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Bistatic scattering from an anisotropic sea surface: Numerical
comparison between the first-order SSA and the TSM models
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The first-order small-slope approximation (SSA-1) model is used for numerical predictions of the
normalized radar cross section (NRCS) of an anisotropic ocean surface in bistatic configurations for the
K ,-band radar frequency. The calculations were made by assuming the Elfouhaily ez al. surface-height
spectrum for fully developed seas. In the forward—backward case, the SSA-1 presents an agreement
with the geometric optics limit of the Kirchhoff approximation results in the near-specular directions
where it is well known that the last model works well. In the fully bistatic case, SSA-1 numerical results
are compared with those of the two-scale model in several configurations as a function of wind speed,
wind direction, incident/scattering angles and for co- and cross-polarization states. Good agreement
between the two models is noted in the co- and cross-polarization case with a small difference of about
1-2dB. But in certain configurations, the SSA-1 model tends to overestimate the radar cross section
peak behaviour. This irregularity is discussed and interpreted. The main purpose of this paper is to
analyse NRCS predictions based on the SSA-1 model in a fully bistatic configuration.
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1. Introduction

Bistatic systems offer certain advantages of spatial diversity and some level of covertness not
offered by monostatic systems. Recently bistatic and multistatic radar systems operating from
air-borne and space-borne platforms acquired a renewed interest for its advantages in remote
sensing of ocean surfaces [1, 2].

These applications require the development of accurate models to predict the radar bistatic
scattering from such surfaces. Approximate models are still a necessity owing to the in-
surmountable numerical complexity of realistic scattering problems [3]. The most popular
approximations in this context are the small perturbation model (SPM) [4] and Kirchhoff
approximation (KA) [5]. Owing to its simplicity in the bistatic configuration, the geometric
optics limit of the Kirchhoff approximation (KA-GO) is widely used for modelling quasi-
specular forward scattering. However, in some cases this approach could be insufficient [6].
The KA-GO works well in the near-specular directions but gives inaccurate results in direc-
tions far from specular, where the Bragg mechanism produces scattering of the same order of
magnitude. Unlike the KA and the SPM, the two-scale model (TSM, composite model) was
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suggested [7] for treating the scattering problem from surfaces with two roughness scales.
This model was applied to the sea surface scattering problem in the monostatic case [8] and in
the bistatic case [9]. However, this model introduces a scale-dividing parameter K4 separating
small- and large-scale components of the roughness that can be arbitrary chosen within wide
limits [10]. The advantage of this model is that it is easily applied. The predictions depend on
how the surface is partitioned, and, together with difficulty in establishing the accuracy of the
theory, these are the two drawbacks of this model [11]. Recently, Voronovich developed the
small-slope approximation (SSA) [12, 13], which overcame the above mentioned drawbacks.
It does not invoke any arbitrary parameters. For the Gaussian statistics of roughness, the result
can be expressed strictly in terms of a rough spectrum. The SSA can be applied to an arbitrary
wavelength, provided the tangent of grazing angles of incident/scattered radiation sufficiently
exceeds RMS slopes of roughness [10]. This method has been widely tested, discussed and
compared with other approximations by many authors in the monostatic case (backscattering)
[10, 11, 14-16]. However, even if some works have been published in the forward scattered
case [6, 17-19] no thorough study has yet been presented using the SSA in the fully bistatic
case. This is the object of this paper. We will focus on presenting numerical results to analyse
the potential applications of this model. It must be noted that, more recently, Elfouhaily et al.
[20] developed a new unifying theoretical model called the weighted curvature approximation
(WCA). This model was tested [21] in some particular bistatic configurations for Gaussian
random surfaces were a good results are obtained.

In Section 2, some theoretical principles and the derivation of the SSA are briefly reviewed.
Modelling the sea surface-height spectrum is required in order to solve the scattering prob-
lem; therefore, in Section 3, we describe the appropriate Elfouhaily [22] spectrum model.
Section 4 will be dedicated to numerical results in the bistatic configuration that are anal-
ysed as a function of different parameters: wind speed, wind direction and scattering angles
for the co- and cross-polarization cases. Some concluding remarks are presented in the final
section.

2. Scattering cross section in the small slope approximation

SSA was proposed by Voronovich [12, 13] as a unifying theory that could reconcile SPM
and KA without introducing the roughness scale division parameter Kq4. It is an analytical
approach, appropriate for scattering from both large- (high-frequency regime), intermediate-
and small-scale (low-frequency regime) roughness scales within a single theoretical scheme.
Thus it encompasses both Bragg and Kirchhoff mechanisms of scattering. In contrast to
classical theories, the SSA is applicable irrespective of the wavelength of radiation, provided
the tangent of grazing angles of incident/scattered radiation sufficiently exceeds the RMS
slopes of roughness.

In this section, we present a brief summary of the analytical principles of this model. In our
study, we consider a three-dimensional (3-D) problem of electromagnetic wave scattering by a
2-D rough sea surface, which is described as a random height function i (r), wherer = (x, y)
is the vector position on the plane.

The geometrical configuration adopted for solving the wave-scattering problem is given in
figure 1.

The small-slope approximation (SSA) presents an explicit expression for the scattering
amplitude (SA) S(k, ko) on the basis plane waves in terms of parameters of the incident and
scattered waves and surface roughness elevations A(r) [13]. Both the lowest-order approx-
imation (denoted SSA-1) and the next-order approximation (referred to as SSA-2), which
is a correction of the lowest-order one, can be calculated. For higher orders, the derivation
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Figure 1. Geometrical configuration for wave-scattering from the sea surface.

becomes too involved. At the first order, the scattering amplitude has the following expression
[10]:

2(qxq0)'?
q0

dr . .
Sk, ko) = Bk, ko)f 2mp &P [—itk — ko) -r +i(gk + qo)h()]. (1)
In equation (1), kg and k are horizontal projections of the wavevector of incident and scattered
waves, correspondingly, and A (r) is the surface roughness elevation. Values —¢gq and ¢; are
appropriate vertical projections of the wavevectors defined as

w? w?
q0=\lc_z—k§ Ik = C_z_k2 Im go, gx = 0. @

Here B is the first-order kernels of SPM. Itis a 2 x 2 matrix. Assuming a statistically Gaussian
sea surface, for a far field and a negligible coherently scattered field, the expression for the
normalized bistatic cross-section (NBCS) with the first-order SSA model used in our numerical
calculations is expressed as follows [10]:

2

24k 4o x exp [—(qx + 0)*C (0)]
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where Bgq, (k, ko) is a non-singular dimensionless function depending on polarization. Explicit
expressions for it can be found in reference [13]. «, oy correspond to the polarization of
scattered and incident plane waves, respectively. To evaluate the small-slope approximation
and obtain the scattering cross sections, the correlation function C(r) of the rough surface A (r)
is required:

27 00
Clr)= / dl/// W(K)exp (iK -r), 4)
0 0

where W(K) is the directional wavenumber spectrum of the rough surface, and i is the
azimuthal angle measured with respect to the mean wind direction. In numerical computations,
the correlation function C(r) should be evaluated at a large number of points r throughout the
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area of integration in equation (3). As will be shown later in equation (7), the evaluation of the
correlation function can be considerably simplified. Many publications [10, 11, 16] show that
for radar microwave backscattering (monostatic case) and for the range of scattering angles
of interest for remote sensing, SSA-1 can be used with a mean accuracy of about 1 dB.

Following that conclusion, we have decided to accept a small margin of error in our bistatic
numerical results by applying the SSA-1 in order to simplify the computation.

3. Sea spectrum: Elfouhaily model

Computing of the bistatic scattering cross section requires knowledge of either the sea spectrum
or the sea surface height autocorrelation function, which is obtained from the Fourier transform
of the sea spectrum. These representations must answer to the ergodicity and stationarity
properties. The Pierson spectrum [23] is one of the first spectra published in the literature
to describe capillary and gravity waves. The gravity region has been modified by adding the
JONSWAP behaviour [24], in which the fetch effect is accounted for. Thus, we can also quote
the Apel spectrum [25], which is a synthesis of work done in the 80s and 90s. Unfortunately,
as shown by Elfouhaily et al. [22], this spectrum does not agree with the slope model proposed
by Cox and Munk. This discrepancy is due to an inaccuracy in the description of the capillary
waves.

In our simulations, we used the Elfouhaily model for the sea roughness spectrum (unified
spectrum), which was recently developed based on available field and wave-tank measure-
ments, and which is backed up by strong physical arguments—contrary to other spectra that
are mostly empirical. It is important to note that this model was developed without any relation
to remote-sensing data. Its agreement with the slope model proposed by Cox and Munk and
with actual remote sensing data make it a credible model.

In general, the directional wave spectrum W(K) in equation (4) is the product of the non-
directional spectrum W(K') with a spreading function G(K).

In polar coordinates, the general form of the Elfouhaily spectrum is as follows:

W(K) = W(K, ) = W(K)G(K, ¥) &)
W(K) = (B + By)/K®> and  G(K) = [l + A(K)cos(2y)]/2m, (©6)

where By and By are the respective contributions from low (gravity waves) and high (capillary
waves) wavenumbers. G(K, ¥) is normalized such that fooo G(K,y)dy = 1.

The calculation of the sea height correlation function in equation (4) based on the Elfouhaily
spectrum possess a simplified analytical solution. With the help of Bessel functions, it reduces
to two 1-D integrals over K [26]:

Cr) = C(r. $) = Colr) — cos26) x C(r) ™
Co(r) = /OO S(K)Jo(Kr)dK and Co(r) = /OO S(K)JLL,(rK)A(K)dK. (8)
0 0

Here, C(r) is the isotropic part, whereas C,(r) denotes the anisotropic part. J, is the nth-order
Bessel function of the first kind. Figure 2 shows the variations of the isotropic part Co(r),
the anisotropic part C,(r) and the full correlation function C(r, ¢) for ¢ = 0. This function
possess a significant negative part that can be a key dependence parameter in some particular
scattering cases [27].

In this context, it must be noted that by using equation (7) in (3), the last equation acquires
an analytical simplification [26, 16] when the angular integration is evaluated analytically
with the help of Bessel functions. However; in this study this simplification is not introduced.
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Figure 2. Variations of the isotropic part Co(r), anisotopic part Ca(r), and C(r, 0) (upwind case) versus the radial
distance at two wind speeds: (a) 5Sm/s; (b) 15 m/s.

Indeed, the bistatic normalized radar cross section (NRCS) numerical calculations are made
by using equation (3) in a similar way to that used by Voronovich in reference [10] to evaluate
the NRCS in the monostatic study (backscattering).

These surface representations will be a key feature when estimating the electromagnetic
sea surface scattering object of the next section.

4. Numerical results

In ocean remote sensing applications (wind retrieval, weather forecasting, . . .), the basic idea
behind the technique relies on the assumption that the ocean surface normalized radar cross
section (NRCS) is strongly correlated with the local surface wind speed and direction. In this
section, the normalized radar cross section of the sea surface is studied in bistatic configura-
tion for F = 14 GHz (K ,-band) as a function of wind speed, wind direction, scattering angles
and polarization states. We use the SSA, model presented in Section 2, and the Elfouhaily
model sea surface statistical characteristics, presented in Section 3. We compare the obtained
results with those predicted by the two-scale model (TSM) by fixing the K4 parameter to
k/3, where k is the electromagnetic wavenumber. It should be noted that there are many
works published for the monostatic case using the SSA model [10, 11, 14-16], but a thor-
ough study has never been done for the fully bistatic configuration, which is our objective
here.

4.1 Forward-backward scattering

The forward—backward configuration is a particular case of the bistatic configuration where
the z-axis, the incident wave vectors and the scattered wave vectors are in the same plane.
Figure 3 compares the results yielded by the SSA with those of KA-GO in the forward—
backward configuration for two wind speeds: 5 and 15 m/s—cases (a) and (b), respectively.
The parameters are fixed as follows: the emitter incident angle is equal to 50°, the emitter
azimuth is equal to 0°, the azimuth relative to wind direction is equal to 0 (upwind case), the
electromagnetic frequency is fixed at 14 GHz (K, -band), the receiver azimuth is set to 180°
and we vary the receiver incident angle 6; from —90° to 90°.
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Figure 3. Bistatic diagram in the incidence plane (forward—backward): results with the SSA-1 and the KA-GO
models at & = 50° and F = 14 GHz for two wind speeds: (a) 5m/s; (b) 15 m/s.

As is apparent in figure 3, which is the maximum energy is received around the spec-
ular direction 50° which is a logical result (because this is the true specular direction
as given by Snell’s law). This maximum decreases when the wind speed increases. KA-
GO works well in the near-specular directions but gives inaccurate results in the direc-
tions far from specular, where the Bragg mechanism produces scattering of the same or-
der of magnitude. There is better agreement between the two models in this zone at a
wind speed equal to 15m/s (b) than at S5m/s (a), but the difference remains within about
2 dB.

4.2 Fully bistatic configuration

In this part, we present numerical simulations of scattering cross section from the sea sur-
face by using the SSA model in a fully bistatic configuration as a function of wind speed,
incident/scattering angles and polarization states.

It must be noted that we have not found available experimental data in the literature for
fully bistatic configurations. Thus, we have chosen to compare the SSA-1 results with those
of the well-known theoretical model: TSM.

4.2.1 Scattering angle variation. Figures 4 and 5 show the simulations obtained for wind
speed equal to 5 and 15 m/s, respectively. The incident angle is fixed to 40° while the scattering
angle varies from 0° to 85° where the incident azimuth is set to 0° and the received one to
135°.

This bistatic configuration is slightly different from the backscattering case. In these figures,
we can note that the results provided by the SSA and the TSM results present an interesting
similarity. On one hand, for VV-polarization, SSA and TSM are in good agreement with
a slight difference for small scattering angles of about 1-2 dB, especially in relative wind
speed—figure 4(a)—while for HH-polarization, there is a divergence between them near
grazing scattering angles (larger than 60°). This difference becomes more important for high
wind speeds—see figure 5(a). On the other hand, when cross polarized cases are considered,
it appears that there is a good concordance between results predicted for the VH channel,
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Figure 4. Bistatic scattering cross section with SSA and TSM (F = 14 GHz, 6 = 40°, ¢ = 0°, ¢y = 135°, wind
speed = 5m/s: (a) co-polarization; (b) cross-polarization).

whereas a disagreement occurs on the HV one especially in the grazing angles zone when the
wind speed increases—see figure 5(b).

In order to obtain more relevant information about the behaviour of the SSA in a fully
bistatic configuration, we present in figures 6 and 7 predictions at wind speeds equal to 5 and
15 m/s, respectively, with the same parameters as in figures 4 and 5 when the received azimuth
is fixed to 45°.

From this bistatic configuration, we can note that the cross-polarization results obtained
with the SSA and TSM models in figures 6(b) and 7(b) are in better agreement for large
scattering angles than for small ones but there is a little difference near the nadir direction
for the VH-polarization. In the co-polarization case, for small scattering angles, the ampli-
tude obtained with SSA is higher than for the TSM one, while for large scattering angles
the inverse behaviour takes place. Nevertheless, for HH-polarization the difference between
the two models becomes more significant for high wind speed, especially near the grazing
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6=40°, ¢=0°, ¢s= 135°, U;o= 15 m/s, co—polarization

o —6— SSA-1 VV-pol i —6— SSA-1 VH-pol
—+— TSM VV—pol 0 —*— TSM VH-pol |]
5} —+— SSA-1 HH-pol|{ _5 —+— SSA-1 HV-pol| {
—4— TSM HH-pol —4A— TSM HV-pol
—10} - ~10 -
o o
T -15F T -15
] (9]
% -20 g -20
o2 2 25
2 30 2 30
o o
-35 -35
-40 -40
—45 -45
_50 i i i i i i i i _50 i i i i i i i i
10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Scattering angle, 65 (deg) Scattering angle, 85 (deg)
(a) (b)

Figure 5. Bistatic scattering cross section with SSA and TSM (F = 14 GHz, 6 = 40°, ¢ = 0°, ¢y = 135°, wind
speed = 15 m/s: (a) co-polarization; (b) cross-polarization).
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Figure 6. Bistatic scattering cross section with SSA and TSM (F = 14 GHz, 6 = 40°, ¢ = 0°, ¢, = 45°, wind
speed = 5m/s: (a) co-polarization; (b) cross-polarization).

angles. One can see that the maximum of the received energy is obtained for scattering an-
gle around 20°. This maximum increases when the wind speed increases, which is a logical
result.

4.2.2 Scattering azimuth variation. Figure 8 compares the behaviour of the SSA and
the TSM in fully bistatic configurations when the scattering azimuth varies from 0° to 180°.
Incident and scattered angles are fixed at 40°, the wind direction is along the x-axis. This
evaluation was made for two wind speeds: 5 m/s—case (a)—and 15 m/s—case (b). Varying
scattering azimuth angle from 0° to 180°, we obtain several particular configurations. The
zero value for the scattering azimuth angle corresponds to forward scattering and an azimuth
value of 180° represents backscattering case. For the direction orthogonal to the incident
plane, the azimuth angle is equal to 90°. when examining the curves shown in figure 8, several
items of importance may be deduced. First, SSA and TSM are in good agreement in both
forward- (¢ = 0°) and back-scattering (¢, = 180°) configurations, with a small difference

6=40°, ¢=0°, ¢s= 45°, U;9= 15 m/s, co—polarization 0= 40°, ¢= 0°, ¢s= 45°, U1o= 15 m/s, cross—polarization
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Figure 7. Bistatic scattering cross section with SSA and TSM (F = 14 GHz, 6 = 40°, ¢ = 0°, ¢y = 45°, wind
speed = 15 m/s: (a) co-polarization; (b) cross-polarization).
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Figure 8. Bistatic scattering cross section with SSA and TSM (F=14GHz, 6 =40°, 6; =40° ¢ =0°, co-
polarization coefficients for two wind speeds: (a) 5 m/s; (b) 15 m/s).

that remains within about 1-2 dB. For VV- and HH-polarization, the TSM is weakly below
the SSA in the backscattering configuration whereas in forward scattering, the opposite is
observed. There is a similarity between SSA and TSM in all scattering planes except in the
zone around 50°-70°, where the SSA presents a peak for VV-polarization. For the HH-channel
this peak is also present around the plane orthogonal to the incident one (azimuth angle equal
to 90°).

The presence of these peaks is not a physical phenomena. The physical and mathematical
criteria used in the theoretical development of this model could be the origin of this behaviour.
Nevertheless, we are confident that the second order of the SSA model (SSA-2) can remedy
this problem, where the numerical computations becomes much more complicated. With the
same parameters as in figure 8, cross-polarization results are plotted in figure 9. Note that VH-
and HV-polariszation predictions are equal for the SSA model, whereas for the TSM model
this is not the case.

As is apparent in figure 9, there is a good agreement between the results obtained with
the SSA model and the TSM model in all observed directions except in the forward- and
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Figure 9. Bistatic scattering cross section with SSA and TSM (F=14 GHz, 6 = 40°, 6; = 40° ¢ = 0°, cross-
polarization coefficients for two wind speeds: (a) 5 m/s; (b) 15 m/s).
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Figure 10. Bistatic scattering cross section with SSA and TSM (F=14GHz, 0 = 60°, 6; = 60° ¢ = 0°, co-
polarization coefficients for two wind speeds: (a) 5 m/s; (b) 15 m/s).

the back-scattering configurations. For a wind speed equal to 5Sm/s (case a), TSM is
weakly below SSA where for 15m/s (case b) there is a better similarity between them.
It must be noted that the difference between the two models in the backscattering case
becomes more significant with increasing wind speed. In the forward scattering case, the
SSA results are clearly above those of the TSM, particularly for relative wind speed—see
figure 9(a).

For a deeper analysis, we present in figures 10 and 11 the predictions of the SSA and
TSM models with the same parameters as in figures 8 and 9, respectively, but with an inci-
dent/scattering angle equal to 60°. Analysing the graphs in these figures, we can confirm the
above finding about the behaviour of the SSA model in certain bistatic configurations.

By comparing figures 8 and 10, we can notice that for VV-polarization the position of the
peak depends on the value of the incident/scattering angle. Thus, when this value increases
the peak moves towards the small azimuth scattering plane. Nevertheless, in the HH case, its
position is always in the scattering orthogonal plane (¢, = 90°).
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Figure 11. Bistatic scattering cross section with SSA and TSM (F= 14 GHz, 6 = 60°, 6; = 60° ¢ = 0°, cross-
polarization coefficients for two wind speed (a) Sm/s, (b) 15m/s).
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5. Conclusion

SSA-1 has been applied to the numerical prediction of radar sea-surface bistatic scattering
cross sections by using the Elfouhaily sea spectrum. The sea roughness was assumed to obey
Gaussian statistics and the Elfouhaily sea spectrum was used in numerical calculations.

In the forward-backward case, the results obtained with the SSA-1 model are compared
with those predicted by the KA-GO model. There is a good agreement between them near the
near-specular direction where it is well known that the KA-GO model works well. Indeed, the
difference between them in this zone is less than 2 dB. We can note that the wind direction
dependency becomes negligible in forward scattering cases especially for large scattering
angles.

Moreover, the results predicted by the SSA-1 model are compared with those of the TSM
model in several fully bistatic configuration for co- and cross-polarization. From the numerical
examples presented, there is good global similarity and agreement between the two models
for bistatic configurations.

On one hand, for co-polarization states, the most important observation in these cases is the
presence of a peak in certain bistatic configurations, which is non-physical behaviour. For the
VV-polarization, the position of the peak depends on the incidence angle, while for HH this
discrepancy is located in the scattering direction orthogonal plane (¢, = 90°).

On the other hand, for cross-polarization states, a better similarity between the SSA and
the TSM results is obtained for all bistatic scattering planes except for forward- and back-
scattering, where a remarkable difference is seen. It must be noted that for the SSA model the
results obtained with VH-polarization and with HV-polarization are equal, whereas for TSM
this is not the case. This study can be considered as an analyse of the behaviour of an anisotropic
sea surface NRCS, simultaneously with two scattering models of different categories: the SSA
model (unifying category) and TSM (composite one). The simple comparison between these
two models can predict the limits of the SSA-1 model in some fully bistatic configurations. We
are confident that the second order of the SSA model (SSA-2) can remedy the non-physical
phenomena in some fully bistatic configurations, but this has to be established numerical
results are obtained by using the SSA model to first order, we suggest introducing the second
order in our future work in order to verify if the non-physical phenomena remain. Finally, in
this bistatic study, the TSM model presents more coherent results than SSA-1. However, the
ultimate verification for the above-obtained results could only be provided by experimental
measurements or with benchmark models. This point will be investigated in future work.
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