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Abstract—Networks of distributed sensors in automotive ap-
plications enable the coverage of wide areas of the surrounding.
The spacing between multiple sensors, that observe a common
scene, provides different views on jointly detected targets. In
this paper, a moving vehicle with multiple single-channel radar
sensors is used to create a high-resolution image. The proposed
approach is based on a single chirp-sequence measurement of
multiple radars. It utilizes a joint radar ego-motion estimation
to compensate the motion of the vehicle whereby it is possible
to generate an image. Thus, this approach is independent of
external systems for the motion compensation like global satellite
navigation systems. Measurements at 77GHz with 5 sensors
are conducted to demonstrate the performance in an automotive
scenario.

I. INTRODUCTION

Many automotive applications depend on radar sensors due
to their robustness under challenging environmental condi-
tions, like rain or dust. For this reason, there is an increasing
demand of radar sensors in automotive systems, which results
eventually in the 360◦ coverage of the surrounding of the car
by multiple radar sensors. However, these sensors are often
used for their predetermined, specific tasks. In contrast to this,
the work presented here considers a cooperative network of
radar sensors that are spatially distributed around the vehicle.
The single sensors in such a network have the advantage
that they can be less complex and thus are smaller in size.
This publication considers very simple sensors with only a
single transmit and receive channel. The decrease in sensor
size gives new possibilities for the placement around the car,
while the spatial distribution provides additional information
in the spatial- and Doppler-domain. Usually, single-channel
radar sensors that work independently of one another do not
provide sufficient information for an angle of arrival estimation
to determine the position of a target. In contrast to this,
the network of simple sensors enables an instantaneous ego-
motion estimation [1]. The precise knowledge of the actual
motion is a requirement for along-track imaging techniques
as described in [2], whereas the range information, that is
available from a single-channel radar, is sufficient to generate
high-resolution images.

The proposed imaging approach that uses distributed sensors
is completely independent of external information sources
like inertial measurement units or global navigation satellite
systems (GNSS) to compensate the motion of the sensors.
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Fig. 1: Exemplary distribution of sensors around a car [1]. The sensors
experience different range and velocity observations of a joint target
due to their spatial distribution.

Together with the network’s self-estimated ego-motion infor-
mation, each sensor of the network can be used to generate
a high-resolution image of the jointly observed scene. The
relatively large spatial distribution of the sensors enables
different views on various targets. Hence, the superposition
of multiple sensors adds even more informational content to
the image.

II. SENSOR SETUP

A. Placement and field of view

An exemplary automotive sensor setup is shown in Fig. 1.
Multiple radar sensors are placed on one side of a car. The
sensors are distributed with a maximum spacing to each other
at which they still obtain an overlapping field of view (FoV).
To achieve this requirement, the FoV of a single sensor is
considered as wide in the azimuth plane. A comparably narrow
beamwidth is considered for the elevation plane and all sensors
are placed at the same height.

B. Interference prevention

The measurements of all sensors in the network are trig-
gered at the same time through a dedicated trigger wire. A
slight frequency shift is applied between the sensors to avoid
any interference between the transmitted signals.
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Fig. 2: Overview of the processing steps for the imaging based on
the measurement data of M sensors.

C. Modulation scheme

The single-channel sensors are operated with a chirp-
sequence modulation scheme [3]. A measurement contains
a number of N chirps with the duration Tc and the chirp
repetition rate fr =1/Tr. The appropriate choice of the param-
eters depends on the scenario that is considered and influences
the ego-motion estimation as well as the joint imaging. Each
sensor’s measurement provides range-Doppler information of
the scenario through a 2D-signal processing [4]. The further
processing is based on that range-Doppler data.

III. PROCESSING CHAIN

An overview of the total signal processing chain is given in
Fig. 2. The first steps are taken for each sensor individually.
The processing is based on the time-domain samples of
simultaneous measurements of the sensors. After zero-padding
of the individual sensor’s data, the range-Doppler information
is calculated by the 2D-fast Fourier transformation (FFT). This
data is used for the imaging process that is explained later as
well as it is further processed with regard to the ego-motion
estimation.

IV. EGO-MOTION ESTIMATION

The knowledge of the ego-motion is crucial for the imaging
of the single sensors and the combination of all sensors’
measurements which uses the full aperture. The network of
single-channel radars inherently provides sufficient informa-
tion to calculate the necessary motion parameters, which are
required to calculate the velocity and the direction of motion
as explained in [1].

In case of a linear motion in the x- and y-plane, all points on
the car experience the same velocity and movement direction.
However, for movements that imply a rotation of the car, the

motion behavior becomes dependent on the points’ distances
to the reference point that lies on the rear axle midpoint as
shown in Fig. 1. Hence, the motion of the car is described by
the velocity #–v and the yaw rate ω on that reference point. The
algorithm calculates a velocity profile out of a limited number
of target detection and estimates the motion parameters.

In this process, a limited number of detections is first
extracted from the range-Doppler data of all sensors by using a
2D-ordered statistics constant false alarm rate algorithm (OS-
CFAR) [5]. A reasonably high threshold needs to be chosen to
avoid clutter and favour strong targets. These range-Doppler
detections of the individual sensors are associated with each
other through the sensors’ positions using the multilateration
technique. Following this, the angle between the resulting
intersection points and the reference point is calculated. As
a consequence of the multilateration in multi-target scenarios,
the ambiguous range rings of the single sensors are reduced to
distinct points. However, the intersection points still comprise
points representing true target positions and ambiguous points.
For this reason, the random consensus (RANSAC) algorithm
is utilized to find intersection points in which the positions and
relative velocities support a common motion profile of the car
[1].

V. IMAGING

In the following, it is described how a image is constructed
from a single measurement snapshot. This snapshot is gathered
by multiple distributed radar sensors comprising just a single-
channel each. The processing is based on the same mea-
surement data as the above explained ego-motion estimation
resulting from a chirp-sequence evaluation. For this modula-
tion scheme a large number of comparably short frequency-
modulated continuous-wave (FMCW) ramps are transmitted
successively.

A. Sample point reconstruction

These sequential transmissions of FMCW-ramps correspond
to a spatial sampling along the motion path, as soon as the
sensors are moving. Hence, the estimated velocity in combi-
nation with the chirp repetition rate fr result in the spatial
distance between the sampling points. To avoid ambiguities
in the considered area, the chirp repetition needs to be fast
enough to satisfy the Nyquist sampling criterion regarding the
actual velocity of the car.

The location of each sensor at the time of each FMCW-
ramp can be determined from the estimated ego-motion in
conjunction with the known spatial offset of the sensor with
regard to the common reference point.

B. Focusing

With view on the arbitrary sensor locations, the sampling
positions of all sensors are not equally spaced. For this reason,
a backprojection algorithm is used for focusing and image
processing [6]. First of all, a pixel grid G is defined as a basis
for the focused image. Further, the focal plane needs to be
determined, which is set to the x-y-plane at the sensors height



for the following considerations. The distance r between all
M sensor positions at always N spatial sampling points and
each pixel of the image grid are calculated. The associated
complex values of the sensors’ range measurements Ar,n,m

are coherently projected to each grid cell resulting in

G(x, y) =

M∑
m=1

N∑
n=1

Ar,n,m exp

(
−i2π

fc
c

(r − ∆r)

)
, (1)

whereby ∆r is the resolution of the range FFT, fc is the radars
center frequency, and c refers to the speed of light.

C. Error impact of ego-motion estimation

The movement is considered as constant for the length
of the chirp-sequence. Even though this averaging property
of the motion estimation and the estimation error in general
don’t lead to a defocusing of the resulting image but to a
migration of the respective target within the range circle by
processing of only one sensor. By processing more than one
non coherent mounted sensor the image becomes defocused
due to the different target migration circles for each sensor
position. The defocusing is negligible for the typically short
duration of chirp-sequences and becomes significant small on
basis of coherent sensor mounting.

VI. MEASUREMENT SETUP

A setup including 5 radar sensors was utilized in order to
verify the proposed algorithm on real data. All sensors were
jointly triggered to perform independent radar measurements.
They were distributed along an aluminum profile at positions
as given in Fig 3. This profile was mounted on a wheeled
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Fig. 3: Sub-apertures ( ) of the 5 sensors along the motion axis.

cart at a height of 50 cm. In order to enable fast but traceable
movements, this cart was moved on rails. The sensors were
looking to the side, which means that they were oriented
perpendicular to the driving direction of the cart. The measure-
ments were conducted on a parking area where cars, light posts
and curbstones are located. Further, 6 corner-reflector targets
were distributed in front of the radars as shown in Fig. 4.
The observed scenario is shown on a photo in Fig. 6 During
the movement, a single chirp-sequence snapshot was triggered
whereby 128 ramps were recorded at each sensor. Due to the
ramp repetition rate of fr = 2.86 kHz, a total measurement
time of tm = 44.8 ms was reached. The ego-motion of the
chosen measurement was calculated and a velocity of 2.36 m

s
was conducted. This results in a spatial sampling distance
of just 8.3 mm. Therefore, an ambiguity-free representation
of the FoV can be considered for the resulting path-length
of 10.6 cm. These sub-apertures are depicted with respect to
the location of each sensor as blue rectangles in Fig 3. The
aperture length of 1.83 m over all sensor locations is depicted
in Fig. 4 respectively.
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Fig. 4: Top-view of the measurement scenario showing the ground-
truth locations of 6 corner reflector targets ( ), a car, posts, and
curbstones. The sensors are depicted by a rectangle ( ).

The measurements were conducted at a center frequency
of 77 GHz and a bandwidth of 1 GHz resulting in a range
separability of ∆Rmin = 15 cm.

VII. MEASUREMENT RESULTS

In the following, the proposed algorithm is applied to a
single measurement of the previously described scenario. A
small pixel size of 10 mm is chosen to enable a lossless
imaging of the scenario.
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Fig. 5: Image comprising the data of all 5 sensors.

The image after the backprojection of the measurements of
all sensors is shown in Fig. 5. It clearly shows the 6 corner
reflectors, the car (Car 1) and the post as marked in Fig. 4.
In addition, further details like parked cars (Car 2, Car 3)
and the curbstone can be identified. It is remarkable, that only
the parts of the curbstone are visible, which are parallel to
the sensor front. Further, the left inner edge of the curbstone
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Fig. 6: Perspective of the sensors. Targets are correspondingly labeled to Fig. 4.
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Fig. 7: Image of sensor 1.

can be discovered very well due to its trihedral shape. The
right inner edge has no closed shape, and thus does not reflect
sufficient energy.

In comparison to the 5 single sensors’ images in Fig. 7
and 8 the intensity of some targets show a strong dependency
on the sensor position. For example, certain targets are covered
behind obstacles in view of one sensor position, but it is fully
detected by another sensor. While the black car (Car 3) at
(x = 4 m, y = 24 m) is hardly visible in view of sensor 1 in
Fig. 7, it shows a strong intensity in the joint image Fig. 5.

Furthermore, the detection of near targets with single sen-
sors is more sensitive to the target angle with respect to the
sensor position. In particular, this can be observed for the
targets T6 an T3. The sharpness of the joint image in Fig. 5 is
more sensitive to errors of the ego-motion estimation, due to
the large spatial distances between the sensors. In addition,
knowledge of the precise position of the single sensors is
important for an accurate combination of the sensor’s mea-
surements.

VIII. CONCLUSION

The presented algorithm combines the chirp-sequence mea-
surements of multiple networked radar sensors to a high-
resolution gridmap. To achieve this, only single-channel radar
sensors distributed on one side of a vehicle are used. Based on
that, the results of the ego-motion estimation in conjunction
with a back projection algorithm are utilized to process a joint
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Fig. 8: Images of the single sensors 2...5. The color axis is scaled
the same as in Figure 7.

image. The measurement results show that the multi sensor
processing unveils additional features compared to a single
sensor evaluation.
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