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Abstract—Autonomous driving has increasingly become a very
promising technological goal in the past few years, with enormous
efforts invested into the development of permanent and reliable
supervision of the vehicles’ surroundings. Given their essential
function on long-range detection and their robustness against
bad weather conditions, radars arise as one of the most relevant
sensors in the automotive industry. A deterministic radar channel
model that accurately predicts the behaviour of a radar is essen-
tial for the implementation of reliable and efficient autonomous
driving. Since scattering plays a major role in automotive
environments, and because the existing models for its prediction
present some concerning limitations, an alternative approach
for its deterministic simulation based on the physical optics
approximation is pursued. Based on a ray tracing algorithm
structure, a program in C++ is implemented that performs the
diffusion of rays at the moment of scattering by a scattering
surface. Radar cross section plots of a scene are obtained,
with the number of incident rays representing the transmitted
wave being the main focus of the analysis. A correction factor
related to this parameter adjusts the range of values. For
large planar surfaces, the simplified strategy of the geometrical
optics approximation is still more efficient in terms of time and
computational resources than the developed algorithm. However,
for highly scattering obstacles, the physical optics proves to be
remarkably advantageous and accurate, disclosing a medium
deviation of just 0.686 dBsm.

Index Terms—electromagnetic waves, scattering, radar cross
section, physical optics, ray tracing, automotive radar.

I. INTRODUCTION

Autonomous driving has recently become a major research
field for engineers worldwide and a very promising tech-
nology. With 94% of all car crashes caused by errors of
human nature [1], autonomous vehicles emerge as a solution
to this alarming problem. Other significant consequences also
directly arise from the implementation of this technology,
such as mobility to the elderly and disabled, optimization
of road capacity, fuel saving and reduction of greenhouse
gases. Radar sensors, in particular, play an essential role in the
automotive industry, since they are the most unaffected sensors
by poor weather conditions, such as fog, snow and rain. In
order to ensure that their functioning is accurate and reliable,
simulations that perfectly mirror the scanning by the sensor are
necessary. The objective of this work is to create a computer
program that simulates the behaviour of a radar channel in
a deterministic way, calculating scattering with the physical
optics approximation. Built fundamentally around a ray tracing

algorithm, this code is able to calculate the monostatic radar
cross section of 3D objects, which can later be compared with
theoretical calculations and simulations from other programs.

section II starts with a clarification about the physical
optics principle, its equations and the conditions of the
approximation, continuing with a brief introduction to the
radar cross section concept. The ray tracing technique is
reviewed on section III, followed by its different approaches
and respective characteristics. Some additional considerations
about the operation of a radar are explored. In section IV,
the configuration of the developed simulator is specified. The
concept behind the simulation, the specific conditions of the
measurements and the structural architecture behind the ray
tracing algorithm are explained. The code implementation is
detailed in section V, where the logic behind the construction
of the algorithm is defined. The tracking of the rays along their
path from the transmitter to the receiver is delineated through
the implementation of the ray tracing algorithm, finishing with
the calculation of the scattered field that is received. The
performed simulations and respective outcomes are compiled
in section VI, where different scenarios are analyzed and the
effect of the different parameters is studied. The conclusions
and some final notes on the overall work are summarized in
section VII.

II. PHYSICAL OPTICS APPROACH

The physical optics concept is introduced as a solver for
the scattering by perfect electric conducting obstacles. A very
popular numerical technique based on this approach is the
moment method, still widely used in many tools that simulate
the scattering of electromagnetic waves [2]. Although very
accurate, this is a quite complex method, which involves many
calculations and is difficult to implement. This is why a sim-
pler approach, recurring to some simplifications, is desirable
if it succeeds in returning satisfying results.

A. The physical optics approximation

For the case where an object is perfect electric conducting,
the total electric and magnetic field corresponds simply to the
incident and scattered fields outside of its volume, given that
there is no electromagnetic field that penetrates the surfaces of
the obstacle. The physical equivalent is introduced assuming
that the same medium µ1, ε1 is simultaneously present inside
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and outside of the object, allowing the Maxwell’s equations
outside the volume V1 to remain valid [3].

In the ideal case where the obstacle is an infinite, flat, perfect
electric conducting plate, the physical equivalent problem
reduces itself to the physical optics. Here, the tangential
components of the scattered magnetic field present the same
phase and amplitude as the tangential components of the
incident magnetic field. This problem is referred to as the
physical optics, where the induced current can simply be
defined by

~JS = 2n̂× ~H1. (1)

where ~JS is the induced current at the surface due to the
incident magnetic field, n̂ is the surface normal at the point of
incidence and ~H1 corresponds to the incident magnetic field.

Any scattering problem can, therefore, be approximated by
its physical optics approximation, as long as the scatterer
presents electrically large dimensions [4]. Because the object
can only be an infinite ground plane in the ideal theoretical
case, it is implied that there is always an approximation
concerning the boundary conditions at the surface of the
object, allowing the current to be approximated by

~JS ' 2n̂× ~H1. (2)

This way, it is possible to determine the induced current at
the surface of the object with sufficient accuracy and apply the
vector potential equations, ultimately determining the scattered
electric and magnetic field by the scatterer.

B. Scattering equations

The simplest way of determining the electric and magnetic
radiated fields of a problem is through the calculation of
the auxiliary vector potentials, as an alternative to the very
complex solving of Maxwell’s equations. There are two most
common vector potentials, ~A and ~F , respectively the magnetic
and electric vector potentials [3], and they are obtained through

~A =
µ

4π

∫∫
S

~JS(x′, y′, z′)
e−βR

R
ds′ (3)

and

~F =
ε

4π

∫∫
S

~MS(x′, y′, z′)
e−βR

R
ds′ (4)

where ~JS and ~MS are the currents due to the magnetic and
the electric field, respectively, (x′, y′, z′) are the coordinates of
the radiation point and R is the distance between the radiation
and the observation point, as presented in Figure 1.

At the moment of radiation, electromagnetic waves are
spherical, but when at a considerable distance from the source,
the wavefronts appear to be planar and, therefore, the radial
component of the wave can be neglected. This distance at
which the wave is considered planar is called the far field and
it corresponds to a distance r for which βr >> 1, where β
represents the phase constant of the wave. The electric and
magnetic fields can be obtained from the vector potentials ~A
and ~F using (5) to (8).

Fig. 1: Scattering in the far field region [3].

~EA ' −ω ~A⇒

 Er ' 0
Eθ ' −ωAθ
Eφ ' −ωAφ

(5)

~HA '
âr
η
× ~EA (6)

~HF ' −ω ~F ⇒

 Hr ' 0
Hθ ' −ωFθ
Hφ ' −ωFφ

(7)

~EF ' −ηâr × ~HF (8)

The equations for the electric and magnetic scattered fields
can be obtained with the equations (9) to (12).

Eθ ' −
βe−βr

4πr
(Lφ + ηNθ) (9)

Eφ ' +
βe−βr

4πr
(Lθ − ηNφ) (10)

Hθ ' +
βe−βr

4πr
(Nφ −

Lθ
η

) (11)

Hφ ' −
βe−βr

4πr
(Nθ +

Lφ
η

) (12)

Through mathematical manipulation and geometrical anal-
ysis detailed in [3], the θ and φ components of ~N and ~L are
given by (13) to (16).

Nθ =
∫∫
S

(Jx cos θ cosφ+ Jy cos θ sinφ− Jz sin θ)e+β
~r′·ârds′ (13)

Nφ =
∫∫
S

(−Jx sinφ+ Jy cosφ)e+β
~r′·ârds′ (14)

Lθ =
∫∫
S

(Mx cos θ cosφ+My cos θ sinφ−Mz sin θ)e+β
~r′·ârds′ (15)

Lφ =
∫∫
S

(−Mx sinφ+My cosφ)e+β
~r′·ârds′ (16)
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C. Radar cross section
The radar cross section (RCS) is defined as the area inter-

cepting the amount of power that, when scattered isotropically,
produces at the receiver a density that is equal to the density
scattered by the actual target [3]. In other words, it indicates
the amount of scattered power in relation to the incident
one on a certain area of a target, specifically, at its visible
area. The measure of this quantity for a three-dimensional
target is defined as a radar cross section per unit area, hence
its units given in dB/m2. It is also possible, however, to
obtain the radar cross section of a two-dimensional target, the
result being a radar cross section per unit length, expressed
in dB/m. Furthermore, two available configurations for an
RCS measurement exist. If the transmitter and the receiver
are in the same position, the result is said to be monostatic
(also referred to as backscattered). A radar cross section can
also be bistatic, which is obtained when the transmitter and
the receiver are in different locations. A final consideration of
the RCS measurement is that the observation is assumed to
occur at an infinite distance from the target, which can only
be approximated by the far field region condition (2D2/λ),
where D is the largest dimension of the target [3].

The RCS per unit area can be calculated from the electric
or magnetic scattered and incident fields, such as in

σ = lim
r→∞

[
4πr2

| ~Es|2

| ~Ei|2

]
= lim
r→∞

[
4πr2

| ~Hs|2

| ~Hi|2

]
. (17)

III. RAY TRACING OVERVIEW

The ray tracing method solves the problem of how to
simulate the unknown trajectories of the rays between the
transmitter and the receiver, consisting of two steps. First, the
determination of the ray trajectory between the transmitter and
the receiver takes place, and second, the calculation of the field
strength on the receiver, based on the propagation phenomena
endured by the ray during its trajectory [5]. Being a generic
and deterministic propagation modeling and simulation tool,
the ray tracing is able to solve problems in complex scenar-
ios, where multiple different paths (called multipaths) exist
between the same source and destination [6].

A. Ray launching
Direct and indirect methods of ray tracing approaches

exist, which are not mutually exclusive since both present
advantages for different kinds of problems. Ray launching is
the name given to the indirect approach of ray tracing and
it consists of the shooting of rays from the transmitter, in
arbitrary directions, and their tracing until they eventually hit
the receiver or until they surpass a certain level of attenuation
[5]. Also known as the shooting and bouncing ray (SBR)
method, this algorithm traces each ray launched from a source
location with the purpose of determining whether it reaches
the receiver or not, as depicted in Figure 2.

The first step of this method processes the launching of
the rays, which can be sent from the receiver in arbitrary or
specific directions. It is usually required that all the rays are
as uniformly distributed as possible so that each ray carries

Fig. 2: Principle of ray launching [7].

similar power for an isotropic source [6]. The second step
includes the actual tracing of the ray. Generally, complex
geometries and extensive amounts of surfaces lead to many
intersections of each ray with many objects in the scene [6].
The wave propagation is calculated according to the adequate
mechanism, originating, reflected, diffracted, or even scattered
rays [5]. This trace ends when the ray finally hits the receiver
or after it surpasses a maximum level of attenuation. Finally, at
the receiver, all incoming rays are combined as contributions,
creating the total received field at this point. Normally, only
a few of the traced rays reach the receiver [5], which is why
this approach of ray tracing is referred to as indirect.

B. Reception of rays

While considering discrete tubes of rays that are received
at a receiver point might cause significant complications
relative to the validation of scattered rays [5], an advantageous
alternative is the representation of the receiver as a certain
volume. In most cases, the sphere is the selected shape,
given its geometrical simplicity. The reception of a ray is
thus confirmed once it intersects the sphere representing the
receiver. The biggest challenge associated with this approach
is the determination of the size of the sphere since too large
dimensions result in several identical rays being interpreted
as different, and too small dimensions can lead to certain
propagation paths being neglected [5]. Because in the presence
of scattering surfaces, rays might converge or diverge, a
thorough identification of the traced rays is essential, in order
to eliminate multiple received rays. This ray identification can
be based on the number of reflections, delay time and angle of
transmission of each ray [5], among other characteristics that
are unique for every ray. If multiple received rays present the
same values for all criteria, it is inferred that they correspond
to the same ray and should, therefore, be validated as only
one.

C. Radar operation

The electronic system of a radar consists of a transmitter, a
receiver, both respective transmitting and receiving antennas,
and a processor [4]. The transmit antenna is responsible for
emitting a beam of electromagnetic waves, being its directivity
related to the field of view of the radar. Once the emitted wave
hits a surface of an object, it is scattered, producing what is
called an echo-signal. The receiving antenna gathers the signal
and the receiver delivers it to the processing stage, where
the signal is amplified and converted into legible information.
After processing the received signals, the radar measures the
distance to all detected objects in its angular range. The radar
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is also able to determine the size, shape, velocity and direction
of motion of the obstacles in the scene [4]. The electromag-
netic waves used in a radar system are in the high frequency
radio range. Particularly, the frequency range between 76 and
77 GHz was assigned by the Federal Communications Com-
mission [8] specifically for collision avoidance radar systems.
This specific frequency allows long-range detection, better
spacial position resolution and less sensitivity to different types
of roads and weather, which makes it extremely well suited
for this kind of systems. Monostatic measurements such as
the ones performed by standard radars provide the radar cross
section of targets as a function of the observation angle. By
performing successive measurements while rotating targets
around their centers, results in terms of azimuth angle are
obtained.

IV. PROPOSED SIMULATOR

The simulator designed and implemented in the course of
this thesis calculates the scattering by a target through the
application of the physical optics approximation. By deter-
mining the radar cross section pattern of different objects,
the quality of the developed algorithm can be tested and
asserted. The main point of the simulation concept is that,
when hitting the surface, each ray is responsible for the surface
area that belongs to its respective cross section. One can think
of this method as a decomposition of the whole surface into
smaller shapes that, together, amount to the whole area of the
surface in question. Each incident ray induces current at their
correspondent section of surface area, being the scattered rays
subsequently launched back into the surrounding environment,
in all directions. By assuming that all the surfaces are perfect
electric conducting, the approximation is valid and the scatter-
ing by each small polygon can be calculated. By determining
all the scattered fields for every decomposition section through
the physical optics approximation, the scattering of the whole
object can be obtained [4].

A. Algorithm considerations
As for any method that is based on an approximation, this

algorithm relies on assumptions which need to be considered
and conditions that must be fulfilled for the concept to be
valid. The first condition required in this concept is that all
the surfaces in the scene have perfect electric conducting
surfaces. Additionally, the calculations must be performed in
the far field region, which means that the analyzed targets
must be located at a certain minimum distance from the radar.
This implies that a reasonable distance between the radar
and the targets is assured at all times during the simulation.
The third condition of the algorithm concerns the size of the
polygons in which the surfaces are decomposed, which is
directly connected to the number of rays launched from the
radar. Since the radar cross section of a target derived from
physical optics varies significantly with the dimensions of its
composing surfaces, a compromise should be made between
the size of the polygons and the accuracy of the results.
Varying the number of rays during simulations should give
an idea of the degree of influence that this parameter has on
the results.

B. Bistatic vs monostatic configuration

To obtain a relevant radar cross section of an object, mea-
surements are performed so that all its sides are detected. This
can be achieved by either rotating the object around its center
or by changing the position of the radar in a circle around it.
The first strategy can be a quite demanding process, especially
if the target presents very big dimensions. This is an extremely
challenging process not only in real life for needing to move
a very heavy and large mass, but also in computational terms,
if an enormous amount of polygons depicting the surfaces of
the object need to be transformed. Thus the second approach
is the one chosen for the setup of this simulator, changing
the position of the radar as desired while the position and
orientation of the model remain unchanged.

The radar cross section of a target can be measured in two
different ways depending on the system configuration. The
bistatic configuration is based on the assertion of an incident
angle, which infers that there is a defined position for the
transmitter and a succession of different positions for receivers
[9]. It is important to note that the bistatic system configuration
only analyzes the target from one single perspective. Since
there is only one transmission point in the whole simulation,
the algorithm runs merely in one cycle, being the sweep
given by the reception of the rays at the several receivers,
but correspondent to one single incident transmitted wave.
In Figure 3, the diagram on the left would correspond to
one measurement where the incident angle is different than
0 degrees, being the transmitter located at point B, while all
the points A through E work as receivers. On the right, another
measurement would place the transmitter at point C with an
incident angle of 0 degrees, with all the points receiving the
scattered field.

Fig. 3: Succession of radar positions.

The premise of the monostatic configuration is that the
transmitter and the receiver are located in the same position
at all times [9]. In this case, the angular sweep is achieved by
changing the direction in which the incident wave reaches the
object. Concerning this setup, it is evident that for an angular
sweep to be obtained, several different measurements need
to take place, and in each particular one, only one point of
the angular sweep is relevant. In Figure 3, the measurement
on the left is performed with the radar located at point B,
where it works as both transmitter and receiver. On the right,
the radar executes the exact same operations, but located
on the next position. After determining the scattering results
for points all around the target, a complete pattern for the
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radar cross section of the object can be obtained. The angular
separation between two consecutive radar positions is referred
to as angular resolution and this quantity defines how many
observation angles are represented in the radar cross section
plot. It is typical that, for a target that represents some kind
of symmetry, only a fraction of the angular sweep is actually
carried out, since the results are similar for symmetric parts of
the object. This greatly simplifies the calculations and reduces
the computation time.

V. ALGORITHM IMPLEMENTATION

The algorithm that describes the developed simulator is
implemented in C++ language, in a fairly simple and non-
optimized way. Based on a ray tracing coding structure, with
a recursive nature, this code calculates the radar cross section
of three-dimensional digital models, by allying the virtual
tracing of rays with the electromagnetic concepts associated
with physical optics.

A. Recursive ray tracing
The basic idea behind the tracing of rays throughout a

scene is that each ray propagates until it intersects a surface,
generating at that moment a new set of rays that are launched
from the intersection point. These new generated rays are
subsequently traced through space until a new surface is hit.
This process repeats itself as long as the propagating rays
keep on intercepting surfaces along their path. Because one
ray generates many other rays which are traced successively,
this means that the algorithm has a recursive nature, a function
that calls itself while the code runs. Because the number
of rays exponentially increases with the recursion level, the
computation time also escalates exponentially with the number
of scattering stages [10]. To keep track of the present level of
recursion, the concept of depth level is introduced, assuming
the value 0 for incident rays launched from the radar, 1 for
rays that suffered their first scattering, and so on. In order
to manage the computation time and prevent the recursive
function from running in an infinite loop, a maximum depth
must be assigned, which establishes a maximum number of
allowed scattering points along the path of a ray, consequently
restricting the number of recursions to a certain value. Once
the maximum depth is reached, no more scattered rays are
generated.

B. Incident ray generation
A ray can be geometrically thought of as a half-line, char-

acterized by only two variables, its origin and its propagation
direction. The incident rays are launched in the direction
that the radar is facing and they are evenly distributed in
space, in order to correctly represent an isotropic source. In
ray tracing the rays are equidistant, which means that they
are launched from a point through a grid with equally sized
polygons, as depicted in Figure 4. Because this method is
similar to the operation of a camera, these rays are often
referred to as camera rays. The origin of the incident rays
corresponds to the radar position and the direction of each ray
is given by connecting the origin to the center of each pixel.
The parameters to describe the ray generation camera are the

dimension of the camera grid, which is the number of incident
rays, and the field of view of the camera, which corresponds
to the angular range of the radar.

Fig. 4: Generation of one camera ray.

In the electromagnetic perspective of the algorithm, the rays
are also characterized by their electric and magnetic fields.
Not only do these fields have a complex magnitude value,
but their directions must be known for every ray on the
scene, which is why the electric and the magnetic fields of
each ray are described by complex three-dimensional vectors.
In order to represent all the possible types of polarization
of electromagnetic waves, the electric field of every wave,
as well as the magnetic, needs to be characterized by two
complex vectors, each corresponding to one polarization com-
ponent [11]. The electric field is thus decomposed into two
orthogonal polarization components, which are chosen to be
oriented along the horizontal and the vertical directions for this
algorithm. Given the linearity of this problem, all calculations
are performed for both components independently and, in the
end, the total electric field can be obtained through their sum,
by applying the superposition principle.

C. Target detection

In computer graphics, three-dimensional models of objects
are digitally represented as polygon meshes, composed and
stored by triangular facets only [12]. Three-dimensional dig-
ital models are always composed of planar surfaces, even
when they appear to represent smooth curved objects such
as spheres. In order to make a surface appear less ”blocky”,
the model should be composed by a larger amount of smaller
triangles. In this code, the meshes are chosen to be saved
in stereolithography (STL) files, where the meshes are repre-
sented as a series of triangular facets, each defined by a set of
three vertices and a normal unit vector facing the outside of
the model. To determine the point where a ray hits a certain
surface of the model, it is simply necessary to compute the
intersection point between the half-line that defines the ray
and the triangle that corresponds to the polygonal facet of
the model’s surface. This simulator is also programmed to
perform back-face culling, which consists of discarding the
surfaces of the model that are facing away from the radar.
This process of surface selection significantly improves both
the algorithm’s computational time and memory management,
since the number of surfaces that are rendered reduces by a
large factor for most objects’ shapes [13].

D. Geometry

The configuration designed for the radar system depicted
in this simulator is described by a coordinate system with its
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origin at the geometrical center of the model. This is called
the global coordinate system, or world space, which is the
common space to all objects in the scene. On the other hand,
a local coordinate system, or model space, is a space where
all the coordinates are relative to the own object that they
represent.

Fig. 5: Coordinate systems: global (blue) and local (red).

In this case, two model spaces are created, which correspond
to the radar local coordinate system and to the polygon local
coordinate system, represented in Figure 5. Respectively, they
describe the radar through which the incident rays are launched
and the surface from where the scattered rays are radiated.
Both local spaces are based on the camera ray generation
algorithm. The origin of the incident rays is the radar location,
while the origin of the scattered rays is the intersection point
where the ray hits the target. Each local coordinate system
is associated with a transformation matrix that transforms its
elements into the global coordinate system [14]. Therefore,
two matrices are implemented in this program, a radar-to-
world matrix and a polygon-to-world matrix, and they are
defined based on the position and orientation of the radar and
the scattering surface, respectively.

E. Scattering of rays

At the moment of scattering, the area of the surface affected
by the respective incident ray works as a source and the
scattered wave assumes a spherical configuration, propagating
in all directions. Given the chosen generation algorithm for
incident rays, the wavefronts consistently assume the shape of
rectangles. As deduced from the calculations associated with
the physical optics approximation, an essential step for calcu-
lating the scattered field at a surface is the determination of its
area. This approach assumes that a wave can be represented by
several discrete rays, each responsible for a certain section of
the surface. Since the dimension of the area for which the ray
is responsible is given by the separation between consecutive
rays along the horizontal and vertical directions, an algorithm
that determines the separation between the rays at the surface
of intersection must be designed. As depicted by the scheme
on Figure 6, the area of each decomposition rectangle can
be calculated in function of the direction of the incident rays
and the distance between their origin and the surface that they
intersect.

From each scattering rectangle, a new set of scattered rays
is generated through the camera ray generation method. This
time, the origin of these rays is the intersection point and the

Fig. 6: Separation between consecutive incident rays.

direction of the scattering camera is given by the orientation
of the surface normal.

F. Reception of rays

Concerning the reception of rays, the radar is represented
as a three-dimensional volume with the shape of a sphere.
As in a monostatic system configuration, the reception sphere
is located at the radar position in each loop of the angular
sweep, changing its center coordinates for every new angle of
observation. The radius of the sphere that describes the radar as
a receiver depends on the far field distance and the observation
angle increment between successive observations, since the
reception spheres are designed to be adjacent to each other,
with the objective of covering the model in all directions, but
without superposing each other. To assess whether a certain ray
hits the receiver, the point of intersection between the ray and
the sphere that represents the radar must be computed. Because
multiple rays belonging to the same scattered wave might be
received at the same receiver, a strategy must be implemented
in order to correctly determine the scattered field contribution
of the wave, considering its multiple contributions. Therefore,
a method based on the elimination of multiple rays is imple-
mented, which, based on the attributes of the ray in question,
compares it with the rays already received and determines
whether this ray is unique for the wave that it belongs to.
If a ray presents the same criteria as another received ray,
it is immediately discarded, but if the attributes are singular,
the ray is confirmed to be unique for the wave it represents
and, therefore, significant in the calculation of the received
scattered field.

G. Calculation of the scattered field

The final stage of the simulation consists of the calculation
of the overall scattered electric field, in order to determine
the radar cross section of the analyzed object. Each received
ray is represented by the path it has maintained since it was
generated up until being received by the radar. Because the
path is composed of several individual ray sections along
the way, the received electric field is determined section by
section, being each part calculated with the correspondent
recursion of the ray tracing function. The information known
about the ray at the moment of reception at the radar is only the
incident electric field, given by E0, and the phase component
of the last section of the path characterized by ΨZ , where Z is
the depth level at which the ray is received. After completing
this recursion of the ray tracing function, the recursion level
Z − 1 is activated, which corresponds to the previous portion
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of the path, corresponding to the ray that intersects the surface
at the point where the received ray was scattered from. For
this section of the path, it is possible to calculate the area
of the surface where the current was induced by the present
ray, which is given by the horizontal and vertical separation
between rays as a · b. Through the calculation of the vector
potential, the scattered electric field for the direction that
corresponds to the scattered ray can be calculated, represented
as Ωdepth, where depth is the active depth level. The electric
field of an intermediate section of a path characterized by the
depth level depth is given recursively by

~Esdepth = a · b ·∆depth · Ωdepth · ~Edepth−1 (18)

where ~Edepth−1 is the electric field calculated for the
ray correspondent to the section preceding the present one.
Ultimately, the generic formula for the electric field of the
path received at the radar, for a reception at depth level Z is

~Esreceived = ~E0 ·ΨZ ·
Z−1∏
i=1

(ai · bi ·∆i · Ωi). (19)

These calculations are performed for both horizontal and
vertical polarization components independently, and the over-
all scattered electric field received at the radar is determined
using the total number of received rays M and the horizontal
and vertical polarization components of the electric field of
each ray ~Esh and ~Esv , respectively as in

~Estotal =

M−1∑
i=0

( ~Esh + ~Esv). (20)

Finally, the radar cross section for the present observation
angle can be calculated by using

σ = 4π

(
| ~Estotal|2

| ~Ei|2

)
. (21)

A conversion into a logarithmic scale, in this case to the
units of dBsm, should additionally take place for a better
visualization of the results.

VI. SIMULATIONS AND RESULTS

Some significant simulations were performed with the de-
veloped algorithm for measuring the radar cross section of
standard targets. By comparing the obtained results with the
theoretically expected values and with simulations performed
on CST Studio Suite [15], conclusions can be made about the
quality of the implemented simulator. Concerning the most
relevant variables in the code, the polar angle corresponds to
the specular direction, which contemplates the maximum radar
cross section, while the incident electromagnetic wave presents
a linear polarization oriented in the vertical direction, with a
magnitude of 1 V/m. The angle increment between consecutive
measurements is 0.5o, which delivers a sufficient accuracy of
results, and the distance from the radar to the centre of the
model is 10 meters, enough to be considered far field region.
Finally, the frequency is 77 GHz.

A. Monostatic setup validation
The validation of the code can be accomplished by measur-

ing the monostatic radar cross section of a rectangular perfect
electrical conducting plate with dimensions 0.02 x 0.02 m,
where each edge corresponds to 5 times the wavelength of
the incident electromagnetic wave. Using a dimension of the
scattered ray generation camera of 551 x 551 scattered rays
and a field of view of 120o, the plot depicted in Figure 7
is obtained. The maximum monostatic radar cross section
is, as expected, located at the specular direction of 0o and,
as predicted from the literature [3], the values present more
accuracy for smaller angles of incidence, evidencing a small
but consistent error for angles of observation further away
from the specular direction. The maximum value is -9.23
dBsm, the same as the theoretical calculation for a plate of
dimensions a x b, as in

σmax =
4 · π · a2 · b2

λ2
. (22)

Fig. 7: Monostatic RCS of a small rectangular plate.

Fig. 8: Monostatic RCS of a large rectangular plate.

In order to test the effects that arise from increasing the di-
mensions of the target, a similar plate with an edge dimension
correspondent to 50 times the wavelength is simulated, result-
ing in the plot represented in Figure 8. This time, scattering
951 x 951 rays per scattering point, the maximum obtained
value at the specular direction is of approximately 30 dBsm,
which confirms the result derived from (22). Additionally, the
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oscillations show a satisfactory accuracy, once again revealing
a slight deviation at larger angles of incidence.

B. PEC cube
In order to analyze a more complex scenario, involving

three-dimensional shapes, a perfect electric conducting cube
composed of six reflective plates is simulated. Because this
cube is chosen to have dimensions of 0.02 x 0.02 x 0.02
meters, each face has an edge corresponding to 5 times the
wavelength and a square shape. The simulation is performed
with a total range of observation of 180o, a number of scattered
rays launched from each scattering point of 551 x 551 and a
field of view of the scattering camera of 90o. The radar cross
section of the described cube for one single incident ray is
plotted in Figure 9. The results are compared with simula-
tions performed on the electromagnetic field simulator CST
Studio Suite. Despite small approximations due to the integral
equation solver used by the software on this scenario, the plot
generally agrees with the expectations, showing satisfactory
values particularly around the specular directions, which are
clearly situated at angles perpendicular to the cube’s faces.

Fig. 9: Monostatic RCS of a small cube.

Fig. 10: Monostatic RCS of a large cube.

An additional simulation on a larger cube is performed, in
order to test the robustness of the code. In this case, a cube
with dimensions 1 x 1 x 1 meters is designed. By selecting
551 x 551 scattered rays and a field of view of 120o for the
scattering camera, the results shown in Figure 10 are obtained.

Here, the repercussions of the size of the plates that constitute
the cube are evident. Larger plates lead to a much clearer
reflection effect, which dominates over the scattering.

C. Multiple incident rays

In order to test the influence of the number of incident rays
on the surfaces of the target, a square plate with dimensions
0.2 x 0.2 meters is simulated, this time using an incident
ray generation camera with 10 x 10 incident rays. A field
of view of 1.146o is asserted for this camera, so that the
incident electromagnetic beam is exclusively directed towards
the plate, making use of all the emitted rays. The results
of the simulation performed for this set of variables are
presented in Figure 11. Given the equidistant distribution
of the rays, there are 100 identical square decomposition
polygons at the surface, each with a dimension correspondent
to 5 times the wavelength, as in the simulation represented
in the previous section. The RCS acquired by summing all
decomposition polygons proves to be successful only for the
specular direction of 0o, because the oscillation at which the
RCS varies with the angle of observation heavily depends on
the dimension of the surface. Therefore, in this case, the plot
shape is the same as for the case of a single incident ray on the
small plate. By simply dividing the RCS values by the number
of incident rays, the results show much more conformity with
the expectation with respect to the range of values, with the
exception of the specular angle.

Fig. 11: Monostatic RCS of a large rectangular plate with
multiple incident rays.

An additional simulation is performed for a similar square
plate, this time with a dimension of 15 times the wavelength.
By launching 3 x 3 incident rays, with a field of view
of 0,344o, each decomposition polygon has, once more, a
square shape with dimension correspondent to 5 times the
wavelength. The results for this scenario are displayed in
Figure 12. This RCS plot presents precisely a third of the
oscillation frequency of the expected results. It is impor-
tant to observe that the division of the final values by the
number of incident rays efficiently and accurately corrects
the local maximums of the plot. Concerning the range of
values, every third local maximum of the expected plot is
correctly simulated. However, the performed correction does
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not change the oscillation frequency, which still contributes to
an inconsistency of the final results.

Fig. 12: Monostatic RCS of a rectangular plate with multiple
incident rays.

For surfaces where the physical optics approximation is
reduced to the geometrical optics, such as this one, where the
clear majority of the scattered electromagnetic field is directed
towards the specular direction, this method presents some
significant inconsistencies. However, because the geometrical
optics approximation is more accurate for larger dimensions of
the reflective plate, for objects where the surfaces are smaller,
or curved, the geometrical optics fails to properly determine
the occurring scattering effects. In situations where there is no
concentration of the scattered field towards a specific direction,
but the radiation is scattered in all directions, the physical
optics is expected to perform better and deliver more adequate
results.

D. Sphere

As an example of a scattering standard object, a perfect
electric conducting sphere is now analyzed to test the effect
of multiple incident rays on the RCS of targets of this
kind. Because three-dimensional digital models are always
constituted by planar triangular surfaces, in order to appear
smooth and curved, the surface of the geometry needs to
contain a large amount of polygons. The three-dimensional
model of the sphere is designed on CST Studio Suite, with
a diameter of 0.02 meters. Because a higher complexity of
the model leads to an exponential increase of the compilation
and running times, a reduction of the model’s resolution is
necessary, using the software MeshLab [16], a mesh manipu-
lation software. The three-dimensional model of the sphere is
then obtained, containing a total of 90 triangular facets, which
allows a satisfactory compromise between the resolution of
the shape and the compilation time. With a dimension of the
scattered ray generation camera of 551 x 551 scattered rays per
scattering point and a field of view of this camera of 120o, the
number of incident rays is now the main variable of interest on
this simulation. By establishing 10 x 10 incident rays launched
from the incident ray generation camera, the results plotted in
Figure 13 are obtained.

In this case, the size of the triangular facets that com-
pose the model of the sphere is much smaller than in the

Fig. 13: Monostatic RCS of a small sphere.

previously simulated scenarios. Here the scattering effect
dominates over the geometrical optics specular reflection,
which produces an almost uniform dispersion of the radiation
in all directions from each scattering point. Because there
are no large planar surfaces in this model, the radiation is
not concentrated towards a specific direction, presenting an
approximately constant value for all angles of observation. A
correction factor of 74 is, in this case, given by the number
of incident rays that actually intersect the geometrical model,
which ultimately corresponds to the number of scattering
points. After dividing the radar cross section by this factor,
the simulation shows adequate and satisfactory results. The
oscillation of the plot that was so significant for planar surfaces
has now no significant consequences over the shape of the plot.

With the objective of testing the influence of the number
of incident rays, another simulation was performed with 5 x
5 incident rays, which ultimately leads to a significant loss
of accuracy of the results. For scenarios where the scattering
effect is dominant, not only is it advantageous to launch
multiple rays on the scene, but the largest possible amount
of incident rays is desired, in order to detect the surfaces of
the target with the most possible detail, while still keeping
the computation time reasonable. For the simplified model of
the sphere with a total of 100 incident rays, the running time
amounts to around 1 month of uninterrupted running on a
standard portable computer.

VII. CONCLUSION

The code implemented in this thesis determines the scatter-
ing patterns of three-dimensional objects, through the applica-
tion of the physical optics approximation. By analyzing differ-
ent scenarios and comparing the results with patterns obtained
from other algorithms and simulation software programs, this
approach is tested and conclusions can be made.

The first step of this analysis focuses on the comparison
between the physical optics and the geometrical optics approx-
imation. Conceptually, the geometrical optics approximation is
very adequate for simulating large planar reflective surfaces,
but loses its accuracy when the dimensions of the obstacles
approximate to the order of the size of the wavelength.
As observed, for objects of reduced dimensions, the pattern
obtained by the physical optics is more complex than a simple
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reflection of radiation towards the specular direction. The
electric field is no longer concentrated towards a specific
direction, but radiated in multiple directions, being the effects
of diffraction around the edges and scattering at irregularities
even more significant. On the other hand, the fact that the
results are the same for both algorithms when analyzing a plate
of large dimensions proves that both techniques reduce to each
other when the edge diffraction effects are not so dominant
over the reflection. The geometrical optics, given its simplicity
and effectiveness, can still be used for scenarios where large
planar surfaces are recurrent. However, the results suggest that,
even though the physical optics is a far more complex and
demanding algorithm, it performs more accurately for objects
with irregularities in the order of the size of the wavelength
or with smooth curved surfaces, where the scattering is more
noticeable.

The fact that the final results are so heavily dependent on
the dimensions of the surfaces constitutes the main concern
about the physical optics approach. An observation of the
resulting radar cross section obtained for objects constituted
by planar surfaces with dimensions larger than the wavelength
suggests that the algorithm loses its purpose when multiple
rays illuminate a single surface of the model. A correction
factor can be implemented, which contemplates not only the
absolute values but also the oscillation frequency of the plot,
with the purpose of adapting the final results. However, this
seems counterproductive, since a better way of solving this
particular problem would be to use the much simpler and
time effective theory of geometrical optics. On the other hand,
for a standard object such as a reflecting sphere, where the
scattering effect is the most dominant, the implemented code
delivers quite satisfactory results. The oscillation frequency
of the plot, which is so evident and critical for the case of
specular reflection, is not a concern anymore and the values
show good coherence with the expected results. Furthermore,
the accuracy proves to increase with a higher number of
incident rays on the model, which is sensible given that more
incident rays correspond to more samples of electromagnetic
field, which ultimately translates to a correct reading of the
contour of the object. A compromise between the number of
incident rays and the program running time must, thus, be
assessed for each type of scenario. With the chosen settings
for the scenario of a small perfect electric conducting sphere,
the final results present a medium error of approximately 0.686
dBsm, which corresponds to a relative error of 1.96%.

Based on the results acquired from the performed measure-
ments and respective conclusions, the ideal solution for the
implementation of a deterministic software able to simulate the
behaviour of a radar channel would be to associate the physical
optics techniques explored in this project with the geomet-
rical optics approximation. Even though the physical optics
approach shows appropriate results for three-dimensional sce-
narios where the scattering effect is determinant, an algorithm
programmed to thoroughly analyse and interpret the surfaces
present in each obstacle can fairly minimize the complexity
of the simulation and consequently the running time. If a
surface is curved or presents irregularities in the order of the
wavelength or smaller, the physical optics approximation is to

be applied to guarantee an adequate set of results. However,
should an object be composed of large planar surfaces when
compared to the wavelength, a more straightforward and still
accurate approach would be the geometrical optics.

An essential further step on this investigation is, evidently,
an optimization of the code, to assure a proper operation of
this simulation algorithm. Even though it is besides the focus
of this project to create an efficient and optimized algorithm,
the running time of this algorithm eventually becomes the
greatest limitation for testing different scenarios. An even more
complex simulation, resembling a real environment would
immediately lead to an unbearable amount of time which is
not attainable in the scope of this thesis. An implementation
of the simulator on the level of the graphics processing unit,
through GPU programming is, therefore, desirable and should
be pursued, since it allows the ray tracing algorithm to be
processed much faster and more efficiently.
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