered wave issues), consistent with the asymptotic rdetho
[21]-[23] and for objects in the presence of a penetrablgouwnhile the asymptotic method should be applicable for sugface
surface [24]-[26]. The latter problem can be directly egth with even larger rms heights, the canonical grid method
to the case of interest by replacing the penetrable objegiceleration technique used in the numerical algorithmest b
previously considered [24] with a perfectly conductingface. suited for moderate rms height surfaces. A total of thirty-
Although the code was implemented to be able to incorporaigo surface realizations (sufficient to achieve mean NRCS
rough lower boundaries, here only flat lower interfaces weestimates accurate to within approximately 2 dB) were used i
of interest. each simulation, with the required computations performed
The method discretizes both the upper and lower interfacgarallel computing resources at the Maui High Performance
the former in terms of the vector induced electric and magneComputing Center. The parallel computing algorithm was
current densities, while only induced electric currentsiées developed to use groups of 8 processors for a single surface
are required on the lower interface. To allow direct conrealization, so that required couplings between the uppdr a
parisons with the asymptotic approach, the combined mattbwer interfaces could be computed more rapidly. Resultga fo
equation for induced currents on both interfaces was sddyed single surface realization using eight processors werieesth
iterating on successive couplings between the interfaices (in approximately 5 hours of CPU time.
the “orders” of the asymptotic approach); the implemeatati  In the comparisons to be shown, the incident wave is linearly
is described in detail in [24]. This requires that algorithmpolarized with an incident elevation anglg of either 0
be implemented for determining induced current densities gnormal incidence) or 15 degrees, and the incident azimuth
each interface individually given an exciting field consigtof angle is always¢;, = 0°. The numerical results present
contributions from the incident field as well as radiatioonfr the total NRCS in reflectiomﬁj’;ﬁ for HH, HV, VH, VvV
the current densities found at lower orders. Solutions lier tpolarizations (the first term representing the polarizatid
upper interface currents were also performed iterativaty] the scattered wave, and the second term the polarization of
the canonical grid method [21]-[26] was used to acceletate the incident wave) and in either the incident plagge & 0)
required matrix-vector multiply operations. No accel@maf or in scattering planes rotated azimuthally with respedhio
computations of the coupling between layers was performgglane of incidenced, not zero).
so that overall algorithm is ordeN? where N is the total
number of unknowns on the upper interface. Improvements
in efficiency would be possible if acceleration methods wefe Simulation results

A. Numerical reference method

adopted for this coupling. Figure[2 presents numerical results for scattering in the
Reduction of surface edge effects given finite surface siptane of incidence (azimuth angle, = 0°) for an in-
were achieved by using the “tapered” incident field describeidence anglef; = 0°. For the numerical simulations of

in [21], [22], as is common in rough surface scattering ®adi the IKA+GOA, the first-order contnbuhorarwt = 0, With
A half power spot diameter df.6 wavelengths was used, andshadowing effect is plotted as a black Ime with C|rcles (the
fields at surface edges were reducedsdydB. Comparisons case without shadowing effect is not presented as no diftere
of scattering from the upper surface with standard asyrptoaippears). The second-order contributi@iﬁ = 0.1+ 0,5
theories was used to verify that this approach should peovidith shadowing effect is plotted as a green dotted line with
reasonable results for co-pol scattering within approxétya plus signs (the case without shadowing effect is not present
70 degrees scattering angle. These comparisons also shohe@ for the sake of clarity of the figures). For the numerical
the tapered wave to increase cross-polarized scatterats fidimulations of the reference numerical method, results are
significantly above the very small cross-sections predittg presented in HH and VH polarizations only for this case, gisin
standard theories. However, the presence of the lower lageirfaces of rms heighi.25\ and correlation length.768\.
dramatically increases cross-pol results, so that reéd®nalhe contribution from the upper interface alone obtainethfo
predictions are apparently achieved for cross-poladmain the numerical method, correspondingoﬁ?f =o0,,, is plotted
the presence of the lower layer. as a black line. The result after one iteration of the method,
The results to be illustrated consider a layer of relative pecorresponding te/% = o,., +0,. ,, is plotted as a green dash-
mittivity ¢,, = 3, above a flat perfectly conducting boundarglot line, and the result after many iterations, correspumdbd
(3 = ic0). Surface sizes af4 by 24 free space wavelengthso}’, ~ o/% , is plotted as a blue dashed line.
were used, discretized into 256 by 256 points for a total of In co-polarizations HH and VV, the two first-order contri-
393216 unknowns in the matrix equation (4 unknowns for eatlitions o1/ and o1 of the IKA+GOA have the same basic
point on the upper interface, 2 on the lower.) The upper sarfapropertles asin the 2-D problem (see section 6 of [10] and sub
profiles were generated as realizations of a Gaussian stoctsction 3.C of [11]). The second-order NR@SZt contributes
tic process with an isotropic Gaussian correlation fumctioprimarily around the specular direction, where the NRCS is
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Fig. 2. Simulation of the first two total NRCSs/’f, ando,%  Fig. 3. Same simulations as in figure 2, but with an azimuth
in dB scale, with respect to the observation an@jlein the angle¢, = 75°

plane of incidence (azimuth anglg. = 0°), for an incidence

elevation angled; = 0°

although such effects would likely not be major contribator
for angles within 30 degrees scattering angle. The total

much larger than that of the first-order contributieff{. The scattering coefficient computed from the reference method
case without shadowing effects (which is not representeel hehows larger contributions away from the specular directio
for the sake of clarity of the figure) diverges for observatioThus, in cross-polarization, the second-order contriousi.%
angles|0,.| > 60°: this highlights the relevance of takingof the IKA+GOA model appears sufficient for these statlstics
shadowing into account. In cross-polarizations VH and HY% describe the scattering process near the specularidirgct
as expected by the first-order KA, the first-order NR€S for observation angle®,.| < 15°. Note the low level first
of the IKA+GOA has a negligible contribution comparared torder (i.e. upper surface only with no interface) cross-
the second-order contributiorf%. polarization response obtained by the numerical reference

For HH polarization, the comparison with the referencéethod, which is likely an overestimate of the true value due
numerical method shows a very good agreementafﬁyf to the impact of the tapered incidence field. However the
which corresponds to the scattering from the upper surfa@wich larger values for in-plane cross-polarized NRCS @lue
when no lower layer is present The differences that appéd@rthe presence of the layer reduces the impact of tapered
for grazing angles|d,| > 75°, are likely impacted by the Wave effects.
finite surface size as WeII as the limitations of the KA theory Figure 3 presents results for the same parameters as in figure
for this region. Very good agreement is also observed fa@r but for out-of-plane scattering at azimuth angle= 75°.
the second-order contributim’ﬁf’g; significant differences are As ¢, = 75° is close to the quadrature angle- (90°),
observed only for grazing anglel,.| = 60°, also are likely the numerical results for co-polarizations are rather lgimi
impacted by the finite surface size as well as limitations &b those for cross-polarization obtained in figlte 2 and -vice
the KA theory. More complete numerical simulations wouldersa. Therefore, co-pol and cross-pol results here caeliar
be required to clarify these differences. The result of tHee interpreted in the same manner as used for cross-pol and
numerical method for many iterations highlights that awburco-pol results, respectively, in the in-plane scatteri@gec
the specular direction for these surfaces, there is nofgignt The main distinctions of such an approach appear in co-
difference with the first iteratioa!%, which means that!% polarization: due to the difference df° with respect to a
is sufficient to quantify the scattering process. This rte&ul perpendicular scattering plane, the first-order contidiput ./
in agreement with observations made for a 2-D problem (sekthe IKA+GOA cannot be neglected. Moreover, the second-
subsection 3.C of [11]) Thus, in co-polarization, the seto order contnbuuona“’; increases and reaches approximately
order contnbutlomt of the IKA+GOA model can correctly —7 dB in the specular directiofh. = 0°. The agreement of the
quantify the scatterlng process around the specular direct IKA+GOA with the reference method is somewhat improved
for observation anglef,| < 60°. in this comparison compared to that for the plane-of-incagte

For cross-polarization VH, the comparison of thé&ince first-order scattering effects are more importantathb

IKA+GOA with the reference method highlights a goodPolarizations.

agreement for the second-order contributi@]ﬁfg near the  Other comparisons (not presented here) for various rotstio
specular direction|¢,.| < 20°. The differences that appear forof the scattering plane (i.@. values) allowed a check on the
higher |6,.| may be attributed to multiple scattering from thesymmetry of the NRCS of the IKA+GOA aroungl. = 90°
same interface effect or possibly to finite surface sizecédfe and its 180°-periodicity (owing to the isotropy of the rough
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Fig. 4. Same simulations as in figure 2, but with an incidenagg. 5. Same simulations as in figure 4, but with an azimuth
elevation angle); = 15° angle¢, = 105°

the specular direction. The reference method again shows
appreciable contributions for!? that are impacted by the
tapered wave and are likely to be overestimates of the true
scattering. In contrast to figufé 2 where a good agreement
| was found for second order cross-polarized NRCS values in
near around the specular direction, the IKA+GOA here
nderestimates cross-polarized scattering. This isylidak to
rﬂﬂe impact of multiple scattering on the upper interfaceiciwh
plays a significant role generally in cross-polarized scarty.
%fie results of the reference method for higher orders confirm
that the second-order contribution yield sufficient accyrar
these surface statistics around the specular direction.
Figure[ 5 presents numerical results for the same parameters
in figure 4, but for a rotated scattering plane at azimuth

surface). For example, NRCS values for = 180° and ¢, =
360° are similar to those fop,. = 0°, and the results fop,. =
105°, ¢, = 220° and ¢, = 250° are similar to those fop, =
75°. As the azimuth angle), moves away fromD° or 90°,
the lower polarization contribution (VH or HH, respectiye
increases and shows an increasingly good agreement of
IKA+GOA with the reference method around and away fro
the specular direction.

Figure/ 4 presents comparisons for the parameters of fig
[2, but with an incidence anglé, = 15°. While the upper
surface RMS slopess remains unchanged, the referenc
numerical method used a surface RMS height= 0.3\, and
L. = 2.12\. The results show the same general behavior 8&

the IKA+GOA as in the preceding configuration. The resul ngle ¢, = 105°. As for the first caseg, = 105° is close
for the case without shadowing effect (not presented here g auadrature angle=(90°), and anrinterchange of co-

the sake of clarity of the figure) again diverge for grazihg and cross-polarized results can be used to help interpr&SNR

The re;ults of the IKA+GOA are cqmpared with the r(Eferencﬁ'operties. The main distinctions from such an interchame
numerical method for all polarizations (HH, VH, HV, WV). ear in co-polarization, again since the first order coutidmn

In co-polarizations HH and VV, the first-order contributio . . .
+1°! highlights a good agreement of the IKA+GOA with thrfs appreciable for this geometry. Overall, a good agreensent

t

T e ound with the reference method because multiple scatferin
reflerence rge_thod. ,tb_\galln cilffgerenc%s that %ppe?tr _E)rtlaggtereffects are less important when compared to first ordereseatt
values, and in particular fov, < 0, can be attributed 1o ing processes. Moreover, the second-order contribuﬂ@of

the limitations of the KA method as well as tapered WaVE e IKA+GOA increases, so that the multiple scattering from

etf(sctg at the larger angles. The second-order contnbunaw same interface effect has a less important contribution
Tr.2 highlights a gqod agreement of the IKA+GOA W'.th theThus, there is a good agreement of the IKA+GOA with
reference method in and around the specular direction, atﬂg reference method in and around the specular direction.

) o . L
lFthI;_f?olarlzatl(:Q ];OWT up to ap;}roxm"tlgtely poslltlvi(_) : . Other comparisons (not presented here) for various valties o
[he ditterences that appear away from the specular dirge '%r provide similar conclusions. Overall, these comparisons
in particular for backward configuratioé. < 0, are likely

. . . . vali he IKA+GOA in its validi main, and hel
primarily due to limitations of the KA approximation for non alidate the co ts validity domain, and help to

: o quantify limitations of the approach for non-specular &gaig
specular observations. As in flgﬁe_ 2, results from the eefez 4 ¢, cross-polarized predictions in the plane of incamen
numerical method highlight that in and around the specul

direction, the higher orders are negligible: the secorfiior & non-normal incidence angles.
aﬁf’zt is enough to quantify the scattering phenomenon.

In cross-polarizations VH and HV, as in figure 2, results
from the IKA+GOA confirm that/% has a negligible contri-  In conclusion, the IKA+GOA has been extended to a general
bution, whilec/% which has a moderate contribution aroun@D problem with 2D surfaces, allowing to deal with realistic

V. CONCLUSION
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problems and to study the influence of cross-polarizationss] L. Tsang and J. KongScattering of Electromagnetic Waves, Volume

the

Comparisons with a reference numerical method vaIidatﬁd

IKA+GOA in its validity domain. The two different °]

configurations confirmed that the model is independent of

the

RMS surface height. Results highlighted that in ariéd]

around the specular direction, the second-order conipibut
aﬁfg is sufficient to quantify the scattering process. Observed
differences of the IKA+GOA with the reference method can H&!l
attributed primarily to multiple scattering effects on tingper
interface.
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