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Abstract— With the increasing popularity of
human-computer interaction applications, there is also growing
interest in generating sufficiently large and diverse data sets for
automatic radar-based recognition of hand poses and gestures.
Radar simulations are a vital approach to generating training
data (e.g., for machine learning). Therefore, this work applies
a ray tracing method to radar imaging of the hand. The
(Y) performance of the proposed simulation approach is verified by
(\] a comparison of simulation and measurement data based on

an imaging radar with a high lateral resolution. In addition,
O\l the surface material model incorporated into the ray tracer is
___ highlighted in more detail and parameterized for radar hand
—5 imaging. Measurements and simulations show a very high
™) similarity between synthetic and real radar image captures. The
presented results demonstrate that it is possible to generate
very realistic simulations of radar measurement data even for
complex radar hand pose imaging systems.

Keywords —radar simulation, ray tracing, radar imaging,
human-computer interaction, hand pose recognition.

I. INTRODUCTION

Automatic gesture recognition using radar-based methods
has seen increasing attention as contactless human-computer
interaction becomes a more desirable feature in user-friendly
interface design [1]]. Despite the increasing interest in static
hand poses, little work on this topic has been done in the radar
context [2]. For example, one attractive area of application is
the automated detection of the American Sign Language (ASL)
alphabet [3]. Since machine learning algorithms form the basis
of automated detection, a large amount of annotated training
. data is required. However, recording sufficient training data
often presents several problems. First, the measurements and
manual annotation of the data are very time-consuming. For
this, additional post-processing has to be done, as it is very

= = challenging to generate ground-truth annotations on the same

.~ level of accuracy in an automatic manner. Second, it can be
>< difficult to generate a sufficiently diverse data set. Third, the
S
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optimal radar hardware may not yet be known or available.
With all these limitations, realistic radar response simulations
of the human hand are a desirable alternative to real-world
captures.

In [4], the researchers used the software tool blender and
a simple hand model to create synthetic radar responses to
hand motions, simulating a radar with low angular resolution.
With respect to the radar-based detection of static hand
poses, imaging radar systems that incorporate a high lateral
resolution, allowing distinction between different fingers, are

especially of interest. There are various approaches within
computational electromagnetics that can be used to simulate
realistic backscattering behavior. Full-wave solvers suffer from
extremely high computational burden and long simulation
times [S]. This is why simulation approaches that assume
high frequency approximations, such as physical optics (PO)
or geometrical optics (GO) are an attractive solution, in case
object dimensions are significantly higher than the respective
wavelength. In PO, an object surface is first discretized into
small patches, followed by the estimation of surface current
densities on the basis of surface normals. Then, the radiating
field is calculated with an integration over the surface parts.
To further reduce computational burden and consider multipath
effects, GO which uses rays instead of waves, can be applied.
The concept of shooting and bouncing rays was first introduced
in [6] to calculate the radar cross section of an open cavity.
Here, a dense grid of rays is sent and tracked, taking into
account multiple bounces, to calculate the cavity’s outgoing
field. Subsequently, the scattered field is computed by applying
PO and integrating the respective surface currents. However,
pure GO-based ray tracing or shooting and bouncing rays
approaches can also be used directly to simulate the received
baseband signals from imaging radar systems, as shown in [7].
Here the authors present a ray tracing approach for whole body
imaging systems, assuming that only specular reflections occur
at each mesh face. Depending on the wavelength of the radar
system and the object’s surface roughness, diffuse scattering
can be relevant, as it is not efficient to model the roughness
by dividing the mesh into a large amount of small surface
patches. Therefore, a scattering model based on a bidirectional
reflectance distribution function (BRDF) was built on top of a
full body radar imaging ray tracing framework in [8]. However,
this BRDF model is rather complex, involving several model
parameters that need to be estimated. In [9]], researchers
introduced a pure ray tracing approach combined with a
simplistic material model to simulate multiple input multiple
output (MIMO) radar responses for automotive environments.

In this work, the application of the ray tracing simulation
approach from [9] is extended for the high-resolution radar
imaging of static hand poses. This involves a more detailed
description of the material model’s design to simulate the
backscattering behavior of the hand. This approach is also
evaluated through an appropriate qualitative comparison of
simulated hand pose data and measurement of a real human



Fig. 1. Imaging radar used for the measurement including 94 transmitting
(Tx) and receiving antennas (Rx). For a fair comparison, this array geometry
was used in all simulations.

hand. Both simulations and measurements are based on a
broadband imaging MIMO radar with 94 transmitting (Tx) and
94 receiving (Rx) antennas, as well as a stepped frequency
continuous wave (SFCW) signal form.

II. MIMO GEOMETRY AND SIGNAL PARAMETERS

The imaging radar used for the measurement in this study,
along with its MIMO antenna configuration, is shown in
The same antenna configuration, consisting of 94 Tx and 94
Rx antennas arranged in a square shape, was used for all
simulations. The length of the physical aperture is about 14 cm,
resulting in a lateral resolution below 5 mm at a 30 cm distance
[10]. The distance between adjacent antennas is 3 mm.

In the context of this work, an SFCW waveform, with
frequencies ranging from 72 GHz to 82 GHz with Ny = 128
frequency steps, is used for all simulations and measurements.

ITI. SIMULATION FRAMEWORK

The simulation framework from [9] consists of a ray tracer
that implements a simple surface material model linked to
a post-processing system that calculates the radar baseband
signals. First, the object geometry is described by a 3D
triangle mesh. As a realistic hand model, we incorporated
a photogrammetric measurement of one of the author’s flat
hands. Afterward, the mesh was rigged to allow the synthesis
of different hand poses. The generation of hand poses was done
using the Autodesk software Maya. The 3D mesh was exported
from Maya and imported into the simulation framework, where
multiple rays are cast to each mesh triangle and the scattering
of each mesh face is simulated.

A. Material Model and Ray Generation

To model the scattering behavior, a simple yet effective
reflection model based on a mixture of two simple material
models was applied. One model describes Lambertian or
diffuse scattering, and the other simulates specular reflective

behavior. The contribution of diffuse scattering was calculated
by computing the outgoing ray direction ¢, q as

—

Toa=7+T7, 4))

where 70 describes the face normal and 7" is a random point
on a unit sphere’s surface.
To model specularities, the outgoing ray t,., Wwas
calculated based on the law of reflection,
tom= _2tiﬁ7 (2)

)

with 7; describing the incident ray. Assuming that ?07d and
t o,m have unit length, the final outgoing ray was determined
by

Toe=0loa+(1—a)Tom. 3)

The parameter « € [0, 1] linearly interpolates between a
specular (o = 0) and a diffuse (v = 1) reflection.

Since a diffuse material scatters into various random
directions, a single ray reflection per face is not representative
enough to gain general results. Hence, in the simple
implementation from [9]], each Tx antenna sent out a high
number of rays. For detailed descriptions of the ray generation
and reception, see [9].

B. Baseband Signal Simulation

For each received ray, the total path length d was computed
and stored. This information was used to directly simulate
the radar baseband signals. As Ny receptions occur at each
Rx antenna, the baseband signal was calculated by coherently
summing up the individual signals. This calculation assumed
an SFCW signal shape with Ny frequency steps. An
SFCW baseband signal consists of multiple baseband signals
of equal duration, that is, one for each continuous wave (CW)
measurement. Thus, for each carrier frequency, the baseband
signal sy, ¢w was defined as

Ngr
Sbew = ZGXP[—JQW(f0+NAf)di/C], 4)
1=0
n = 0, ...,Nf - 1,

where c describes the speed of light. The first carrier frequency
and the frequency step size are described by fp, and Af,
respectively.

IV. RADAR RESPONSE SIMULATION OF HAND POSES

In [12], the author stated that diffuse scattering components
appear when the surface roughness is greater than the
wavelength. With a maximum carrier frequency of 82 GHz, the
minimum wavelength is approximately 3.7 mm. Irregularities
caused by skin folds on the hand are only a few millimeters
in size and thus in the range of the minimum wavelength. The
reflective behavior is thus mainly characterized by specular
reflection. However, the synthesis of skin wrinkles and lifelines
with the help of a rigged mesh is challenging, as the hand
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Fig. 2. Hand pose for the letter F of American Sign Language alphabet.
(a) Synthetic hand pose generation using a rigged mesh. (b) Real hand pose
during measurement recordings. The real hand shows skin folds around the
knuckles and palm that are not modeled by the 3D mesh.

mesh is limited in its expressiveness. Furthermore, a more
expressive hand model results in longer simulation times, as
the computation time of the ray tracer is directly proportional
to the number of vertices and faces of a mesh. Hence, it is
inefficient to synthesize such small details. illustrates
the above-mentioned limitations. It shows the synthetic hand
pose used within each of this study’s simulations as well
as the hand pose imitated by the author’s hand during the
measurement. In both cases, the letter F of the ASL alphabet
was imitated. The rigged mesh did not realistically synthesize
the wrinkles and depth variations of the skin surface. However,
as skin folds lead to specular reflections in many directions,
this work evaluated how skin roughness can be modeled as
a partly diffuse scattering process within the simulation tool
chain.

A. Measurement and Simulation Design

To allow a comparison between simulation and
measurement data, both setups are required to be as
similar as possible. For this purpose, as shown in [Fig. 2(b)
the hand was positioned on a styrodur block 31.5cm in front
of the MIMO radar visible in This allowed the hand to
be held as still as possible. Three absorber walls were placed
in the back. An SFCW measurement was performed with
the signal parameters described in Section [l Based on the
recorded radar signal, an SFCW brute-force back-projection
algorithm was performed to reconstruct the volume of
interest, which was in the range of —10 to 10cm for = and
y and 26-34 cm for the z-axis. The voxel dimension of the
reconstructed volume was set to 1 x 1 x 1mm. A dynamic
range of —15dB was applied. By extracting the z-coordinate
with the maximum amplitude for each pixel in = — y, the
hand could be located as precisely as possible in 3D space.
The 3D information was used to precisely position our hand
model within the simulation framework, as depicted in [Fig. 3]

Fig. 3. Simulation environment based on the measurement setup.

Afterward, the simulation was evaluated on different values
of «, subsequently generating all baseband signals. Finally,
the same signal processing as described for the measured data
within this section is applied.

B. Comparison of Simulated and Measured Radar Images

To compare the measurement and simulation results, each
3D reconstructed volume was reduced to a 2D image by the
maximum projection previously described in Section [[V-A]
Afterwards, all amplitudes were normalized to the maximum
occuring value. The results are depicted in In the first
two experiments, the value of o was set to the interpolation
extents 0 and 1, and the respective simulation outcome was
compared with the measurement result. The results (see[Fig. 4)
show that especially the areas of the extended fingers primarily
reflect in a specular manner. Small skin wrinkles in the
knuckles do not influence the backscattering behavior. In the
palm, the amplitude image is more similar to the result of
the diffuse simulation (o« = 1), as indicated by the small
scattering centers. This can be attributed to the deeper skin
folds that occur on the real hand due to the hand pose
(see [Fig. 2b)). These are not realistically represented in the
simulation model and can be modeled by a partial diffuse
backscattering. The last experiment had « set to 0.5 to simulate
a mixed backscatter behavior. The corresponding amplitude
image, which can be seen on the right of still yields
desirable results for the specular backscattering behavior of the
extended fingers and shows several small scattering centers in
the palm. The evaluation gradually increased the value of « in
increments of 0.1, starting from 0. For an a-value equal to or
above 0.6, the simulation results for the extended fingers start
to significantly deviate from the measurement. Overall, very
satisfactory results were obtained in the range of 0 to 0.5.

V. CONCLUSION

In this work, the ray tracing simulation framework from
[9] for automotive environments was adapted for radar hand
pose imaging. The evaluation was done by comparing suitable
simulations with a real measurement based on a 94 Tx/94
Rx MIMO radar. To model reality as accurately as possible,
a photogrammetric measurement of one of the author’s
hands was taken. The comparison shows that the simulation
framework is suitable for high-resolution radar hand pose
imaging. Furthermore, the design of the associated material
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Fig. 4. Comparison of measured and simulated radar images of hand pose F for different values of c. Specular reflective behavior is simulated by setting a to
0. When o = 1, the surface parts scatter in a diffuse manner. & = 0.5 describes a mixed backscattering behavior.

model was qualitatively investigated. Within the evaluation,
there were multiple valid values of the material model
parameter «. Realistic simulation results could be generated
in the range of 0 to 0.5, so a complex BRDF model is not
required. The ideal a-value also depends on the hand pose and
the resulting skin wrinkles. It is also conceivable that additional
diversity is created by varying a-values when creating training
data sets for machine learning approaches. Furthermore, as
a high number of photogrammetric measurements and a
subsequent rigging of the meshes is a time-consuming and
expensive procedure, the MANO hand model [13] can be
used instead to generate diverse hand shapes and poses in this
regard. In conclusion, the ray tracing simulation framework
is very well-suited for the generation oftraining data in radar
hand pose imaging. In the future, this framework should be
evaluated to simulate the radar responses of realistic hand
movements or even whole-body imaging applications.
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