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Abstract

The high resolution of the Synthetic Aperture Radar (SAR) imagery, in addition to its
capability to see through clouds and rain, makes it a crucial remote sensing technique.
However, SAR images are very sensitive to radar parameters, the observation geometry
and the scene’s characteristics. Moreover, for a complex scene of interest with targets
located on a rough soil, a composite scattering between the target and the surface occurs
and creates distortions on the SAR image. These characteristics can make the SAR images
difficult to analyse and process. To better understand the complex EM phenomena and
their signature in the SAR image, we propose a methodology to generate raw SAR signals
and SAR images for scenes of interest with a target located on a rough surface. With
this prospect, the entire radar acquisition chain is considered: the sensor parameters, the
atmospheric attenuation, the interactions between the incident EM field and the scene, and
the SAR image formation. Simulation results are presented for a rough dielectric soil and a
canonical target considered as a Perfect Electric Conductor (PEC). These results highlight
the importance of the composite scattering signature between the target and the soil. Its
power is 21 dB higher that that of the target for the target–soil configuration considered.
Finally, these simulations allow for the retrieval of characteristics present in actual SAR
images and show the potential of the presented model in investigating EM phenomena and
their signatures in SAR images.

Keywords: Synthetic Aperture Radar (SAR); EM modelling; composite scattering;
Range-Doppler Algorithm (RDA)

1. Introduction
Driven by the advancement of satellite and aerial sensing technologies and the open

access nature of their data, most remote sensing studies utilize imagery from optical, hyper-
spectral, or Synthetic Aperture Radar (SAR) sources acquired from airborne or spaceborne
platforms. The operational capabilities of SAR sensors to acquire high-quality data day
and night and through clouds and rain makes them crucial in the development of re-
mote sensing activities [1–3]. However, the electromagnetic (EM) interactions between the
emitted EM wave and the scene of interest are complex and involve different scattering
phenomena. In particular, for a scene of interest with complex objects present on a rough
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soil, a composite scattering field between the object and the soil occurs. It consists mainly
of multiple reflections between the different elements of the scene that create distortions
on the SAR image like defocus and ghost target signatures [4,5]. These distortions affect
the effectiveness of SAR image processing. Therefore, the development of raw SAR signal
simulators are needed to investigate these EM phenomena and their effects on SAR images
of a complex scene of interest. Several works have been published on the SAR image
simulation of complex targets, including multiple scattering [6–8]. However, there is still
room for improvement in integrating the target into its environment and the consideration
of all the elements of the radar acquisition chain.

This article aims to present a methodology for modelling the raw SAR signals and
the SAR images of a complex scene of interest that allows us to investigate the composite
scattering between the target and the environment. With this prospect, the entire radar
acquisition chain is considered: the sensor parameters, the atmospheric attenuation, the
modelling of the EM interactions between the radar wave and the scene of interest, the
SAR image formation, and its analysis.

First, scene modelling and SAR signal processing will be derived in Section 2, before
presenting the simulation results of the SAR images for a scene of interest with rough dielec-
tric soil and a target considered as a Perfect Electric Conductor (PEC) in Section 3. Finally, a
discussion on the simulation results and future work will be presented in Section 4.

2. Scene Modelling and SAR Signal Processing
The scene of interest is considered to be deterministic and static during the acquisition

process and is meshed with triangular facets. The presence of the target on rough soil
creates a shadow on the soil. The shaded facets are determined using the ray–triangle
intersection test proposed by Möller and Trumbore [9].

2.1. Radar Cross Section (RCS)

The electromagnetic interactions between the incident wave and the scene are repre-
sented through the Radar Cross Section (RCS) of each illuminated discretised element. In
our study, we consider the Ku frequency band, so the size of the elements of the scene are
much larger than the wavelength. Thus, EM high-frequency asymptotic approximations
are suitable in this case [10]. For the direct reflection, the Physical Optics (PO) method
consists of integrating the induced currents on the surface of the illuminated planar facets.
Its validity domain for the rough surface is [11]Ls >> λ (High-frequency approximation)

Rc =
l2
c

2.76σh
>> λ (Tangent plane approximation for a Gaussian soil)

(1)

where Ls is the size of the surface, Rc is its statistical curvature radius, σh is the standard
deviation of the height, and lc is the isotropic correlation length.

Diffraction contributions from the edges of the target are taken into account in the
computation and are computed using the Method of Equivalent Currents (MEC) with the
coefficients derived by Michaeli [12]. Finally, to handle multiple reflections on the target
itself or between the different elements of the scene, a combination between Geometrical
Optics (GO) and PO is performed [13]. For the successive reflections, the Fresnel law
of reflection is used to compute the reflected field in the specular direction, and the PO
approximation is used at the last reflection for computing the scattered field in the direction
of the sensor.
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2.2. Raw SAR Signals

To model the raw SAR signals, the sensor is considered to have a uniform rectilinear
motion along the azimuth axis as presented in Figure 1a. The sensor periodically emits a
linear-frequency-modulated signal, also called a chirp, se(τ):

se(τ) = ωr(τ) exp(j2π f0τ + jπKrτ2) (2)

where τ is the fast time, ωr the amplitude modulation, f0 the carrier frequency, Kr =
B
Tp

the
chirp rate, B the bandwidth of the signal, and Tp the chirp duration.

(a) (b)

Figure 1. (a) Raw SAR signal acquisition. The scene of interest is defined by the look angle θ,
the minimum approach distance R0 and the half ground–distance width of the scene X0. (b) Two-
dimensional view of the backscattered signals at the interaction with the discretisation i of the target
with the GO-PO combination.

The chirp signal is transmitted at a Pulse Repetition Frequency (PRF) that defines the
sampling rate along the slow-time axis η.

Considering a discretisation i of the scene of interest, when illuminated by the incident
EM field, a portion of the energy of the emitted signal is reflected toward the sensor as
illustrated in Figure 1b. The resulting signal is named s1O

r,i . As explained in Section 2.1,
the combination of GO and PO allows us to consider multiple reflections. Here, the
signal scattered toward the sensor after two successive reflections is s2O

r,i . Therefore, the
backscattered signal at the interaction with the discretisation i of the scene of interest is

sr,i(η, τ) = s1O
r,i (η, τ) + ∑

m∈Ωc

αims2O
r,im(η, τ) (3)

with αim ∈ {0, 1} indicating whether the discretisation m is illuminated by the field reflected
on the discretisation i.

The signal due to the direct reflection and diffraction can be expressed after
demodulation by

s1O
r,i (η, τ) = Aiωa,i(η)

2se

(
τ − 2

Ri(η)

c

)
= Aiωa,i(η)

2ωr

(
τ − 2

Ri(η)

c

)
exp

(
−j

4π f0Ri(η)

c

)
exp

(
jπKr

[
τ − 2Ri(η)

c

]2
) (4)
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with the following observations:

• ωa,i(η) = sinc(π L
λ ψi(η)) is the projected azimuth beam pattern. The angle ψi(η) is

the angle between the principal direction of the antenna illumination and the direction
between the sensor and the discretisation.

• Ai(η) =
Gλ

Ri(η)2

√
Pe

σi(η)
(4π)3Li

is the amplitude factor computed from the radar equation.

It involves the characteristics of the antenna like the gain G and the emitted power
Pe, as well as a loss factor Li, where the loss of the atmospheric propagation can be
included. There is also the RCS of the discretisation computed here using the PO and
the MEC.

• Ri(η) =
√

x2
i + (vp(η − Ta

2 )− yi)2 + (H − zi)2 is the distance between the sensor and
the centre of the discretisation, where vp is the sensor velocity, H is the altitude, and
Ta is the acquisition time.

Using the ITU-R recommendations, atmospheric attenuation due to atmospheric
gases [14], as well as the presence of clouds, fog [15] and rain [16] can be calculated and
integrated in the loss factor L, with Li(η) = 2Ri(η)

(
γgas + γ f og + γrain

)
, where γ∗ are the

attenuation factors in dB/km, computed using each of the ITU-R recommendations.
For the backscattered signal after two successive reflections on the facets i and m, the

reasoning is very similar. We indeed have

s2O
r,im(η, τ) = Aimωa,i(η)ωa,m(η)se

(
τ − Ri(η) + ∆Rim + Rm(η)

c

)
(5)

with Aim(η) =
Gλ

(Ri(η)+∆Rim)Rm(η)

√
Pe

σim(η)
(4π)3Lim

, where the RCS is computed using the GO-PO

combination and ∆Rim is the distance between the two discretisations i and m.

2.3. SAR Image Formation

Signal processing techniques must be applied on the modelled raw SAR signals to
focus the energy of the signals in both range and azimuth directions. Depending on the
acquisition mode, the modulation of the emitted signal, and the trade-off between accuracy
and algorithmic complexity, different signal processing techniques have been proposed in
the literature [2,17]. In this work, we focus on a linear-frequency-modulated (LFM) signal,
the stripmap, and spotlight acquisition modes with a negligible squint angle (low time of
acquisition). Regarding these characteristics, we selected the Range-Doppler Algorithm
(RDA) that consists of three successive steps: range compression, range cell migration
correction and azimuthal compression.

The range compression performed by a matched filter gives a theoretical resolution
in the range of ρr =

c
2B [2]. For the azimuth direction, the matched filter gives a temporal

resolution of ρη = 1
Bdoppler

, giving an azimuth resolution of ρa =
vp

Bdoppler
, where Bdoppler

is the slow-time Doppler bandwidth that depends on the SAR acquisition mode. For a

negligible squint angle, the Doppler frequency is fD(η) =
2v2

p
λRo

η. For stripmap acquisition,

the illumination time of a scatterer is Tstrip = R0λ
Lavp

, which gives a Doppler bandwidth of

Bdoppler = 2 vp
La

, and therefore, ρa =
La
2 .

3. Results
To illustrate the potential use of the presented methodology, simulations have been

performed on a scene of interest with rough dielectric soil and a PEC target.
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3.1. SAR Parameters and Scene of Interest

The simulations are conducted in the Ku frequency band at 14 GHz with horizontal
polarisation at both the emission and the reception. All the other parameters are listed
in Table 1. The theoretical resolution is 0.5 m in both range and azimuth directions. The
scene of interest is presented in Figure 2a. On the rough dielectric soil (16 m × 16 m), a
vertical square plate of 9 m2 is rotated by an angle α = π

8 around the altitude axis. The soil
is generated with a Gaussian spectrum with a height standard deviation of σh = 10 mm
and a length correlation of lc = 5.7 cm. These statistical values constitute the surface in
the validity domain of the PO approximation stated in Equation (1). The relative complex
permittivity is ϵr = 9 − 2i. These values have been chosen to approximate the behaviour of
grass-covered soil [18].

Table 1. Parameters for the SAR simulation.

Parameter Value

Emitted signal

f0 14 GHz
B 300 MHz
Tp 2.5 µs

PRF 1 kHz

Sensor

Polarisation hh
vp 200 m/s
θ 60◦

La 1 m
Ta 1 s
R0 10 km

Acquisition Stripmap

Theoretical resolutions Range 0.5 m
Azimuth 0.5 m

(a) (b)

Figure 2. (a) Scene of interest. (b) Theoretical layover and shadow extension in the range direction
due to the presence of the target.

3.2. Simulated SAR Images

The simulated SAR images are presented in Figure 3. First, it can be observed that
the clutter power level decreases with increasing values in range. It can be explained by
the amplitude factor attenuation due to the distance and the higher value of the incident
angle of the radar EM wave at far range. The signature of the target mainly corresponds
to the diffraction by the edges of the plate and is spread along the range axis. This can be
interpreted as the layover phenomenon due to the altitude of the target. As illustrated in
Figure 2b, the theoretical layover extension due to an altitude h is l = h cos θ. This gives
a theoretical value of l = 1.5 m for our simulation. In the SAR signature, the extension is
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LI ≈ 1.25 m, showing an agreement with the range resolution. The azimuth extension of
the target is W = h cos α, which is represented here as W = 2.7716 m, in agreement with
the observed value WI ≈ 3.20 m and the azimuth theoretical resolution.

Figure 3. Simulated SAR images. From left to right: Clutter (rough soil only), SAR image of the target,
SAR image of the composite scene: target on the rough soil.

When the target is present on the rough soil, the shadow area is clearly visible , as
well as the strong response of the composite scattering between the target and the soil. The
theoretical range extension of the shadow is sR = h sin2 θ

cos θ (Figure 2b); so here, sR = 4.5 m,
which is in line with the observed range extension of SI ≈ 4.3 in the SAR image. The
dominant signature in the SAR image is one of the double-bounce interactions that occur
in the composite scattering between the target and the soil. This comes from the dihedral
configuration of the scene for which double-bounce scattering is stronger than direct
scattering. Indeed, Figure 4 compares the SAR signals due to the different interactions
along the range direction at the azimuth position y = 1.1011 m. We can notice a difference
of 21 dB between the peak of the composite scattering signature and one of the signals
due to the target scattering. Moreover, the sidelobes of the focused SAR signals of the
double-bounce signature have a higher power level than the peak of the target signature.

Figure 4. Comparison of the SAR signals along the range direction for the different interactions.

These double-bounce interactions are even stronger when the target is facing the
sensor (α = 0). The simulated SAR image of the scene is presented in Figure 5a. Only
the signature of the composite scattering is visible on the SAR image. Figure 5b shows a
comparison of the SAR signals due to double-bounce interactions in these two scenarios.
We can notice a strong difference of 43 dB between the power peak of the two signals. This
explains why the clutter and the direct scattering by the target are not visible in the SAR
image presented in Figure 5a.
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Figure 5. SAR simulation when the target is facing the sensor. (a) SAR image of the scene of interest
when the square plate is facing the azimuth direction. (b) Composite scattering signature in the SAR
image along the range for the two scenarios.

4. Discussion and Conclusions
As illustrated by the simulation results presented in Section 3, the methodology

presented in this article offers a strong basis for simulating raw SAR data and the SAR image
of a scene of interest, where composite scattering between the target and the environment
occurs. More specifically, the layover, the shadow area, and the double scattering line are
simulated in line with the theoretical resolutions. The simulated SAR images can be utilised
for investigation purposes by exploring the signature of the different EM phenomena or
the SAR distortions observed in the actual SAR images, depending on the characteristics of
the scene of interest and the SAR parameters.

To be applied on more complex scenes of interest or for more detailed investigations,
some limitations of the model need to be considered. First, to improve the accuracy of the
multiple reflection estimation with the presented GO-PO combination, a finer mesh could
be required that would increase the computing time of the ray–triangle intersection test.
This requires the optimisation of these intersection tests. Therefore, a thorough study on
the impacts of the mesh size and the optimisation strategy in the composite scattering field
estimation need to be conducted.
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