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ABSTRACT With the rise of high resolution multiple input multiple output (MIMO) systems, radar became
an important sensor in the development of Advanced Driver Assistance Systems (ADAS) and autonomous
driving applications. Autonomous driving will rely strongly on artificial intelligence. Since most modern
classification algorithms are based on neural networks, they require huge amounts of data to perform
well, especially in unexpected traffic situations. Radar sensor simulation can potentially produce a great
variety of training data for machine learning algorithms, which makes it an important cornerstone in the
development of ADAS. Furthermore, with radar simulators, different antenna configurations and various
edge cases can be simulated. In this work, a versatile ray tracing toolchain based on the shoot and bouncing
rays (SBR) approach is presented. The program is able to simulate complex urban environments including
realistic clutter, by utilizing simplistic reflection models. The program does not only produce realistic radar
images, but also generates camera-like images using the same materials. Furthermore, this work deals with
the adaption of the SBR method to radar sensors with an arbitrary number of transmit (TX)- and receive
(RX) antennas, which enables the simulation of large MIMO arrays. A novel performance optimization
approach is proposed for large numbers of TX antennas, which reduces the runtime dramatically. The quality
of the simulation is verified by measuring a complex and realistic scenario with a high resolution automotive
MIMO radar. Also, a study of the effect on quality and runtime is being investigated for various optimization
approaches, including the proposed method.

INDEX TERMS MIMO radar, radar simulation, ray tracing, shoot and bouncing rays.

I. INTRODUCTION
Radar sensors offer various advantages compared to Lidar or
camera sensors, such as being comparably cheap and also
working in the absent of light and under harsh weather con-
ditions. Latest developments in high resolution MIMO radars
may also alleviate the disadvantages of a low angular resolu-
tion, compared to expensive lidar sensors [1], [2]. For these
reasons, radar sensors are widely used in ADAS solutions and
autonomous driving applications.

Simulating radar data brings various benefits, such as test-
ing various antenna configurations optimized only for a spe-
cific array factor [3] under more realistic scenarios before
creating a physical prototype. Also, testing novel algorithms
under user defined scenarios is often easier to accomplish with
simulated data compared to conducting real measurements.
Radar simulations can also be used to train machine learning
algorithms [4], to get more balanced data for corner cases,
such as unlikely traffic situations or to enlarge the training data
set in general.
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There exist a number of different approaches to simulate
radar sensor data. The authors in [5] differentiate between
physical models, scattering centers models and data-driven
models. The physical model used most often in automotive
radar simulations is the shooting and bouncing rays (SBR)
approach, first introduced in [6]. This technique is used in [4]
and [7]–[12]. A good introduction to raytracing approaches
for electromagnetic wave propagation can be found in [13].

In the SBR method, rays are transmitted from the position
of the TX antenna and are reflected by the objects in the simu-
lation environment. The simulation environment is typically
modeled by triangle meshes. RX antennas are modeled as
spheres, which, when reached by a ray, store the complete ray
path length from TX antenna to the respective RX antenna’s
center point. Eventually, an intermediate frequency signal (IF
signal) can be generated using the stored path lengths.

The authors in [17] claim that ray tracing methods offer re-
alistic simulations in respect of multipath and occlusion. The
drawback of these approaches is that they are computationally
expensive, sophisticated to implement and require a detailed
model of the environment.

Scattering centers approaches are considered to be much
less computationally expensive and are able create simulation
data in real-time. This approach is for example used in [5]
and [14]. In this method complex objects are modeled by a
number of different point targets (scattering centers) with an
angle dependent RCS. Scattering centers can achieve accu-
rate radar data, but the scatter model has to be created for
each object separately. One approach is to use accurate but
more time consuming raytracing simulations to generate var-
ious scattering center models, which can be used in real-time
simulations afterwards [23]. Compared to triangle meshes,
scattering centers only model point targets and hence not a
closed surface, therefore problems with occlusion and multi-
path remain. In automotive scenarios, occlusion is pervasive
in almost all critical scenarios, for example when a pedestrian
enters the lane from behind a car. Also, multipath effects and
ghost detections have to be considered, especially in dense
urban environments.

Another major advantage of ray tracing methods is that they
are based on 3D triangle meshes, which are pervasive and well
studied in the computer graphics community. Consequently,
suitable meshes can be taken from many sources including
CAD models or computer games. They can also easily be
created by 3D creation programs such as the open-source
3D computer graphics software “Blender”. This constitutes a
great advantage of ray tracing methods, as the aforementioned
resources are mainly unavailable for methods based on scat-
tering centers.

Data-driven models generate synthetic data sets from a pre-
trained neural network [15], [16]. This relatively new research
field shows promising results. However, the output data can
only mimic data sets stemming from real measurements or
simulated data. The main goal of our simulator is to gener-
ate data sets for radar sensors with an arbitrary antenna and
modulation scheme.

For these reasons the SBR method fits our needs best, espe-
cially as simulations in real-time are not required for the train-
ing of neutral networks and development purposes in general.
It only has to be sufficiently fast to produce enough data in a
reasonable amount of time. The runtime can even further be
reduced by introducing specialized raytracing hardware into
graphics processing units (GPU) [24].

Implementations of the SBR method can also be found in
commercial EM simulation tools such as FEKO commonly
named Geometrical Optics (GO). They are often used to com-
pute the radar cross section (RCS) of objects, see for exam-
ple [20], [21] or [22]. The simulated scattering behavior can
also be used for SAR-Imaging as shown in [18]. In [28] FEKO
is used to place an antenna array in front of a 3D car model
to simulate power and phase of each antenna, respectively.
The simulated signals are used to evaluate different angle
estimation algorithms afterwards. Since we are interested in
the range, Doppler velocity and angle of each object, power
and phase of the carrier signal is not suitable for our purposes.
Instead we require the full IF signal.

In [19], FEKO was used to simulate a full chirp sequence
FMCW signal by sampling the carrier signal at multiple fre-
quency points during a chirp. However, this approach is sig-
nificantly less efficiently compared to simulate the IF signal
directly. Further, in all of the examples the 3D meshes were
substantial less complex compared to our simulated scene,
which consists of more than 24 000 triangles.

For us it was also not possible to simulate this scene in
FEKO, since it seem to require some constraints on the in-
put triangle mesh, such as that triangles are not allowed to
overlap or should have a specific minimum or maximum
size.

By implementing the SBR method by our own we can
simulate the IF signal directly, are unconstrained in our 3D
scene and are able to make further optimizations.

The contributions of this work are the following:
1) The implementation of a simplistic material model

adapted from visual ray tracing approaches, which are
not only able to produce realistic radar data, but also
camera-like images, which makes prototyping of radar
and camera fusion algorithms possible.

2) As far as the authors know, current publications
only show realistic simulations of range-Doppler
data [8], [9], or single-channel simulations [11]. We
show that with the proposed material model realistic
automotive range-angle data for modern high resolu-
tion MIMO sensors can be simulated. Implementation
details on how an arbitrary number of TX- and RX
antennas can be simulated efficiently in a modern ray
tracing engine are given.

3) A novel optimization technique is introduced, which can
dramatically improve the simulation performance for
large MIMO array configurations.

4) An investigation on how different optimization ap-
proaches affect the quality and runtime of the simula-
tion is conducted. For example, the size of the receive
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antenna may cause phase errors, but the influence es-
pecially on millimeter waves has not been investigated
yet [26].

The paper is structured as follows: In Section II, we give an
overview of the simulation tool chain and a brief description
of the simulator’s software architecture. The implemented
material models are described in Section III. Afterwards, a
detailed explanation of our modifications for MIMO arrays
can be found. We also describe the ray generation process,
which differs from current work [8], [11], but is beneficial
for our material models. Different optimization techniques are
described at the end of the section. Results comparing sim-
ulated with measured data are given in Section III, in which
optimization techniques are also compared in respect to image
quality and runtime performance.

II. SIMULATION TOOL CHAIN
This section gives the reader an overview of the simulator
before a more detailed description follows in the next sections.
It shows, how a radar signal is generated from the environment
representation to an IF signal. Further the software archi-
tecture enabling a flexible, fast, and user-friendly simulator
design, is briefly described.

A. SIGNAL GENERATION
The simulation program consists of two main steps. The first
step generates ray path lengths out from the environment
described as triangle meshes and the TX- and RX antenna
configurations. This process is described in Section III in
more detail. Additional to path lengths, the ray direction can
be computed, so that antenna patterns can be applied in the
IF signal generation. The complete simulation workflow is
summarized in Fig. 1.

Since the material models are adapted from a common vi-
sual raytracer (see section III), camera-like images can be gen-
erated with the same ray tracing procedure, by simply adding
color information to the traced rays. This is not only helpful
for debugging purposes, but also for testing and implementing
data fusion algorithms between camera and radar data.

In the second step, the IF signal for each receive antenna is
generated. The IF signal only depends on signal modulation
parameters and the signal delay τ , which again depends on
the path length d between TX antenna, reflected object, and
RX antenna as denoted by

τ = d

c
, (1)

whereby c is the speed of light in vacuum. The most com-
mon modulation scheme of automotive radar is the frequency
modulated continuous wave (FMCW) modulation. The radar
signal is often transmitted in several chirps to measure the
target’s Doppler velocity [27]. The FMCW IF signal for a
single reflection point can be described as below [28]

sIFs (t ) = A(α, γ )exp(2π j(μtτ + fcτ )). (2)

FIGURE 1. Overview of the complete simulation workflow.

The signal amplitude A depends on the antenna pattern, which
is parameterized by the spherical angles α (azimuth) and γ

(elevation). The frequency slope μ is defined by the signal’s
bandwidth B and chirp duration T

μ = B

T
. (3)

The symbol fc denotes the carrier frequency. Furthermore,
the signal power also depends on the path length and the radar
cross section σ of the reflected object, as described by the
radar equation [29].

The path length dependent behavior is reflected by the sim-
ulation approach directly, because the emitted power Pe can
be regarded as the number of rays NTX transmit from the TX
antenna i.e.

Pe ∼ NTX. (4)

As described in section III in more detail, the rays are shoot
uniformly through a sphere surface. Therefore the ray density
ST X can be described by

STX = NTX

4πR2
, (5)

whereby R is the ray distance from the TX antenna. This
equals again the emitted signal power density of the TX an-
tenna as derived for the radar equation:

SE = Pe

4πR2
. (6)

For multiple reflections, the complete IF signal for a single
RX antenna can be approximated by coherently summing up
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each reflected signal

sIF(t ) =
N∑

i=0

A(α, γ )exp(2π j(μtτ + fcτ )), (7)

whereby N denotes the number of path lengths, i the path
length index, and t the time index.

In this paper we only simulate MIMO antenna configu-
rations, which lead to virtual uniform linear arrays (ULA).
Therefore, the angular image can be calculated using a Fourier
transform along the virtual channels [29].

In an FMCW signal the range is encoded in the IF signal
frequency and can therefore also be computed by a Fourier
fransform. Computing an unambiguous range-angle radar im-
age can be obtained by a two dimensional Fourier transform.

To reduce sidelobes, the IF signal is multiplied by a two
dimensional hanning window w and zero padded beforehand.
Since only discrete signals can be obtained in real world, we
apply a discrete Fourier tranform.

The complete reconstruction formula is given in the equa-
tion below.

SIF(ir, iα ) = DFT2 d(w(k, t )sif,pad(k, t ))

=
K−1∑
k=0

T−1∑
t=0

exp

(
−2π j

(
irt

T
+ iαk

K

)
w(k, t )sif,pad(k, t )

)
,

(8)

whereby sif,pad denotes the zero padded IF signal and k the
virtual antenna channel index. The indices ir and iα describe
the range and angular index, respectively.

Since the simulation program also supports object anima-
tion, such as walking pedestrians or cyclist, it is also possible
to simulate Doppler radar data. Simulating additional Doppler
information differ only slightly from simulating rangle-angle
data. Instead of a single simulation run, the simulation pro-
gram has to be executed for each chirp separately. After each
chirp the animation has to be set to the instant of time for the
selected chirp ts.

The reconstruction formula has to be extended by one di-
mension for the window function and the Fourier transform,
as shown below:

SIF(ir, iα, iv ) = DFT3 d(w(k, t, ts)sif,pad(k, t, ts)), (9)

whereby the index for each Doppler bin is denoted by iv and
the time index across chirps is given by ts.

According to [9], the scene has to be sampled with more
rays compared to RCS simulations for accurate Doppler sig-
nals, because phase errors across chirps distort the signal. This
is also true in our case, where range angle data is simulated.

The simulator model can later be extended to include
Doppler information. However, this is a very extensive update
to this novel approach. For this reason, we focus only on range
angle data simulations in this work.

FIGURE 2. Overview of the complete software architecture.

B. SOFTWARE ARCHITECTURE
The core of the simulator, and the most critical part with
respect to runtime, is the path length computation, which is
done by the ray tracing module. Since implementing a com-
putationally efficient ray tracer is a difficult task [25], the
Nvidia OptiX [30] ray tracing engine is used in many existing
SBR implementations [8], [11], [31]. For this reason, it is also
deployed here.

A scheme of the software architecture can be seen in Fig. 2.
The ray tracing engine itself must be parametrized using the
comparatively low level language C++. The complete ray
tracing interface can be accessed through this language. Since
Python is more accessible and common in the scientific com-
munity the C++ code is wrapped in a Python interface through
an intermediate C-Wrapper.

The IF signal generation is then independent of the path
length computation and different modulation schemes can be
used for the same path length data.

III. RAY TRACING TECHNIQUES
In the following we explain the material models and the ray
generation approach. After that, the adaptation for MIMO
arrays is explained and a description of various runtime op-
timization techniques is given.

A. MATERIAL MODELS
The implemented material model is a combination of the two
models proposed in [32]. The first material simulates diffuse
material by implementing Lambertian scattering. The outgo-
ing ray direction of the diffuse scattering �to,d is computed as
follows:

�to,d = �n+ �r, (10)

whereby �n is the object’s surface normal vector and �r is a ran-
dom point on a unit sphere, which is computed as explained
in Section III-B.

The second material describes metal, or more specific a
perfect reflecting mirror, where the incident ray�ti angle equals
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FIGURE 3. Image (a), red Sphere modeling diffuse material and reflecting sphere modeling metal material. Image (b), two dimensional FFT of a single
diffuse sphere. Image (c), two dimensional FFT of a single metal sphere. Each receive antenna perceived around 260 rays.

the outgoing ray�to,m angle.

�to,m = −2�ti · �n. (11)

Fig. 3 shows the graphical and radar response of the two
types of material. In the original work, the metal material
was extended to less perfect reflecting metal. Even by using
the extended metal material, we were not able to produce
satisfactory simulation results for all objects.

However, with a combination of these two material models
we get better results than using the single materials alone.
Also we could simulate our complete environment with one
single parametric material. The formula of the outgoing ray
�to,c is

�to,c = α
�to,d

|�to,d|
+ (1− α)�to,m, (12)

assuming that �to,m is already normalized. The factor α

decides whenever the material behaves diffuse or more
metal-like.

B. RAY GENERATION
Since a ray is reflected in a random manner, more than one
single reflection is required to compute a representative ob-
ject reflection behavior. This approach is common in graph-
ical ray tracing [25] to compute a noise free or at least
less noisy image. However, for SBR methods not based on
a probabilistic material models, the rays are often sent in
equidistantly distances [8], [11] using a spherical Fibonacci
lattice [33]. Shooting rays in equidistant distances, often com-
bined with correction techniques, are required to avoid double
counts [35], [36], [37], [38]. A double count occurs if two
rays representing the same wavefront are perceived by a RX
antenna, but only a single hit is desired. In other ray genera-
tion setups it may also happen that one ray is not perceived
by any receive antenna, which is also not desired. However,
in the automotive application in [11] double counts did not
deteriorate the result noticeable.

FIGURE 4. Image (a) each point has the same distance to its neighbor.
Image (b), points are distributed randomly, but uniformly on the sphere’s
surfaces, which is computationally more efficient and suitable for our
approach. For both images 1000 points were distributed.

Since we use probabilistic material models, which reflect
rays in a random manner, more than one ray per facet or object
is required. Distributing the launched rays uniformly will lead
to unbiased counting errors, which should decrease with the
number of rays.

Shooting large numbers of rays is computationally expen-
sive when using the Fibonacci lattice method since it requires
trigonometric functions. However, we do not require the dis-
tance between rays to be equal. Instead, it is sufficient to create
rays, which are distributed uniformly on a sphere’s surface.

This can be done efficiently by drawing each coordinate of
the ray direction �a from a normal distribution N and dividing
each by the length of the resulting vector ([34], p. 135), as
described in the equations below:

�a = 1

|�a| (ax, ay, az ), (13)

with

ax/y/z ∼ N (0, 1). (14)

A comparison between the Fibonacci lattice method and the
uniform generation is shown Fig. 4.
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FIGURE 5. Top view of three RX antennas shown as circles. The solid lines
show rays and the dashed lines show calculated path lengths. When an RX
antenna is hit by a ray (step 1), the distance between the starting point of
the ray and the center position of the RX antenna is calculated and added
to the total ray’s path length (step 2), afterwards the current ray is
terminated. Next, a new ray is started slightly inside the hit RX antenna
having the same direction as the ray before (step 3). As soon as this ray
hits an antenna again, the path length is computed as before (step 4). This
procedure is repeated until all antennas are processed and the final ray is
transmitted into the simulation environment again.

C. SIMULATING MULTIPLE RECEIVE ANTENNAS
The single elements in antenna arrays are commonly spaced
closely. On the other hand, the reception radius of the antenna
is simulated much greater than the distance between two an-
tennas. For example, in a uniform linear array, the distance
between each element must be less than half a wavelength for
an unambiguous direction of arrival (DOA) estimation, which
is only 1.9 mm for a typical automotive radar at 77 GHz. In
contrast, the perception sphere is often simulated with a size of
around 1 m in our simulation scenarios. By using this configu-
ration, the perception spheres of each receive antenna overlap
dramatically as illustrated in Fig. 5. In this case, the outer
antennas occlude the inner antennas and these are therefore
unreachable for incident rays.

In the following we describe our solution for this problem.
The position �s0(k) of a ray perceived by the first non occluded
perception sphere can be described by

�s0(k) = k�t + �d , (15)

whereby k describing a scalar,�t the ray direction and �d the ray
origin, in this case the reflection point.

Before starting a new ray, the antenna stores the complete
ray path length, which persists of the distance l traveled from
the shooting TX antenna to the last reflection point and the
distance between the last reflection point to the center of
the hit RX antenna. The computation of the complete path
length l∗, required for the IF signal generation can then be
summarized in the following equation

l∗ = l + |�xRX − �s0(0)| = l + |�xRX − �d|, (16)

with �xRX denoting the center position of the selected RX
antenna.

FIGURE 6. Artificial example showing occlusion and multipath. The
camera-like image is shown in the left picture. The radar signal is send out
from the antenna array (a) and is reflected from the blue pillar (b), from
the red background wall (d) and over the reflecting ground (c) again from
the red wall. In the right image the range angle radar image is shown. The
blue pillar occlude the red wall partially, furthermore the radar signal
reflected from the red wall appears twice. Once at the correct position and
once again behind the correct position as effect of multipath.

FIGURE 7. Image (a), each TX antenna shoots rays in another random
direction, leading to phase errors at the RX antenna. Image (b), only one
TX antenna shoots in a random direction and all other send their rays to
the same first hit position. The random generators are initialized
identically for each transmitted ray, so that each ray follows the same
path. With this approach, phase errors in the RX channels can be avoided.

Afterwards, a new ray is generated, which starts at the
intersection point between the initial ray and the perception
sphere. The new starting point is realized with a scalar offset
h1. The new ray has the same origin and direction as the initial
ray, as shown in the equation below

�s1(k) = (k + h1 + ε)�t + �d . (17)

A tiny offset ε is required to avoid a double hit with the
initial hit antenna. The new ray also stores the variable l of
the previous ray in order to determine the correct path length
of the next RX antenna hit. This process is repeated until all
RX antennas are passed, see Fig. 5.

D. SIMULATING MULTIPLE TRANSMIT ANTENNAS
Transmitting rays in different directions and hitting different
objects, which are again reflecting randomly, would lead to
different path lengths for each ray of every transmit antenna.
Since different path lengths lead to different phase infor-
mation, as can be seen in (2), this behavior would distort
the phase information perceived by the RX antennas. Since
DOA estimation is based on the phase information between
all antennas [39], this simulation approach is unsuitable, as
illustrated in Fig. 7.
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Algorithm 1: Rays From mMultiple TX Antennas.
Input: Number Tx-Antennas NA, number rays NR

1: for iray = 0 to NR - 1 do
2: itx ← rand_uniform(NR) �Select random

antenna
3: ray_pos← tx_antennas[itx]
4: ray_dir← random_direction()
5: s← generate_seed() �create seed variable s
6: hit_pos← shoot_ray(ray_pos, ray_dir, s) �Get

hit pos of first facet
7: for jtx = 0 to NA - 1 do
8: if jtx != itx then
9: ray_pos← tx_antennas[ jtx]

10: ray_dir← ray_pos - hit_pos
11: shoot_ray(ray_pos, ray_dir, s)
12: end if
13: end for
14: end for

To solve this problem, a ray is shot by a single arbitrary TX
antenna and the intersection position with the first hit triangle
is stored. Afterwards, all other TX antennas transmit rays to
the stored position. To avoid different reflection behaviors,
each ray initializes the random number generator with the
same seed. The complete ray shooting process is described
in Algorithm 1. This shooting procedure is named burst in the
following.

As can be noticed, the angle-dependent reflection property
of the material model is not affected by this approach. This
is in that sense critical, because most objects in automo-
tive applications have an angle dependent radar cross section
(RCS) [40], [41].

Shooting rays with these techniques enable simulations that
do not only take different reflection behaviours into account,
but also consider occlusion and multipath effects. This is de-
picted in Fig. 6 for an artificial example.

E. OPTIMIZATION TECHNIQUES
The runtime performance mainly depends on the number of
rays shot. To be able to shoot a smaller number of rays, more
of the transmitted rays must be perceived by the correspond-
ing RX antennas. Each transmitted ray which is shot, but not
perceived by an antenna does not contribute to the generated
signal and therefore only wastes computation time.

The simplest method to increase the number of perceived
rays is to enlarge the size of the RX antenna’s perception
sphere.

Another widely used approach is to simulate the rays as
cone beams, by making the antenna’s perception sphere radius
depending on the ray path length [36]. With this approach
objects which are closer to the RX antenna are simulated with
smaller antenna sizes and objects further away are detected
with larger perception spheres.

FIGURE 8. The antenna configuration consists of 3 transmit- and 16
receive antennas operating in MIMO mode. The resulting array contains 36
virtual antennas with a distance of 2 mm.

Simulating radar data with larger sphere radii also affects
the simulation quality, as investigated in the results section.

In addition to these two optimization techniques, the pro-
posed simulation program implements another novel opti-
mization approach suited for multiple collocated TX antennas.
As already mentioned in Section III-D, for one ray burst the
reflection behavior only depends on the incident angle of the
ray. In most cases, the objects are far away from the transmit
antennas and the antennas itself are very close to each other
in typical MIMO scenarios. Therefore, this angle dependency
can often be neglected.

Applying this simplification, it is sufficient to shoot only
one ray for each burst. The calculated path length can then
be corrected for every other transmit antenna. Selecting the
antenna for ray shooting randomly should further alleviate the
error caused by this approach. The equation below shows how
to correct the path length li measured by the TX antenna at
position �xT X,i for all other antennas at position �xT X, j .

l j = li − |�zi − �xT X,i| + |�zi − �xT X, j |, (18)

whereby �zi is the hit position of the ith TX antenna, as de-
scribed in Section III-D.

IV. RESULTS
This section is divided into two subsections. In the first sub-
section we describe the measurement setups and also the 3D
model of the simulated scenes. In the second subsection the
simulation results are shown and different optimization tech-
niques are assessed.

A. MEASUREMENT SETUP
The antenna configuration of the used radar sensor is shown
in Fig. 8 and the parameters of the radar sensor can be found
in Table 1.

To verify the proposed simulator, we simulated two differ-
ent scenes. The first simplistic scenario depicted in Fig. 9 only
consists of a single metallic cylinder and a corner reflector,
which were both simulated with perfectly reflecting (α = 0)
material. The purpose of a simplistic scene is to eliminate the
influence of derivations of the created 3D environment from
the real world. With this approach, we can directly evaluate
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FIGURE 9. The left image (a) shows a camera image of the measured scene. The metallic cylinder in the background has a diameter of 24 cm and the
inner edges of the corner reflector in the foreground have a length of 14 cm. The center image (b) shows the measured scene and the right image (b)
shows the radar simulation of both objects. The fence, which is visible in the measured radar data was not simulated.

FIGURE 10. The left image shows the measured scene from a position near the radar unit. The right image shows the created 3D simulation scene, which
is rendered by the graphical render path of the implemented simulation program, using the same material models as for the radar simulation. The red
arrows points to some objects of interest, which can also be found in the simulated radar data shown in other figures.

TABLE 1. Parameters of Radar Sensor

the simulation algorithm itself and detect shortcomings or
algorithmic errors.

The second rather complex scene aims to mimic a chal-
lenging urban scenario. It contains one pedestrian, a red
strongly reflecting container and some buildings and trees
in the background. Fig. 10 shows a photo of the measured
scene in the perspective of the radar unit and the modeled 3D
scene. The tree and the pedestrian model were taken from the

TABLE 2. Simulation Object Materials

Open-Source Autonomous-Driving-Simulator CARLA [42].
All chosen material models of the 3D scene are listed in
Table 2.
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FIGURE. 11. The left image shows the measured range angle image, obtained by the described reconstruction algorithm. The right image shows the
simulation for the modeled 3D scene. The objects in the red circle (a) is the radar response of the left front lantern, the circle (b) shows the pedestrian,
and (c) is the response of the red metal container. The big building is indicated by ellipse (d). Radar responses in the red ellipses with label (e) are caused
by antenna calibration errors, which are not part of the simulation and are therefore not present in the right image.

The simulations run on a workstation with 64 GB memory,
an Intel Core i7-9700 CPU @ 3 GHz and a Nvidia RTX 3070
GPU with 8 GB video memory.

B. SIMULATION RESULTS
In the first simplistic setup in Fig. 9, it can be observed that
the reflected power of the cylinder in both simulation and
measurement is around 20 dB below the power of the corner
reflector. Apart from the surrounding fences that were not
simulated, both images are almost identical. This gives hint
that the implemented algorithms work as expected.

In the next simulation case we investigate the complex
scenario as described in the section before. Here, we not only
focus on the radar image quality in general, but also on the
runtime performance for different optimization approaches
and their influence on the simulation result.

In the initial simulation no performance optimization was
applied. The rays were simulated as tubes, not as cones and
the RX antenna radius was chosen to 10 cm, which is very
small compared to the objects in the simulated scene. Since in
this work, we mainly focus on the quality of the range-angle
radar images, only a single chirp was simulated. Therefore, no
Doppler information is available.

The measurement is compared to the simulation in Fig. 11.
As can be seen, the simulation approximates the real measure-
ment well, especially the clutter originating from the grass
could be simulated well by placing low-poly grass chunks
randomly on the lawn. It also can be seen that in contrast to
the red metallic container and the lantern, the pedestrian is
hardly visible through the clutter. For this initial simulation
983 million rays were shot from each TX antenna, but only
around 10 000 rays were perceived by each RX antenna. The

TABLE 3. RMSE and Stdev for Different Sphere Sizes

simulation (excluding IF signal generation) took 4 minutes
and 44 seconds.

However, this simulation time is not only far from a
real time performance, it is also too slow for simulations
that include Doppler information. For radar data including
Doppler information, several chirps have to be transmitted.
This would multiply the simulation time by the number of
chirps. For this reason we investigate how the proposed opti-
mization techniques scale to the quality and the runtime of the
simulation.

First of all we vary the radius of the perception sphere
from 0.5 m to 4.0 m while trying to keep the number of
received rays constant by simultaneously reducing the number
of transmitted rays. The simulated radar images for different
RX antenna sizes are shown Fig. 12. In order to compare the
results quantitatively the root mean square error (RMSE) and
standard deviation (Stdev) of the pixel wise difference of the
radar images was computed.

Table 3 shows RMSE and the Stdev between the optimized
simulations and the accurate simulation with sphere radius of
0.1 m shown at the beginning.
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FIGURE. 12. Resulting radar image for different sphere sizes. At a sphere radius of 4 m the result image deteriorates noticeable. Especially near the
antennas the clutter seems to be magnified so that the left lantern is almost not distinguishable from the background clutter. The red circle shows the
image area of the left lantern.

FIGURE. 13. Resulting radar image for different cone angles. The right image shows a similar effect as for large sphere radii, the clutter cover the signal
of the left lantern almost completely. The red circle shows the image area of the left lantern.

As can be seen, the RMSE between 0.5 m and 1.0 m is
almost equal. At a radius of 2.0 m and 4.0 m the RMSE
increases by almost 6 dB and 7 dB, respectively. In the simu-
lation results, the lantern then becomes indistinguishable from
the background clutter. This is because, metal like objects
reflect incident rays under the same angle. Therefore small RX
antennas only sense rays from the lantern, which are reflected
under a very specific incoming angle. For very large antennas
this does not hold anymore, since the perception sphere is hit
by rays from a wide angular range. Therefore, even metallic
objects become diffuse for larger perception spheres.

However, with larger sphere radii, the runtime decreases
dramatically and also the novel optimization approach, shoot-
ing only one transmit ray and adjust the path lengths for all
other antennas brings a considerable runtime benefit, as can
be seen in Fig. 16. In Fig. 14, the computed radar image
for a sphere radius of 1 m is shown, with and without the
optimization for TX antennas.

Often rays are simulated as cones to increase the probability
of perceiving rays from distant objects. Fig. 13 and Table 4
show the resulting images and error values for different cone
angles, respectively. For greater cone angles similar effects
as for greater sphere sizes occur i.e. metal-like objects seems

FIGURE. 14. Resulting radar image without (left image) and with (right
image) the optimization for more TX antennas. No remarkable difference
between the two image can be observed. The measured RMSE between
the two radar images was less than one dB.

TABLE 4. RMSE and Stdev for Different Cone Angles
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FIGURE. 15. Measured data (left) compared to simulated radar image
using a fibonacci lattice with 10 million sample points to compute ray
directions (right). The overall runtime did not differ considerable, however
the simulation results deviate in some parts significantly (clutter region in
the red circle). This method performs worse than methods computing ray
directions randomly.

FIGURE. 16. Runtime for different sphere radii and different cone angles.
Optimized graphs are measured using the TX antenna optimization
approach proposed in Section III.

to reflect rays diffuse. The runtime performance for different
cone angles is also shown in Fig. 16.

We further compared the image quality and runtime perfor-
mance of rays generated using the Fibonacci lattice method
and as proposed by generating ray directions randomly. Even
though the operations used in the Fibonacci lattice method
are more complicated, the overall runtime of the simulation
was not affected noticeable. However, the image quality of
the simulation results presented in Fig. 15 differs significantly
compared with the proposed method. This is especially true
for areas where the clutter signal dominates. For the simula-
tion of the Fibonacci lattice method, the number of sample
points on the sphere was increased up to 10 million. How-
ever, even with this large number of samples, there is still
a small constant gap between each ray. This consequently
explains, why ground clutter cannot be simulated correctly.
Further increasing the number of sample points to 100 million
lead to flawed images when using single precision floating
point values, as they are not accurate enough to represent the
smaller gaps between the launched rays. Using double preci-
sion data types solves this problem but consequently increases

the runtime significantly, because most state-of-the-art GPUs
are optimized for single precision computations.

V. CONCLUSION
In this work we proposed a radar ray tracing simulator based
on a novel simplistic material model. Problems occurring for
the simulation with multiple antennas have been solved and
the results show that the simulator can reproduce measure-
ment data realistically. Since runtime is crucial to produce
enough simulation data, for example for machine learning
algorithms, different optimization approaches have been eval-
uated in respect of runtime and quality. It turned out that even
with large RX antenna sizes (around 2 m) the simulations do
not lose their accuracy. Furthermore, the novel optimization
approaches for several TX antennas do not influence the sim-
ulation quality, but can instead improve the runtime perfor-
mance significantly. For larger antenna arrays, the proposed
technique accelerates the simulation process even more, since
it scales with the number of TX antennas. For example, we
were able to simulate a MIMO antenna array with 64 TX-
and 64 RX antennas in around 15 seconds. Therefore the
implemented simulator satisfies our needs to produce high
resolution radar images in an acceptable amount of time. This
simulator can be used in future applications to train or at least
pre-train neural networks for classification or radar image
reconstruction. Since the simulator also allows to simulate
camera images, it can also be used to develop data fusion
algorithms between camera and radar sensors. However, the
runtime performance and image quality for Doppler data has
not been investigated and the authors intend to focus on these
issues in their future research. Especially how the simulation
can be optimized over several chirps is of great interest.
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