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ABSTRACT Although the beginning of research on automotive radar sensors goes back to the 1960s,
automotive radar has remained one of the main drivers of innovation in millimeter wave technology over the
past two decades. Today, millions of sensors are produced each year, which was made possible by inexpensive
and mature millimeter wave technology. The technology maturity, in turn, enables research to be carried out
on systems that are considerably more complex and powerful than was possible just a few years ago. The
focus of research has thus shifted from purely hardware-oriented and device-level topics to sophisticated
millimeter wave systems and RF signal processing topics. This opens up new research topics such as digital
modulation schemes, radar networks, radar imaging, and machine learning. In this review paper, we sketch
the path from the very beginning through the state of the art with sophisticated multiple-input multiple-output
(MIMO) antenna arrays and mature assembly and interconnect concepts to today’s key research topics of
automotive radar.

INDEX TERMS ADAS, automotive radar, chirp sequence modulation, compressed sensing, digital mod-
ulation, FMCW, grid map, interference, millimeter wave radar, MIMO, MMIC, OFDM, PMCW, radar
networks, radar SOC, SAR.

I. INTRODUCTION

Safety for drivers, passengers, and any other road users has
become of major interest during the last decades. To this
end, radar sensors were considered as essential means to de-
tect other vehicles, pedestrians, or bicyclists as well as the
road environment. Radar is insensitive to bad light and se-
vere weather conditions and can directly measure distance,
radial velocity, and with a suitable antenna system also the
angle of remote objects. At the beginning, the focus was on
distance warning and crash avoidance, but with increasing
maturity and complexity, functions included adaptive cruise
control (ACC), automatic emergency brake (AEB), blind spot
detection (BSD), or lane change assist (LCA). Nowadays,
safety functions protecting passengers and vulnerable road
users play a major role.

With increasing performance more than single reflections
from a remote object can be detected and images of the

whole environment can nowadays be obtained by the radar
sensors. With the availability of highly integrated monolithic
microwave integrated circuits (MMIC)s in silicon technology,
novel packaging approaches, planar antennas, and increas-
ingly powerful signal processing, radar based systems can
be mass produced at continuously decreasing cost and mi-
grated from premium to compact car class during recent years.
This development was also fostered by the ratings of EuroN-
CAP [1] including protection of vulnerable road users. Dig-
ital beamforming (DBF) and multiple-input multiple-output
(MIMO) concepts already transferred analog functions to the
digital domain with major improvements in lateral detection.
Advanced data processing will allow further system enhance-
ments in terms of flexibility, unambiguousness, resolution,
and target classification.

While in the past automotive radars were operated in the
24 GHz band mostly for short range applications and in the
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FIGURE 1. Bistatic 35 GHz pulse radar mounted in the front of a passenger
car and view on one of the two parabolic antennas [26]. Left photograph:
Telefunken, courtesy of H.H. Meinel; right photograph by W. Menzel.

76–77 GHz range for longer range or more demanding appli-
cations, most of the newly developed sensors today operate in
the frequency band of 76–81 GHz [2], [3]. Research on higher
frequency bands above 100 GHz is ongoing [4], however, the
vehicle integration and technological challenges especially re-
garding semiconductor technology performance are still open.

Section II of this paper will give a review of early automo-
tive radar sensors, Section III describes the state of the art, and
Section IV addresses current research topics.

II. REVIEW ON AUTOMOTIVE RADAR

The first ideas and investigations for automotive radar came
up in the 1960 s, continuing in the 1970 s by Bendix, Info
Systems Inc., RCA, and General Motors, partly supported by
the U.S. Department of transportation [5]–[15], followed by
the Japanese companies Mitsubishi and Nissan [16], [17].

In Germany, the companies SEL, VDO, and AEG Tele-
funken started related work supported by the German Min-
istry of Science and Technology [18]–[22]. Those times’
intentions were precollision obstacle detection and/or emer-
gency braking. Work was based on available technologies
and devices, typically GUNN elements for the transmitter and
(Schottky) diodes for the receiver/downconverter. Transistors
with sufficiently high cut-off frequencies came up only later
[23]. Planar integrated circuits, e.g. microstrip, and integrated
antennas were introduced only in the lower frequency range
(10 GHz, X-band; 15 GHz, Ku-band); with higher frequen-
cies, waveguide-based circuits and antennas were employed.
The radar principle considered at the beginning [5], [6],
[8]–[11], was based on a two-frequency transmission with
phase evaluation for distance measurement [24] followed by
pulse and frequency modulated continuous wave (FMCW)
principles. Radar frequencies first were around 10 GHz or
16 GHz, resulting in reasonably large antenna areas for the
required beamwidths. Following this, 24 GHz (ISM band),
35 GHz (low atmospheric attenuation), 60 GHz (mostly in
Japan, e.g. [25] ), and finally 76 GHz led to a reduced an-
tenna aperture size. An early example of a bistatic pulse radar
at 35 GHz is shown in Fig. 1 [19]. Two parabolic dishes
were placed at the front side of a passenger car; for the test
system the antennas were milled from massive aluminum.
The transmitter was based on a GUNN oscillator, for the
downconversion of the received signal, a Schottky diode on
a small quartz substrate was fixed in a waveguide mount.

FIGURE 2. 24 GHz VORAD radar mounted at the front side of a Greyhound
bus. Photograph by W. Menzel.

FIGURE 3. Front and back side of first commercial automotive ARS 100
radar by Mercedes Benz. Photographs by W. Menzel.

Distance measurement and collision warning worked well, but
of course, technology was not yet mature enough.

In the following years, technology of RF devices and cir-
cuits as well as signal processing circuits improved con-
siderably. The 24 GHz ISM band became a preferred fre-
quency for low-cost sensors, and the 76–77 GHz band was
assigned worldwide for automotive radar. A first commer-
cial radar was the 24 GHz sensor from VORAD mounted
to many buses and trucks in the USA, Fig. 2 [27]. It used a
switched, multiple-frequency modulation, a GUNN oscillator
with 0.5 mW power, and planar antennas. Also a 77 GHz
version was developed later on. Accidents could be reduced
considerably, but the use of the sensor had to be stopped by
intervention of the driver union—the drivers felt controlled
too much by the system.

The first commercial 76 GHz automotive radar for passen-
ger cars was introduced 1998/99 by Mercedes Benz (Fig. 3).
It was built by Macom in the USA [28], firstly based on a
GUNN oscillator and a microstrip receiver circuit. Later on,
GaAs MMICs [29] were included. The antenna was a folded
parabolic reflector (see [28], [30] ) with three switchable
beams (three feeds selected by a SP3T switch). Advanced
versions of this sensor were then developed by the German
company Continental, including GaAs MMICs. In a first step,
the folded parabolic reflector was replaced by a modified
folded reflectarray antenna [31], a further antenna concept
was based on an advanced scanning system (Fig. 4).

The entire arrangement consists of a dielectric waveguide
close to a rotating drum with ridges and a folded reflectarray
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FIGURE 4. Opened ARS3 sensor from CONTINENTAL. Photograph by W.
Menzel.

FIGURE 5. Exploded view on the Bosch LRR3 sensor and details of the
planar antenna elements feeding the lens. Sensor photograph provided by
Bosch.

consisting of a polarizing grid integrated with a radome, and a
focusing reflectarray. While the drum rotates, the ridges with
varying distances provide periodic discontinuities to the di-
electric waveguide, thus radiation occurs with varying angles
in the horizontal direction. In the elevation, focusing is done
by the folded reflectarray structure. This antenna can scan
over ±12 degrees and provides high gain both in transmit and
receive. As a consequence, the sensor with this antenna was
considered as the most sensitive one, but the fabrication effort
was high.

With respect to MMIC integration density and cost, the
development of SiGe MMICs with several radar channels
integrated on a single chip was an important step [32]. A
first radar sensor based on such a chip was the Bosch LRR3
sensor (Fig. 5). As antenna, a lens configuration [33] was
chosen, fed by four separated microstrip patch feeds, resulting
in four beams. Each feed antenna was connected to one of

FIGURE 6. A diagram showing the principle of MIMO radar and virtual
apertures [40].

four channels of a SiGe MMIC. In the first design, the MMIC
had to be connected to the RF board by wire bonding; later
on, a novel packaging and interconnect technology called
embedded wafer level ball grid array (eWLB) [34] led to con-
nections via a ball grid array, hence no special wire bonding
equipment was necessary anymore.

With the easy and relatively low-cost availability of sev-
eral radar channels on one chip, a new system and antenna
configuration became possible with one or more transmit and
multiple receive channels, each connected to one antenna el-
ement. Beamforming is done only after reception, downcon-
version, and analog-digital conversion (ADC) in the digital
domain (digital beamforming). With several transmit chan-
nels, MIMO concepts can be introduced (although, at the
beginning, the term MIMO was not used) [35]–[38]. With
proper arrangements of transmitters and receivers, a cross
range resolution better than according to the physical antenna
aperture can be realized [39]. According to antenna theory, the
angular distribution of the radiated fields (radiation pattern) of
an antenna is proportional to the Fourier transform of its exci-
tation distribution in the respective plane. On the other hand,
the signal transmitted from one subarray and received by an-
other one is proportional to the multiplication of the radiation
patterns of these two arrays. Consequently, this product can
also be derived from an excitation distribution formed by the
convolution of the two individual excitations, see Fig. 6 (valid
also for 2D-arrangements). An early example is the sensor by
Toyota shown in Fig. 7 . This concept now is pursued by many
companies, see also Fig. 9 in Section III.

III. STATE OF THE ART

Since the introduction of the first generation of automotive
radar sensors around the year 2000, several new genera-
tions have been introduced by an increasing number of es-
tablished companies like Aptiv, Bosch, Conti, Denso, Hella,
Mando, Valeo, or Veoneer. Also startups like Arbe [41] or
Uhnder [42] have emerged, presenting their own approach to
a high-performance automotive radar.
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FIGURE 7. Automotive sensor with three transmit and three receive
antenna arrays in microstrip technology (courtesy of Toyota Labs), antenna
radome removed.

FIGURE 8. Automotive radar market development for ADAS and AD
functions with projection up to 2025 based on [43] and earlier market
numbers.

FIGURE 9. Bosch 5th generation radar PCB with 1© transmit antennas, 2©

receive antennas, 3© frontend MMIC, 4© reflection reduction structures.

The rapid development of new radar sensor generations is
driven by a strong market demand as shown in Fig. 8, mainly
for advanced driver assistance systems (ADAS), with the
market volume starting slowly until 2010 and then massively
taking off. This development was fueled by the migration of
established driver assistance functions from high class into
middle class vehicles, and then further accelerated by the

TABLE 1. Radar Performance Parameters

requirement for active safety systems mandated by new car
assessment program (NCAP).

Ten years later, another market trend towards high-
performance radar sensors for advanced driver assistance sys-
tem (ADAS) with partial automation and automated driving
(AD) with full automation is emerging. Currently, it is still
too early to tell when this trend will fully materialize. This dif-
ferentiation of functionality leads to different sensor require-
ments. ADAS sensors need to fulfill a number of well defined
functions and are extremely cost sensitive. Sensors addressing
AD need to provide the best available performance in terms of
distance, velocity, and angle information possible with much
less emphasis on cost, size, and production volume.

A. ADAS SENSOR EXAMPLE

An example for the current generation of radar sensors for the
ADAS market is the Bosch Gen 5 front radar [44] with its
RF frequency printed circuit board (PCB) depicted in Fig. 9.
It operates in the 76–77 GHz frequency band and uses three
transmit and four receive antennas. Two of the transmit an-
tennas are realized with higher gain compared to the receive
antennas, to achieve a front-looking radar with a distance
range of more than 200 m with a horizontal field of view
of 120deg. Together with the receive antennas they realize
a MIMO antenna array that allows obtaining horizontal and
vertical angle information with high accuracy and resolution.

The surface-mounted frontend MMIC in the center of the
PCB is manufactured in a silicon germanium (SiGe) bipolar
CMOS (BiCMOS) technology and provides three transmit
and four receive channels, a 76–77 GHz VCO combined with
a frequency sweep phase-locked loop (PLL), and the receive
baseband including ADCs. To reduce reflections from the
PCB surface, copper structures are placed on the free areas
of the PCB [45].

Table 1 gives the key technical parameters of the radar
sensor. Compared to its predecessor described in [46], this
reflects a significantly improved performance especially in
velocity and angle resolution.

138 VOLUME 1, NO. 1, JANUARY 2021



FIGURE 10. Chirp sequence modulation principle [47].

B. MODULATION AND SIGNAL PROCESSING

In order to improve angle and velocity measurement perfor-
mance, a modulation scheme is required that allows measur-
ing the velocity unambiguously with high accuracy and allows
transmit antenna switching to enable MIMO operation for
improved angle estimation. One well-known solution is the
fast chirp FMCW modulation described in [47].

Figure 10 shows the principle of chirp modulation with a
sequence of transmit chirps (red) being sent out and received
back (blue). The receive signal of all chirps combined is
2D-FFT processed to generate a range-velocity matrix. This
allows to locate and separate targets in range and velocity
within the given resolution. Further processing of several mea-
surements in time or from multiple transmit and receive chan-
nels allows extracting µDoppler movements and angle infor-
mation, respectively. µDoppler describes the time-dependent
variation of the radial velocity due to vibrations, rotation or
small movements.

With the growing number of transmit antennas used in a
MIMO scheme, an important limitation becomes apparent.
The maximum unambiguous radial velocity gets reduced by
the number of transmit antennas, if as usual time multiplex-
ing between the transmitters is applied. This effect can be
counteracted by reducing the chirp time, however the practical
achievable linearity of the frequency ramp generation, the in-
creased sampling speed requirements of the analog-to-digital
converter (ADC), and the flight time of the radar signal from
the sensor to the remote target and back limit the minimum
practical value of Tchirp. Different approaches to overcome this
limitation have been proposed, like frequency division multi-
plex (FDM) [48], [49] or code division multiplex (CDM) [50],
[51] of the transmit signals. Another approach is the applica-
tion of digital modulation schemes, this will be addressed in
Section IV.

C. TECHNOLOGY

As described in Section II, the first millimeter wave radar sen-
sors were based on GaAs technology [52], either as discrete
components or integrated circuits. As silicon-based Silicon

FIGURE 11. Comparison of transistor speed for different silicon
technologies [53].

Germanium (SiGe) technology became competitive in terms
of speed and cost, the transition to silicon started in 2010.
This enabled higher integration densities and allowed to add
more functionality at lower cost and a further move into mass
production. For the first time, a complete transceiver including
some digital components could be realized. This also signifi-
cantly simplified the realization of the millimeter wave part of
the radar sensor itself.

Following the example of the mobile phone industry, the
next seemingly inevitable technology transition is the move to
CMOS. Today’s CMOS technologies offer an extremely high
integration density for digital circuits and can provide good
RF performance. One indication of the feasibility for CMOS
technology in an automotive radar at 77 GHz is transistor
speed. Figure 11 shows a comparison of transistor fT and fmax

for a number of state-of-the-art CMOS and SiGe-BiCMOS
technologies. It can be seen, that several CMOS processes in
the 45 nm down to 22 nm nodes exhibit excellent transistor
speeds, nearly on-par with modern SiGe-BiCMOS technol-
ogy. Sufficient performance of other key parameters like noise
figure and output power has also been verified for CMOS
technology in the examples given below.

The feasibility of 77 GHz radar transceivers in CMOS
technology has been demonstrated in a variety of papers over
the last years, with [54] being one of the first, and [55]
being a more recent publication describing a multi-channel
transceiver.

A move to CMOS enables a further significant increase in
integration density and the transition from an analog-centric
radar transceiver to a radar system on chip (SoC). It typically
integrates the millimeter wave frontend, analog baseband, and
digital processing on a single die. Figure 12 shows the block
diagram of a test SoC realized in 22 nm CMOS FDSOI tech-
nology [56] with two transmitters, two receivers, the complete
analog baseband, ADCs, and digital signal processing accel-
erator components like fast Fourier transform (FFT) and con-
stant false alarm rate (CFAR). Microcontroller cores, memory,
or machine learning engines can potentially also be integrated,
enabling standalone operation with minimal additional out-
side components. An already available commercial example
of an SoC in 45 nm CMOS technology is described in [57].

Surface-mount packages like the eWLB shown in Fig. 13
have proven to be low-cost and reliable, while providing
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FIGURE 12. Radar system on chip (SoC) example showing Bosch
evaluation chip at 77 GHz [56].

FIGURE 13. Surface mount packages for millimeter wave radar
transceivers.

good RF performance of the chip-to-PCB transition up to
80 GHz [58]. The chip is placed into a mold compound that
forms the package, with the contacts of the chip facing to the
surface. On the surface a redistribution layer is formed, that
allows connecting the pads of the chip to solder balls placed
in a grid on the package.

Similar alternatives like interposer-based flip-chip chip
scale package (FC-CSP) have been successfully intro-
duced [59]. Extending the SMD package approach from sin-
gle layer to multiple redistribution layers allows high-channel
count radars like [60]. Another extension of the capabilities of
such a package is replacing the RF transition by antenna ele-
ments to form an antenna in package (AiP) [61], completely
removing the need for millimeter wave structures on the PCB.
This approach is useful mostly for short-range application
like [62], where limited antenna gain and spacing between
multiple antennas is restricted by the available package area.

D. INTERFERENCE

The basic premise of radar is reliable detection even under
changing environmental conditions. With the strongly increas-
ing number of vehicles equipped with up to twelve radars, the
environment becomes crowded with millimeter wave signals.
As there are currently no set rules for coexistence in the 76–
77 GHz frequency band, interference between different radar
sensors becomes more likely.

Figure 14a) shows the scenario for the simulation of a
500 m long dense highway with six lanes, where vehicles
equipped with three radar sensors each are driving. The cars

FIGURE 14. Simulation of dense traffic interference [63].

are randomly distributed having a minimum distance of 4 me-
ters when driving on the same lane. A simplified propagation
model that takes into account transmit and receive antennas,
free space propagation, first order reflections, and heuristic
blockage attenuation is used to calculate the propagation be-
tween radar sensors of arbitrary vehicles. The distribution of
the attenuation is plotted in 14b). The plot shows that there is a
significant amount of signals coming from radar transmitters
distributed over the highway that can be received by a vic-
tim receiver. This can potentially cause interference, leading
to decreased sensitivity, reduced measurement accuracy, or
in rare cases to sensor blindness. This is not acceptable for
safety-relevant functions like the automatic emergency brake
or vulnerable road user protection of pedestrians. Therefore,
measures to mitigate interference are being investigated. In-
terference mitigation between sensors can be broadly divided
into one of the three categories: detect and repair, active avoid-
ance, and cooperation.

Detect and repair means recognizing impacted receive sig-
nals and restoring the waveform as close as possible to the
undistorted original [64], [65]. In addition to FMCW, this
approach has also been demonstrated for modulation schemes
like phase modulated continuous wave (PMCW) and orthog-
onal frequency division multiplexing (OFDM) radar [66].
Avoidance is a well-known practice in RF communication and
used universally in lightly regulated frequency bands. Using
an analyze-before-measure approach, the transmitting device
listens before transmission and changes its operational param-
eters like transmit direction or center frequency in order to
avoid conflicts, as shown for example in [67]. This can be sup-
plemented by a cooperative interference mitigation approach,
that can be either rule-based or using a communication chan-
nel. In a rule-based setup every radar sensor has a fixed set
of common rules that determine the reaction to interference,
while a communications-based approach typically relies on a
central instance to arbitrate between the sensors [68].

Detect and repair is standard for radar sensors on the market
today, avoidance schemes are being worked by the industry,
while cooperative operation is still mostly a future topic.

IV. UPCOMING DEVELOPMENTS

With the significant decrease in costs of millimeter wave hard-
ware components, MMICs, and hardware systems, research
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on automotive radar has shifted its focus from hardware re-
lated topics onto system topics in recent years. Today, the
system specifies the hardware requirements, and since hard-
ware capabilities are often not anymore the limiting factor, so-
phisticated system concepts with high-performance imaging
qualities will come up. In the following, today’s key research
areas in automotive radar that allow for sophisticated systems
are discussed. Digital modulation schemes and compressed
sensing in Sections IV-A and IV-B are powerful tools for
future automotive radar systems. Whereas in the past sen-
sor properties like bandwidth, observation time, and aperture
were typically scaled to reach the next level of resolution or
imaging quality, respectively, future radar sensor networks are
a serious alternative allowing to reach better imaging per-
formance, shown in Section IV-C. As will be shown later,
such networks can even build on low-performance sensors as
network nodes. Based on that, Section IV-D discusses new
imaging approaches for automotive applications, i.e. synthetic
aperture radar (SAR) and grid mapping. Machine learning for
automotive radar as huge driver for fundamentally new signal
processing concepts is briefly addressed in Section IV-E.

A. DIGITAL MODULATION

Orthogonal frequency division multiplex (OFDM) and phase
modulated continuous wave (PMCW; in automotive con-
text often called PN radar) are the main digital modu-
lation schemes under investigation for future automotive
radars. Comprehensive overview papers on digital modulation
schemes and interference of automotive radars have recently
been published [66], [69], therefore, this topic is only men-
tioned briefly here. Since resolution limits are not a function
of the type of modulation scheme but a property of bandwidth,
observation time and aperture, better imaging quality is not
an advantage of digital modulations. These are rather among
others as follows:
� Digital radars offer an enormous flexibility in terms of

signal processing compared to analog radars.
� The 77 GHz signal is available as a baseband signal,

i.e. the filter function by the analog FMCW hardware
is eliminated. This allows e.g. for simple and flexible
interference mitigation techniques.

� Bistatic radar operation with at least two digital radars
enables easy carrier recovery, a great advantage for set-
ting up coherent radar networks, as discussed later.

Typical automotive radar sensors come with bandwidths of
several hundred MHz up to 1 GHz, in future with up to 4 GHz
in the 77–81 GHz band, to offer a high range resolution. For
a long time, these large bandwidths and the enormous data
rates associated with them prevented digital radar from being
used in the automotive sector and were therefore the most
important disadvantage of digital radars. Current research has
addressed this topic and sophisticated radar system concepts
have been introduced, reducing the enormous data rates by
different types of subsampling like introducing steps of the
carrier frequency, see Fig. 15 from [70], [71] or the use of
compressed sensing [72].

FIGURE 15. OFDM signal in frequency domain, colors represent QPSK
codes. Left: standard OFDM, the signal is divided into M symbols in time
domain and into N subcarriers into frequency domain. Right: new scheme
realized by a stepped carrier (red), allowing for a reduction of the ADC rate
by a factor corresponding to the number of steps. Adapted from [70].

B. COMPRESSED SENSING

Considering the range-velocity or range-azimuth domains of
a measurement in an automotive environment, the number of
potential target resolution cells is typically much larger than
the number of targets (reflections), even for high-resolution
sensors. Hence, the information content of the signal is much
lower than the number of resolution cells and samples col-
lected. Therefore, radar problems are typically sparse and
compressible in range, velocity, and angle. Exploiting this
sparsity property gives the opportunity of undersampling the
corresponding measurement domains by compressed sensing
(CS) techniques, that allow robust sampling of signals beyond
the Nyquist-Shannon limit. Radar signals may be sparse in
all measurement dimensions. CS is used in order to reduce
bandwidth (ADC rate), the amount of collected data or the
number of antennas, respectively, and thereby hardware com-
plexity. To apply CS it is important that the undersampling
pattern is approximately random and aperiodic [73]. Applying
conventional compression to the subsampled measurements
results in high sidelobes in the radar image while using CS
approaches instead mitigates these sidelobes. This idea was
first brought up by [73] to reduce the ADC rate by leaving
out samples and reconstructing them. In [74]–[76], frequency
agile radars with reduced bandwidth are proposed that use CS
instead of a matched filter compression. In [72], it is shown
that only 20% of the resolution bandwidth is sufficient to
accurately recover targets.

CS is particularly popular for direction of arrival (DOA)
estimation, as shown in the example in Fig. 16. In [79] bounds
on the number of targets recoverable in the angular domain
are derived. In [78], [80]–[82], CS is combined with sparse
antenna arrays to increase both target estimation robustness
and accuracy without increasing the number of required phys-
ical antennas. The results show that sidelobes in DOA estima-
tion are mitigated, and CS is capable of better performance
than sophisticated methods such as MUSIC. Measurements
of an automotive FMCW MIMO sparse array with CS DOA
estimation are investigated in [78]. The results show that tar-
gets within the same range-velocity cell with up to 10 dB
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FIGURE 16. Measurements using a sparse 4 × 8 MIMO array and two close
targets with angular spacing of 2.6

◦ and an RCS difference of 9 dB.
Conventional FFT beamforming yields sidelobes due to the
non-equidistant spacing of the antennas. Moreover, the two targets are
not distinguishable. Using CS evaluation (here: iterative method with
adaptive threshold (IMAT) see [77]), the sidelobes are mitigated and the
close targets are distinguishable. Figure taken from [78].

FIGURE 17. Detection rate of two targets with different RCS, that are only
separable in the angular domain. For RCS differences larger than approx.
15 dB the detection rate drops significantly, interestingly independent of
the angular spacing �ϑ of the targets. Figure taken from [78].

difference in RCS are still distinguishable with CS, which
in turn reveals a clear restriction on the use of compressed
sensing in the automotive sector. Typically, no more than
10−20 dB difference in RCS are acceptable to distinguish tar-
gets in any measurement dimension with most CS algorithms,
as shown in Fig. 17. In addition, CS algorithms always lead
to an increased computational effort compared to standard
approaches, see [83].

C. RADAR NETWORKS

In modern midsize and larger cars typically several radar sen-
sors are employed, each serving different functions coming
with tailored and function-specific fields of view. With that
many sensors in a single car, fusion of the sensor data and
therewith setting up a complete network of radar sensors gets
attractive, see Fig. 18. Radar networks promise an improved
detection performance due to the diversity provided by the
network and much better angular performance, see an exam-
ple in Fig. 19, in particular if the whole network spans an aper-
ture being much larger than the single sensor’s aperture. In
addition to improving classic radar parameters, networks also

FIGURE 18. Today’s automotive radar sensors are typically not networked
by a low level fusion, only high abstraction layers are merged (left). Low
level fusion leads to a large variety of different network architectures from
incoherent to fully coherent networks (right).

FIGURE 19. Measurement with a single MIMO radar (aperture 3 cm) in
comparison to a coherent network (aperture 16 cm) of a scenario with two
targets at 0

◦ and −5.2
◦.

FIGURE 20. Comparison of different network architectures based on
FMCW sensors from non-coherent networks (left) to coherent networks,
where coherency can either be realized classically on a hardware level or
on system and signal processing level.

provide the ability for totally new functions like ego-motion
estimation [84] or improved grid-mapping as discussed later.

In the literature, radar system concepts with several sepa-
rated sensors or transmitters are called radar networks, multi-
static concepts, or netted radar. These concepts can be further
subdivided depending on their kind of linkage between the
sensor nodes, monostatic and bistatic operation of the nodes,
the type of sensor fusion, and the important question of co-
herent or incoherent operation, see Fig. 20. Additionally, co-
herency may exist in the dimensions of space, time, frequency,
and phase [85]. In the automotive context, the term coherency
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typically refers to phase coherency between different sensor
nodes in a network.

Sensor data fusion on tracking and object level, i.e. after the
raw-data processing in each single sensor of a network, is not
considered in this paper, since those highly abstracted signal
processing layers are typically out of interest of the microwave
community. Fusion on this high level is well established today,
but coming with the drawback that much of the information
contained in the raw data signal is already lost. Hence, in the
following, the focus is on networks based on raw data fusion.

In case there is no coherency and even no synchronization
between the sensor nodes and each sensor measures mono-
statically only, the implementation of the network is rather
simple. Such automotive radar networks are typically built on
simple sensor nodes, sometimes even without the ability to
measure angles [86], [87]. Angles of the targets are then esti-
mated by employing multi-lateration techniques based classi-
cally on range measurements [88] and also on velocity eval-
uation [89], which helps reducing ambiguities or improving
the angular estimation performance of the network. Multi-
lateration in automotive scenarios suffers from ambiguities,
in particular as most targets in the automotive context appear
as extended targets with many scattering centers. Incoherent
networks with synchronization of the sensor nodes operate in
a cooperative way, which is also called distributed MIMO [90]
or netted radar [91]. Such networks operate coherently regard-
ing space, time, and frequency, but not phase. Hence, they do
not provide a coherent processing gain, but by exploiting the
angular diversity robustness is increased [92]. In [93] a bistatic
incoherent network was proposed which compensates timing
differences of the sensor nodes by proper signal processing.

Phase coherent radar networks share the advantages of in-
coherent networks but provide an additional coherent pro-
cessing gain and large apertures for angle estimation, see
Fig. 19. Consequently, they are the most powerful group of
networks. Wired connections using microwave transmission
lines or optical fibers are a simple way of coherently coupling
sensors [85], [94]. Since those hardware couplings are typ-
ically not acceptable for vehicle integration, a key research
direction is today the establishment of coherent multistatic
networks without hardware links, i.e., the coherency is real-
ized by sophisticated system concepts and signal processing.
Many of those concepts built up on the two sensor networks
are published in [95]. A concepts for N FMCW-sensors was
presented in [96] with coherent processing in [97]. Alternative
concepts comprise the integration of radar repeaters into the
networks [98]. Even interferometric concepts have recently
been proposed [99]. Most of those network approaches suffer
from very sparse apertures and therewith angular ambiguities,
in particular if the apertures span large parts of the vehicle. A
typical countermeasure to suppress ambiguities in the angular
domain is CS [98], as presented before.

D. GRID MAPPING AND AUTOMOTIVE SAR

With increasing requirements of the radar sensors for more
and more advanced functions towards autonomous driving, a

FIGURE 21. Measurement of a coherent automotive radar network that
comprises time-series of monostatic and bistatic range-velocity-
measurements. Based on the monostatic and bistatic measurements the
motion vector of the target can be estimated, as the target is measured
from two different perspectives [100].

FIGURE 22. Occupancy grid map based on a measurement by 4 × 4 MIMO
radar sensors at 76 GHz with 1 GHz bandwdith and localization of the
radar sensor by GPS.

complete mapping of the environment needs to be provided
by the radar sensors, whereas earlier sensors only created
target lists for higher level functions. In general, two maps are
currently being investigated, i.e. the grid map and SAR images
(synthetic aperture radar). Both concepts differ fundamentally
from each other. While grid maps are based on target lists and
thus are created after raw data signal processing and benefit
from a non-coherent integration gain, SAR images are based
on raw data and benefit from a coherent integration gain. Grid
maps are divided into amplitude grid maps and the much
more common occupancy grid maps [101], which represent
the probabilistic cell states of the environment. This means oc-
cupancy grid maps allow for a distinction between free space,
obstacles, and an unknown area, as shown in the example
in Fig 22. In contrast to feature-based approaches, the free
space and the occupied space is directly visible in such maps
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and does not have to be interpolated or calculated addition-
ally [102], [103]. Due to the probabilistic cell representation,
neither ghost targets are represented as real targets nor hidden
targets as free space, which enables a highly accurate and
very robust map. For many years, the radar sensors were not
yet powerful enough to create high-resolution grid maps of
the environment, but today’s powerfull sensors enable a high-
resolution image of the environment [104]. A GNSS-based
localization of the sensor is nowadays sufficient to create an
occupancy grid map out of radar data [101], [105]–[107].

As shown in the example in Fig. 22, the parking lot border
as well as buildings or lamp posts are clearly recognizable.
Furthermore, the clear separation between free space and
obstacles is easily recognizable. Future approaches aim at
radar-based prediction of the environment and motion vectors
of both the own one and the ones of other road users. This
allows two dynamic grid maps to be created, which are also
completely independent of additional localization systems
such as GNSS [108]. Furthermore, the use of a 2D-antenna
characteristic also enables a 3D-occupancy grid map of the
environment [109]. The disadvantage of occupancy grid maps
is that they are based exclusively on target lists, hence rather
small, simple and not so high-performance radar sensors can
hardly be used for the generation of high quality occupancy
gridmaps. In contrast, SAR images may be generated by rather
simple and low-performance sensors, but the localization ac-
curacy of the sensors needs to be high. Automotive SAR
images are based on the idea of exploiting the movement of
a vehicle in order to span large apertures. In the automo-
tive sector, such approaches were deeply investigated since
2009 [110]. The advantage of SAR images over grid maps is
the resulting resolution, which can be improved from a couple
of 10 cm to centimeters or even millimeters [111], [112]. Due
to the small wavelength, this high-resolution image requires
high-precision localization methods, which generally cannot
be achieved by the use of GNSS solely [113]. Radar network-
based ego motion estimation is one approach for localization
allowing for coherent SAR images, being processed on the
basis of various position estimates for short measurement
sequences over a few seconds, see Fig. 23. Both building
edges and car contours are clearly visible, which cannot be
represented at this precision in occupancy grid maps.

Current research mainly focuses on the localization of
the antennas and auto-focusing methods in order to span a
synthetic aperture along an arbitrarily long trajectory [114]–
[116].

E. MACHINE LEARNING AND AUTOMOTIVE RADAR

During the last few years machine learning (ML) techniques
were increasingly applied also in research on automotive
radar. First applied on SAR data, classification algorithms
have been recently applied to distinguish between various
types of targets detected by radar [117]–[120]. A special case
of target identification that has attracted particular interest
is the recognition of vulnerable road users (VRU) such as
pedestrians, either based on µDoppler signatures [121]–[123],

FIGURE 23. Automotive SAR image based on a network of radar sensors
that moves 8 cm only. The localization data required for SAR processing is
obtained by ego motion estimation of the network [116].

range-velocity spectra [124], [125], or other [126]. Besides
classification of specific targets, deep learning can provide
better scene understanding by semantic segmentation [127].
For radar, the surroundings of vehicles have been successfully
assigned to different categories based on grid maps [128],
point clouds [129], and utilizing both [130]. In [131], region of
interest-based segmentation is applied to range-velocity spec-
tra. Moving beyond single-radar scenarios, different authors
started exploring the use of machine learning algorithms to
detect and mitigate interference between various radar types.
The scope of work ranges from classifying the interference
type [132] to interference mitigation using denoising neural
networks such as convolutional neural network [133], auto-
encoder [134], [135], or recurrent neural networks [136].

An important topic for the microwave community is the
generation of large datasets for training the networks. An-
notating radar data from measurements, i.e. adding informa-
tion about the scene and targets, is a very exhausting pro-
cess, particularly for automotive scenarios. Hence different
approaches for the generation of simulated or synthetically
generated datasets have been presented mainly in the last
three years. [137] proposes a semi-automatic labeling based
on radar, Lidar, and camera data. In [138], radar measure-
ments are enriched with GNSS ground-truth for ML-based
VRU recognition. Furthermore, synthesizing VRU radar re-
sponses with radar simulators has been presented with the
motion ground-truth obtained from kinematic models [139],
animations [140], [141], or Kinect data [142], [143].

V. CONCLUSION

This paper has shown the development of automotive radar
over the past decades and addressed today’s new research
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directions. A clear trend is the increasing differentiation of
standard low-cost sensors for driver assistance applications
and high-performance sensors for autonomous driving. Since
the research focus is moving away from pure hardware topics,
the new topics are more diverse and play at different levels of
the sensor system. On hardware level, more and more com-
ponents are integrated in CMOS technologies into a single
IC, including the classical MMIC components together with
the circuitry for signal synthesis and signal processing. Signal
processing and hardware design are growing together more
and more and can no longer be considered separately from one
another. MIMO antenna designs, digital modulation schemes
and radar networks show this trend clearly. We expect sensor
systems in the coming years to be much more powerful than
today’s ones, as research on a comprehensive system level has
only just begun.
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