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Abstract— The backscattering models of complex traffic tar-
gets play a critical role in the current evolvement of over-
the-air (OTA) validation test methods and, consequently, the
validation and verification of advanced driver assistance systems
(ADAS). Furthermore, stimulating the operational behavior of
the automotive radar sensor in an OTA vehicle-in-the-loop (ViL)
environment requires radar cross section (RCS) and Doppler
signatures related to the movement of vulnerable road users
(VRUs), especially pedestrians in traffic scenarios. These RCS
and Doppler signatures of human motion can be retrieved by
evaluating the range-Doppler behavior of the motions from the
human extremities. High-resolution RCS measurements in the
radial and angular domains can be applied to micro-Doppler
models of human motions and significantly improve them. There-
fore, this work presents a measurement technique to estimate
the radar reflectivity of different scattering points of human
body regions in different moving scenarios. The necessary signal
processing steps are discussed in detail for assigning the corre-
sponding RCS values and Doppler signature to the time-varying
scattering points from the different extremities of a human
body. The measurement results can be used to develop more
realistic models of a person in motion in a real traffic scenario
which is worthwhile in radar channel wave propagation, target
recognition, and classification.

Index Terms— Displacement measurement, Doppler measure-
ment, human body radar cross section (RCS) measurement,
human body regions, human motion, motion capture (MoCap)
data, radar high-resolution measurement, range-Doppler, RCS-
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I. INTRODUCTION

HE observation of vulnerable road users (VRUs) motion,

especially pedestrians and bicyclists, with mm-Wave
radar systems is widely used to simulate their motion in the
field of autonomous driving (AD). Human motions give rise
to Doppler modulations in radar signatures [1] which can be
employed for modeling human activities. These micro-Doppler
signals can be used for the target recognition, classification,
and preparing a realistic backscattering model of human
activities [2], [3], [4], [5], [6]. Developing precise radar target
models is an essential prerequisite to simulating a highly
realistic wave propagation that is as close as possible to a
real environment. Only in this case the qualification and func-
tionality of automotive radars can be examined extensively,
even in complex traffic situations [7].

The detailed model of VRUs can be represented by mod-
eling the backscattering behavior of the traffic participants
in the radial and angular domains in combination with the
micro-Doppler signature [2]. The human micro-Doppler sig-
natures are already reported in the literature based on the
electromagnetic (EM) simulation and measurements [8], [9],
[10], [11], [12], [13]. The drawback of modeling based on
numerical methods is its excessive computational require-
ments, especially when modeling the time-varying geometries
is of interest [1].

A precise radar model of human motions requires the
knowledge of the backscattering behavior of human body
regions in combination with their dynamic description. The
backscattering behavior can be determined by high-resolution
radar cross section (RCS) measurements [2] which are based
on the scattering points modeling of extended radar targets.
Realistic human motion data can be gathered by optical motion
capture (MoCap) facilities [8]. In [14], the human is modeled
as a multipoint scatterer, where the scattering coefficient
of each point is calculated by a raytracing algorithm, and
the position of points caused by human movement is col-
lected from computer animation data. However, the predicted
backscattering coefficient of the points does not include the
multipath interactions between the different parts of the human
regions and shadowing that decreases the accuracy of the
method. One solution which allows for the development of
a highly accurate and realistic model is determining the RCS
values of the scattering points based on high-resolution RCS
measurements in range and as well in an angular direction.
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Therefore in this work, a measurement technique is pro-
posed from the combination of high-resolution RCS mea-
surement and MoCap technology [15] to accurately estimate
the radar reflectivity of each scattering point on human body
regions and extract their radar signatures, e.g., range-time,
Doppler-time, and range-Doppler. Subsequently, that makes it
possible to generate an accurate, high-resolution, and realistic
backscattering model of human extremities. The extracted
radar models can be employed in the target recognition,
classification, and data training for machine learning methods,
e.g., generative adversarial networks (GANSs) [16], [17], [18].

In this context, the article is organized as follows.
Section II discusses the fundamentals for accurate radar
signature extraction from the measured radar data and col-
lecting human motion data. The extension of the clas-
sical frequency evaluation (FE) is discussed in detail in
Section II-A. It is employed to analyze the measurement data
based on a frequency-modulated continuous-wave (FMCW)
radar sensor. The fast-time measurement' data can be exam-
ined by the discussed enhanced frequency evaluation (EFE)
algorithm for highly accurate range and either Doppler fre-
quency analysis or velocity analysis. Section III describes
the utilized high-resolution RCS measurement setup in com-
bination with the MoCap technique for collecting the radar
raw data of human activities and the postprocessing. The
accuracy of the EFE technique is verified by the reference
measurement in Section III-A. Accordingly, dedicated mea-
surements are arranged to scan a volunteer person with the
different motions. The person is dressed up with MoCap cloth,
and MoCap trackers are attached to different body regions.
Section IV demonstrates the extraction of the range-velocity
radar signature of human motion, which is used for modeling
the backscattering behavior of human activities. This section
also describes the proposed signal processing chain and the
required calibration measurement for preparing authentic radar
models. Finally, Section V concludes this work.

II. THEORY

A high-resolution monostatic RCS measurement setup is
utilized for the RCS determination of different body regions
of a human in motion. The radar signature extraction method
from the collected radar raw data is presented in Section II-A.
This section introduces the signal processing chain to extract
the range and Doppler signatures of the collected measurement
radar data with a linear FMCW radar. Intermediate frequency
(IF) is evaluated based on the fast-time measurement data,
which has a considerably higher measurement rate in compar-
ison with the ramp repetition rate. That enables the technique
to resolve the spatially sensing of multiple simultaneously
moving scattering points of an extended object under test. The
utilized MoCap technology for collecting the human motion
data is explained in Section II-B.

A. Range and Doppler Determination Using High-Resolution
mm-Wave Radar Sensor

Different human movements produce distinctive micro-
Doppler signatures in different human body regions. This

!Corresponding to the sampled IF data with the sampling rate of the radar
ADC (fy) to collect samples within the time duration of each ramp.
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type of motion, in the presence of the radar illumination,
creates distinguishable micro-Doppler signatures of each body
part which helps to identify and model human activities and
produce specific radar targets in different motion activities.
Therefore, the measured range to the different human body
regions, R,,(t), is not constant but swings around R (distance
between the radar sensor and the center of the object under
test at stationary) with an amplitude of A,  and frequency
of fu

Ru(t) = R+ Apwcos2a fot). 1)

It is assumed that the targets are moving radially to the
Radar system.

Highly accurate and robust distance measurement with an
FMCW radar is discussed in [19], [20], [21], [22], and [23].
The intermediate FE can be utilized to analyze the collected
IF signal from the radar measurement. The IF signal of a
monostatic FMCW radar is the downconverted version of the
received signal by the radar. It can be written as

1
sip (1) = Aje cos(art + 27 for — Earz), 0 <t < Tiweep
2)

where Ajs is the amplitude of IF signal, fy is the sweep
center frequency of FMCW radar, o is the ramp slope which
is the quotient of the ramp bandwidth (Af) and the ramp
time (Zgweep), 7 is the round trip propagation delay of a target
which is located in the range of R, (¢), and sign + applies
to up ramp and down ramp, respectively. Fig. 1(a) illustrates
time—frequency domain representation of the transmitted and
received frequencies for a triangular waveform of an FMCW
radar and its specifications. In this work, the classical FE
technique is denoted as the basic frequency evaluation (BFE)
technique which is applicable to the sawtooth shape mod-
ulation. An FMCW radar transmits M consecutive ramps;
therefore, the idealized IF signal can be described as a two-
dimensional (2-D) signal which is the function of time (¢) and
ramp index number ()

sie(t, j) = Sif(t +( — I)queep)a JEZ, 1=<j=<M.

3)

This IF signal si(¢, j) is sampled with the sampling rate
of the radar ADC (f;) for each individual ramp signal. This
results in N samples for each ramp within the time duration
of queep

N = fs : Tsweep~ 4)

The resulting samples are stored in a 2-D matrix of the
size N x M. The sampled IF signal of every individual
ramp is saved column-wise with a fast-time index of n,
and the collected data of the M ramps are stored in the
rows of the matrix with a slow-time? index of j, as shown
in Fig. 1(b). Therefore, the stored IF data of the FMCW
radar can be described as a function of fast- and slow-time
indexes, Sif(n, j).

2Measurement with ramp duration time (1/ Tsweep)-
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fok ’m‘ o applied to increase the frequency display resolution. The fast
for] 5, L ——Chip#L.Rx]  Chirp j Fourier transform (FFT) processes Si¢ (7, j) to determine the
1 . ! s spectrum of the FFT, S;;(k, j), where k is the IF index. The
y, ; LZ ° T radar targets are detected in range by applying the CFAR
o £ S¥e ... algoritl.ln.l on the magnitude .of S (k, j). and subsequently
AREE determining the IF corresponding to the distance to the radar
INE target.
! Lyeep Tol- The radial velocity of the radar targets cannot be esti-
/mn_> - >t Sif(n J mated directly from the traditional sawtooth waveform since
(a) (b) the Doppler frequency cannot be distinguished from the IF.
. S For this reason, a triangular shape is used in which the
"7 i) second ramp section has an opposite slope and the same
l ramp duration [24]. The range and velocity of the radar
. targets can be calculated by not-shifted IF and Doppler shift
Windowing ~ |«—|E { § Sézp;rahonofUp estimation during two adjacent up and down ramps in the
= TS stored IF data matrix. The BFE algorithm can be enhanced
L S () L Lsifd(n' j by this technique, and the signal processing chain of the EFE
A TN A A algorithm is shown in Fig. 1(d). The input of the algorithm
Zero-padding Applying BFE technique is the sampled IF data [Si(n, j)] which is collected from
the measurement by triangular-shaped frequency chirps. Then
A (7 A (i the algorithm produces two matrices in which the IF data
v U SRR S S, j caln, ]
) . p ramps [Sir,(n, j)] and down ramps [Slf,[].(n,J)] are
[0 M, () + A0 storec} separately. Subs'equently, the algorlthm applies the BFE
R 2 algorithm on Sit,(n, j) and Sirq4(n, j) to calculate Af,(j)
i f0- AL = A, G) and Af,(j) from the difference between the IF data of two
D 2 successive ramps with the same slope [see Fig. 1(a)]. The
,Lgif(k'j) ‘L range related IF [fr(j)] and Doppler shift [fp(j)] in the
. —>'_W fast-time measurement data can. be calculatéd by
V=-20 ) = Af,() + Afa())
CFAR detection fy—> £ K 2
¢ = "g 2 Folj) = Afu() . Afali) ©)
l I I Subsequently, the algorithm estimates the range and the
I |4 R velocity of the radar targets in each chirp by

=

¢ (d)

Fig. 1. (a) Transmitted (blue) and received (red) frequencies of a triangular
waveform for the FMCW radar system. The chirp consists of two ramps of
opposite slopes, both with a duration of Tiyeep. Note that the chirp (L, Rx)
is drawn with a small positive Doppler shift of fp. (b) Illustration of the
stored IF data structure in the direction of slow- and fast-time axis from the
measurement using an FMCW radar system. (c¢) Signal processing chain for
determining the related IF in the location of the object under test by the BFE
technique. (d) Signal processing chain of the EFE technique for estimating
the range and velocity of the radar target from the collected radar raw data.
A combination of two frequency chirps is processed individually by BFE.

The range information can be calculated by analyzing the
frequency information of the IF signal on the fast-time axis.
Fig. 1(c) shows the signal processing chain of the BFE
technique, which determines the corresponding IF [fz(j)]
for calculating the range of the targets to the Radar system.
Equation (5) shows a typical relationship for determining the
distance from the radar target to the Radar system

co c  fie(r)

R(T)ijzg a (5)

where c¢( is the propagation speed of the EM wave in the air.
The signal processing chain in Fig. 1(c) starts with preprocess-
ing the stored IF data by windowing. Then, zero-padding is

R(j) = fROfJ) ' %0
b ol
o(jy = -0 @

Consequently, the algorithm presents the range matrix (R)
and the velocity matrix (V) based on the fast-time index.
This procedure allows to get RCS values with high resolution
in range and also the velocity of the target. Furthermore,
the additional rotation feature of the focused antenna of the
Radar system (see Table I) makes it possible to have a high
resolution in the azimuth and elevation. Thus, highly resolved
range-velocity information of each part of a moving body is
achievable.

B. Capturing Human Motion

Human motion data is collected by the MoCap tech-
nique [25] which employs NaturalPoint’s OptiTrack tracking
systems. This system is categorized as an outside-in system
where MoCap sensors are outside and data sources inside the
capture volume [26]. NaturalPoint’s OptiTrack tracking system
is an optical MoCap system that provides tracking data with
the aid of PrimeX13 cameras and retro-reflective markers as
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Fig. 2. Markers setup. White dots show the attached markers, which are
used to create body joints and are placed around them. The purple markers
can be seen as additional markers for the segments between the joints, i.e.,
the bones.

the MoCap markers. The cameras have a native resolution
of 1280 x 1024 pixels and record with a native frame rate
of 240 Hz, which corresponds to a latency of 4.2 ms. Cameras
track the markers up to a depth of 16 m with a 3-D accuracy
of £0.2 mm. These markers are illuminated by infrared LEDs
with a light wavelength of 850 nm and are recorded with
an 850 nm bandpass filter by the cameras. The focal length is
5.5 mm [27]. These cameras can have an arbitrary position and
orientation to cover the capture volume. The corresponding
software Motive 2.3.0 is used for solving the OptiTrack system
and matching multiple 2-D camera images to reconstruct the
3-D information.

For full body tracking, the retro-reflective markers must be
placed at the defined positions on a person’s body. This is
shown in Fig. 2. The information about the marker positions
is gathered by the calibration process of the MoCap system.
It includes a calibration process of wand and angle. The wand
calibration contains retro-reflective markers of a specific size
with a well-known distance toward each other. Therefore, the
markers are labeled and assigned to certain body parts.

III. MEASUREMENT SETUP
A. Verification of the Utilized EFE Algorithm

In order to verify the EFE technique for analyzing the mea-
sured data and extracting the rang-velocity information of the
radar target, a radar measurement is conducted with a moving
standard target. Thereby, the Radar system is installed in front
of a linear magnetic track with a trihedral corner reflector
(TCR) mounted onto a moving carriage. Fig. 3 illustrates the
measurement setup. Table I shows the technical specification
and configuration of the Radar system. The previous work [2]
discusses the Radar system and high-resolution measurement
setup in more detail.

A TCR with the inner height (a) of 19.9 cm is placed
on the carriage to move 1.5 m away from the Radar system.
The center of the TCR is aligned the main beam of the
Radar system. The linear magnetic track has a maximum
displacement range of 2.8 m and a positioning repeatability

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

TABLE I
RADAR SYSTEM TECHNICAL SPECIFICATION AND CONFIGURATION

Parameter Radar system Specification

Center Frequency (fo) 78.5 GHz

Bandwidth (Af) 5GHz

Half-Power Beam Width | 1.3° in Azimuth and Elevation
(HPBW) direction

Ramp Time (Tsweep) 4.1 ms (sawtooth)

Antenna Gain (G) 40.5dBi
Transmit Power (Pry) —6dBm
Noise Figure (NF) 20dB

Ramp Slope () +1.25 MHz/ps

ADC Sampling Rate (fs) | 1MS/s

mm-wave Radar syster

Moving|carriage

Radar control unit

Fig. 3. Setup for validation of the EFE algorithm to extract the range-velocity
information using a TCR, which can move on the linear magnetic track with
controllable velocity and acceleration. The TCR is aligned to the main beam
of the Radar system. The maximum displacement range in the setup is 2.8 m.

of 1 um. The carriage of the magnetic track has a maximum
velocity and acceleration of 5 m/s and 30 m/s?, respectively.
The carriage is accelerated to a velocity of v = 2 m/s. The
number of ramps is set to 200, and the full ramp period
to 5 ms. The full ramp period consists of the ramp duration
time (Tsweep) and its dwell time. The maximum number of
ramps and the ramp period is set to retrieve a measurement
time that is long enough to evaluate the carriage motion
with constant velocity and the subsequent deceleration process
of 10 m/s%.

The measured radar data and extracted range-velocity infor-
mation of the moving target are shown in Fig. 4. The
range-velocity and velocity-time information of the moving
process is shown in Fig. 4(a) and (b), respectively. That shows
the TCR is positioned in the range of 2.52 m to the Radar
system at the start of the movement process. Then, the radar
target is stopped in the range of 3.77 m which corresponds
to the chirp number of 67. Fig. 4(b) demonstrates that the
radar target is displaced 1.5 m. The movement process has
two steps, as can be seen in Fig. 4. The TCR is moved
with a constant velocity of 2 m/s and a standard deviation of
0.023 m/s, initially. Then the deceleration starts with 9.9 m /s>
in the last 0.36 m displacement. The experiment verifies that
the algorithm is able to detect range and velocity information
accurately.
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-0.5 r T r T r T r T r Fig. 5. Block diagram of measurement setup to detect the scattering points
0 02 0.4 0.6 0.8 1 with their corresponding range, velocity, and RCS information of a human
' ’ Time (s) ’ ’ in motion for radar model extraction. The rotation angles of the radar in
b azimuth (¢) and elevation (@) directions as well as the radar coordinate system
( ) are shown in the inset.
Fig. 4. Measured radar data of the moving TCR to validate the utilized

EFE technique. The result of the algorithm is plotted as a range and velocity
information of the radar target. The TCR is moved with a constant velocity
of 2 m/s for 1.14 m and decelerated with 10 m/s for 0.36. (a) Velocity-range
information of the moving TCR. (b) Calculated velocity of the TCR using
the Doppler information from the EFE algorithm.

B. Setup for Extracting Velocity and RCS Information of a
Human Body in Motion

With a dedicated setup, the range, velocity, and RCS
information of individual body parts of a human in motion
can be obtained. As shown in Section III-A, the presented
EFE algorithm can be used to obtain the range and velocity
information of a moving target from the collected radar raw
data. As discussed in Section I and the previous work [2],
assigning the Doppler signature with a verified RCS value
to different extremities of a human body can be used to
characterize the human activity and develop a realistic target
model in wave propagation software. This section proposes a
measurement setup for activity recognition and radar signature
extraction by hybridizing the presented high-resolution mono-
static RCS measurement setup and MoCap data of human
motion. The Radar system and MoCap are controlled by
MATLAB interface on a laptop and workstation, respectively.
They communicate through a synchronization station and
based on user datagram protocol (UDP). Upon receiving
a radar initialization message from the Radar system, the
synchronization station triggers the MoCap cameras to initiate
data collection. Appropriate delays are incorporated in the
Mocap and radar data collection to ensure that the MoCap data
collection happens simultaneously with radar measurement
data.

Fig. 5 shows the block diagram of the measurement setup.
The presented measurement setup enables the collection of
the MoCap data of human motion. Simultaneously, the radar
raw data is collected for the high-resolution monostatic RCS
measurement of the human extremities. A human is positioned
at the range of R in the test setup for extracting the range,
velocity, and verified RCS values from each region of the
human body. The main beam of the Radar system is aligned to
the center of the human under test. Therefore, half the height
of the human corresponds to & = 0° which is the scanning
angle of the Radar system in the elevation direction. The
Radar system scanning angle in the azimuth direction, ¢ = 0°,
is adjusted to the middle of the human shoulder width. Further
details are discussed in Section IV.

For full body motion tracking, the retro-reflective markers
are attached at defined positions on a volunteer person’s body,
as it is discussed in Section II-B. Sixteen Prime*X13 cameras
are utilized in two planes differing in height to cover the
capture volume as comprehensively as possible. That enables
the MoCap system to measure the motion of each extremity
by scanning with the Radar system. During human motion, the
measurement regions are subdivided into three main regions,
i.e., torso-head, hand, and leg, as shown in the inset of Fig. 6.
The right and left sides of the body regions are separately
scanned during the measurement. The MoCap synchronization
station communicates wirelessly with MoCap markers and
cameras. Fig. 6 shows the details of the measurement setup
in the motion Lab environment provided by HHVISION
company. The human under test is placed on the treadmill
with an adjustable speed at a distance of 3.5 m from the Radar
system. Subsequently, the radar is used to collect the range,
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MoCap cameras

MoCap recorded data

/ |
- \
Human under test ﬂ

Treadmill :
;
mm-wave

mm-wave absorber = Radar system

Fig. 6.  Setup for extraction of range, velocity, and RCS information of
different body parts of a human in motion. The defined corresponding body
parts (torso-head, hand, and leg) for measurement of each body region are
shown in the inset.

velocity, and RCS information of the body parts in motion.
It should be noted that thin and flexible radar absorbers are
used to prevent undesired reflections from the treadmill.

The effect of clothing has been thoroughly studied else-
where [2], [28], [29], [30]. It is shown that, in the frequency
range of 76-81 GHz, the clothing only has a minor effect
on the RCS value in the range of 1-2 dB. Furthermore,
it is concluded that wearing tight and thin clothing has little
influence on the reflectivity behavior of the human body
regions. In this work, the human under test is dressed up in
a MoCap suit, which is very thin and tight. Therefore, the
cloth is almost transparent and does not affect the RCS of the
body itself significantly. However, this might change if special
clothes are worn, e.g., with reflective elements.

The experiments are conducted to collect the radar raw
data and the motion data of a human in walking and jogging
situations. The scattering points, rang-velocity information,
and verified RCS values of every body region are extracted
in the postprocessing step, which is discussed in Section IV.

IV. MEASUREMENT RESULTS

This section describes the measurement results of a jogging
and walking person. Fig. 7 shows the signal processing chain
to extract the scattering points of the human in motion. To get
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/ S g / / S, / / S /

'

Applying EFE technique || Applying EFE technique || Applying EFE technique
RCS calculation RCS calculation RCS calculation
RCS calibration factor

v |_. v

Normalization RCS values Normalization RCS values
Generate SP matrix Generate SP matrix

Determine clutter level

| v

Select values > thereshold (clutter level + 10 dB)

Determine the scattering points
of a moving human under test

Fig. 7. Signal processing chain for extracting the scattering points of humans
in motion from the high-resolution measurement data (SP matrix is the initial
extracted scattering points matrix).

correct RCS values, a calibration procedure is necessary. This
calibration process consists of two steps which are illustrated
in Fig. 7. In the first step, the empty test environment
[Sit,emp (72, j)] is measured to determine the clutter level of the
empty environment. Sit emp (72, j) is the stored IF data from the
measurement environment in the absence of the test objects.
In the second step, the amplitude of the measured values
is normalized with respect to a known target, i.e., a stan-
dard corner reflector [Sic(n, j)] with a specific RCS value.
Sit.er(n, j) is the collected radar data from the measurement
of a TCR with an analytical RCS value of 0 dBsm. That is a
calibration measurement to normalize the RCS values of the
measurement for the object under test, as it is shown in Fig. 7.
In order to obtain only reflections from the desired targets,
either the human under test [Sit mo(1, j)] or the calibration
target, an additional gating in the spatial domain is used.

The combination of the discussed EFE technique
in Section II-A and the subsequent calibration process
enables the signal processing chain to determine the exact
position of the scattering points on the surface of the human
body with their corresponding RCS value and velocity.

To gather the data from the empty room, Sit emp(n, j), the
test environment is scanned in the absence of the human under
test with an angular resolution of 1° in both azimuth (¢) and
elevation (#) directions. The scanning area for calculating the
clutter level of the test environment is set to ££10° in azimuth
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and —19° to 17° in elevation directions. The maximum mea-
sured RCS value in every elevation angle is introduced as the
clutter level in the related elevation plane. That prepares a
clutter-level matrix based on the scanning elevation angle of
the test environment and characterizes it in the absence of the
test objects.

Finally, Sifmo(n, j) contains the raw data of the radar
measurement for a defined human motion and from the body
region under study. The depicted signal processing chain in
Fig. 7 introduces the object list (OL) of human motion with
the following structure:

Cx{ y{ Z{ RCS; fpi v 17

OL=|x/ y' z/ RCS;

1

Soi vi 4 8)

_x;é yp zZ% RCSp for vp Ip |

where x/', y’, z! are the coordinates of the ith scattering
point on the human extremities, RCS; is its measured RCS
value, fpi, and v; are its measured Doppler shift and velocity,
t; shows the instant of human motion related to the ith
scattering point, and P is the total number of extracted
points.

The measurements are performed for the test person in
jogging and walking situations over the whole 360° azimuthal
rotation angle with step widths of 90°. The Radar system in
the test setup of Fig. 6 is scanning each body region of the
human in motion with steps of Agp = 1° and A6 = 1° in the
azimuth and elevation direction, respectively. The scanning
area is chosen in a way that, the complete body region
of interest is covered. The number of chirps is configured
to 256.

As proof of concept, the measured data and the body
model with the measured points of the leg, head-torso, and
hand are shown in Figs. 8-10, respectively. The person under
test is jogging on the treadmill with a speed of 1.94 m/s.
The Radar system scans the human under test from the
front side (f = 0°). Although each body region is measured
and investigated with steps of 1° in azimuth and elevation
directions, only range-velocity plots of a few elevations and
azimuth scanning angles are shown in this article. The inset
of each subfigure in Figs. 8—10 depicts the measured points in
each body region, and the measured point in each subfigure is
marked with red color.

Fig. 8(a)—(f) shows the different measurement points along
the left leg of the jogging person. The range information
is given on the x-axis of the plots, the y-axis of the plots
represents the velocity information, and the RCS is coded in
the color of the points. Fig. 8(a) shows that nearly all points are
concentrated around the distance of 3.5 m with a velocity close
to 0 m/s. This can easily be explained by the position of the
measurement point of & = 0°. These points belong to the waist
of the body, and hence it shows only slight movement during
the motion. With increasing distance from the torso, i.e., along
the leg, the movement of the measured points increases. This
results in a higher velocity of the measured point and also in
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Fig. 8. Extracted range, velocity, and RCS data of a jogging human with a
set speed of 1.94 m/s. The measured scattering points are along the left leg
(p = —1°) with elevation angles (a) 8 = 0°, (b) 6 = —2°, (¢c) 0 = —5°,
d 6 = —11°, (e) 0 = —14°, (f) 0 = —17°, and (g) extracted range
information corresponding to sub-figures (a)—(f) from the collected MoCap
data.

a larger variation of the range, which can be clearly seen in
Fig. 8(b)—(f). The plots also show a closed curve, which can be
seen, e.g., in Fig. 8(e), where an ellipsoidal curve is measured.
This is clear since the leg moves from the back to the front
and again back, resulting in a smaller and larger distance to
the radar and subsequently in a positive and negative velocity.
As illustrated in these figures, the value of the RCS changes
with the position of the body part as well as the viewing angle
of the radar during the motion. Fig. 8(g) shows the range
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Fig. 9. Extracted range, velocity, and RCS data of a jogging human with
a set speed of 1.94 m/s. The measured scattering points are along the torso-
head (p = 0°) with elevation angles (a) # = 3°, (b) 8 = 6°, (c) # = 9°, and
(d) 6 = 12°.

data extracted from the collected MoCap data corresponding
to Fig. 8(a)—(f). These data are in good agreement with the
radar range data.

Fig. 9(a)-(d) shows the extracted velocity information for
the torso-head region of the jogging person at the azimuth
angle of 0°. The plotted range-velocity information shows
that this human body region has less dynamic behavior in
comparison with the leg and hand regions. By comparing the
RCS values of the detected points, it can be interpreted that
the center part of the torso region has stronger backscattering
behavior. As expected, the RCS values of the head region are
the weakest.

The extracted radar signatures of human motion in the
left-hand region are shown in Fig. 10(a)—(d). The ellipsoidal
path is also in the extracted range-velocity plots of this
region in the different elevation angles. The velocity of the
extracted scattering points is decreasing with increasing ele-
vation angles and approaching the shoulder area of the test
person.

For quantitative comparison between the time-varying RCS
values from the human extremities, the measured RSC values
of similar body regions in two different situations: i.e., static
and jogging, are inspected in Fig. 11. The calculated RCS
values are related to the left leg, in the radar scanning area of
6 = —5° and ¢ = —1°, and torso, in the radar scanning area
of § = 6° and ¢ = 0°. As expected, the torso has a stronger
backscattering behavior in the static situation compared to the
leg. The calculated RCS values from the same body region
with changing the human situation show that RCS values
are changing around the RCS value of the static situation.
It can be noticed that in jogging situations, the RCS values

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

o
RCS (dBsm)

3 3.2 34 3.6 38 43 3.2 34 3.6 3.8 4
Range (m) Range (m)

(a) (b)

o
RCS (dBsm)

3 32 34 3.6 38 4 3 3.2 34 3.6 3.8 4
Range (m) Range (m)

(c) (d)

Fig. 10. Extracted range, velocity, and RCS data of a jogging human with a
set speed of 1.94 m/s. The measured scattering points are along the left hand
(p = —4.5°) with elevation angles (a) § = 2°, (b) § = 5°, (c) & = 7°, and
(d) 6 =10°.
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Fig. 11. Corresponding RCS values of the left leg, in the radar scanning area

of § = —5° and ¢ = —1°, and torso, in the radar scanning area of 6 = 6°
and ¢ = 0°, of the human body in the static and jogging situation.

vary extremely (18 dBsm) around the RCS values of the
static human. However, the RCS variation of the torso region
(£11 dBsm) under examination when the person is jogging,
is less than the leg region.

For comparing the velocity of human motion, the extracted
range-velocity information of the test person from its left leg
is analyzed in walking (0.69 m/s) and jogging (1.94 m/s)
situations. Fig. 12(a)—(c) show the range, velocity, and RCS
of the jogging human in elevation angles of 0 = 0°, § = —8°,
and 8 = —14° and for the walking human in Fig. 12(d)—(f),
respectively. The investigation of the measurement results in
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Fig. 12. Extracted range, velocity, and RCS data along the left leg (p = —1°)
of a human jogging (1.94 m/s) and walking (0.69 m/s) (a) jogging (@ = 0°),
(b) jogging (0 = —8°), (c) jogging (0 = —14°), (d) walking (0 = 0°),
(e) walking (9 = —8°), and (f) walking (f = —14°).

Fig. 12, shows that the size of the ellipsoidal path increases
with increasing the velocity of human motion.

V. CONCLUSION

In this work, a measurement setup that is capable of
capturing the radar data of a human in motion in combination
with the MoCap technique is introduced. This setup can
simultaneously capture human motion by numerous cameras
from different viewing angles. Using MoCap, it is possible to
extract a highly realistic model of a human body in motion
that can be used for simulations. However, the focus of this
article is set to collect radar information of the body in
motion that can later be combined with the MoCap model.
From the radar data the range, velocity, and RCS value of
distinctive body regions can be extracted. The EFE technique
is utilized to calculate the range and velocity information from
the measured raw data. The technique is validated by using
a very accurate linear motor on which a corner reflector is
moved with a constant speed and a constant deceleration,
respectively. Both values have been calculated by the measured
radar data and show an excellent agreement with the data of
the linear stage, thus validating the concept and the calculation
procedure.

The procedure was further enhanced to measure the move-
ment of body parts of a human in walking and jogging
situations. The scanning of the body region was performed
by rotating a high directive radar antenna in 1° steps in
both azimuth and elevation directions, covering the complete
body region of interest. Additionally, the large bandwidth of
the radar systems allows for a high radial resolution of the
measured area. The calibration procedure of the empty room
and the normalization of the RCS data were explained in detail.
Several measurements have been performed in selected body
regions, i.e., torso-head, hands, and legs. The range, velocity,
and RCS plots of the different body regions have been shown
and analyzed. It can be seen that depending on the positions

on the surface of the body; the measured points can be clearly
distinguished by range and velocity. Furthermore, the RCS
values of the body parts do not only depend on their position
along the body but also on their viewing angle by the radar
during the movement. Thus, this data can be used to develop
highly realistic models for human motion in traffic scenarios
combining very realistic dynamics and also very accurate radar
models, including the micro-Doppler effects as well as the
corresponding RCS values. Furthermore, the extracted radar
data of the person enables activity recognition.

To the best of the authors’ knowledge, it is the first time
that a radar model can be developed, including both RCS and
velocity of body parts, to form a comprehensive model that
can now even be combined with a realistic motion model.
Furthermore, the MoCap model can be assigned to different
colored or textured clothing, also enabling a combined camera-
radar model, which is, however, not the focus of this article.
These enhanced models can later be used for simulation of the
radar wave propagation, which is necessary either for software-
in-the-loop (SiL), hardware-in-the-loop (HiL), or vehicle-in-
the-loop (ViL) testing of advanced driver assistance system
(ADAS) components.
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