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Abstract—One of the primary functions of millimeter-wave
automotive radar is collision avoidance. This application is
typically realized in line-of-sight conditions. However, it does not
perform well in situations, when another car suddenly come into
view around the corner of a building. Hence, this paper proposes
a radar scheme with a reflector, enabling the detection of an
oncoming car in blind corner conditions. First, our ray tracing
modelling results demonstrate the difficulties of straightforward
non-line-of-sight radar application in such a scenario. Then the
paper considers the installation of a planar reflector, which should
solve the issue. This is verified with real-world measurements.
The results also indicate that the detection performance is
sensitive to the around-the-corner car position and orientation
of the reflector. Specifically, +/-10 degree deviation varies the
signal-to-noise ratio of more than 20 dB. Thus, the location and
direction of the reflector should be adopted individually for the
particular deployment.

Index Terms—mmWave automotive radar, electromagnetics,
radio propagation, measurement.

I. INTRODUCTION

The introduction of new technologies (5G, machine learn-
ing, big data analysis, etc.), and the emergence of unmanned
vehicles motivate the community to start developing advanced
methods that enhance traffic safety. A vehicle should not
only properly react to a threat, but also predict imminent,
dangerous, driving situation. In addition, the ability of a
vehicle A to detect an approaching vehicle B in non-line-
of-sight (NLOS) conditions adequately fits into the objective
above. Specifically, this is most relevant for urban crossroads,
where a building may block the direct visibility between
vehicles [1], [2]. Such condition is called blind or blind corner
intersection.'

According to our literature review, the approaches for de-
tecting objects behind an opaque wall are typically based on
laser or radar. The laser-based approach employs combined
action of the light beam and ultra-fast camera to capture a
scattered field from a 3D object in NLOS conditions [3]-[6].
Despite the availability of LIDARs, which can be adopted for
the task [7], the operation of the NLOS laser-based method
in harsh outdoor environments is not well described in the
current literature. It may be due to implementation problems

11t should be clarified that the building’s corner made of brick and concrete,
for instance, is almost opaque to radio frequency emissions and completely
blocks optical (laser) irradiation. Thus, through-wall NLOS detection tech-
niques are not considered in this paper.

or physical limits of the light associated with scattering
and attenuation effects. Oppositely, radars are less sensitive
to environmental conditions compared to lasers [8]. Many
commercial cars [9] are already equipped with adaptive cruise
control systems, where a millimeter-wave (mmWave) radar,
operating at 77-80GHz, plays a crucial role. One of its
primary functions is collision avoidance. However, the line-
of-sight (LOS) radar operation is limited in blind corner
conditions, where another car may unexpectedly come into
view around the building corner. Addressing the problem,
this paper proposes the reflector-based NLOS radar scheme,
which improves the detection performance in the blind corner
intersection.

Broadly speaking, the around-the-corner or NLOS radar is
not an original topic. For example, Rabaste et al. demonstrated
the NLOS recognition of a human in a tunnel [10] and in a
T-shaped room [11], by performing 2.5-3.5 GHz and 24 GHz
radar measurements, respectively. A similar study was com-
pleted in [12], where a moving human being, hidden behind a
concrete wall, was detected with a Doppler-based radar. The
results in [13] demonstrate the micro-Doppler signatures of
walking persons in the NLOS conditions (measured by a X-
band radar). Nevertheless, all the aforementioned publications
mainly focus on the NLOS radar-based detection/localization
of a human without any manually-installed reflectors.

The most relevant study was completed in [14], where
authors identified the moving vehicles in the NLOS conditions,
using 10 GHz radar. These measurements were carried out in
an urban environment, where the NLOS detection is feasible
without any additional reflectors. In our paper, we consider a
blind corner topology, where the NLOS or around-the-corner
detection is extremely challenging.

The rest of the paper is organized as follows. Section II
describes the scenario of interest in detail, while Section III
specifies the methodology applied in this study. Specifically,
it describes the ray tracing (RT) simulator, mmWave radar
setup, and the list of parameters being utilized. Section IV
presents the RT simulation and measurement results. Finally,
conclusion and discussion about the practical implementation
of the proposed radar scheme are given in Section V.

II. DEPLOYMENTS OF INTEREST

General view of the blind corner intersection is shown in
Fig 1a. The scenario represents a small piece of the Manhattan
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Fig. 1. The blind corner scenario employed in simulations (a) and the
arrangement in the mmWave radar measurements (b).

grid, which mimics typical city layouts. It consists of a road
surrounded by Building 1 and Building 2 on the sides. The
light blue coloured zones are sidewalks. The detectable (green)
car travels along the road with a certain speed, while the radar
car (white) comes from behind the corner of the Building 2.
The hypothetical collision area is determined as an intersection
trajectories of these cars. The condition of the collision is
the simultaneous presence of these cars in the collision area.
This topology is utilized to carry out the measurements and
to execute the simulations.

TABLE I
CONSIDERED SCENARIOS PARAMETERS

Dimension | Simulated Scenario | Measured Scenario

di 0...45m 0...45m

d2 max. 10 m -

d3 10, 20, 30 m 20m

L1 3m 3m

L2 3m 3m

Wi 7m 7m

w2 S5m S5m

Measured deployment. The real-world blind corner topology
is identified in Hervanta Campus of Tampere University (see
Fig. 1b) to carry out the mmWave radar measurements. The
detectable car (Saab 9-3 OG, 2002) drives along the road,
surrounded by Building 1 and Building 2. The car’s speed is
not exceeding 30 km/h for safety reasons. The walls of the
buildings are covered with corrugated metal sheets. Moreover,
the metal pipes (see Fig. 1b) are located next to the walls. It
is assumed that such conditions may potentially contribute to
the formation of the paths along which emitted and returned
signals may propagate. Subsequently, it should adversely

affect the functional performance of the NLOS radar [10].
Therefore, this particular area at Tampere University was
selected as “challenging scenario” for our investigation. A
constructional metallized foam-based insulator is employed to
be the 1.2 x 1.8 m planar reflector (see "Reflector” in Fig. 1b).
It is rigidly fixed to a heavy metal trolley to enable convenient
transportation and reliable spatial orientation. The metallized
insulator reflects the signal, emitting from the static mmWave
radar setup, located at the distance of d3 = 20 m to the collision
area. Other parameters of the measured deployment are listed
in Table L.

Simulated deployment. The RT deployment represents a
simplified 3D model of the measured deployment. Notably,
the simplifications relate to the absence of metal objects
and irregularities near/on the buildings. Similarly, the RT
deployment consists of two cubical buildings, separated by the
road, where the detectable car is assumed to drive. However,
instead of the vehicle, the receiver’s (RX’s) route is placed
along the road with the step of 0.1 m. The transmitters (TXs)
are located behind the Building 2 at a distance d3 of 10, 20 and
30m to the collision area. The material of the buildings is flat
metal, with the reflecting coefficient |I'| = 1. More detailed
information is given in Table L.

III. METHODOLOGY

In this paper, measurement and simulation methodologies
are exploited. Each of them is described below.

A. mmWave Radar Setup

Radar measurements are carried out based on the mmWave
radar prototype described in our recent work [15]. In these
experiments, we have adopted a separated TX-RX antenna
configuration in order to improve the isolation between trans-
mitter and receiver chains. A vector signal transceiver (VST)
implements the RF TX and RX functionalities at intermediate
frequency (IF) of 3.5 GHz which properly suits to the char-
acteristics of filters installed in the setup. In addition, two
signal generators are used as local oscillators to up-convert the
IF signal to 28 GHz carrier frequency. The modulated OFDM
signal is fed to the Pasternack PE9851A-20 transmitter horn
antenna which provides a gain of 20 dBi with a beam width of
17°. The different reflections are then collected by a second
identical horn antenna with a separation of 20 cm with respect
to the transmitter. Both antennas were installed on two tripods
with a height of 70cm in order to simulate a vehicular radar
system mounted on a car’s bumper.

In the measurements, different OFDM waveforms with
carrier bandwidths of 50, 100, 200 MHz and 60 kHz subcarrier
spacing are employed. For all the analyzed configurations, a
fixed signal duration of 10 ms is considered, which implies the
same radar velocity resolution for all the cases. For the radar
processing, we adopt subcarrier-domain processing utilizing
directly the transmit and receive grids of samples similar
to [16].

Signal-to-noise ratio (SNR) is the primary parameter of
interest in the mmWave radar measurements. Thus, based on



the measured received power P, the SNR can be obtained by
the following formula:
I P;

SNE = P, KkTyFB’
where k ~ 1.38 - 10** W - s /K is Boltzmann constant, T =
290K is the standard temperature, B = 50, 100,200 MHz is
the instantaneous bandwidth, and F' = 15 is the noise factor.
Accordingly, the noise levels for these bandwidths are —82,
—79 and -76 dBm. Additional postprocessing gain is applied
to calculate the SNR. It is expressed as G = 10log,(S - R),
where S and R denote the number of subcarriers and OFDM
symbols used in the radar processing, respectively.

ey

B. Ray Tracing Simulator

In this work, a simplified in-house built 2D RT is utilized.
It mimics the multipath propagation channels in a site-specific
environment. The first stage of the RT verifies, preprocesses
and converts the 3D model of the deployment into the input
data structure. Next, the geometrical engine searches the TX-
RX propagation paths using the image method. As soon as
all the paths are found, the physical stage specifies each of
them by the electric (E-) and magnetic (H-) fields calculated
by geometrical optics (GO) and uniform theory of diffraction
(UTD) [17]. Finally, these electromagnetic fields are converted
into the total received power metric, using the following
equation [18]:

Py[dBm] = 101o (L| ”
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where E is a complex signal, P;x = 0dBm is transmitted
power, Gyx = 20dBi and G,x = 20dBi are TX and RX
gains, A\ is a wavelength 0.0l m, and Zj, is the free-space
impedance 1207 2. The simulator settings are configured to
perform 6 reflections and 1 diffraction.

)+ G+ G+ Py, @

IV. RESULTS

The results are divided into two groups: simulated by the
RT and measured by the mmWave radar setup. Each of them
is described below in detail.

A. RT modelling

The RT modelling is performed to investigate the underlying
propagation paths in the blind corner conditions. For this
purpose, calculation of the received power and the number
of multipath components (MPCs) (contributing this power), at
the RX route is executed. It is suggested that if the received
power at the RX route exceeds the noise level, then the return
signal can theoretically be captured. If the received power is
below the noise floor, then a calculation of the return signal
is meaningless, since it is strictly below the noise level. Such
simplistic analysis may help to understand the capability of
the transmitted signal to reach the detectable car in the blind
corner topology.

Fig. 2 shows the RT simulation results of the received
power at different d1 (see Fig. 1a) and three TX positions
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Fig. 3. The number of MPCs as a function of distance d1 and d3.

d3. When the reflector is not employed (solid lines in Fig. 2),
the received power is consistently below the noise floor at
dl > 14m (cyan dashed line in Fig. 2). Moreover, the cyan
dashed line begins shifting to zero (see black arrow), as soon as
the TX moves away from the collision area (e.g., d3 increases).
Fig. 3 is plotted to explain the total received power behaviour.
Following this, there is no single path at d1 > 14 m (solid red
line) that could somehow potentially contribute to the total
received power. Although the two primary propagating paths
(diffracting red and reflecting blue in Fig. la) are available,
they are entirely useless in the blind corner intersection. First,
the diffraction path has minimal angles « and (3, which lead
to a significant one-way loss above 30dB [19]. Meanwhile,
the high order reflection (blue line in Fig. 2) is posed as
an alternative propagation path. However, due to the small
angle of incidence , the transmitting signal cannot propagate
deep along the road. The propagation distance d2 < 15m, and
this mechanism contributes the most to the total RX power in
Fig. 2, when there is no reflector (solid lines). It is also worth
noting that when the signal impinges on a real-world dielectric
wall at the small ~, the reflection losses are close to maximum,
and, thus, the signal attenuates fast.

Furthermore, all the previous simulations are repeated for
the same deployment with metallic planar reflector. As a result,
this improvement increases the number of MPCs shown in
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Fig. 4. Measured power profile by the mmWave radar setup. The scattered
signal from the car, driving in the center of the road, is shown in Rectangle 1.
The velocity of the car is 6.5 m/s while signal BW is 200 MHz.

Fig. 3, while the total received power becomes higher than
the noise floor even at d1 > 15 m (dashed lines). The reflector
creates, on average, 2-4 new MPCs. Nevertheless, when the
distance d3 changes, the pattern of the total received power
modifies accordingly. Moreover, rising of the distance d3
reduces the efficiency (the number of generating paths) of the
reflector proportionally (A; > As > Aj in Fig. 3). Only the
RXs located between dl = 20...35m may receive a signal
above the noise floor at d3 = 30m (see Fig. 2). This suggests
that the relative position of the TX and RX greatly affects the
detection capability.

B. Measurement

This section reveals the measurement results of the blind
corner area in Tampere University. More precisely, a proof-
of-concept as well as the sensitivity analysis of the detection
capability are presented.

Continuously measured 20 snapshots of the power profile
are collected during the car driving. Fig. 4 demonstrates one
of the 20 captured power profiles, where the white Rectangle 2
denotes static objects, and Rectangle 1 highlights the moving
car. All subsequent figures (Figs. 5, 6 and 7) are derived based
on the maximum power inside the Rectangle 1.

The first set of measurements is completed without a
reflector. In this case, the mmWave radar is unable to recognize
the upcoming car, i.e. Rectangle 1 in Fig. 4 was entirely blue.
After this, rough placement (approx. 40°) of the reflector is
attempted, resulting in the immediate detection of the return
signal from the car. Following this, the next task is to find
the optimal angle, when the detection performance is the best,
i.e. the SNR value of the returned signal is the highest. For
that purpose, nine measurements are carried out, where the
orientation of the reflecting plane was changing by 10° steps
from 0° to 90°. As a result, the optimum angle of 30° is
revealed. Based on the measured results in Fig. 5, deviation
from the optimum by £10° reduces the average SNR more
than 20 dB. Furthermore, a rotation of more than +10° reduces
the SNR almost to zero. Consequently, it can be argued that
the installation of a flat planar reflector should be carried out
with an accuracy of +10°, to guarantee functional detection
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Fig. 6. Effect of the car position on the detection capability. Signal BW
is 200MHz, and the reflector angle is optimal. Markers represent raw data,
while solid lines demonstrate the markers polynomial fit.

capabilities. Such precise installation, potentially, may require
the utilization of specific adjusters.

The next step is the analysis of the detection sensitivity to
the car position. For this purpose, two scenarios are consid-
ered: when the car drives as close as possible to Building 1 or
Building 2. The results are shown in Fig. 6. In the first case, the
driving car reflects the highest signal when the distance to the
collision area d1 is small (black line in Fig. 6). Oppositely, the
car moving next to Building 2 (red line in Fig. 6) contributes
the highest SNR being at a considerable distance d1. So, it can
also be claimed that the detection performance of the scheme
with a reflector is highly dependent on the position of the car
relative to the surrounding buildings.

The final task is to determine how the bandwidth affects
the SNR. From the radar theory point of view, the bandwidth
affects the ability to distinguish details of one object or to iden-
tify multiple ones. According to measurement results being
plotted in Fig. 7, this assumption is confirmed. Additionally,
it can be argued that reliable detection of a car, driving in the
blind corner conditions, is feasible even with B = 50 MHz.
However, based on the practical observations being done
during the measurements, the recognition of several objects
needs at least B = 100 MHz.
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V. CONCLUSION

In this article, we demonstrated the operation of the auto-
motive mmWave radar scheme with a planar reflector in blind
corner conditions. First, the RT simulation results explained
the underlying geometrical paths, along which transmitted
and received signals propagate around the corner. Then, the
mmWave radar measurement was carried out to show the
practical feasibility and operational reliability of the proposed
scheme. Based on the work done, the following findings are
made. The radars indeed may detect in the NLOS conditions.
However, not every topology supports this. Specifically, it was
shown that in the blind corner conditions, which is the essential
part of an urban topology, such detection looks challenging
due to geometrical and physical reasons. However, mounting
of the reflector may resolve the problem.

Nonetheless, there are number of improvements that should
be addressed to guarantee an efficient operation of the
mmWave radar reflector scheme:

o Small reflector’s size. The main task is to find the optimal
size performing the best detection probability in a particu-
lar environment. Potentially, the accurately selected shape
may minimize the size of the reflector.

o Seamless coverage in NLOS. Conceivably, the matrix of
passive reflectors or multilayered scattering coating may
enhance the transmission to the NLOS region. Addition-
ally, the properly selected geometry and size may also
contribute to it.

o Weak effect of dust and dirt. Obviously, the finely dis-
persed layer on the reflector’s surface affects the reflection
and diffuse scattering coefficients at the mmWave. A
potential solution to this problem may be applying a layer
with a large contact angle of wetting [20].

All the improvements mentioned above will be investigated
in the following studies.
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