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Preface

Aurorais an Arctic ITS test site and open test ecosystem found in the E8 corridor built
for automated driving and intelligent infrastructure testing in the municipality of
Muonio, North of the Arctic Circle in North-Western Finland. The test ecosystem has
been designed for verification and validation of new cooperative, connected,
automated and mobility solutions and innovations to enable future full deployment
and benefits of automated driving such as traffic safety in arctic winter conditions.
Aurora is focusing on all-season automated driving, digital and physical transport
infrastructure as well as intelligent infrastructure asset management. Weather, road
performance and road structure will be monitored using numerous vehicle sensors
and sensors installed above the road, to the road surface or in the road structures. The
results of these sensors enable real-time weather follow-up and guidance of road
maintenance and repair operations.

At the Aurora test site, part of the EU CEF funded NordicWay2 project, Finnish
Transport Agency (FTA) and Transport Safety Agency Trafi have started the Arctic
Challenge project in 2017, the results of which will be available in 2019. The aim of the
Arctic Challenge project is to study requirements for posts and poles landmark
reflectors embedded into roadside furniture, feasible cross-border interoperable
hybrid communication C-ITS Day 1 services, remote control of vehicles using cellular
communication and accurate positioning of vehicles in harsh arctic snowy and icy
weather conditions. Study of new solutions for physical and digital infrastructure is
needed to help automated vehicles to navigate in arctic latitudes when e.g. the white
lines on the road cannot been seen due to ice and snow. The study and trials shall be
carried out in the Aurora 10 km test section part of the E8 highway 21 where the
Finnish Transport Agency has installed technology. Part of the study will be
implemented in cross-border collaboration with the Norwegian Borealis corridor
project.

This state-of-the-art review is the first part of a feasibility study carried out by the
Lapland University of Applied Sciences and Roadscanners Oy. This study is based on
the fact that, in addition to GPS, the only technologies that should be able to operate
reliably in winter snowstorms are radar systems that penetrate snow and ice. But for
being able to navigate a road in these weather conditions there needs to be reflective
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posts alongside the road with known positions. This is quite analogous to marine
transport navigation systems, but at a smaller scale and faster speeds.

This review report has been written by Dr. Chris Handel from Roadscanners and
Heikki Konttaniemi from the Lapland University of Applied Sciences (Lapland UAS).
Pekka Maijala, Timo Saarenpdd and Dr. Timo Saarenketo from Roadscanners and
Matti Autioniemi from Lapland UAS have also contributed to exchange of information
during the process. Authors would like also to acknowledge Ilkka Kotilainen and
Alina Koskela from the Finnish Transport Agency, and Anna Schirokoff from the
Finnish Transport Safety Agency, for their valuable help and support. Additionally,
valuable input has been given by sea captain Ilari Rainio, CEO Harri Santamala from
Sensible 4 Oy and by the personnel from Continental AG and from Furuno Oy.
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1. Introduction

Automation will enable safer, greener and more efficient road transport in the
upcoming decades. In order to exploit the full potential of automation, autonomous
vehicles also have to operate in arctic environments, and in cold and icy conditions.

The Arctic Challenge research project is funded by the Finnish Transport Agency
(FTA) and Finnish Transport Safety Agency (Trafi). The project is part of the Aurora
intelligent road project of the Finnish Transport Agency and the NordicWayz2 project
funded by the Connecting Europe Facility of the European Union. The testing weeks
of the research project will take place on the 10-km-long test stretch of the Aurora Vt21
(E8) intelligent road section in years 2017-2019. Furthermore, the project is part of the
Traffic Lab cooperation. The contracting partners involved in the research project
include Dynniq Finland Oy, Indagon Oy, Infotripla Oy, Lapland University of Applied
Sciences Oy, Roadscanners Oy, Sensible 4 Oy and VTT Technical Research Centre of
Finland Oy.

This state-of-the-art review is part of the Arctic Challenge research project
implemented jointly by the Lapland University of Applied Sciences and Roadscanners
Oy. The overall objective of this particular research within Arctic Challenge is to
respond to the questions: What landmarks, such as delineators and reflective posts, or
snow poles and plot access marks, support automated driving? Where should these be
located? What should they be like? The overall approach to this research question is to
investigate the feasibility of passive roadside radar reflectors for automotive radars,
used to navigate in snowy and icy conditions. This review is the first milestone of this
research.

The objective of this state-of-the-art review is to respond to the following sub-
questions:

o What are the basic principles and components of radar systems?

o What are the specifications and features of current automotive radars on the

market today?

o What are the specifications and features of current passive radar reflectors on

the market today?
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Chapter 2 of this study focuses on radar techniques and elaborates in more detail on
the FMCW radar concept which is most commonly used in automotive applications.
Chapter 3 gives an overall understanding regarding so called retroreflectors, which is
an umbrella term that also involves passive radar reflectors. In that section, an
important property of the reflectors’ ability to reflect the transmitted signals back-the
radar cross-section, is reviewed. Chapter 4 presents the current status of products
available on the market when it comes to both automotive radars and passive radar
reflectors, along with some performance investigation information. Finally, Chapter
5 summarizes the findings and gives recommendations for the Arctic Challenge
research project technology selection.

Mainly, the data was acquired from secondary sources by using documented
information. Additionally, some informal discussions were also held, for example,
with the marine sector [1]. According to these interesting discussions, the passive
radar reflectors seem to work very well in marine navigation and in increasing the
visibility of smaller vessels in a radar image. Heavy snowfall creates some challenges,
however, but this only reinforces the fact that autonomous systems need to be tested
in harsh winter conditions. Fruitful conversations were also held with transport
automation experts and technology manufacturers, among others, at the 18th
International Congress and Exhibition -ELIV (Electronics in Vehicles) 2017 in Bonn.

The results of this study act as an input for the Arctic Challenge project winter
testing in real field conditions. It might also be of general interest to the academic and
commercial communities carrying out similar research.

Note: Arctic Challenge promotes open data policy. Data from Arctic Challenge tests
is made available for third parties.
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2. Radar Techniques

2.1 INTRODUCTION

Radar (radio detection and ranging) is a detection system for objects (range, velocity
and angle) based on electromagnetic waves in the radiofrequency spectrum.
Electromagnetic waves in the radiofrequency spectrum are called radio waves. The
radiofrequency spectrum lies in a range extending from around 3MHz to 110GHz
(3mm to 100m) (Fig. 2.1) [2]. Waves in this frequency range are characterized by only
weak interactions with dust, fog, rain and falling snow [3]. Thus radar is an ideal tool
to detect objects outside, under extreme weather conditions. Common applications
are in air, marine and terrestrial traffic control (speed controls), in meteorology
(weather radars), in earth science (GPR), in astronomy (radio telescopes) as well as in
the automobile industry (ACC, parking assistant). [4]
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frequenc = GHz 0,2 0,250,5 1,0 2 34 6810 20 40 60 100
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Fig. 2.1: Frequency and wave spectrum used by radar. Standard from Electronic
Communications Committee (ECC). Adapted from [5, 6].

2.2 WORKING PRINCIPLE AND COMPONENTS OF RADAR
SYSTEMS

A typical radar system consists of a transmitter, an antenna, a duplexer and a receiver
(Fig. 2.2). The transmitter generates radar waves, which are guided to a transmitting
antenna. The transmitting antenna emits a radar signal and transfers the radio waves
in the space (primary signal). This primary radar signal is then scattered and reflected
back by the object of interest [4]. Targets with a higher conductivity [0 ] = (Qm)-
reflect radar waves better than once with a lower conductivity [7]:
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E=cJ

[E] = Vm-' is the electric field and [J] = Am-* the current density. The receiving
antenna, which is often the same as the transmitting antenna, detects after a time At
the reflected signal (secondary signal). A duplexer switches the antenna between the
transmitter and the receiver. The duplexer is necessary to avoid high power signals
from the transmitter in the receiver [2]. Finally, the receiver amplifies and demodulates
the received radio waves and often provides video signals on the output. The next
section will give an overview of different concepts of radar systems.

Transmitted signal

® duplexer
—

N VAN
e ((( A))) SN

'-
+ | A W N e

Echo signal

Range to arget

Fig. 2.2: Principle setup of a radar system. The setup contains a transmitter, an antenna, a
duplexer and a receiver. Adapted from [2].

2.3 CLASSIFICATION OF RADAR SYSTEMS

Radar systems are not consistently classified. The most common classification is used
depending on the applied technologies. Less common are classifications depending
on the designed use (ground penetrating radar, air-defense radar) or on the application
(military, civil). The discussion that follows hereafter will be restricted to the first
mentioned classification. [2]

Radar systems can be classified in primary and secondary systems (Fig. 2.3a).
Primary radars analyze only the passive reflected echo signal from the target while
secondary radars work with a target connected transponder. The transponder on the
target reacts to the primary signal and sends another signal back to the receiver
antenna. Secondary radars can transfer much more information than only the
position and work with less transmitting power (cheaper antennas) for the same
distance compared to primary radars. The disadvantage of secondary radars is that
the target must be able to send its own signal back. [8]
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Fig. 2.3: Classification of radar systems and the principle of pulsed radar. (a) Classification
of radar systems depending on the applied technologies. Adapted from [8]. (b) The working
principle of pulsed radar. Adapted from [8].

Further, primary radars can be divided into pulsed and continuous wave (CW) radars
depending on their emitted signal form. Pulsed radars emit high frequency pulses
(low ps range). The antenna receives the reflected echo signal after a time At in the
silent period (Fig. 2.3b). The silent periods T between the pulses are large compared to
pulse duration t (ms range). Since the propagation of radio waves happens linearly
and at constant speed of light ¢, the distance R to the target can be determined from
the runtime At of the transmitted signal to the target and back [8]:

_C-Ar
2

R

The direction of the target can be estimated due to the directivity of the antenna. The
directivity means the angle dependency of the transmitted and reflected signal power
(Fig. 2.4a). Finally, the position of the target can be calculated using the measured
parameters distance (length) and the direction (angle). [8]

In contrast to pulsed radars, continuous wave radars emit and thus detect
continuous signals. If the emitted radar waves are unmodulated in frequency and
amplitude, the relative velocity of the target Av can be measured via the Doppler shift
between the emitted and reflected waves [7]:

r=(122);,

c

f1is the emitted frequency and f_is the received frequency. The distance to the target
can however not be estimated. Unmodulated CW radars are typically used for traffic
speed controls. If the emitted radar waves are periodically frequency modulated
(FMCW radar), e.g. with a sawtooth pattern (Fig. 2.4b), the time shift (Af) and
frequency shift (Af) between the emitted and received signal can be used to calculate
the target’s distance and relative velocity. The amount of frequency shift is directly
proportional to the travelled distance [8]:
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Continuous measuring is especially used in weather radars and in air traffic control.

®) f a

frequency

transmitted signal
received echo signal

time

Fig. 2.4: An antenna pattern and the general principle of FMCW Radar. (a) Radiation pattern
of an antenna in a polar-coordinate graph which faces to 0°. Adapted from [9, 10]. (b) The
principle of FMCW Radar illustrated in a frequency-time plot. Adapted from [11].

In addition to the classifications mentioned above, radar systems can further be
divided in active and passive systems, imaging and non-imaging systems as well as
monostatic and bistatic radars. Active systems emit active radar waves as described in
the examples before, while passive systems do not actively emit waves and use a radar
source with known frequency and pulse form (e.g. radio station). The passive systems
measure the time difference between the signal arriving directly from the transmitter
and the signal arriving from the reflective object. In monostatic systems the transmitter
and receiver are collocated while in bistatic systems they are spatially separated which
leads in astronomic dimensions to a better resolution. Due to their importance for
automotive applications the concept of FMCW radars will be explained in detail in
the next section.

2.4 FMCW RADAR CONCEPT

As introduced in the last section the transmitted signal of FMCW radars is a linear
chirp generated by a synthesizer. A chirp is a signal changing its frequency. Each
reflector in the area illuminated by the radar sends the primary signal back. The
received signal is composed of several delayed and damped copies of the primary
chirp signal (Fig. 2.5a) corresponding to different objects. Overlapping the reflected
signals (RX) with the oscillator signal (TX) leads to a beat-frequency (also intermediate
frequency - IF) output. Applying a fast Fourier transformation (FFT) of the received
IF signal produces beat frequency spectrum, which is characterized by frequency
peaks correlated with the various objects. A detailed discussion is given in [12].
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Fig. 2.5: Working principle of FMCW and an output of the 2-D FF1 procedure. (a) Principle of
FMCW radar and beat-frequency spectrum. [11] (b) Radar 2-D FFT image. [11]
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A relative velocity between emitter and reflector yields a Doppler component in the
beat-frequency (phase shift of the beat signal from one chirp to another), which can
be accomplished by a second FFT over the chirps. The detection involves a 1-D FFT of
the received signals corresponding to each chirp (range-FFT) followed by a 2-D FFT
of this output over the chirps (Doppler-FFT). The 2-D FFT enables a visualization of
multiple targets and an estimation of range and velocity of each object without
ambiguity (Fig. 2.5b). 2-D FFT can only be applied for fast (sawtooth pattern) FMCW
modulations if the chirp durations are in the order of tens of us. Range, velocity and
angular resolution depend on the parameters of the chirp (Fig. 2.6a) and are crucial
for a clear separation between multiple targets. [11]

{a} Fafv_(f-‘r ramp Sl_UDC‘ for Wider radio frequency sweep l:b} Target
A given max dlstan:-_e bandwidth and smaller chirp
needs wider |F bandwidth duration require faster slope d+ad

frequency f

Wider radio frequancy

sweep bandwidth gives
better range resolution
\
A
\
A\

Smaller chirp duration
enables higher max.
E: 4 koo < :j TX RX1 RX2

N Vehicle with Radar Sensor
time t

Fig. 2.6: The influence of the chirp in the FMCW concept and the angle estimation. (a)
Dependency of range and speed from the chirp parameters. Highly linear chirps can be
generated using a closed-loop phase-locked loop (PLL). [11] (b) The estimation of the angle
is based on the observation that a change in the distance of a target results in a phase
change in the peak of the FFT. At a minimum, two RX antennas are required to estimate the
angle of arrival via relative delays. Adapted from [12].
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Multiple transmit and receive chains (TX/RX antenna) can be used to perform an
angle estimation for the detected targets and to produce a 3D image (range, relative
speed and angle) of the measured area. For targets at the same distance and velocity,
sensors rely on angle to resolve multiple targets. The angle is estimated by measuring
relative delays of the received signal across multiple receiving antennas (Fig. 2.6b). A
larger number of antennas improve the angular resolution. [12]
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3. Reflector Techniques

Radar reflectors are designed to strongly reflect radar waves back to a receiving
antenna. They can be used to mark poorly reflecting objects to produce a strong echo
signal. Thus even small objects with a small reflective surface can send a thoroughly
detectable echo back. Typical applications for radar reflectors are markings on bridge
abutments, lifeboats and ships to ensure their visibility on ships’ radar system.
Reflectors are further used in reflective paints and foils (reflective spherical beads) [13]
on roads and traffic signs, in automobile and bicycle tail lights [14], and as tape on
signs or sewn onto clothing [15]. The efficiency of radar reflectors can be characterized
via the radar cross section [0] = m? (RCS). [2]

3.1 RADAR CROSS-SECTION

The RCS is the area of a hypothetical isotropic reflective surface, which would produce
the same strength echo signal like the reflector itself. A spherical reflector (=1.33m
diameter, 1m? area in parallel projection) with an ideal conducting surface is used as
the reference system. The spherical shape is chosen to guarantee a reflection
independently from the orientation of the reflector. From this sphere, only a small
part reflects the radiation back to the radar source. The rest of the sphere distributes
the radiation in other directions (Fig. 3.1a). [2]

(@) : (b) Radar cross-section [6] = m®
ff.ﬂ‘ T S =
R mall bird 0.01[1]
= Human body 1[1]
se——-=-x

) Luneburg lenses 5-250 [24, 25]
Large commercial airplane 100 [1]
Corner reflector (a = 1.5m) 20379 [23]

Fig. 3.1: Radar cross section. (a) lllustration of the hypothetical ideal conducting sphere used
as a reference system. Only a small part of the surface acts in retro-reflection (red, orange).
[16] (b) Values of the radar cross-section from selected objects. The values are for a wave in
cm-range. [2, 17,18, 19]
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In comparison to the hypothetical reference surface mentioned above, radar reflectors
can have a much bigger surface proportion that can reflect the incoming radiation
back to the receiver. Even the small surface of a corner reflector (several cm?) can send
significantly more energy back to the receiver than the sphere with 133m diameter.
Typical values of the RCS are given in Fig. 3.1b. For example, a reflector (several cm
large) with a RCS of 12m* has the same effective reflective surface than 12 ideal
reference spheres of 1.33m diameter. [2]

The RCS value of a radar reflector depends on the material and the form of the
reflector as well as the properties of the incoming radiation (wavelength, polarization
and angle). The RCS is generally defined as the ratio between the scattered power
density [P_ ] = Wm-* at a distance R from the reflector and the power density P, of

sca

the radiation at the reflector [2]:

o = 4mR? Fscar
PF"‘E

3.2 RETROREFLECTORS

A retroreflector is a reflecting material, which reflects receiving radiation back to the
source independently from the orientation of the reflector. Retro-reflection can be
realized via corner reflectors, spherical reflectors or via phase-conjugated mirrors. [20]

Corner reflectors made from metal play a key role for radar applications due to their
excellent reflecting behavior for radar waves while corner reflectors consisting of glass
prisms are commonly used for Lidars (light detection and ranging). A typical radar
corner reflector consists of two or three mutually perpendicular, plane and conductive
surfaces, which reflect the electromagnetic wave up to three times (Fig. 3.2a). These
conductive surfaces have to be large compared to the used radar wavelength (e.g.
several times larger than 4mm for 76GHz). The radar wave is reflected back along a
parallel vector to the radar source. The reflections on multiple perpendicular surfaces
are phase synchronous, because the lengths of the single phases a, b and ¢ are equal
(Fig. 3.2b). For a random angle of incidence, the corner reflector works like a plane
surface perpendicular to the direction of arrival. [20]

The effective reflective surface (RCS) o of triangular and cubic corner reflectors
(Fig. 3.2¢) can be calculated with (A << a):

_ 4mat __ 12ma*
Otr = 312 Ocub — A2 =

ais the edge length of the isosceles triangle and A the wavelength of the radar radiation
[21, 22]. Eight triangular corner reflectors (12 isosceles triangles) can be combined
back-to-back to realize reflection in all directions (Fig. 3.2d).
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(a) | ® 3
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Fig. 3.2: Corner reflectors. (a) The working principle of a corner reflector. The radar wave is
reflected back along a parallel vector to the radar source. [23, 20] (b) An illustration of an “in
phase reflection” due to equal lengths a+b+c = a'+b'+c'. [24] (c) A triangular corner reflector
for radar testing. The metal surfaces are attached to each other at the edges forming a corner.
[20] (d) An arrangement of corner reflectors in an octahedron shape. [25]

&)

In addition to corner reflectors, retro-reflection can be realized via spherical reflectors.
Examples of these lens-like reflectors are Cat’s eye pavement markers (Fig. 3.3b),
reflective paints consisting of small incorporated retroreflective beads and eyes of
nocturnal animals. Spherical retroreflectors basically consist of a refractive transparent
sphere whose focal surface corresponds with a reflective surface like a spherical mirror
(Fig. 3.3a). [20] Under the small-angle approximation, the best retro-reflection (low
divergence) is accomplished, if:

Nsphere — NMedium T 1.

M here 18 the refractive index of the sphere and n,, . the refractive index of the
medium where the radiation comes from (typically n,, ,. =1 for air). In practice the
refractive indices of retroreflective beads vary from =1.5 up to ~1.9 instead of the ideal
value 2 [26]. The smaller value is chosen due to the often favored slightly divergent
reflection in the case of traffic signs, where the illumination and observation angles
are different, and due to spherical aberrations. Inaccuracies caused by spherical

aberration can be solved with the Luneburg lens concept.

(c)

W higher refractive index

lower refractive index

"Sp?wre = Npredium +1

Fig. 3.3: Spherical retroreflectors. (a) A sketch of a spherical reflector (with two light rays in
blue and green) consisting of a refractive transparent sphere (gray) combined with a reflective
surface (red). Adapted from [20] (b) Cat’s eye pavement marker. [20] (c) Optical path in a
Luneburg lens. The gradient in the refractive index n is sketched in blue and increases from the
surface to the center. [27]
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Luneburglenses are based on a spherically symmetrical index gradient in the refractive
sphere:

n(r)= |2— (1)2.

R

Ris the radius of the sphere. The gradient is built in such a way that parallel incoming
waves are focused on the same point (Fig. 3.3¢). The beam path is reversed, if a spherical
mirror is placed on the backside of the sphere [20]. The Luneburg lens operates as a
retroreflector. In theory it is also possible to produce the retroreflective effect with
index-profiles n(r) [28]. Luneburg lenses can be used as radar reflectors by covering
parts of its surface with a conductive material (e.g. a horizontal metal belt). The benefit
of Luneburg lenses as radar reflectors is a relatively constant cross section profile
without minima or gaps in contrast to corner reflectors [28].

For some Laser applications retro-reflection can also be realized via phase-
conjugated mirrors. Further reading is provided in [20].
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4. Current Products on
the Market

The use of radar waves in technologies supporting autonomous driving, such as
advanced driver assistance (ADAS) or adaptive cruise control (ACC), has become
increasingly important in the last decade. Especially the 76-81 GHz band (millimeter
waves, 2.8mm - 3mm) has been established in this field due to regulatory requirements
and bandwidth availability. A further advantage of “mmWave technology” is the
small size of the systems’ components such as the antennas. [11]

Typically, passive radar reflectors are used in aviation or in marine transport in
order to make vessels, physical land infrastructure or aircrafts visible in a radar image.
They can also be used to calibrate radar images from planes, for example in forest
mapping. The most common radar reflectors are passive corner reflectors whereas
there are some applications also based on the Luneburg lens technique.

When it comes to passive radar reflectors, the radar signal is reflected best from
materials with a high conductivity [7]. Anything with metal in it, will reflect radar.
The best shape to return a radar pulse is a flat metallic plate - but only at a right angle.
A spherical shape provides the most coverage, but produces very weak returns. The
designer’s challenge is to compromise the best between these two shapes. [29]

The next sections will introduce selected radar systems and reflectors suitable for
transport applications on the current market.

4.1 RADARS

4.1.1 mmWave AWR from Texas Instruments (TI)

TT's mmWave family of devices includes the 76-81GHz front-end sensor (AWR1243)
(Fig. 4.1a), as well as, devices that pair this front-end with on-chip processing for
complete radar systems (AWR1443 and AWR1642 sensors). There are evaluation
modules available for these three sensors (AWR1243BOOST, AWR1443BOOST and
AWR1642BOOST) for 2993 respectively (Fig. 4.1b). Each evaluation BOOST can be
equipped with a mmWaveDEVPACK (299$) to configure them with the “RadarStudio”
software (Fig. 4.2a). The three different BOOSTs can further be equipped with a
TSWi400 EVM high speed data capture/pattern generator” (649$) to get raw analog
data from the radar (Fig. 4.2b).
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T Lawnon A | awniee
No. of Rx 4 4 4
No. of Tx 3 3 2
ADC Sampling Rate (Max) (MSPS) 375 125 125
ARM CPU NfA ARM-Cortex ARM-Cortex
RAF 200MHz R4F 200MHz
DSP N/A LTEY C674x D5P
BOOMHZ
Hardware Accelerators N/A Radar NfA
hardware
accelerator
RAM a 576 1536
Interface = MIPI-CSIZ + CAN * CAN
= 5P =12 * CAN-FD
* UART + Q5P * l2C
= EM = QsPI
* UART * SPI
= UART
Operating Temperature Range (degree Celcius) 40 to 125 40 to 125 40 10 125

Fig. 4.1: AWR mmWave front-end sensors. (a) Picture of the AWR1243 76-to-81GHz High-
Performance Automotive Radar Sensor. [30] (b) Picture of the AWR1243BOOST - AWR1243
76-to-81GHz High-Performance Automotive Radar Sensor Evaluation Board. [31] (c)
Comparison of different mmWave sensors from Tl. [32]

The AWR1243 form TT is a compact and high-performance front-end mmWave sensor.
It supports fast chirp FMCW modulations from a closed-loop frequency synthesizer
and features a wide-IF bandwidth (see section 2.1.4). All circuits are integrated in one
single die (CMOS - complementary metal-oxide-semiconductor technology) along
with a digital sub-system for control, calibration and digital front-end. The sensor
includes 3 transmit and 4 receive chains. Application of the sensor extends from
automated highway driving and ACC to automated emergency braking [32]. The
sensors AWR1443 and AWR1642 work with a similar principle but differ in technical
specification (Fig. 4.1¢). [11]

An accurate angular and distance resolution that supports automated features, can
be achieved over a wide field of view, using a four-chip cascaded AWR1243 sensor (Fig.
4.2¢). AWR1243 sensors include synchronization features to cascade several devices
on one single printed circuit board (PCB) to create large coherent arrays for high-
resolution processing. Fig. 4.3 illustrates that a cascade of multiple chips yields sharp
peaks in angle and resolution of two closely spaced targets, which are indistinguishable
for the single chip case. [11]
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{C] 40 m 150 m 250 m
medium long range
Max unambiguous range range
Range resolution 4.5cm 33cm 55cm
Sweep bandwidth 3.3GHz 460MHz 275MHz
Azimuth angular resolution 17 1%
Cross-range resolution 70 cm 4,4 m
Elevation angular resolution 14° 14°
Ramp slope 54 MHz (ps)? 15 MHz (ps)? 9 MHz (ps)?
Chirp duration 61.3 us 30.7 us 30.7 pus
Mumber of chirps 16 256 256
Max beat frequency 15 MHz 15 MHz 15 MHz
Frame time 16 % 74.3 ps 256 x37.7us 256 % 37.7 pus
Radar data memory 1MB 2 MB 8 MB

Fig. 4.2: Additional evaluation equipment and characteristic values of the AWR1243 for
different modes. (a) Picture of the mmWaveDEVPACK. [33] (b) Picture of the TSW1400 EVM.
[34] (c) Characteristic values of the AWR1243 for different modes. Full resolution radar with
long-range mode for a four AWR1243 solution. (Additionally a third mode for medium-range
radar can also be inserted.) [11]

8 channels (2 TX, 4 RX) 12 channels (3 TX, 4 RX)
:i Single chip E :i Single chip E
H £ H &
E ik H
-4 -2 0 2 4 -4 -2 0 2 4
length [m] length [m]
24 channels (3 TX, 8 RX) 40 channels (5 TX, 8 RX)
E Twa-chip cascade E g Two-chip cascade E
g s 3 £
kE & E ]
-4 -2 1] é 4
length [m] length [m]

Fig. 4.3: Measured radar responses of 2 corner reflectors. FFT output for different
configurations with 4° angular separation with 1- (top) and 2-chip (bottom) configurations.
[11]

4.1.2 ARS 408-21 sensor from Continental AG

The 408-21 Premium (Fig. 4.4a) is a small and robust designed 77GHz long range
radar sensor from the ARS 40X series, which has been developed for the automotive
industry. The sensor is equipped with a simple software interface and it is optimized
for applications such as distance controlling of autonomous vehicles, object detection
in unknown areas as well as monitoring of hazardous or non-accessible areas. A dual
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scan (serially alternating) enables detections in far and short range (Fig. 4.4b and
4.5a). Switching between near and far range scan is performed via selecting different
chirps. The system is further equipped with several antennas for simultaneous
detection of multiple objects. A classification of moving objects as vehicles, bicycles or
pedestrians is also possible.

(a) (b) FoV (Field of View) short range

+10 dBsm FoV far range

30m = +10 dBsm

-30m +

L L

1 1
s - 10m 70m 150m 250m

Fig. 4.4: ARS 408-21 radar sensor. (a) Picture of the ARS 408-21 radar sensor. [35] (b) A
digital antenna offers two independent scans for far and short range. The sensor contains 2 TX
and 6 RX antennas for near range and 2 TX and 6 RX antennas for far range scan using digital
formed beams. [35]

The sensor can be connected to as well as configured via a CAN (Controller Area
Network) which performs the communication between the sensor and a computer.
The sensor’s working principle is based on fast chirp FMCW modulations and thus on
independent distance and velocity measurements of targets in one cycle (see section
2.1.4). The target information is evaluated during every cycle and its position is given
in a coordinate system relative to the sensor. The velocity is estimated relative to an
assumed vehicle course, which is determined by using the speed and yaw rate
information (if the sensor is mounted in the longitudinal direction on the front of the
car (Fig. 4.5b)). The measured objects can be filtered by different criteria and thus only
reflections of objects of interest are sent to the CAN-bus. A detailed description of the
sensor is given in [36].
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(a) near range long range

Accuracy distance measuring 10 em 40 em
Distance range 0.2m- ?OrnhDOm@Il‘-Sb 0.2m - 250m
0.2m - 20m@£60°
Resolution azimuth angle 32" @0 16" y
. .
45" @45 offset
12.3° @x60
Resolution distance measuring 39 em 1,79m = 4
-r
Elevation angle augmentation ~ 20° 1"
Accuracy azimuth angle *0.3" @0 01’
*+1"  @xas”
£5° @x60"
Azimuth angle augmentation 60" ..+60° 90" ..+9.0°
Azimuth beam width (3 dB) 44" @0 Firs
6.2 @x45°
177 @x60°
Cycle time 72ms 72 ms
Velocity accuracy 0.1 km bt 0.1 km bt
Velocity resolution 0.43 km hr* 0.37 km h*

Fig. 4.5: Parameters of the ARS 408-21 radar sensor and a setup example. (a) Characteristic
values of the ARS 408-21 Premium Radar Sensor (77GHz) for long and near range mode. [35]
(b) Setup example for the ARS 408-21 on the front of a vehicle. [38]

A Radar PLC (Programmable logic controller) can be used to display the measured
data of the ARS 408-21 on a monitor and to connect a second radar sensor to the
system (Fig. 4.6). The ARS 408-21 radar sensor is available for 2690 Euro (closed order
quantities of 3 radars: 1360 per piece).

(a) | (b)

Ethernet and . Il u

| inactive region

USB connection - [l “ == 8Relais 40m m
-
DIV connection - 20m |
CANopen —
4 2x Analog |
. .__I input _40m om 40m

Fig. 4.6: Continental Radar PLC Dual. (a) Radar PLC hardware. [37] (b) Main Screen in near
field displays the measured data in a scalable coordinate system. [16]

4.1.3 Electronically scanning radar L2CO051TR from Delphi

The ESR L2Co051TR from Delphi is a robust and compact (173.7 x 90.2 X 49.2 mm),
dual mode 76-77GHz radar sensor combining a wide FoV at mid-range with high
resolution long-range coverage in one single radar (Fig. 4.7). The system is developed
for automotive applications such as ACC and forward collision warning and can
identify up to 64 objects in the vehicle’s path. The system is aimed at mass production

(25008). [39]
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The radar was tested in a collision-avoidance system [40]. It was evaluated in terms
of vehicle detection reliability, position, speed and acceleration accuracy. The sensor
was compared to two other radars (Smartmicro SMS UMRRg and Ibeo Lux) for the
detection of cars. The Delphi system was able to detect 99.995% of the vehicles as far
as 18om ahead, with a longitudinal Root-Mean Square (RMS) error of 1.8m and a
lateral RMS error of 0.4m. The authors concluded that the Delphi radar was the best
sensor of the three tested options in terms of performance-cost ratio, for detecting
cars in this application. The test results are given in [39].

(a) (b) Long Range: 174 m

FOV: + 10°

Update Rate: 50 ms

Range Rate: -100 to 25 ms™*

Mid Range: 60 m

FOV: £ 45°

Update Rate: 50 ms

Range Rate: -100 to 25 ms™*

Fig. 4.7: ESR L2CO051TR radar sensor from Delphi. (a) Picture of the ESR L2CO051TR radar
sensor. [39] (b) Delphi's multimode ESR provides wide coverage at mid range and high-
resolution long-range coverage using a single radar. [39]

4.1.4 The DRS4D-NXT radar from Furuno

The DRS4D-NXT radar from Furuno (Fig. 4.8a) is a 9.4GHz solid-state pulse
compression Doppler radar, which is developed for maritime transport and can identify
up to 100 objects. The device is equipped with a target analyser, fast target tracking
and auto target acquire function to offer optimal detection and sensitivity of hazardous
objects. Targets that are approaching the radar automatically change the colour to
support the identification of targets. The NavNet TZtouch2 display (Fig. 4.8b) enables
monitoring the data. An included rain mode demasks targets during hard weather
conditions. Further specifications of the sensor are given in Fig. 4.8c. [41]
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a
MXT F “‘ Vertical beam width 25

Antenna rotation speed up to 48 rpm
Tx 3

(b) Frequency 9.4 GHz
Minimum range 20m
Range resolution 20m
Range accuracy 1% of range in use

or 10 m

Bearing accuracy ==

Fig. 4.8: DRS4D-NXT radar sensor from Furuno. (a) Picture of the enclosure of the DRS4D-
NXT radar sensor. (b) Picture of the NavNet TZtouch?2 display. (c) Characteristic values of the
DRS4D-NXT.

4.2 PASSIVE RADAR REFLECTORS

4.2.1 Corner reflectors

The most widely used material in corner reflectors is anodized aluminum. Many of
the corner reflectors used in maritime and in aviation are of octahedral shape which
is applied solely or stacked vertically, whereas some corner reflectors are more simple
as they consists of three perpendicular flat surfaces, or of stacked dihedrals in a
vertical plane (Fig. 4.9). The octahedral reflector is typically diamond-shaped or
constructed from circular panels slotted together. [42]

Dihedral shape

a) b)

Fig. 4.9: Different reflector shapes. (a) Octahedron shape which is composed of eight faces,
twelve edges and six vertices [43], (b) Radar tube reflector (560 mm) from SecureFlix Direct
that uses stacked dihedrals [44], (c) A dihedral angle. [47]
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The most typical corner reflectors are summarized in the table below (Fig. 4.10). This
table gives an idea of the main shapes used, an image of the reflector, main materials
as well as dimensions, weight and the price.

anodised
aluminum

(overall), Weight
~15-25kg

Shape Image Material and Dimensions and Price
composition weight
Octahedral Anodized Diameter ~40 cm, 25-30 €/ pc
(diamond) aluminum Weight 650 g
Octaheral Anodized Diameter ~30 cm, 90-100 €
(circularpanels) aluminum Weight ~500 g / pc
Tubular, Anodized Diameter ~5 cm, 30-60 €
dihedralsin a aluminum Length ~55-60 cm / pc
stack array
Octahedral, DuPont Diameter ~30 cm, ~150 €/ pc
inflatable metallized, Length ~75cm
lacquered and Weight ~400 g
spunbonded
fabric, PVC casing
Symmetrical Polyethylene Height ~25-45cm, | 150-250€
stack array case, Width ~20 - 25 cm / pc

Fig. 4.10: Summary of passive radar reflectors found in the market.
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As the table shows, the prices of passive corner reflectors used in consumer marine
applications vary from 25€ up to 250€. The smallest reflector in terms of diameter is
the tube reflector. Its diameter can be approximately five centimeters, which is
considerably smaller as opposed to the octahedral reflectors which can have a diameter
of about forty centimeters. Typically, the reflectors are from 30 centimeters to 75
centimeters tall depending on its shape. The weight varies based on the structure and
size as some lighter reflectors weigh only approximately o,5 kilograms as opposed to
the heavier ones that weigh 2,5 kilograms. In some cases, the reflectors are encased in
plastic.

4.2.2 Luneburg lens reflectors

The RCS of a Luneburg lens is several hundred times that of a metallic sphere of the
same size and it does not require maintenance or power supply. Luneburg lens is said
to be the most efficient passive radar reflector available. There are very few Luneburg
lens radar reflectors in the market for transport use. Luneburg lens reflectors are used
in military applications but for consumers they are familiar from marine transport

(Fig. 4.11).
' \:

Fig. 4.11: Tri-Lens Luneburg reflector on a yacht mast. Image: The Rigging Company.

In maritime transport, the most typical reflectors are so called Tri-Lens reflectors that
have three Luneburg lens reflectors with 120 degree angle between them. The two Tri-
Lens reflectors found in the market differ by their weight, price and dimensions (Fig.
4.12). The appearance and the basic structure of these two reflectors is almost identical
if size is disregarded.

Product Weight and dimensions Price
Large Tri-Lens 5,5 kg, 160 x 160 x 80 mm 300 £
Standard Tri-Lens 2,5kg, 120 x 120 x 60 mm 160 £

Fig. 4.12: Comparison of the two Tri-Lens reflectors found in the market.
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4.2.4 Performance investigations

Vessels made of glass reinforced plastic (GRP) are poor reflectors of radar signals and
therefore it is essential for small vessels to be equipped with a radar reflector. The ISO
8729-1 :2010 standard determines the construction, performance and testing for
passive radar reflectors. The standard has been revised in 2015 and is up to date. [46]
Passive radar reflectors have been tested in 2007 according to the new ISO 8729
standard and their performance has been investigated in 2005 in optimum laboratory
conditions [29, 44]. Some of the main outcomes of these performance tests can be seen

in the Fig. 4.13.

reasonable peak; fails to meet ISO
8729

Reflector Performance investigation in Performance investigation
2007 according to ISO 8729 (2) | in 2005 done in optimum
standard [45] conditions [29]

Octahedral, Inexpensive; wide nulls keep Cheap and outperformed half of

16" (Plastimo) its performance level down; the tested reflectors.

Stacked, triple array
corner reflector
(Echomax 230)

Just narrowly failed to meet ISO
8729 specifications; good peak and
overall performance

Outperforms the Firdell Blipper
and meets the ISO 8729 and
SOLAS specifications

Octahedral, circular
(Davis Echomaster)

Failed to get close to ISO
8729; low peak and average
performance; light weight

Not very convincing; needs
more size and does not offer
much in comparison to a regular
octahedral

Spiral stack of
trihedral corner
reflectors (Firdell
Blipper 210-7)

Narrowly fails to meet the
standard; good peak and average
performance

More consistent 3D results than
octahedrals

Spiral corner
reflectors (Tube)

Performs very poorly

Very limited amount of reflective
properties

Luneberg lens
(Standard Tri-Lens)

Does not meet ISO 8729 with a
low peak; consistent enough to
outperform most of the other
reflectors

Very solid performance, very
consistent returns in every angle
of heel

Luneberg lens
(Large Tri-Lens)

Performs very well and just falls
short of ISO 8729; heavy and
expensive

First-class results; very heavy

Multi dielectric
lens (Visiball)

n/a

Lenses have to be bigger in order
to be productive; high cost; heavy

Fig. 4.13: Summary of some main results from two performance tests of passive radar

reflectors for boats.
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In 2007 performance investigation showed that none of the reflectors passed the
standard. The large Tri-Lens Luneburg lens reflector is recommended for yachts, but
the downside is its heavy weight and high price. Other reflectors that just narrowly
passed the ISO 8729 standard are stacked array corner reflectors. It is notable that the
4” tube reflectors with a stacked array of dihedrals, performed poorly. [46]

According to the tests done in 2005 in optimum conditions, it is noticeable how the
16” octahedral reflector outperformed half of the other reflectors, even though it
comes with a very low price. The stacked array corner reflector, Echomax 230, also
outperformed its competitor, the Firdell Blipper, which in turn, gave a consistent
return. The Tri-Lens Luneburg lens reflectors performed well and the Large Tri-Lens
gave a first-class performance. The tube reflector had a very limited amount of
reflective properties. Dielectric lens reflector is very expensive and gave very weak
returns. [29]
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5. Summary and Conclusions

To fully utilize the radar potential for automotive applications under extreme weather
conditions, we have conducted a state-of-the art research including different radar
systems and passive radar reflectors. The report contributes to the understanding of
prospects and limitations of current technologies and products in the field of
autonomous driving with a focus on radars and reflectors.

The present report provides an overview about the current state of the art of the
Arctic Challenge research project. In this project, requirements for different landmark
reflectors, embedded into roadside furniture (e.g. delineator posts or snow poles), will
be studied in the Aurora Borealis Corridor. It will be determined, which objects have
the potential to support autonomous driving and other automated features, especially
under hard winter conditions. Finding out specific properties, such as the optimal
size, location, form, orientation and the material composition will be further aims of
this project. The experimental access to the projects’ research questions will be
provided via passive roadside radar reflectors along with automotive radar systems.
This state of the art report is the first part of a feasibility study carried out by the
Lapland University of Applied Sciences and Roadscanners Oy for the project.

Chapter 2 in the present report addresses radar techniques in general and highlights
their role for object detection, even under extreme cold and icy weather conditions.
First, the radiofrequency spectrum is introduced and its potential for autonomous
driving is underlined. The following sections concerning components and working
principles of radar systems familiarize the reader with the topic and provide the
ability to compare different products on the market and choose the correct systems
for the required application. A special focus is on FMCW radars, because most of the
systems, utilized in automotive applications, are based on that working principle.

Chapter 3 focuses on reflector techniques and their relevance in traffic and
infrastructure. One central term in that chapter is the radar cross-section. It indicates
the detectability of an object by radars and is a characteristic property of radar
reflectors. This specific property is important when comparing and selecting the right
radar reflector, suitable for the chosen radar system. The following section describes
different technical possibilities to develop radar reflectors, such as corner and spherical
reflectors, and sketches their physical background.



Chapter 4 introduces selected radar systems with long range distance (=250m) and
reflectors suitable for transport applications on the current market. In section 4.1
three radar systems — the AWR1243 sensor from Texas Instruments, ARS 408-21
sensor from Continental AG and the L2Co051TR from Delphi - are described
concerning technology, application, specification and price level. In the next section
4.2 multiple passive radar reflectors (corner reflectors and Luneburg lenses) from
different manufacturers are compared with regard to shape, composition and price
level. The chapter closes with the results of two performance investigations about
selected reflectors. Especially the investigation performed in 2007 signals that none of
the tested reflectors passed the ISO 8729 (2) standard. The second investigation was
performed under ideal laboratory conditions and led to similar results even though
there were differences in RCS values between these two tests. It was not fully possible
to directly compare these tests since the tests were reported differently. Additionally,
the test done in 2005 was more for commercial purposes and made no mention of
being based on the same test standard.

Finally, this state-of-the-art report in combination with our impressions from the
18th International Congress and Exhibition -ELIV (Electronics in Vehicles) 2017 in
Bonn, and from discussions with experts, lead to the conclusion that the importance
of radars for vehicle positioning under extreme weather conditions is underestimated.
Accurate positioning is essential for autonomous driving. However, current systems
based on Lidar detecting lane markings will not be sufficient to realize vehicles with
autonomy levels higher than 2. One important reason for this is, that Lidar systems
perform poorly in heavy rain, snow, fog or icy conditions. Radars might play a key role
for achieving safety requirements posted by the standard ISO 26262. From the given
overview of available technologies we conclude that there is an unused capacity on the
infrastructure side in the area of radar detection.
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Automation will enable safer, more green and efficient road transport in
the upcoming decades. In order to exploit the full potential of automation,
autonomous vehicles have to operate also in arctic environments, and in cold
and icy conditions. This review is the first part of research project that aims
at testing the feasibility of passive roadside radar reflectors for autonomous
driving in snowy conditions. The content comprises of state-of-the-art revi-
sion of radar techniques, automotive radars and passive radar reflectors. This
research is conducted by Lapland University of Applied Sciences and Roads-
canners in Arctic Challenge research project.

The Arctic Challenge research project is funded by the Finnish Transport
Agency (FTA) and Finnish Transport Safety Agency (TraFi). The project is
part of the Aurora intelligent road project of the Finnish Transport Agency
and the NordicWay?2 project funded by the Connecting Europe Facility of the
European Union. The testing weeks of the research project will take place on
the 10-km-long test stretch of the Aurora Vt21 (E8) intelligent road section in
years 2017-2019. Furthermore, the project is part of the Traffic Lab coopera-
tion. The contracting partners involved in the research project include Dynniqg
Finland Oy, Indagon Qy, Infotripla Oy, Lapland University of Applied Sciences
Oy, Roadscanners Qy, Sensible 4 Oy and VTT Technical Research Centre of
Finland Oy.
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