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Abstract

Small-slope approximation (SSA) belongs to a class of ‘unifying’ scattering
theories which reproduce small perturbations and semiclassic (Kirchhoff)
results within appropriate limits. However, the most stringent test for such
theories involves a two-scale situation when a small-scale roughness is located
on a tilted plane. A ‘unifying’ theory should properly account for the effects
of modulation of the scattering cross section associated with a large-scale tilt.
This paper shows that SSA does properly take into account these modulation
effects.

1. Introduction

The calculation of wave scattering from rough surfaces based on a two-scale model (TSM) was
first introduced for acoustic waves in [1], and then for electromagnetic waves in [2] and [3].
Now it is most widely applied to theoretical interpretation of radar scattering data. The reasons
for this are its relative simplicity and, more importantly, its transparent physical background.

A TSM separates the whole spectrum of roughness into large- and small-scale components.
The small-scale component scatters incident waves according to the Bragg (resonant scattering)
mechanism. The large-scale component tilts the facets carrying the small-scale scatterers and
modulates the Bragg scattering appropriately. One can single out three different mechanisms
of such modulation. First, it changes the resonant (Bragg) wavevector that is responsible for
resonant scattering of the given incident wave into a given direction in the absolute coordinate
system (this is a purely kinematic effect). Second, the value of the scattering cross section,
which depends on local incidence and scattering angles measured from normal to a given facet,
is modulated. Third, for vector waves, local tilts modify polarization states, and this effect
also contributes to overall scattering cross section modulation.

Providing a physically correct description of the process of scattering TSM suffers from
two inherent drawbacks. First, the power-type spectra usually met in applications do not
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suggest a natural division of scales, and the scale-dividing parameter can be arbitrarily chosen
within certain limits. Different recipes could be invoked to fix the value of this parameter;
however, those recipes are also arbitrary. The recipe chosen can affect the results when one
is comparing experimental data and theoretical modelling, especially when it comes down to
relatively small differences of the order of 1 dB or less. Second, the TSM practically does not
allow one to calculate corrections to it. For this reason the overall accuracy of its predictions
is difficult to control. As a result, one cannot tell whether observed differences between
experimental data and theoretical measurements should be attributed to inaccurate scattering
calculations or to an inadequate model of roughness. This hinders further development of
appropriate remote sensing techniques.

For these reasons, numerous scattering theories that go beyond the TSM have been
suggested. One possible approach is called the small-slope approximation (SSA) [4,5]. The
SSA represents a systematic expansion of a scattering amplitude (SA) (or scattering cross
section, in a statistical case) with respect to slopes of roughness. The SSA does not require
the introduction of any scale-dividing parameter, and it allows calculation of both a basic
approximation of the theory (SSA-1) and second-order corrections to it (SSA-2), thus allowing
one to estimate the accuracy of theoretical calculations. The SSA have been successfully
applied to numerical calculations of the scattering of electromagnetic waves from the sea
surface [6].

On the other hand, the modulation effects described above and accounted for by a TSM
in a ‘clean’ two-scale situation (i.e. when only two clearly distinct scales of roughness are
present) correspond to a physical reality, and the results provided by the TSM in this case
are asymptotically correct. The question then arises whether these modulation effects are
accounted for by the SSA. The way the SSA was derived [4, 5] does not allow one to answer
this question. This paper addresses exactly this issue, and provides a positive answer to it.

Generally speaking, the two-scale situation provides the most stringent analytical test for
‘unifying’ scattering theories. The theory, which in appropriate limiting cases reproduces
small perturbations and Kirchhoff results will not necessarily do so in this more general case.
To pass the test, a theory has to account for the all the above-described ‘modulation’ effects

properly.

2. Modulation effects in the SSA

This section provides proof that all three modulation effects mentioned in the previous
section are accounted for by the SSA. To this effect, we will consider the situation when
small-amplitude roughness is located on a slightly tilted plane. Scattering from the small-
scale roughness is asymptotically exactly described by first-order perturbation theory (Bragg
scattering). The presence of the tilted plane in this case can be accounted for by the simple
rotation of a coordinate system. To the lowest nontrivial order, the result is proportional to the
product of the amplitude of small-scale roughness and the tilt of the plane.

On the other hand, this two-scale situation can be directly considered with the help of
an explicit SSA expression. Since the terms proportional to the product of two small slopes
are in fact involved, it is clear that to obtain a correct answer we will need to consider the
second-order SSA (SSA-2). We will show that both results do coincide to the accuracy of
terms proportional to the product of the slope of the tilted plane and the amplitude of the
small-scale roughness.

Let us assume that the incident EM wave has the form

Wi, = exp(ikoF +igoz) Wy (1)
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(the z-axis is directed downward). Here, 120, go = /w?/c? — k% are projections of the

wavevector of the incident wave on the horizontal plane ¥ = (x, y) and the z-axis, accordingly.
The scattered field W, can be represented in the form

W, =g f ;" expGkF — igez) S(k, ko) dk - W, )

where &, qr = /@?/c* — k? are horizontal and vertical projections of the wavevector of the
scattered wave. Here, Wy, ¥ are two-component column polarization-state vectors

whose coordinates represent complex amplitudes of vertically (a;) and horizontally (a)
polarized waves. A pair of these complex amplitudes provide a complete description of the
field. For instance, an electric vector E in the incident wave is

E = (@ E1 + ay Ex) exp(ikoF +igo2). 3)
We will choose basis vectors E 1, Ez according to a standard definition of the waves of vertical
and horizontal polarization. For vertically polarized waves, a unit vector of electric field
Ej lies in the plane formed by a unit normal to the horizontal plane N = (0,0, 1) and a
three-dimensional wavevector of the incident wave Kj:

Ko = ko +qoN. 4)
For horizontally polarized waves, a unit electric vector E is parallel to the horizontal plane.
Thus,

- [N.K s c o =
Ey = ———, E; = —[Koy, E]. (5)
I[N, Kol| o
After substituting equation (4) into (5) we obtain [4]
. k2N — gok, . [N,k
EI_E—O 9o 0’ E, = [ 0]. (6)
w k() k()

(Throughout the paper [a, I;] denotes the vector product of appropriate vectors and ky =
|%0|, k = |I?|.) An expression for basis electric field vectors for the scattered field coincides
with equations (5), (6) with the sign of the vertical component of the wavevector changed:
Ky— K :_}kq— qiN, g0 —> —qx.

_ SA S(k, ko) represents a 2 x 2 matrix, correspondingly. In the SSA the expression for
S(k, ko) is as follows [4]:

2(qrq0)'? dr
gr + qo (2m)?
. e oo =
x (B(k, T - ¢ [ MEF D@ expE) dr§> ™
where h = h(F) is the shape of undulations and

h(E) = f h(F) exp(—i&F)

S(k, ko) = expl—i(k — ko)7 +i(gx + go)h(F)]

-

dr
(2m)?
is its Fourier transform. The first term B(l_c', Eo) in the bracket in equation (7) corresponds to

the lowest (first) order approximation, and the second (integral) term provides a correction.
The function M is as follows:

Mk ko; &) = Ba(k, ko k — &) + Bo(k, Koj ko + ) +2(qi + q0) Bk, ko) (9)
the explicit expressions for kernels B and B, are given in [6], and for easy reference are
reproduced here (see the appendix).

®)
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It can be proven [7] that in the general case
M, ko; 0) = 0. (10)

Considering the case of a small roughness located on a horizontal plane: z = 0 and expanding
the exponential in equation (7) with account of equation (10), we find to the lowest order in
elevations

S(k, ko) = Bk, k)8 (k — ko) +2i(qrq0)' > B(k, ko)h(k — ko). (11)

The scattered field associated with Bragg scattering (the second term in equation (11)) becomes
AV = 2qu/ B(k, ko)h(k — ko) exp(ik7 — igez) dk - Wp. (12)

Let us consider the case of an incident wave of vertical and horizontal polarization

w(l) e

We can combine both cases into one, assuming that W, in equation (12) is a unit 2 x 2 matrix;
AW g becomes a second-order matrix as well.

Let us now rotate both the roughness and the coordinate system by a small angle, keeping
the incident three-dimensional wavevector 120 the same. The horizontal (x, y) plane now
transforms into the plane z = ar. Let us suppose that all calculations below are performed to
the first order with respect to a small, dimensionless vector a. The coordinates and incident
wavenumbers with respect to the rotated system are obviously as follows:

. y -

r/ _r+cii’ k,0 ko+z_120 (13)

Z=z—ar gy = qo — ako.
According to equation (12), the expression for a scattered field calculated to the first order with
respect to roughness amplitude / from the viewpoint of the rotated coordinate system is

AV}, = 2ig) / B(K', k))h(K' — k) exp(ik'F' — iqpz’) dk - W, (14)

Substituting expressions for 7/, z’ from equation (13) we find
K7 —qp7 = (K +adg)F — (g — ak))z. (15)
Introducing a new variable of integration k:
/
k=F+aq,  dF=dkLk
9k
where
4 = g + ik,

we cast equation (14) into the form
Lo +ak) - L.
AW, = 2i(go — dako) / MB(k —aqy, ko +aqo) ¥,
qk

x h(k — ko — @(qi + o)) exp(kF — igez) dk. (16)

Note, that polarization state matrix Wy in the new coordinate system has also changed to W.

To calculate W), one simpl}: needs to project the same incident field given by equation (3) onto
new basis vectors E| and E). Thus, polarization states transform as follows:

_(Ei-E Ej-E

v == = Wy = T (ko, @) Wo. 17
0 <E§.E1 Eé.Ez) 0= Tk, )% (17
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Vectors I;"j and E; are given by the same equation (5) with N replaced by N’. Taking into
account that

N =(N—-a)(1+a® "2 =N —a+0(a? (18)
after simple calculations we obtain

E _ EkéN - quo + 8 (ako)k() - kgc-l)

_ , 19
! w k() C kg ( )

. K2 — go(dky) - - k N,a

B =k qo(ako) V.ol + [ko + qo a]. (20)

kg ko
Substituting equations (19), (20), and (6) into (17) we find the following explicit expression
for matrix T':

2

T (ko, @) = s o
o ® <%[N,k0]'a 1

1 —%[N,ko]ﬁ)

One can easilX see that to O(a) accuracy this is an orthogonal matri§ (as it should be, since it has
to preserve |E|%). Multiplying equation (16) by T~'(k, @) = T (k, —a), and thus expressing
the field in the initial reference system, we finally obtain

_ i (g0 — ko) (qx + @k)

qk
x h(k — ko — d(qx + qo)) exp(kr — iqyz) dk.

This expression for the scattered field in the original reference system is correct to the order
of the terms proportional to the product of the amplitude of small-scale roughness 4 and the
tilt of the plane a.

Now let us perform a calculation of the same scattered field AW in the original coordinate
system, using SSA of the second order, equation (7). To first-order accuracy with respect to
a, we can account for the presence of a sloped plane using the following substitution:

h(r) — ar + h(r).
Now, according to equation (8)

h(§) — iavs(E) +h(E).
After simple calculation we find from equations (2), (7) to first-order accuracy with respect to
h:

2i L. 1AMk k&) L\ 1 - -
AWy = 190 f|:(qk +q0) (B(k, ) — LM Ko:8) a) — ~ Mk, ko; k — ko
qr +4qo 4 dg =0 4

AVWp

/ T (k, —a) B(k — gy, ko +dqo)T (ko, @)

—alge + qo»]ﬁ(l? — ko — @(qi + qo)) X exp(ikF — igyz) dk. (22)

Comparing equations (16) and (22) we find that if the SSA of the second order really takes
care of the modulation effects, the following relation must hold to the first-order accuracy with
respect to a:

(qo — dko)(qx + k)
qrkq0
1AM &, ko: E)| . 1
4 g o g+ q0)

T (k, —&) B(k — gy, ko +dqo)T (ko, @) = B(k, ko)

M (k, ko; k — ko — @(qi + o)) + O(a?).

(23)
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Figure 1. The dependencies of a relative difference between the right-hand side and left-hand side
of equation (26) on slope parameter a for different entries. One can clearly see the absence of the
O(a) order terms here (since all curves are tangent to the x-axis in the origin rather than crossing
it at a non-zero angle).

Note, that according to equation (9),
Mk, ko; K — Ko — &) = Mk, ko; ©). (24)
Taking into account equation (10) we also have
dM(k ko ©)|
—_— a=
dé E=0 qr + qo
Using equations (24), (25) we can represent equation (23) in the following equivalent form:
(g0 — Gko) (qi +GK)T (K, —@) Bk — dq, ko +dgo) T (k. @)
P qkq0 7T
= qiqoB (k. ko) — 5————=M (k. ko: (g +q0)) + O(@’). (26)
2(qx + q0)
Direct analytical proof of equation (26) based on the explicit expressions for functions
B, B, given in the appendix represents a straightforward but tedious procedure. Rather than
performing this exercise, let us investigate this relation numerically. Figure 1 provides a
numerical illustration of it, also giving an idea of the accuracy to which equation (26) holds
as a function of a. The value of the difference between appropriate entries of the left- and
right-hand sides of equation (26), divided by the absolute value of the corresponding left-hand
side entry (i.e. the relative error in the calculation of the SA), is shown on the plots as a function
of slope parameter a : a, = acos¢,, a, = asing, for a fixed ¢,, and for some arbitrary
generic set of parameters w/c = 1.5, ¢ = 2+ 31,0 = 20°, ¢ = 0°, 6y = 50°, ¢y = 30°,
@, = 50° (here, 0, ¢ are the polar angles of the wavevectors of the scattered and incident
waves: k, = w/csinf cos @, ky, = w/csinf sing, g = w/c cos § with similar expressions for
ko, qo)- It is obvious from the behaviour of the curves at the origin that the left- and right-hand
sides of equation (26) coincide with the O(a?) accuracy for all entries.

M (K, ko; @(qi + q0)) + O(a?). (25)
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Figure 2. The dependency of the backscattering cross section on incidence angle for an upwind
direction for HH-polarization. ~Short-dashed curves represent the Kirchhoff and the Bragg
components of a TSM, the long-dashed curve is a SSA of first order (SSA-1), and the solid curve
is a SSA of second order (SSA-2).

Ku-band, VV pol., U=15 m/s, upwind
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Figure 3. The same dependencies as presented in figure 2, however, for VV-polarization.

Figures 2 and 3 show the results of numerical calculation of the backscattering cross section
of EM waves of the K ,-band as a function of the incidence angle for HH- and V V-polarizations,
correspondingly for 15 ms~! wind (details of calculations can be found in [6]). The calculations
were performed with the help of the SSA of first and second orders and a TSM. The latter
consists of two components: the Kirchhoff approximation for small incidence angles and
Bragg scattering averaged over slopes induced by long waves. One can see that in the case of
HH-polarization the difference between the two-scale and SSA-1 results, which is due to the
modulation effects, practically disappears in the case of SSA-2. For VV-polarization, on the
other hand, this difference was already negligible and SSA-2 provides very small correction,
accordingly. The reason for the different behaviour of the two polarization is the stronger
dependency of the backscattering cross section on the incidence angle for HH-polarization,
which leads to more pronounced modulation effects as compared to the VV-polarization case.
One can also see that for incidence angles of the order of 25°, the SSA insures a smooth
transition between the Bragg and Kirchhoff regimes in both cases.
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3. Conclusion

The situation when small-scale roughness is located on a large-scale undulating surface can
be considered by direct application of the formula for SSA of the second-order equation (7).
The effect of modification of resonant Bragg wavenumbers, which results in a replacement of
k, ko by local tangent vectors k', k;, according to equation (13) has a purely kinematic origin
and is in fact taken into account by the first-order SSA (see also [5,8].) The dynamic effect
of the modulation of kernel function B describing Bragg scattering (see equations (11), (12))
and the effect of transforming the polarization state are properly taken into account by SSA-2,
due to equation (26).
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Appendix

The general expressions for kernel functions B and B, are given in [4] and are as follows. The
first order:

o

. e—1 2 @ kKo
By (k, ko) = <q’i 90 g ~ R0
eql" +a™)ea” + 4 Ko
. e —1 w (2)N[k k()]
Bia(k, ko) = (OO NEO RN NS o kk
(eqy” +a ) ag” +457) 0
o e—1 w Z)N[k ko]
By (k, ko) = <40
(0" +q.”)(eqg” +a57) ¢ Kk
e—1 w? kko

Bzz(lz, ko) = ——.
@+ P (gl +q?) ¢ ko

The second order:
e—1

1 2 1 2
eq” + 4 g +q8)
M, @

e—1 @ oké Ek o de *ae
X[ 25 m(q T ko + ekekot? DINE)

qu +‘1§ ng +q§

kE Ek kk,
(k POLLC 0) ( Y @® +q®) + 242 4P " — <2>))k_kz]

k ko
(e —Daw/c |: £ 1 q(z)/_ég NIE, kol
(eqi” +a @ +agH L Teql" + g Kk ko

M, @ I
406 qé +q€ kN[f,ko] B ( w? +q24Q +240 @ - (2))> NIk, ko]}
8q +q ko c? kko

(By)11 (k, ko3 §) =

(By) 12 (k, ko3 §) =
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(e — Dw/c [ e—1  okE NIE K]
)

(B2)ai (k, ko3 §) = D

q
(4 +qk2))(8q(” +q) L eV +qP " koK
M, .
qe NIE, k] ( w? @), (2) @, 1 @ \NIk kol
—2¢ k +q +2q,7(q: " —q:") | ————
£q; +q(2) Uk @ o kko
5 > o e—1 ?
(B2)22(k, ko; &) =
@+ as" + a8 =

g—1 k& éko kko) @ . @ a _ <2> kko}
|- —& + (g, + +2( ) .
[ eqél) 2 ( k ko Ky ) Tk T o 1

Here, q( 2 and ‘10 ) are vertical components of the appropriate wavevectors in the first
medium (air) and the second (dielectric) medium:

(1) (1, 2)
/_2 =.,le— Img, "7 >0

(1) 2 (2) 2 (1,2)

/_2 k2, ‘/ — kg, Img, ™ > 0.
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