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ABSTRACT Synthetic Aperture Radar (SAR) simulation is widely used for system design, processing
techniques development, and mission planning. However, there is no readily available and free framework
for SAR raw signal simulation, and many teams and organizations struggle with developing their own
simulator from scratch, repeating work that others have done earlier. This work’s purpose is to create a
simple, open-source SAR simulation framework that can be used for many purposes and is available for
free to everyone. It is a ready tool for SAR processing techniques verification, and thanks to its open-source
nature, it fosters collaboration between scientists, both on the simulation and the tool development.Moreover,
as the simulation’s underlyingmathematics is described in detail in this article, it may serve as a handbook for
the radar’s simulation. The simulator was prepared as a stand-alone, multiplatform software working in the
Matlab/Octave environment. It is available in an online software repository that allows others to contribute
to the original code or to create forks of it. The simulator supports monostatic, bistatic, and multistatic
configurations with shadowing. The surface model includes roughness using the modified Phong model,
transparency, and complex reflectivity. The antenna pattern is defined with a general two-dimensional model.
The article is concluded with the simulator’s demonstrations, including antenna pattern, Doppler shift, and
various surface parameters. It is expected that this simulator will be widely adopted and improved by many
collaborators.

INDEX TERMS Computer simulation, open-source software, radar imaging, radar signal processing,
synthetic aperture radar.

I. INTRODUCTION
Synthetic Aperture Radar technology is a crucial imaging
and remote sensing method in various fields, and new SAR
systems are continually being developed. SAR simulation
tools are used at every step of system development and
deployment, such as system design and verification, algo-
rithm testing (target recognition, GMTI (Ground Moving
Target Indication), autofocusing), and mission co-simulation.
Simulated SAR data are essential for developing algorithms
using machine learning to train and test neural networks.

Although there are many SAR simulators, most of them
are closed-source, used only by a single research group or a
company. This is acceptable for SAR simulators deployed as
standalone commercial products; however, most of the exist-
ing simulators are part of larger projects, with many not being
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under development anymore. There are two open-source SAR
image simulators – RaySAR [1], [2] and PolSARproSim [3].
They are under constant development and have been used for
years in numerous projects; however, they are very complex
tools and do not produce raw radar data.

This article presents 3dsar-sim, a simple, open-source SAR
simulator that aims to be developed, modified, and expanded
by anyone. It is not meant to be a single solution for every
possible simulation problem but rather a common base to
build upon. Such an approach will reduce development time
and foster collaboration between various teams worldwide.

It is worth noting that the open-source simulator mentioned
before – RaySAR – has been used by numerous research
groups all over the world [4]–[8].

The article is organized as follows: Section II introduces
the initial assumptions and requirements for a SAR simu-
lator, Section III provides a comprehensive review of exist-
ing SAR simulators, and Section IV provides the details of
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simulator design and implementation. The results are pro-
vided in Section V. Additionally, the open-source license
considerations are presented in Section VI. The article is
concluded in Section VII.

II. ASSUMPTIONS AND REQUIREMENTS
A. SIMULATOR TYPE
There are two types of SAR simulators: raw signal simulators
and image simulators [53]. The former create raw signals
based on the radar and trajectory parameters, and the latter
produce ready images [54]. This article describes a raw signal
simulator that can be used for the design and evaluation of a
real SAR system. It has to be noted that ’’a SAR raw signal
simulator is not a surrogate of the actual SAR data campaign
but rather a complementary tool in order to better understand
and exploit the geophysical information contained in the SAR
imagery’’ [53]. With this in mind, it becomes evident that
a universal SAR simulator, however desirable, is impossible
to create, as the simulator must be particularly suited for its
intended use. On the other hand, a simple basis for a SAR
simulator common for many different applications can be
created. This research’s purpose is not to create a universal
simulator but instead to provide an ecosystem of modular
tools that can be easily used, developed, and adapted by radar
researchers and engineers worldwide.

B. SAR SIMULATOR OR A RADAR SIMULATOR
The main difference between a SAR simulator and a radar
simulator is the Doppler effect’s omission in the former one,
as it does not play an important role in SAR imaging [55].
However, it cannot be neglected in very high-resolution imag-
ing and some GMTI techniques. Thus, the simulator should
include the Doppler effect. It must be noted, however, that
although such a simulator can be used as a radar simulator, its
primary purpose is SAR simulation, and the scattering model,
scene definition, and signal generation are all SAR-oriented.

C. CODE COMPLEXITY
Based on the experience of many open-source projects,
the author has decided to put the code readability over the
performance, which often comes with complexity. Thanks
to Moore’s law, the simulation time can be reduced using
more computing power. Optimizations from contributors that
do not clutter the code are welcome; however, modifications
that reduce the readability should be developed as separate
versions. The simulator in its original form is dedicated to
a generic single- or multi-core computer able to run Matlab
or Octave. The simulator does not use Graphics Processing
Units (GPUs); however, a version that does can be created by
contributors.

D. PLATFORM COMPATIBILITY
As the simulator is open-source itself, it is meant to run
not only in the Matlab environment but also in open-source
Octave. Therefore, Matlab-specific functions are not present

in the code. Again, contributors are welcome to create
their own derivatives that are either hardware- or software-
specific.

E. MODULARITY AND SCALABILITY
One of the principles of the simulator is modularity
and scalability. It is straightforward to prepare a simple
single-point simulation with an omnidirectional antenna, but
it is also possible to simulate a complex scene with shad-
owing, different surface models, and multiple independently
moving antennas with individual beam patterns forming a
MIMO array.

F. MULTISTATIC/MIMO CAPABILITY
The simulator in its current version is bistatic, which means it
has one transmitting and one receiving antenna that can have
the same or different locations. The multistatic/MIMO capa-
bility can be achieved by running a simulation of the same
scene with different antenna trajectories. Such an approach
makes the simulator easier to use for monostatic and bistatic
scenarios.

III. OVERVIEW OF EXISTING SIMULATORS
Tables 1 and 2 show the lists of the existing image and raw
signal simulators, respectively, mentioned in publications.
Both tables show a vast spectrum of simulator applications
and implementation details. It needs to be stressed that only
two of these simulators are fully open-source [2], [3], and
there are many very similar simulators on the list. Again, it is
impossible to replace all of them with a single solution, but a
certain amount of work can be avoided by introducing a com-
mon basis. Even the development of the hardware-based sim-
ulators [42], [47] can be simplified by using a software-based
one as a reference.

Although the presented simulator is very simple and does
not represent a technological breakthrough in the field, apart
from being open-source, there are several advantages that are
not often found in other solutions. The ability to create a scene
composed of both single points and planes is important, as is
the ability to model the full pattern of the antenna and include
its rotation around the axis. An additional advantage is that
the planes have only four parameters (transparency, rough-
ness, magnitude, phase), so it is possible to create and manip-
ulate scenes in standard CAD software, where the planes also
have four parameters (red, green, blue, transparency).

IV. THE SIMULATOR
This chapter describes the developed simulator in detail.
It includes the dataflow and underlying models of each step.
The simulation algorithm is depicted in Figure 1 and consists
of the following steps:
Define sar scenewith at least the transmitting and receiving

antennas’ positions. Objects can be specified as faces or
omnidirectional scattering points.
Convert faces to points so the objects are converted to

scatterers.
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TABLE 1. A List of SAR Image Simulators.

FIGURE 1. Simulation algorithm steps.

Calculate the reflected energy for each point, taking the
position and orientation of the antennas, points, and faces into
account.
Calculate energy shadowed by each of the faces with

respect to each point and both antennas.

Calculate antenna gain taking the position, rotation, and
beam pattern into account.
Generate a complex response in the form of amplitude

versus range.
The steps from the calculation of the reflected energy to the

response generation must be repeated for every sweep, for
every transmitter-receiver antenna pair. The objects (points,
faces, and antennas) can be freelymoved between the sweeps.

A. COORDINATE SYSTEM
For an open-source simulator intended to be used by many
experts, it is essential to assume a well-defined coor-
dinate system. A truly three-dimensional simulator must
define 6 degrees of freedom: three-dimensional position and
three-dimensional rotation. For the position, a right-handed
(positive) Cartesian coordinate system is used: p =

[px , py, pz]T . Although there are no restrictions regarding the
ground plane’s position, the most popular convention is to
define it as the x − y plane. There are several conventions
present for orientation, such as the Euler angles, the orienta-
tion matrix, or the orientation vector. Because in geometrical
scene definition and processing the normal vector is often
needed for calculation, the orientation vector dr and the
rotation angle θr were specified. Such an approach makes the
definition most comprehensive and straightforward, as usu-
ally only the vector dr will be used for most of the objects in
the SAR scene. The rotation angle θr is needed only for the
antennawith a defined two-dimensional pattern and for future
implementations with polarimetry support. The omnidirec-
tional objects (such as the omnidirectional scattering points
and the omnidirectional antennas) have only three degrees
of freedom, and for these objects both the orientation vector
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TABLE 2. A List of SAR Raw Signal Simulators.

and the rotation angle are ignored. The orientation vector
is a unit vector ‖dr‖ = 1, and no rotation corresponds to
dr = iz , [0, 0, 1]T . The coordinate system is depicted
in Figure 2. It presents a simple rectilinear stripmap/spotlight
trajectory; however other trajectory shapes can be defined,
such as circular SAR or more complex non-rectilinear
trajectories.

B. SCATTERING MODEL
Among the raw signal simulators, two types can be
distinguished: the point simulator and the extended scene
simulator [53]. However desirable, the latter requires

extendedmodels for electromagnetic scattering, and themod-
els are not always available. Moreover, the models are often
more complicated than the simulator itself. However, the sim-
ulator is designed in a way that allows for the implementation
of extended models.

There are three types of scattering (point scattering, surface
scattering, volumetric scattering). The real scenes are a com-
bination of these three types; however, the implementation
of the volumetric scattering would make the simulator overly
complicated, as it would require defining the scene as a set
of three-dimensional shapes and implementing a complex
radar response [56], [57]. On the other hand, the surface
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FIGURE 2. Coordinate system.

scattering can be easily approximated by point scattering if
the surfaces are converted to points and the orientation vector
is maintained. As a result, the volumetric scattering is not
implemented.

Assuming the radar signal is a single LFM (linear
frequency modulation) pulse [58]:

x(t) = A rect
(
t
T

)
cos

(
2π f0t + παt2

)
(1)

where fc is the carrier (center) frequency, α = B
T is the LFM

slope, B is the bandwidth, T is the pulse duration, and A is the
signal amplitude.

A response of a single-point target in the time domain after
pulse compression and matched filtering is [58] as follows:

E1(t) = A1

(
1−

∣∣∣∣ t − t1T

∣∣∣∣)
sinc

(
(fd + α (t − t1))T

(
1−

∣∣∣∣ t − t1T

∣∣∣∣))
exp (j2π fc (t − t1)) exp (jπ fd (t − t1))

exp (jφ1) (2)

where A1 is the scatterer amplitude, φ1 is the scatterer phase,
fd = −

2v1
c fc is the target Doppler frequency, where v1 is

the target velocity, and t1 =
r1
c , where r1 is the target

distance from the antenna. For a bistatic configuration, r1
is the bistatic range: r1 =

r1TX+r1RX
2 , where r1TX and r1RX

are the target distances from the transmitting and receiving
antennas, respectively. The bistatic velocity v1 = v1TX +v1RX ,
where v1TX and v1RX are the target radial velocities relative
to the transmitting and receiving antennas, respectively. This
response form is valid for large time-bandwidth products
BT & 100 [59]. It must be noted that the inclusion of the

target velocity may lead to a range-Doppler ambiguity in the
obtained radar response.

If the radar scene consists of more than one point,
the response is the sum of responses from each scatterer [60]:

E(r) =
N∑
n=1

An

(
1−

∣∣∣∣ t − tnT

∣∣∣∣)
sinc

(
(fd + α (t − tn))T

(
1−

∣∣∣∣ t − tnT

∣∣∣∣))
exp (j2π fc (t − tn)) exp (jπ fd (t − tn))

exp (jφn) (3)

where tn =
rn
c , where rn = r1 . . . rN is the bistatic distance of

the nth of all N targets.

C. 3D SCENE DEFINITION
Theway a SAR scene is defined has a significant influence on
the simulator’s behavior. There are objects that can be repre-
sented as a combination of single-point scatterers and objects
better represented by three-dimensional solids. For 3D urban
area simulation, detailed building models are needed [61].
Such models are useful not only for the airborne SAR but
also for the spaceborne SAR simulation. Buildings with flat
walls are not detailed enough for very high-resolution SAR,
so windows, balconies, and other facade irregularities must
be included as well for the simulation to match real radar
signals [61].

The scene formation and manipulation are not included
in the simulator, but the input format is designed to make
scene formation and manipulation easy to perform with other
software.

D. CONVERTING FACES TO POINTS
As described in Section IV-B, the scene objects represented
as solids must be converted to point scatterers. This is accom-
plished by converting faces to points while maintaining the
parameters responsible for directionality and shadowing. The
dataflow of the process is presented in Figure 3. One impor-
tant issue to consider is the distribution of the points on the
surfaces. Evenly distributed points would result in periodicity
in the radar response and thus may cause the appearance
of false grating lobes related neither to the simulated radar
parameters nor to the scene geometry. To avoid this, random
sampling is used. To obtain a pseudo-uniform distribution of
points on the plane in 3D, the triangle is rotated so that it
lies on the X-Y plane. The smallest rectangle containing this
triangle is then determined, and the generation of points with
a uniform distribution inside this rectangle begins. Points
not contained within the triangle are discarded, and point
generation stops when the number of points npts satisfies the
condition:

npts = d
A
d2
e, (4)
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FIGURE 3. The dataflow of converting faces to point scatterers.

where d is the density and A is the area of the triangle.
The points are then rotated back to the initial position of the
triangle in 3D.

It must be noted that converting faces to point scatterers
is a simplification and may lead to improper or inaccurate
representation, especially if the sampling density is too low.
Another important note is that when using pseudorandom
sampling, the Random Number Generator (RNG) seed must
always be the same in order to achieve repeatability of the
simulation.

E. REFLECTIVITY
There are various reflectivity models, and they can be divided
into two groups: physical and empirical. The former are more
complicated and require detailed knowledge of the material
parameters, while the latter are less accurate but can be
easily adapted for different materials. The reflectivity models
were defined based on physical properties for typical simple
shapes, such as a sphere [62] or a cylinder [63]. For an ideal
plane, the model is trivial, as it is for an ideal point scatterer.
The problem is that real scenes consist of more complex
shapes that cannot be easily approximated by basic ones.
Research shows that model parameters change depending on
the wavelength and object’s shape, size, and material [64].
Surfaces, especially natural ones, are not actually flat and
cannot be accurately represented by a plane. A fractal model
has been used successfully, but it is too complex and requires

knowledge of the real object’s parameters [65]. Another
approach is to use a three-dimensional model and volumetric
scattering, for example, through a multilayer model [66]. All
of the previously mentioned approaches have in common the
high complexity and the need for a thorough investigation
of the simulated surfaces. For general-purpose simulations,
particularly when the scene is extensive and consists of both
natural and man-made surfaces, it may be reasonable to use
a more straightforward approach. Optical models are much
simpler because they do not account for volumetric scattering,
but they do allow certain surface features, such as roughness,
to be rendered [67].

FIGURE 4. Reflectivity model.

For this simulator, the Phong model [68] was modified and
used, as presented in Figure 4. A face (surface) has, apart from
its position and orientation, three parameters associated with
reflection:
• MagnitudeM in range 0−1 corresponding to the portion
of the energy reflected from the surface;

• Phase shift φ induced by the surface;
• Roughness ρ in range 0 − 1, where ρ = 0 corresponds
to a flat, mirror-like surface, ρ = 1 to a rough surface
with diffuse reflection, and 0 < ρ < 1 corresponds to a
surfacewith specular reflection, as presented in Figure 5.

FIGURE 5. Surface roughness model.

The reflectivity of a surface is modeled using a modified
Phong model [68]:

S = (Rn · Vn)
ρn (5)

where the operator (·) denotes the dot product and

Rn =
R
‖R‖

(6)

R = −Ln + 2 (N · Ln)N (7)
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FIGURE 6. The dataflow of calculating the reflectivity.

Ln =
L
‖L‖

(8)

Vn =
V
‖V‖

(9)

ρn , tan
(π
2
− ρ

π

2

)
(10)

where N is the normal vector of the face, L is the position
of the face center with respect to the transmitting antenna,
and V is the position of the receiving antenna with respect
to the face center. It should be noted that although for real
surfaces the reflectivity is usually a combination of specular
and diffuse, the use of only one parameter does not limit the
generality of this approach since the sum of specular and
diffuse reflectivity can be obtained by overlaying two planes
with different roughness values.

The dataflow of the reflectivity calculation is presented
in Figure 6.

F. SHADOWING
If a point scatterer is obstructed by an object, its echo can be
attenuated. The degree of the attenuation is specified by the
face’s transparency parameter σ in range 0−1, corresponding
to a portion of energy not blocked (neither reflected nor
dissipated) by the surface. As the simulator is not energy
preserving, this parameter is not necessarily related to the
surface magnitude parameterM . The dataflow of the process
is presented in Figure 7.

To determine if a point is shadowed by a face, its 3D
barycentric coordinates need to be calculated as follows:λ1λ2

λ3

 = TTT−1

xpyp
zp

−
x0y0
z0

 (11)

FIGURE 7. The dataflow of shadowing.

where

TTT =

x1 x2 x3
y1 y2 y3
z1 z2 z3

−
x0y0
z0

 (12)

In (11) and (12) xp, yp, zp is the position of the point
under consideration, x0, y0, z0 is the antenna position (the
shadowing must be calculated for both the transmitting and
receiving antennas) and x1...3, y1...3, z1...3 are the coordinates
of the face corners. Shadowing occurs when

(∀n = 1, 2, 3 : λn ≥ 0) ∧
∑

n=1,2,3

λn ≥ 1 (13)

It must be noted that in the case where two faces share the
same edge and a point under consideration belonging to one
face is exactly on the edge, it will be falsely shadowed by the
other face. This could be avoided by replacing the comparison
≥with>in (13); however, this would result in the points lying
directly behind the face edge from the antenna’s perspective
being falsely not shadowed. Both of these situations are very
unlikely, but this must be taken into account for very specific
simulation scenarios.
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FIGURE 8. The dataflow of the antenna pattern.

G. ANTENNA POSITION, ORIENTATION, AND BEAM
PATTERN
If the antenna is not omnidirectional, its beam pattern must
be included in the simulation. The gain pattern is specified as
a function

G (θaz, θel) (14)

where θaz and θel are the azimuth and elevation angles of
a scatterer under consideration with respect to the antenna
position. The procedure is presented in Figure 8. The function
itself is defined by the simulator user, and the angles are
calculated as follows:

θaz = arcsin
(
p′′x
‖p′′
‖

)
(15)

θel = arcsin

(
p′′y
‖p′′
‖

)
(16)

where p′′ = p′′x , p
′′
y , p
′′
z represent the scatterer coordinates in

the antenna reference system:

p′′x = (p− p0) · i′′x (17)

p′′y = (p− p0) · i′′y (18)

p′′z = (p− p0) · i′′z (19)

and the vectors ix′′, iy′′, iz′′ represent the antenna reference
system:

i′′x = i′x cos θr + i′y sin θr (20)

i′′y = −i
′
x sin θr + i′y cos θr (21)

i′′z = i′z (22)

where the vectors i′x, i
′
y, i
′
z are obtained by rotating the unit

vectors ix, iy, iz so that the iz vector is rotated onto the dr vec-
tor, where the unambiguous situation dr = −iz is interpreted
as the rotation of the antenna in the elevation direction:

i′x =

{
ix, if dr = −iz
RRRix, otherwise

(23)

i′y =

{
iy, if dr = −iz
RRRiy, otherwise

(24)

i′z = dr (25)

whereRRR is the rotation matrix that corresponds to the rotation
of the vector iz onto the vector dr [69]:

RRR = III + [v]× + [v]2×
1

1+ c
(26)

where:
v = iz × dr (27)

c = iz · dr (28)

[v]× ,

 0 −v3 v2
v3 0 −v1
−v2 v1 0

 (29)

and III is the diagonal matrix. For reference, see Figure 2.

V. RESULTS
The result of this work is a fully functional, open-source SAR
simulator. This chapter presents a showcase of some results
the simulator can produce. Figure 9 presents a scene with
three scatterers that was used for a single pulse simulation.
The resulting response is presented in Figure 10. The sim-
ulated radar parameters are f0 =1 GHz and B = 10 MHz,

FIGURE 9. Scene definition for a single pulse simulation.

FIGURE 10. Result of a single pulse simulation.
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FIGURE 11. Scene definition for a simple 3D simulation.

and the targets at x = 400 m have opposite phases. This
experiment confirms the proper operation of the simulator.

The next experiment was fully three-dimensional,
the scene ofwhich is depicted in Figure 11. The scene consists
of two flat reflecting surfaces and two isotropic scatterers.
The first 10m by 10m plate is located at x = −20m, is almost
mirror-like (ρ = 0.1) and almost opaque (σ = 0.1). The
other plate is bigger (20 m by 20 m), located at x = −10 m,
has a rough surface (ρ = 0.8), and is moderately transparent
(σ = 0.5). The first scatterer is located at x = 5 m, y =
0 m, z = 0 m and the other directly above it at z = 50 m.
The radar carrier was moved at x = −50 m, z = 0 m from
y = −50 m to y = 50 m. Two antenna beam patterns were
used with this scene: one with a wide azimuth angle and
narrow elevation angle, and the other with a narrow azimuth
angle and wide elevation angle. The resulting raw data are
presented in Figures 12 and 13, respectively. The antenna
beam pattern influence is visible: in Figure 12, both surfaces
are visible at smaller aspect angles compared to Figure 13,
and the echo from the second scatterer is much weaker in the
former Figure, as it is outside the main lobe of the antenna.

FIGURE 12. Raw radar data from a simple 3D simulation with wide
azimuth angle and narrow elevation angle.

FIGURE 13. Raw radar data from a simple 3D simulation with narrow
azimuth angle and wide elevation angle.

FIGURE 14. Result of an interferometric simulation.

Another experiment demonstrates the correctness of phase
generation. The simulated radar parameters are f0 = 10 GHz
and B = 1 GHz, and there are two targets at x = 100 m, z =
0 m and x = 100.3 m, z = 1 m. Two antennas are placed at
x = 0 m, z = 0 m and x = 0 m, z = 1 m. Figure 14 shows
the amplitude of the received signal of the first (solid line)
and the second (dashed line) antenna on the left axis and the
interferometric height on the right axis. The interferometric
height is calculated using the formula:

h =
λ

4π
r
φ

d
, (30)

where

φ = 6
(
E1E∗2

)
(31)

is the interferometric phase and d is the distance between the
antennas. The height difference between the two scatterers
was correctly estimated.

To demonstrate the Doppler capability and illustrate the
range-Doppler ambiguity, a simple experiment was per-
formed. The simulated radar parameters are the same as in
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the previous experiment, and three scatterers are present at
x = 100 m and velocities −200, 0, 100 m/s. The antenna is
at x = 0 m. The result is presented in Figure 15, and the shift
in the range is visible.

FIGURE 15. Result of a Doppler simulation.

FIGURE 16. A 3D model of a complex scene with superimposed reflected
energy values for a single antenna position marked with a circle.

The last experiment shows the simulator’s ability to handle
complex scenes. For this purpose, a scene of an unevenmoun-
tainside with some buildings and trees was defined. Figure 16
presents the scene with superimposed reflected energy. The
shadow of the chimney of the factory-shaped building is
visible on the building behind it, as well as the shadows of
the trees. It can be seen that the reflections from the buildings
are stronger than the reflections from the ground or trees. The
antenna pattern is visible on the building’s facade.

VI. LICENSE CONSIDERATIONS
An important decision to make when releasing open-source
software is the license. There are three main types of
open-source licenses [70]:
• Free-for-all or academic licenses that do not limit the
usage of the software and its derivatives, other than
requiring giving credit to the original author.

• Keep-open licenses that require derivatives to be
released as open-source but permit the software to be a
part of a bigger proprietary project.

• Share-alike or copyleft licenses that require any deriva-
tive or extension of the software to be released under the
same or compatible license and prohibit commercial use.

Based on the above considerations, the author has decided
to use the Apache License [71]. This allows anyone to use
the software freely, and even the industry can use the soft-
ware as a basis for a commercial product. The author hopes
that in such a case, at least part of the improvements and
modifications can be released as open-source. The Apache
License is copyleft compatible, so contributors supporting the
copyleft philosophy may release their improvements under,
for example, GPL License [72].

VII. CONCLUSION
A. SUMMARY
The simulator, although not fully-featured, is a basic tool
for SAR researchers. The functionality demonstrated by the
results includes:
• 3D scene definition with faces and points
• surface roughness and transparency
• antenna beam pattern
• Doppler effect for GMTI

which is enough for many applications. The source code was
made available to the scientific community [73].

B. LIMITATIONS
As simplicity was one of the key principles, the simulator
lacks complex features, such as error and noise simulation.
The noise and errors, however, can be added at any step of the
response calculation if desired – see Figure 1. Another poten-
tially interesting feature that is missing from the simulator
is the clutter simulation. Ground clutter can be implemented
by appropriately defining the ground surface or by adding
small objects simulating vegetation. Sea clutter, however, is a
more complex phenomenon [74], and, in the author’s opinion,
based on the results of the assumed models, it cannot be
reliably and accurately modeled using this tool. Polarimetry
is also not supported by the simulator, as polarimetric fea-
tures of the scene depend on various factors, such as shape,
orientation, and roughness, but also volumetric scattering
mechanisms, such as humidity and internal structure [58].
Implementing those would make the simulator overly com-
plicated – see [3]. There is, however, a workaround – if HH ,
VV and HV parameters of the scene are known, the resulting
magnitudeM can be calculated for each case, and the simula-
tion can be executed three times to obtain polarimetric data.

C. FUTURE WORK
This framework should be developed further to include more
features, including:
• volumetric scattering
• polarity support
• multiple reflections
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Additionally, the simulator should be optimized to reduce the
required memory and computational power, especially since
widening the features list will inevitably increase computa-
tional complexity.
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