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(57) ABSTRACT

A radar system transmits signals for recording the environ-
ment of a motor vehicle, and the signals are reflected back
from objects in the environment. Received signals are
acquired from different combinations of transmitter and
receiver antennas of the system. With regard to a series of
such antenna combinations having their respective phase cen-
ters ordered in a spatial direction R, the positions of the phase
centers of the combinations vary periodically with the period
length P in a spatial direction S that runs perpendicular to the
spatial direction R. Signal processing circuitry makes conclu-
sions about the position of an object in the spatial direction S,
based on an evaluation that the received signals from the
object have a phase portion that alternates with the period
length P over the antenna combinations ordered as set forth
above, depending on the angular position of the object in the
spatial direction S.
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1
RADAR SYSTEM WITH ELEVATION
MEASURING CAPABILITY

The invention relates to a radar system for use in driver
assistance systems in the motor vehicle. The radar system has
an elevation measuring capability according to the invention.

STATE OF THE ART

Motor vehicles are increasingly equipped with driver assis-
tance systems, which with the aid of sensor systems detect the
environment and from the thus recognized traffic situation
derive automatic reactions of the vehicle and/or instruct,
especially warn the drivers. Here, a distinction is made
between comfort and safety functions.

As a comfort function FSRA (Full Speed Range Adaptive
Cruise Control) plays the most important roll in the current
development. The vehicle adjusts the true speed to the desired
speed predefined by the driver, provided the traffic conditions
permit this, otherwise the true speed is automatically adapted
to the traffic situation.

In addition to an increase of the comfort, safety functions
are increasingly focused, the reduction of the breaking and or
stopping distance playing the most important role in emer-
gency situations. The spectrum of the corresponding driver
assistance functions reaches from an automatic priming of the
brake to the reduction of the brake latency (pre-fill), via an
improved brake assistant (BAS+) up to the autonomous emer-
gency braking.

For driver assistance systems of the above described type
radar sensor are mainly used today. Also at poor weather
conditions they work reliably and can measure in addition to
the distance of objects also directly their radial relative speed
via the Doppler effect. As transmission frequencies, here 24
and 77 GHz are used.

For reasons of costs and size radar sensors available today
have only an angle measurement capability in azimuth, but
not in elevation, for which reason they cannot reliably distin-
guish between a stationary vehicle on the one hand and on the
other hand objects above the roadway (e.g. bridges) or small
objects (e.g. can of coke) lying on the roadway as well as
unevenness of the road surface (e.g. by offset board joint).
Therefore, current systems do not react to stationary objects
or only to a small extent, which in particular for safety func-
tions is disadvantageous for reducing the breaking or stop-
ping distance.

OBIECT, SOLUTION AND ADVANTAGES OF
THE INVENTION

It is, therefore, the object of the invention generate an
elevation measuring capability which does not increase or at
least only insignificantly the costs and the size of the sensor.

This object is achieved in principle with the aid of a radar
system in accordance with the claims 1-14. Here, it is shown,
how to it is possible to impose on the angular formation for
azimuth by the periodic vertical offset of individual antennas
an angular formation for elevation.

The advantages of the invention result from the fact that the
substantially cost- and size-neutral elevation measuring capa-
bility allows for a stronger reaction to stationary objects (end
of a traffic jam), which in particular for safety functions is
disadvantageous for reducing the breaking or stopping dis-
tance.

The radar system according to invention for detecting the
environment of a motor vehicle comprises transmission
means for emitting transmission signals using at least two
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2

transmitter antennas, receiving means for receiving transmis-
sion signals reflected by objects using one or more receiver
antennas, wherein each antenna comprises a phase center.
Furthermore, signal processing means are provided for pro-
cessing the received signals. Received signals are acquired
from different combinations of transmitter and receiver
antennas. In each combination one transmitter and one
receiver antenna each is active. The received signals thus
result from reflected signals, which each originate from a
transmitter antenna and are received by a receiver antenna. To
each combination a relative phase center can be assigned,
which is defined as the sum of the two vectors from a refer-
ence point to the phase centers of the respective transmitter
and receiver antenna.

Furthermore, signal processing means are provided for
processing the received signals. Transmitter antennas have at
least each approximately the same emission characteristic,
the same applies to the receiver antennas. The emission char-
acteristic of the transmitter antennas, however, can be differ-
ent to the emission characteristic of these receiver antennas.
With regard to the spatial direction S that runs perpendicular
to the spatial direction R the position of the relative phase
centers of said combinations of transmitter and receiver
antennas varies periodically with the period length P, if a
series of said combinations of transmitter and receiver anten-
nas is considered, which is arranged in the spatial direction R
with regard to the position of the relative phase centers. An
exemplary embodiment of such an antenna assembly is
shown in FIG. 13 with the reference numeral 13.1. In the
signal processing means it is utilized that the received signals
from an object have a phase portion that alternates with the
period length P over the combinations of transmitter and
receiver antennas arranged as above, depending on the angu-
lar position of said object in the spatial direction S, which is
used to make assertions about the position of objects in the
spatial direction S.

In particular R is the horizontal direction and S is the
vertical direction, so that by the phase portion that alternates
with the period length P of the received signals of an object it
is possible to make assertions with regard to its vertical posi-
tion.

In an advantageous embodiment the relative phase centers
of the combinations of transmitter and receiver antennas in
relation to the spatial direction R lie at least approximately
equidistant.

Inparticular in the signal processing means on the received
signals from the different combinations of transmitter and
receiver antennas (e.g. model-based methods such as accord-
ing to Burg or subspatial methods such as MUSIC) a digital
beam formation or a high-resolution method is applied to
measure or estimate from it the position of objects both in the
spatial direction R and in the spatial direction S.

In an advantageous embodiment of the invention a digital
beam formation is performed with the aid of a discrete fourier
transformation (DFT) ofthe length N ifnecessary while using
a window function, for which purpose a sequence of the
combinations of transmitter and receiver antennas is used,
which are arranged in the spatial direction R with regard to the
position of the relative phase centers.

In an advantageous embodiment of the invention for esti-
mating the position of objects in the spatial direction S it is
utilized that an object in the spectrum of the DFT generally
produces P power peaks in the respective distance N/P and
that the proportion between the spectral values at these power
peaks depends on the angular position of the object in the
spatial direction S. N is the DFT length and P is the period
length, with which the position of the relative phase centers of
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the combinations of transmitter and receiver antennas alter-
nates with regard to the spatial direction S, if a sequence of
these combinations of transmitter and receiver antennas is
considered, which in the spatial direction R is arranged with
regard to the position of the relative phase centers. In a pre-
ferred embodiment of the invention the period length is P=2.

In a preferred embodiment of the invention the object
elevation angle oz, is estimated with the aid of the relation
og=arcsin (-A/(mws)arctan [Re(j-w(n, +N/2)/w(n,))]),

wherein w(n ) and w(n,_ +N/2) are the spectral values of

the two power peaks with the frequency values n,_ and

n, +N/2, n,_represents the frequency value corresponding

to the azimuth angle o, s is the vertical offset of the

relative phase centers and A is the used central wavelength.

In a positive embodiment of the invention S is the vertical
direction and in which the estimate of the angular position of
objects in this vertical spatial direction S is used to recognize
a misalignment of the radar system in elevation direction. In
an advantageous embodiment of the invention for recogniz-
ing a misalignment in elevation only sufficiently far away
moved objects are used, wherein the distance of the objects
must be so large that the reflecting property of the road surface
does not lead to a significant tampering of the measurement
results, and an averaging is effected via the estimated angular
position of several objects, wherein a linear averaging (e.g. a
weighted averaging) or a nonlinear averaging (e.g. median
formation) is used.

In particular for recognizing objects which can be passed
from underneath or from above an imaginary part of the
proportion V=j-w(n +N/2)/w(n,,) is used directly or divided
by the amount |V| of the proportion, wherein w(n,,) and
w(n, +N/2) are the spectral values of the two power peaks
with the frequency values n,, and (n,,+N/2) and n ,, repre-
sents the frequency value corresponding to the azimuth angle
o, and assertions are made from an amount, in particular
filtered above the object distance, and/or distance-related
variation of this measure on the height of objects above the
road surface.

A positive embodiment of the radar system provides sev-
eral transmitter antennas (number of N, preferably =2) and
several receiver antennas (number of Nj), wherein the
receiver antennas N do not lie with regard to the spatial
direction R outside of outer of these N transmitting antennas,
and each have at least approximately the same emission char-
acteristic and with regard to their phase centers in this spatial
direction R are arranged at least each approximately equidis-
tant.

The transmitting antennas are arranged such that in the
spatial direction R the distance of these N, transmitting
antennas to each other is larger by the factor N or N.—1 than
the distance of these N receiver antennas to each other,
whereby an arrangement with a transmitter antenna and
maximum NgN in this spatial direction R equidistantly
arranged receiver antennas is synthesized with at least
approximately identical emission characteristic.

In a positive embodiment the N transmitter and the N
receiver antennas are realized in planar technology and are
arranged on a plane surface. Moreover, at least two of the N¢
transmitter and of the N, receiver antennas overlap with
regard to the spatial direction R. This overlap is realized by at
least one of the subsequent arrangements and/or embodi-
ments of these transmitter and receiver antennas:

Antennas are offset to each other with regard to the spatial
direction S which runs perpendicular to the spatial direc-
tion R, e.g. for a horizontal spatial direction R the trans-
mitter antennas are arranged above the receiver antennas
or vice versa.
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The transmitter and/or the receiver antennas have an
inclined form, with regard to the spatial direction R, e.g.
gaps and/or the lines of the respective planar antennas
are arranged not parallel or vertical, but inclined, i.e. at
an angle o with 0°<|al<90°, to the spatial direction R.

Antennas are locked with each other with regard to the
spatial direction R, as it is shown in a particular embodi-
ment in FIG. 24.

Emitting and/or receiving elements (e.g. patches) are
jointly used by at least two transmitter and/or receiver
antennas.

At least one antenna is used both for transmission and
reception.

In an advantageous embodiment of the invention received
signals are acquired from different combinations of transmis-
sion and receiver antennas. The transmission and receiver
antennas used here each have at least approximately the same
beam characteristic, wherein the beam characteristic of these
transmission antennas can be different to the beam character-
istic of these receiver antennas. With regard to the spatial
direction R the position of the relative phase centers of these
combinations from transmission and receiver antennas varies
periodically with the period length Q by an equidistant raster.
In the signal processing means for determining the position of
objects in the spatial direction R the fact is utilized that the
received signals of an object, recorded by different combina-
tions of transmission and receiver antennas, dependent from
its angular position in the spatial direction R have a phase
portion alternating with the period length Q apart from a
linear phase portion, if a sequence of the combinations from
transmission and receiver antennas ordered in the spatial
direction R with regard to the position of the relative phase
centers is considered. The linear phase portion of the received
signals allows for a fine, but ambiguous angle determination
in the spatial direction R, whereas the alternating phase por-
tion allows for a rough, but clear angle determination.

SHORT DESCRIPTION OF THE DRAWINGS

In FIG. 1 the first form of embodiment of a radar system is
shown.

FIG. 2 shows for the first form of embodiment the fre-
quency of the transmission and of the received signals, which
consist of so-called frequency ramps, as well as the antenna
combinations sequentially driven thereby.

FIG. 3 shows a sampled signal with the presence of two
objects before the first DFT (left) and after the first DFT
(right).

In FIG. 4 the complex spectral value rotating via the fre-
quency ramps in the distance gate 4, in which there is exactly
one object, is shown.

FIG. 5 shows the two-dimensional complex-valued spec-
trum after the second DFT.

FIG. 6 shows for the antenna assembly of the first form of
embodiment the different path lengths between the individual
antennas and a far away object resting relative to the sensor
with an azimuth angle o, <0.

FIG. 7a shows an antenna assembly with transmitter and 8
receiver antennas, which is to equivalent the antenna assem-
bly of the first form of embodiment with 2 transmitter and 4
receiver antennas; in FIG. 7b for this equivalent arrangement
the different path lengths between the individual antennas and
a far away object resting relative to the sensor is shown.

FIG. 8a shows for the above antenna assemblies the com-
plex spectral value rotating via the antenna combinations in
the distance-relative-speed-gate (9,0), in which there is
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exactly one object (resting relative to the sensor); in FIG. 85
the amount of assigned spectrum after the third DFT is shown.

FIG. 9 shows the data before the three-dimensional DFT
(left) and the three-dimensional complex-valued spectrum
thereafter (right).

In FIG. 10 the second form of embodiment of a radar
system is shown.

FIG. 11 shows for the second form of embodiment the
frequency of the transmission and of the received signals with
a parallel control of all antenna combinations.

FIG. 12 shows the third form of embodiment of a radar
system.

FIG. 13 shows the fourth form of embodiment of a radar
system.

FIG. 14 shows for the antenna assembly of the fourth form
of embodiment the different path lengths between the indi-
vidual antennas and a far away object resting relative to the
sensor with an elevation angle o,,;<0 and the azimuth angle
0.,,<0.

FIG. 154 shows for the proportions indicated in FIG. 14 the
complex spectral value rotating over the antenna combina-
tions in the distance-relative-speed-gate (9,0), in which there
is exactly one object (resting relative to the sensor); in FIG.
155 the amount of the assigned spectrum after the third DFT
is shown with two power peaks distanced by half the DFT
length N=16 with n=2 and n=10.

FIG. 16 shows in the complex plane the connections for the
transformation of a relation for the elevation measuring capa-
bility of the fourth form of embodiment.

FIG. 17 illustrate the reflecting effect of the road surface.

FIG. 184 shows the relative imaginary part of the propor-
tionV and FIG. 185 its absolute imaginary part each along the
distance r for a vehicle (average height h,=0.5 m, vertical
expansion 0.3 m) and a bridge (average height h ,=5 m, ver-
tical expansion 0.3 m), wherein the sensor height is h=0.5 m.

In FIG. 19 the connection A¢=3m-sin () resulting for
d=3)/2 between phase difference Ap and azimuth angle ot is
shown.

FIG. 20a shows an ideal antenna diagram with azimuthal
detectionrange -19.5 . . . +19.5; FIG. 205 shows a realizable
antenna diagram for such a detection range with atleast 15 dB
suppression outside.

FIG. 21 shows the antenna assembly of a fifth form of
embodiment of a radar system.

FIG. 22 shows the antenna assembly of a sixth form of
embodiment of a radar system.

FIG. 23 shows the antenna assembly of a seventh form of
embodiment of a radar system.

FIGS. 24a and 24b show two alternative antenna assem-
blies of an eighth form of embodiment of a radar system.

FIG. 25 shows the antenna assembly of a ninth form of
embodiment of a radar system.

FIG. 26 shows the antenna assembly of a tenth form of
embodiment of a radar system.

FIG. 27 shows the eleventh form of embodiment of a radar
system.

FIG. 28 shows an antenna diagram, which is sensitive by
corresponding shoulders also outside of the azimuthal range
-19.5...+19.5.

FIG. 29 shows for the eleventh form of embodiment a
course of the amount of the spectrum after the third DFT with
two power peaks distanced by halfthe DFT-length N=16 with
n=2 and n=10.

EXAMPLES OF EMBODIMENT

The invention is now explained on the basis of exemplary
embodiments of radar systems and arrangements of their
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antennas. First of all, it should be noted that for images,
diagrams and derivations point-shaped objects are assumed,
unless explicitly extended objects are pronounced.
Embodiment 1 According to FIG. 1

At first, the exemplary embodiment of a radar system,
which is roughly shown in FIG. 1 is considered. The radar
system has 2 transmitter antennas TX0 and TX1 for emitting
transmission signals and 4 receiver antennas RX0-RX3 for
receiving transmission signals reflected at objects; the anten-
nas are embodied as patch antennas on a planar board 1.1 in
planar technology, wherein this board is oriented with regard
to horizontal and vertical direction as is shown in the drawing.
All antennas (transmitter and receiver antennas) have the
same emission characteristic in elevation and azimuth. The 4
receiver antennas (and thus their phase, i.e. emission centers)
each have the same lateral, i.e. horizontal distance D=A/2 =
6.2 mm to each other, wherein A=c/24.15 GHz=12.4 mm is
the mean wavelength of the emitted signals; the horizontal
distance of the two transmitter antennas to each other is 4
times as large, i.e. it amounts to 4d=2A.

Viathe multiplexers 1.3 and 1.4 in each case one of the two
transmitter antennas and one of the 4 receiver antennas can be
selected.

The transmission signals emitted on the respectively
selected transmitter antenna are gained from the high fre-
quency oscillator 1.2 in the 24GHz-range, which can be
changed in its frequency via a control voltage v,,,....;; the
control voltage 1.9 is generated in the control means. The
signals received from the respectively selected receiver
antenna are equally down-mixed in the real-valued mixer 1.5
with the signal of the oscillator 1.2 into the low frequency
range. Thereafter, the received signals go through a bandpass
filter 1.6 with the shown transfer function, an amplifier 1.7
and an A/D converter 1.8; subsequently they are further pro-
cessed in a digital signal processing unit 1.10.

So that the distance of objects can be measured,—as is
shown in FIG. 2—the frequency of the high frequency oscil-
lator and thus of the transmission signals is changed very
quickly in linear manner (in 8 ps by 187.5 MHz); this is
referred to as a frequency ramp. The frequency ramps are
periodically repeated (all 10 ps); in total there are 2048 fre-
quency ramps. Via the frequency ramps the 8 combinations of
the 2 transmitter and 4 receiver antennas are periodically
repeated in the order TX0/RX0, TX0/RX1, TX0/RX2, TX0/
RX3, TX1/RX0, TX1/RX1, TX1/RX2 and TX1/RX3,
wherein before each frequency ramp the respective next com-
bination is selected. In FIG. 2, k is the indexed variable over
the 2048/8=256 frequency ramps for each antenna combina-
tion and m=4-m +mg, the indexed variable over the 8
antenna combinations TXm /RXm.

The received signal of a single object is a sinusoidal oscil-
lation after mixture and thus also at the A/D converter for each
frequency ramp and each of the 8 antenna combinations; this
can be explained with the aid of FIG. 2 as follows: if the object
has the radial relative speed zero to the radar system, then the
frequency difference Af between the transmitted signal and
the received signal is constant and proportional to signal
propagation time At and thus proportional to the radial dis-
tance r=c At/2, wherein c is the speed of light and the factor 12
considers that the propagation time At refers to the forth and
back propagation of the wave; the frequency difference Af
results with the above interpretation to Af=2r/c-187.5 MHz/8
us=r-156.250 kHz/m. Since the received signal is real-valued
mixed with the oscillator and thus with the transmission fre-
quency, a sinusoidal oscillation with the frequency Lfresults
after the mixer. This frequency lies in the MHz-range and is
still shifted with a non-vanishing radial relative speed by the
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Doppler frequency, which lies, however, only in the kHz-
range and which is, therefore, approximately negligible com-
pared to the frequency portion by the object distance. If there
are several objects, then the received signal is a superposition
of several sinusoidal oscillations of different frequency.

During each frequency ramp the received signal is sampled
in each case 256 times at the A/D converter at the distance of
25 ns (i.e. with 40 MHz) (see FIG. 2). As is apparent from
FIG. 2, a signal sampling makes sense only in the time range,
where received signals of objects arrive within the receivable
distance range—thus after the ramp start at least the propa-
gation time corresponding to the maximum receivable dis-
tance must be waited for (with a maximum receivable dis-
tance of 150 m this corresponds to 1 ps).

Then via the 256 sampled values of each frequency ramp a
Discrete Fourier Transformation (DFT) in form of a Fast
Fourier Transformation (FFT) is formed.

This makes it possible to separate objects in different dis-
tances, which lead to different frequencies (see FI1G. 3; on the
left signal before DFT with presence of two objects, on the
right after DFT). Each of the discrete frequency supporting
points j of the DFT corresponds to a distance r and can,
therefore, analogue to pulse radars also be called a distance
gate; with the above interpretation the distance gates have
merely one distance and thus a width of one meter (results
from r-156.250 kHz/m=1/(6.4 ps)). In the distance gates, in
which the objects are located, power peaks occur in the DFT.
As the sampled received signals are real-valued and the upper
transition region of the analogue bandpass filter 1.5 in FIG. 1
has a frequency bandwidth of 8.75 MHz (corresponds to the
range of 56 frequency supporting points), only 100 of the 256
discrete frequency supporting points can be further processed
(it should be noted that it is not possible to realize any number
of narrow transition regions of filters). The filter 1.5 absorbs
small frequencies and thus the received signals of close
objects, in order to avoid an overmodulation of the amplifier
1.6 and of the ND converter 1.7 (the signals received at the
antennas get stronger with decreasing object distance).

Over the 256 frequency ramps (k=0, 1, .. ., 255) complex
spectral values e(j,k,m) result in each of the 8 antenna com-
binations m (m=0, 1,. .., 7) for each distance gate j (thus each
of'the 100 considered frequency supporting points). Ifthere is
exactly one object in the distance corresponding to a distance
gate, the complex spectral value rotates in this distance gate j
over the 256 frequency ramps of each antenna combination
with the Doppler frequency, since from frequency ramp to
frequency ramp the distance (in the mm range or below) and
thus the phase position of the assigned oscillation change
uniformly (see FIG. 4; the phase change of 45° per frequency
ramp represented there corresponds to a distance decrease of
the object of A/(8-2)=0.78 mm, wherein the mean wave-
length A=c/24.15 GHz=12.4 mm and the factor 2 in the
denominator considers the forth and back propagation of the
wave, resulting in the radial relative speed v,,,~0.78 mm/80
us=35 km/h; positive sign of the radial relative speed is
defined as an approximation). Several objects with different
radial relative speed in the same distance gate are separated by
the fact that a second DFT is calculated for each antenna
combination and each distance gate over the complex spectral
values resulting in the 256 frequency ramps. Each discrete
frequency supporting point I of this second DFT corresponds
to aset of Doppler frequencies (because of the sampling of the
Doppler frequency it can be defined only up to an unknown
integral multiple of its sampling frequency) and thus to a set
of radial relative speeds v,,; of objects, so that the discrete
frequency supporting points of the second DFT can be
referred to as relative-speed-gates; for linguistic simplifica-
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tion from this point on the addition “radial” is omitted for the
radial relative speed. The second DFT does not only serve for
determining the relative speed, but it increases by its integra-
tion also the detection sensitivity—with 256 frequency ramps
approximately by 100log,, (256)=24 dB.

After this second DFT for the relative speeds for each
antenna combination a two-dimensional complex-valued
spectrum results, wherein the individual cells can be referred
to as distance-relative-speed-gates and wherein power peaks
occur at the respectively assigned distance-relative-speed-
gate by objects (see FIG. 5).

Finally, then the information from the 8 antenna combina-
tions is merged. The waves reflected at a single object and
originating from the two transmitter antennas arrive at the 4
receiver antennas dependent on the azimuth angle o, with
different phase positions to each other, since the distances
between object and transmitter and receiver antennas are
slightly different. This is now explained in detail, wherein the
considered object first is to restrelative to the sensor, i.e. ithas
the relative speed zero. In FIG. 6 in vertical projection the
phase centers of the antennas as well as the beam paths to a far
away object resting relative to the sensor are shown with an
azimuth angle o, <0 (positive ., means to the right of the
perpendicular surface to the board plane) and an elevation
angle o~0 (in the horizontal perpendicular surface to the
board plane); the object is so far away that the beam paths can
be assumed to be parallel, this means the object is in the far
field of the antenna assembly. The path length r(m) for the
antenna combination m=4-m ,+mg, from the transmitter
antenna TXm - to the object and back to the receiver antenna
RXmpgy results in

r(m)=2-rpptsin (-0 g,) (a+mpydd+a+d/2+mpyy d)=
2-rgptsin (—0y,) Qa+d/2+m-d),

whereinry is the path length from a reference point RP on the
antenna plate to the object and a is the horizontal distance
between the reference point and the transmitter antenna TX0.
From this relation it can be seen that the distance changes
linear with the number m of the antenna combination. The
size(2a+d/2+m-d) represents the horizontal distance of the
so-called relative phase center of the antenna combination m
to the reference point RP and is the sum of horizontal distance
of the assigned transmitter and receiver antenna to the refer-
ence point (the relative phase center of a combination of a
transmitter and of a receiver antenna here is defined as a sum
of'the two vectors from a reference point to the phase centers
of the transmitter and of the receiver antenna).

The phase difference ¢(m)-¢(0) between the receiving
waves for the antenna combination m=0, 1, . . ., 7 and the
antenna combination m=0 results based on the different path
lengths r(m) to

@m) — @(0) = =27/ A+ [r(m) - r(0)]
=-2n/A-[2-rgp +sin{—aa,) - 2a+d /2 +m-d) -
2-rpp —sin(—aa;)-(2a+d /2 +0-d)]

=-2x/A-sin(—ay,)-d-m =21 /A -sin(wy,)-d-m

and thus changes likewise linear with the number m of the
antenna combination. The amplitude of the signals received
on the different antenna combinations is constant, since all
antennas have the same emission characteristic and the dis-
tance from the antennas to the far away object for a level
consideration differs only slightly.
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As it is directly obvious, for the antenna assembly repre-
sented in FIG. 7a with vertical projection according to FIG.
7b exactly the same relations for the path length r(m) and the
phase difference ¢p(m)-¢(0) result as for the arrangement
considered so far according to FIG. 1; the arrangement
according to FIG. 74 has only one transmitter antenna TX0
and 8 equidistant receiver antennas RX0-RX7, wherein the
antenna combination m=myg is now formed from the trans-
mitter antenna and the receiver antenna RXmy,. Based on
identical individual antennas and identical phase relations of
the antenna combinations to each other both antenna assem-
blies are equivalent with regard to the angle measuring capa-
bility. However, the arrangement according to FIG. 1 repre-
sented here has the advantage that it has nearly only half the
horizontal expansion compared to the conventional arrange-
ment according to FIG. 7a, as a result of which the sensor size
can be significantly reduced.

The azimuth angle-dependent phase differences ¢p(m)-¢
(0) which are linear to and/or decreasing via the 8 antenna
combinations m are remained until the second DFT apart
from possible constant and thus phase shifts which can be
compensated; this means that if there is only one object in a
distance-relative-speed-gate (j,1), the respective complex
spectral value v(j,1,m) there rotates via the 8 antenna combi-
nations m=0,1, . . ., 7 with constant rotational speed depen-
dent on the azimuth angle (see FIG. 84 as an example). Hence
in each distance-relative-speed-gate a digital beam formation
for the azimuth direction can be performed. For this purpose
sums are created via the complex values to the 8 antenna
combinations, which are each multiplied with a set of com-
plex factors with a linear changing phase; dependent on the
linear phase change of the respective factor set lobes with
different beam directions result. The beam width of these
lobes is significantly smaller than that of the individual anten-
nas. The above described summation is realized by a
16-point-DFT, wherein the 8 values of the 8 antenna combi-
nations are supplemented by 8 zeros. The discrete frequency
values n=0, 1, . . ., 15 of this DFT correspond to different
phase differences A¢=¢(m)-¢p(m-1)=27-n/16 between adja-
cent antenna combinations and thus to different azimuth
angles o, =arcsin(A¢-MA(2nd))=arcsin(n-A/(16d)) and there-
fore can be referred to as angle gates. In FIG. 86 the amount
of the course w(j,l,n) of the spectrum of the third DFT is
shown for the proportions according to FIG. 8a, which refer
to an object below the azimuth angle o, .=14.5° (n=2 corre-
sponds to the represented phase difference between adjacent
antenna combinations of 45°, which corresponds to 7t/4, and
for d=h/2 the azimuth angle o =arcsin(mt/4)=14.5° corre-
sponds). The third DFT does not only serve for determining
the azimuth angle, but it increases by its integration also the
detection sensitivity—with 8 antenna combinations approxi-
mately by 10-log,,(8)=9 dB.

So far it has been assumed for the determination of the
azimuth angle that the object has the relative speed zero. If
this is not the case, the phase between the antenna combina-
tions still changes additionally in linear mode proportional to
the relative speed, as the received signals of the 8 successive
antenna combinations in accordance with FIG. 2 have a
respective time delay of 10 ps and the distance each changes
slightly during this period. Since each third DFT belongs to a
distance-relative-speed-gate and thus to a certain relative
speed, the linear phase change generated by the relative speed
can be compensated over the 8 antenna combinations either
before or after the third DFT. With a compensation before the
DFT the phase of the complex input values must be shifted,
with a compensation after the DFT the discrete frequency
values n belonging to the output values must be shifted. Due

20

30

35

40

45

55

10

to the above explained ambiguities for the relative speed this
compensation leads to different azimuth angles dependent on
the used hypothesis for the ambiguous relative speed.

After this third DFT for the azimuth angles (inclusive the
compensation of the linear phase change generated by the
relative speed over the antenna combinations) a three-dimen-
sional complex-value spectrum results, wherein the indi-
vidual cells can be referred to as distance-relative-speed-
angle gates and power peaks can occur by objects at the
respectively assigned distance-relative-speed-angle-gate (see
FIG. 9; on the left data before three-dimensional DFT, on the
right thereafter). Thus, by determining the power peaks
objects can be detected and their measures distance, relative
speed (apart from possible ambiguities, see above) and azi-
muth angle (to each ambiguity hypothesis of the relative
speed a value corresponds, see FIG. 9) can be determined.
Since power peaks caused by the DFT-windowing still have
levels also in adjacent cells, the object dimensions can be
determined by interpolation in response of these levels still
substantial more accurately than the gate width. It should be
noted that the window functions of the three DFTs are
selected such that on the one hand the power peaks do not get
too wide (for a sufficient object separation), but on the other
hand also the side lobes of the window spectra do not get too
high (in order to be able to detect also weakly-reflective
objects in the presence of highly-reflective objects). From the
height of the power peaks as the fourth object dimension also
its reflection cross section can be estimated, which indicates,
how strong the object reflects the radar waves.

The described detection of objects and the determination of
the assigned object dimensions represent a measuring cycle
and supply a momentaneous picture of the environment; this
is periodically repeated approx. all 30 ms. For judging the
environment situation the momentaneous pictures are pur-
sued, filtered and evaluated throughout successive cycles; the
reasons for this are in particular:

some sizes cannot be determined directly in a cycle, but

only from the change over successive cycles (e.g. longi-
tudinal acceleration and lateral speed),

the movement of objects can be checked for plausibility

over several cycles, resulting in a more robust and safer
description of the environment; thus e.g. the change of
the distance resulting over successive cycles must com-
ply with the measured (radial) relative speed, which
results in redundancy and thus additional safety in the
description of the environment,

reduction of measuring noise by temporal filtration over

several cycles.

Pursuing and filtering of object detections over successive
cycles is also referred to as tracking. Here, for each object
values for the next cycle are predicted from the tracked object
dimensions of the current cycle. These predictions are com-
pared with the objects and their object dimensions detected in
the next cycle as a snapshot, in order to suitably assign them
to each other. Then the predicted and measured object dimen-
sions belonging to the same object are merged, from which
result the current tracked object dimensions, which thus rep-
resent values filtered over successive cycles. If certain object
dimensions cannot be clearly determined in a cycle, the dif-
ferent hypotheses are to be considered with the tracking.
From the tracked objects and the assigned tracked object
dimensions the environment situation for the respective
driver assistance function is analyzed and interpreted, in
order to derive from it that or the relevant objects and thus the
corresponding actions.
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Embodiment 2 According to FIG. 10

The embodiment of the sensor according to FIG. 1 consid-
ered so far has the disadvantage that the 8 antenna combina-
tions are sequentially operated, i.e. reception is always per-
formed only on one antenna combination—this affects
negatively the system sensitivity. The arrangement according
to FIG. 10 overcomes this disadvantage. Both transmitter
antennas TX0 and TX1 are parallel operated, and the signals
of the 4 receiver antennas RX0-RX3 are parallel evaluated.
For this purpose, the output signal of the high frequency
oscillator 10.2 is applied over the power divider 10.3 simul-
taneously to both transmitter antennas, and on the receiving
side up to the digital signal processing means there are 4
parallel channels. With each frequency ramp thus both trans-
mitter antennas are used and the signals of all 4 receiver
antennas are evaluated, wherein the frequency ramps and the
sampling during the frequency ramps are now temporally
stretched by the factor 4, i.e. the now 512 frequency ramps
have a respective duration of 32 us and are periodically
repeated all 40 ps, and the sampling of the 256 values happens
with 10 MHgz, i.e. all 100 ns (see FIG. 11).

In order to be able to separate in the received signals the
portions of both transmitter antennas, before the transmitter
antenna TX1 the switchable inverters 10.4 is located (the
switchable inverter is activated from the control means 10.9).
The switchable inverter is active each second frequency ramp,
i.e. with each second frequency ramp the phase position of the
transmitter antenna TX1 is shifted by 180° in relation to the
other frequency ramps. With this the phase of the received
signals, which are generated by transmission signals of TX1
reflected at an object, alternates from frequency ramp to fre-
quency ramp by 180° in addition to the change by the relative
speed of the object. Thus before the second DFT these
received signals originating from TX1 have an additional
phase modulation of 180° with the period length 2, which
leads with the second DFT to a displacement of the spectrum
by half the DFT-length and thus 12.5 kHz.

The second DFT has now the length 512 (there are 512
frequency ramps) and is determined for the four reception
channels and for each distance gate. By the phase modulation
of TX1 an object in the second DFT generates in each recep-
tion channel and in the corresponding distance gate two
power peaks at the distance of 12.5 kHz; the power peak at the
frequency corresponding to the relative speed originates from
the transmitter antenna TX0, the power peak shifted by 12.5
kHz originates from the transmitter antenna TX1. Thus the
portions originating from the two transmitter antennas are
separated.

For the third DFT the 8 antenna combinations are gener-
ated by the fact that for each ofthe 4 reception channels (of the
4 receiver antennas) the lower half (0-12.5 kHz) of the second
DFT for TXO0 and the upper half (12.5kHz-25kHz) for TX1 is
used, wherein the upper halfis shifted downward by 12.5 kHz
on the same Doppler frequency range 0-12.5 kHz as the lower
half. Thus there are again only 256 relative speed gates as with
the original embodiment 1. After the third DFT it results as a
single difference to the original arrangement that different
hypotheses for the relative speed do no longer mean different
azimuth angles, but always the same azimuth angle results (in
the data cuboid of the three-dimensional DFT according to
FIG. 9 the only change is that with the azimuth angle always
the values belonging to the relative speed range 0-280 km/h
are valid); this is reasoned by the fact that there is no more
time delay between the received signals of the 8 antenna
combinations.

Instead of the above explained alternate phase variation of
TX1 by 180° it could be also arranged at random, i.e. from
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frequency ramp to frequency ramp the state of the switchable
inverter is selected at random. Then the second DFT would
have to be determined twice, once with and once without
correction of the phase variation. In the DFT calculated with
phase correction the received signals which originate from
the transmitter antenna TX1 would lead to power peaks,
whereas the received signals which originate from the trans-
mitter antenna TX0 would produce for instance a noise lying
approx. 27 dB below them; in the DFT calculated without
phase correction the proportions would be exchanged. Thus
again also a separation of both portions would be possible.
The unambiguous range of the relative speed would double
here.

By using 4 parallel reception channels the system sensitiv-
ity increases by 6 dB, since the bandwidth of the bandpass
filters 10.6 in relation to the original embodiment is reduced
by the factor 4 (the sampling during the frequency ramps is
slower by a factor 4, since the frequency ramps are longer by
this factor). Based on the double length 512 of the second
DFT in addition this results in an integration gain higher by 3
dB. For the case that per transmitter antenna the same high
power is emitted during the frequency ramps, this results in a
total increase of the system sensitivity by 9 dB. If the trans-
mission power is halved per transmitter antenna (e.g. due to
the simultaneous supply of two antennas from one source or
because the entire transmission line is limited due to approval
regulations), this results in an increase of the system sensitiv-
ity by 6 dB.

Finally it should be mentioned that in the embodiment 2
according to FIG. 10 considered here the 4 parallel ND con-
verters could be replaced also by a single ND converter with
an upstream multiplexer; this ND converter would then work
with the same cycle of 40 MHz as in the original embodiment
1 according to FIG. 1.

Arrangement 3 According to FIG. 12

With the arrangements according to FIG. 1 and FIG. 10
considered so far, the transmitter antennas were arranged
above the receiver antennas, since with an arrangement in one
level (i.e. if the transmitter antennas would have been moved
downward) the patches would have contacted each other,
which cannot be realized. By the arrangement of the trans-
mitter and receiver antennas one above the other, the latter can
be only approx. half as high with a predetermined sensor
height as with an arrangement in a plane, which in elevation
direction leads to a smaller beam focusing and thus to a
smaller antenna gain. By means of this on the one hand the
vertical detection range increases, which can be disadvanta-
geous for certain functions (e.g. because bridges can be
hardly distinguished from stationary vehicles), and to the
other hand the system sensitivity is reduced.

This limitation in the arrangement of the antennas can be
avoided by the fact that at least one antenna is used both for
transmission and for reception. FIG. 12 shows as an example
an arrangement, in which the right antenna is used as a trans-
mitter antenna TX1 and receiver antenna RX3; the horizontal
distance of the receiver antennas to each other is sill d=A/2,
that of the transmitter antennas is still 4d=2A.

If the right antenna cannot work simultaneously as a trans-
mitter and receiver antenna, but can only temporally change
its function between transmitter and receiver antenna, then
the eighth antenna combination of transmitter antenna TX1
and receiver antenna RX3 is not possible, so that there are
only 7 antenna combinations; for the third DFT then the
signal of the eighth antenna combination is to be set to zero.
In the other case, thus if the right antenna can work simulta-
neously as a transmitter and receiver antenna, all 8 antenna
combinations are possible.
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So that an antenna can be used both for transmission and
reception, this antenna must be connected alternately or per-
manently with the HF-generation and the receiving mixer;
this can be realized for example with the subsequent forms of
embodiment for the connecting element 12.11:

Multiplexer: antenna can change its function temporally
between transmitter and receiver antenna, but cannot
transmit and receive simultaneously; in the multiplexer
this results typically in power losses within the range of
3dB,

Circulator: allows for simultaneous transmission and
reception without power losses, however is very expen-
sive,

Coupler structures (e.g. ring coupler or Wilkinson divider):
equally allows for simultaneous transmission and recep-
tion, however with power losses (3-4 dB), however, their
costs are negligible, since they consist only of printed
structures.

If it comes to power losses in the used connecting element
and they are not compensated by a corresponding different
transmission power, the receiving signals of the different
antenna combinations do not have the same level, this is to be
considered with the angle formation methods (e.g. with the
digital beam formation) and is to be compensated, if neces-
sary.

If in the above example according to FIG. 12 the right and
the left antenna could be used each for simultaneous trans-
mission and reception, then 9 antenna combinations with
horizontally equidistant relative phase centers could be gen-
erated.

So that all antennas in their environment on the board see as
similar proportions as possible, on the left and/or on the right
side of the outside antennas TX0 and TX1/RX3 in the dis-
tance d=A\/2 so-called blind antennas could be arranged with
the same structure as the effective antennas (i.e. an antenna
column with 8 patches); these blind antennas would then have
to be locked with adaptation. By way of this all antennas
would be affected in same way by the respective neighbor
antennas (in particular by coupling), which is more uncritical
for the angle formation methods than a different impact by
neighbor antennas.

Embodiment 4 According to FIG. 13

For all the embodiments considered so far it was only
possible to measure the azimuth angle of objects, however,
not to measure the elevation angle. However, the latter would
be favorable for many functions, in particular if it is to be
reacted to stationary objects on the roadway (vehicles, pedes-
trians), in order to distinguish them from objects above the
roadway (bridges, signs) or from small objects located on the
roadway (e.g. can of coke) as well as from reflections of the
road surface (e.g. by uneven board joints).

In order to be able to measure and/or estimate the elevation
angle, the relative phase centers of the antenna combinations
must have a different vertical position (the relative phase
center of a combination of a transmitter and of a receiver
antenna is here defined as sum of the two vectors from a
reference point to the phase centers of the transmitter and of
the receiver antenna). In the antenna assembly according to
FIG. 13 now considered as an example the two receiver anten-
nas RX1 and RX3 are offset downward by s=A/2 in relation to
the other two receiver antennas RX0 and RX2; otherwise the
embodiment according to FIG. 13 does not differ from the
original embodiment according to FIG. 1.

In FIG. 14 in horizontal projection (i.e. board 13.1 seen
from the side) the phase centers of the antennas as well as the
beam paths to a far away object resting relative to the sensor
with an azimuth angle =0 and an elevation angle oz>0
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(positive az; means above) are shown (the object is so far
away that the beam paths can be assumed to be parallel, i.e.
the object is in the far field of the antenna assembly). The path
length r(m) for the antenna combination m=4-m ;+my - from
the transmitter antenna TXm ;. to the object and back to the
receiver antenna RXm results in

rim) =2-rgp + sin(ag) - (b+ b+ c + mod(mgy, 2)-5)

=2-rpp + sin(ag) - (2b + ¢ + mod(m, 2)-s),

whereinry is the path length from a reference point RP on the
antenna plate to the object, b is the vertical distance between
the reference point and the transmitter antennas, ¢ is the
vertical offset between transmitter antennas and the two
upper receiver antennas RX0 and RX2 and mod(.,2) the
modulo functionto 2. The size (2b+c+mod(m,2) s) represents
the vertical distance of the relative phase center of the antenna
combination m to the reference point RP and is the sum from
the vertical distance of the assigned transmitter and receiver
antenna to the reference point.

The phase difference A¢p~¢(1)-¢(0) between the received
waves and thus the received signals for the antenna combina-
tions m=1, 3, 5, 7 to the lower receiver antennas and for the
antenna combinations m=0, 2, 4, 6 to the upper receiver
antennas results due to the different path lengths r(m) to

A$z=27/ N [r(1)—#(0)]==27/N-sin (0z;)-s.

The phase ¢(m) of the received signals thus alternates with
the period length 2 via the number m=0, 1, . . ., 7 of the
antenna combinations by this value A¢;. If now in addition a
generally nonvanishing azimuth angle o, is considered, then
the phase ¢(m) of the received signals additionally comprises
a portion linearly changing over the antenna combinations m
(see in front) and results in total to

O(m)=p(0)+2n/A-sin () d-m-27/h-sin (Cg;)-s:mod
(m,2).

As far as in the assigned distance-relative-speed-gate (j,1)
there is only this one object, then the complex values v(j,1,m)
there after the second DFT over the 8 antenna combinations
m=0, 1, ..., 7 resultin

v(j, [, m) = K-exp[j- (¢(0) + 27 /A-sin(as,) -
d-m=2nx/A-sin(ag)-s-mod(m, 2))]
= K-explj- (¢(0)] -explj-2x/ A-sin(as,)-d -m]-

exp[—j-2n/A-sin(ag) - s - mod(m, 2)],

wherein K is the constant amount of these values and exp is
the exponential function; the example according to FIG. 15a
resulting for a small negative elevation angle a; shows that
compared with the course v(9,0,m) represented in FIG. 8a for
the original embodiment 1 now each second pointer is shifted
by the phase A¢;.

The additional factor f(m)=exp[—j-2n/A-sin(cz;)-s- mod(m,
2)], effected by the offset of the receiver antennas, changes
the spectrum w(j,l,n) of v(j,I,m) formed in the third DFT as is
explained hereinafter. For even m=0, 2, . . . this factor has the
value 1, for odd m=1, 3, . . . it has the value exp[—j-2mt/A-sin
(0g;)-s]- The spectrum F(n) of this factor alternating with the
period length 2 has two power peaks (as one can easily derive
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from the transformation equation), a power peak with the
frequency n=0 with the average of the two values multiplied
with the DFT-length N:

F(0)=N/2-(1+exp [—j2a/hsin (az;)-s]),

and a second power peak with half the DFT-length, thus the
frequency n=N/2 with the difference of the two values mul-
tiplied with half the DFT-length:

F(N/2)=N/2-(1-exp [—j-2at/A-sin (0z;)-s]).

The entire spectrum w(j,1,n) ensues by convolution of F(n)
with the original spectrum, which has a power peak with the
frequency n , corresponding to the azimuth angle o, ; con-
sequently it has two power peaks with the original frequency
n, and the frequency n, +N/2, distanced by half the DFT-
length, wherein for the proportion of the complex spectral
values of these two power peaks it applies:

w(i,Ln 4 ) Wi, g, +N/2)=(1+exp [—j200sin (0gy)s])/
(1—exp [—j-2/Asin (0z7)5]).

FIG. 155 shows as an example the amount of the spectrum
w(9,0,n) to the course v(9,0, m) represented in FIG. 15aq;
apart from the power peak with n=n , =2 to the azimuth angle
a,,=14.5° there is a second power peak with n=10, i.e. half
the DFT-length N=16 away.

From the proportion w(j,L,n .. )/w(j,l,n,,+N/2) the elevation
angle oz, can be determined. For this purpose the right side of
the above relation is described with the aid of FIG. 16 as
follows:

w(i,Ln 1 )W(i,Ln 4, +N/2)=exp (j-1/2)-cos (AQzy/2)/sin
(Apgy/2)=i/tan (AQg,2) with Ady~—2m/A-sin
(og)s;
by resolution of the elevation angle o, it results for
Appe |-m, f:

ag/~arcsin (-M(mw-s)-arctan [f,Ln o +N/2)/w(j, L1 4.)]).

Thus the elevation angle o, in the range |-arcsin(A/
(2s), +arcsin(A/(2s)[ corresponding to A¢y; can be clearly
determined (for the case s=\/2 considered in the example it is
thus in the range ]-90°, +90°[). However, this applies only
under the condition that the frequency value n, to the azi-
muth angle o, is known. Since, however, to an object there
are generally two power peaks with half DFT length distance,
there are two hypotheses for the azimuth angle with respec-
tively different elevation angle. With the aid of the tracking
(i.e. the observation of objects over several cycles) with the
movement of the own vehicle it can be generally recognized,
which hypothesis is the right one, since only for a hypothesis
a useful course of the object place results.

For ideal conditions (no noise and a point-shaped reflective
object) in the above function the argument of the arctan func-
tion is real-valued, for other conditions it generally has, how-
ever, still another complex-valued portion; by using the sub-
sequent relation this portion is ignored:

g = arcsin(—A /(- s) - arctan[Re(j - w(j, [, na, +
N2 W, L na)])
= arcsin(A/ (- 5) - arctan[Im(w(j, [, na, +

N2 [w(j, L naz)Ds

Re and/or Im representing the real and/or imaginary part of
the respective argument.

If in a distance-relative-speed-gate with an azimuth angle
there are several reflections from different elevation angles
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(with strongly expanded objects and/or because of reflections
at the road surface, see below), then they cannot be dissolved,
i.e. separated by the above formula for determining the eleva-
tion angle; by a significant complex-valued portion in the size
7 w(,l,n, +N/2)/w(j,1,n,.) itcan only be recognized that there
must be reflections from significant different elevation
angles.

The represented approach for the measurement and/or esti-
mation of elevation angles can be interpreted also in such a
way that into the digital beam formation for the azimuth angle
a mono-pulse method for the elevation angle is incorporated
(mono-pulse method means that by phase comparison of two
offset antennas (groups) an angle is determined). This
approach has the advantage that on the one hand all evaluation
methods (such as e.g. the simple digital beam formation with
a DFT) based on equidistant receiver antennas can be main-
tained and that on the other hand for the azimuth angle there
are no losses for the accuracy and only small losses for the
separation capability (the latter applies only with objects with
an azimuth angle distance corresponding to half the DFT
length, if for the objects a position outside of the horizontal
plane is possible); with a conventional approach for a simul-
taneous angular measurement in azimuth and elevation,
which comprises for the antenna combinations two groups
one above the other without horizontal offset to each other,
with an equal number of antenna combinations this would
result in that the accuracy and separation capability for the
azimuth angle would be halved.

It should be noted that the periodic vertical offset of the
antenna combinations can in principle also be embodied with
ahigher period length P than 2. As a result of an object outside
of the horizontal plane then in general P power peaks with a
respective distance N/P arise in the spectrum, wherein N is the
DFT-length of the digital beam formation; from the values of
these power peaks again the elevation angle can be deter-
mined, wherein now even a separation capability of objects
via the elevation angle will be possible. By such an approach
two digital beam formations (for azimuth and elevation) are
superimposed in a DFT.

It is to be stressed that the approach presented here for an
elevation measuring capability is essentially cost-neutral.

Inareal environment it is to be considered for the elevation
measurement that the road surface has a reflecting property;
this is shown in FIG. 17. An object receives transmission
power on a direct and on a path reflected at the road surface.
For the power reflected at the object and received by the
sensor there are equally both ways; thus the sensor in addition
to the real object sees a mirror object, which has approxi-
mately the same (radial) distance as the real object, but lies by
the height h, of the real object underneath the road surface.
Dependent on the height hg of the sensor above the road
surface the real and the mirror object have a different amount
of the elevation angle, wherein the difference decreases with
an increasing distance. The phase of the received signals of
real and mirror object are generally different, since they
slightly differ in their distance; this phase difference changes
above the distance r of the real object. The described effects
are the stronger pronounced, the higher the real object is
located above the road surface.

At least for far away objects the real and mirror object are
in the same distance-relative-speed-gate; they have the same
azimuth angle, but different elevation angles. For the period
length 2 considered above as an example for the vertical offset
of'the receiver antennas both objects cannot be dissolved; on
average the reflection focus lies approximately on the height
of the road surface. By a significant complex-valued portion
in the proportion V=j-w (j,L,n,+N/2)/w (j,l,n,. ) it can be



US 8,390,507 B2

17

recognized, however, that there must be objects in signifi-
cantly different elevation angles. Since the phase difference
between the received signals of real and mirror object
changes over the distance, over the distance also the complex-
valued portion of the proportion V and thus the size Im(V)/IV|
varies, which in the following is to be referred to as relative
imaginary part of V. The distance-related variation of the
relative imaginary part of' V is the higher, the higher the real
object is located above the road surface. Apart from the close
range this criterion can be utilized for the distinction of rel-
evant objects on the roadway (e.g. vehicles and pedestrians)
and objects which can be passed from underneath (i.e. objects
above the roadway such as e.g. bridges and signs); e.g. as of
a certain distance-related variation of the relative imaginary
part of V this points to an object which can be passed from
underneath. FIG. 18a shows as an example the relative imagi-
nary part of the proportion V over the distance r for a vehicle
(medium height h,=0.5 m, vertical expansion 0.3 m) and a
bridge (average height h,=5 m, vertical expansion 0.3 m),
wherein the sensor height is h=0.5 m.

Furthermore, this criterion can also be used in the closer
range to distinguish relevant protruding objects on the road-
way (e.g. vehicles and pedestrians) on the one hand and on the
other hand smaller objects (e.g. can of coke) lying on the road
and thus being able to be driven over as well as unevenness of
the road surface (e.g. by offset board joint). For not or only
slightly protruding objects on the roadway the distance-re-
lated variation of the relative imaginary part of V is much
smaller than for significantly protruding objects. Besides, in
the close range also the actually measured elevation angle can
be used, in particular as by the elevation beam focusing the
reflections of a real protruding object are significantly larger
than the reflections of its mirror object, so that approximately
the actual angle of the real object is measured, from which
approximately its real height can be determined.

Apart from the relative imaginary part of the proportion
V=w(,ln, +N/2)/w(,ln,, ), in principle also any other
measure can be used, which has at least one deviation in
relation to the proportions resulting from only one reflection
from an elevation angle, to derive thereof a criterion for
recognizing objects which can be passed from underneath or
above. Thus, e.g. also only the absolute imaginary part Im(V)
of'the proportion V can be used. The amount of this measure
Im(V), in particular filtered via the object distance, and its
distance-related variation are the higher, the higher the real
object is located above the road surface; the filtration of the
amount over the object distance can be linear (e.g. average
over a distance section) or nonlinear (e.g. maximum over a
distance section). FIG. 185 shows as an example the imagi-
nary part of the proportion V over the distance r for a vehicle
(average height h,=0.5 m, vertical expansion 0.3 m) and a
bridge (average height h,=5 m, vertical expansion 0.3 m),
wherein the sensor height is h=0.5 m.

Furthermore, naturally not only one, but also several mea-
sures can be used, which each utilize at least one deviation in
relation to the proportions resulting with only one reflection
from an elevation angle, in order to derive thereof a combined
criterion for recognizing objects which can be passed from
underneath or above.

The elevation measuring capability can also be used for
recognizing and if necessary for correcting a misalignment of
the sensor in elevation direction and/or for monitoring its
elevation orientation. For determining the actual elevation
orientation only moved objects which are sufficiently far
away are suitable, since moved objects (vehicles) apart from
few special cases lie for instance on the same height as the
own vehicle and in sufficient distance the road reflections
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have only little influence on the measured elevation angle,
since the elevation angles of the real and mirror object differ
only little (how far the objects have to be away depends on the
required accuracy for the determination of the elevation ori-
entation. Stationary objects, in contrast, are not suitable since
they can lie in different elevation angles (on or above the
roadway).

If on average for moved objects far away an elevation angle
unequal 0° is measured, then the sensor shows a misalign-
ment by this average measured elevation angle, as other
vehicles on average are located approximately in horizontal
direction to the own vehicle, i.e. with a real elevation 0°; for
example the sensor for an average measured elevation angle
of' +2° (for a sensor objects lie approx. 2° above the roadway)
looks approx. 2° downward.

The averaging via measured elevation angles of several
objects can be effected either linear, i.e. by weighted averag-
ing, however, nonlinear averaging is more suitable, which
reduce the influence of outliers in a series of measurements—
the median is mentioned as an example.

Outliers in the measured elevation angle with the moved
objects used for determining the elevation orientation can in
principle be avoided to the majority by e.g. the subsequent
measures:

Only objects are taken, which move on the roadway of the
own vehicle; thus no other roadways which are offset in
height to the own roadway can have an influence.

The elevation measurement is distorted by reflections at
tunnel slabs and at the bottom sides of bridges; this,
however, can be mostly recognized by a significant com-
plex-valued portion in the proportion
V=w(.ln, +N/2)/w(,l.n,. ). Hence such objects are

not to be used. If such objects are recognized, also for
safety reasons for a certain period of time no objects
can be used for averaging.

If in the system there are still other tunnel recognition
mechanisms, basically when recognizing a tunnel no
object can be used.

If a misalignment of the sensor in elevation is recognized,
this can be easily out-calibrated; for this purpose only each
second of the values resulting over the 8 antenna combina-
tions before the third DFT is to be turned by a corresponding
phase value.

Embodiments 5-10 According to FIG. 21-26

The embodiments considered so far have only one column
per individual antenna (thus per transmitter and receiver
antenna), whereby they emit very wide in horizontal direction
(azimuth). Such arrangements are typically used for close
range sensors, since they must have a wide horizontal detec-
tion range, but, however, do not have a large reach. The
horizontal distance d=)\/2 of the receiver antennas to each
other is selected so small that the association between the
phase differences Ap=rnsin(c,,) of adjacent antenna combi-
nations and the azimuth angle o, in the azimuth range ]-90°,
+90°[ is clear (a phase shift caused by the elevation angle with
vertically offset antennas, is considered not here).

Remote range sensors opposite to close range sensors have
the requirement of a higher reach and thus a system sensitivity
as well as a higher measurement accuracy and a separation
capability for the azimuth angle; in return the horizontal
detection a may be restricted. In order to realize these require-
ments, the distance of the antennas to each other is increased
(e.g. by the factor 3 in relation to the previous interpretation,
so that the distance between the receiver antennas amounts to
d=3A/2 and the distance between the transmitter antennas to
4d=6}..) With this on the one hand antennas with several
columns and thus stronger focusing in azimuth direction can



US 8,390,507 B2

19

be realized, resulting in a higher antenna gain and thus a
higher system sensitivity (at the expense of a reduced azi-
muthal detection range), and on the other hand the azimuth
angle-caused phase differences A¢=2md/A-sin(a ) of adja-
cent antenna combinations have a corresponding greater
impact, which increases the measurement accuracy and sepa-
ration capability for the azimuth angle.

The connection A¢=3m-sin(o,,) resulting for d=3A/2
between the phase difference A¢ and azimuth angle o, is
shown in FIG. 19; now a change of the phase difference of Err
corresponds to the azimuth angle range -90° . .. 90. However,
as phases can be measured only up to an unknown integral
multiple of 67, it comes to ambiguities—thus e.g. it cannot be
distinguished between the azimuth angles —41,8°, 0° and
+41,8°, as they are measured with a phase difference A¢p=0.

These ambiguities are avoided, if the individual antennas
for transmission and and/or reception only have an azimuthal
detection range limited in such a manner that hereto corre-
sponds a change of the difference phase A¢p of maximum 2.
For the above numerical example this requirement can be
complied with by the azimuthal detection range -19.5 . . .
+19.5. In FIG. 20aq a corresponding ideal antenna diagram is
shown, which suppresses any transmission and/or reception
for azimuth angles outside of this range. In reality such
antenna diagrams with sharp detection limits and complete
suppression cannot be generated outside. FIG. 205 shows a
realizable antenna diagram, which outside of the azimuth
range —=19.5 . . . +19.5 has at least 15 dB suppression. On
system level a suppression of the double value 30 dB results,
provided that the antennas have such an antenna diagram both
for transmission and for reception. With this only for very
strong reflective objects it can come to ambiguities for the
azimuth angle.

In order to largely avoid the ambiguities for the azimuth
angle by an accordingly limited azimuthal detection range of
the antennas for transmission and/or reception, when seen
horizontally the width ofthese antennas must be at least about
twice as large as the distance d of horizontally successive
receiver antennas. For compliance with this requirement in
the following five different approaches for planar antennas
are introduced:

The transmitter antennas when seen vertically are arranged
in another plane (i.e. in another range) than the receiver
antennas, i.e. they lie one above the other (see FIG. 21 as
an example). Thus the horizontal width of the transmit-
ter antennas can be selected up to four times higher than
the distance d of the horizontally successive receiver
antennas. In the example according to FIG. 21 only the
transmitter antennas have the required narrow azimuthal
detection range, however, not the receiver antennas; thus
for stronger reflective objects it can still come to ambi-
guities for the azimuth angle. It should be noted that FIG.
21 represents an example for the fact that form and
emission characteristic of the transmitter antennas may
in principle be different from the form and emission
characteristic of the receiver antennas.

The horizontally successive receiver antennas are verti-
cally offset in such an alternating manner that they lie in
E different vertical planes; in the illustrated example
according to FIG. 22 there are two planes, the alternating
offset thus has the period length 2—the two receiver
antennas RX0 and RX2 lie one plane above the other two
receiver antennas RX1 and RX3. When using E different
planes for the receiver antennas their horizontal width
can be selected up to E-times larger than the distance d of
horizontally successive receiver antennas. As a result of
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the vertical offset of the receiver antennas implicitly the
above described elevation measuring capability ensues.

Transmitter and/or receiver antennas are not arranged ver-
tically, but inclined to the horizontal (see FIG. 23 as an
example, where one of the inclined antennas is used for
transmission and reception). Thus the horizontal width
of antennas can be made nearly arbitrary larger than its
distance. However, the high focusing of the emission
characteristic is only for elevation angles within the
range of 0° i.e. for objects approximately in the hori-
zontal plane—however, apart from the absolute close
range at this place lie all objects relevant from the system
point of view. For elevation angles significantly deviat-
ing from 0° there is less beam focusing in the horizontal
direction, which can have a negative effect at best in the
absolute close range and for objects located across the
road. The smaller beam focusing for elevation angles
deviating significantly from 0° can principally be
avoided on system level by the fact that transmitter and
receiver antennas are tilted in different directions (the
ones to the right, the others to the left).

Antennas are locked into each other in horizontal direction
(see as examples FIGS. 24a and 245, where the receiver
antennas are locked into each other).

Thus the horizontal width of antennas can be made twice as
large as their distance. The locking in the case of the arrange-
ment according to FIG. 24a results in an offset of the antennas
in vertical direction and thus implicitly in the above described
elevation measuring capability, with the alternative antenna
assembly according to FIG. 245 this is not the case. Instead of
the locking shown in both examples from the side, it could be
embodied also from above and/or from underneath.

Emitting and/or receiving elements are jointly used at least
by two antennas (see FIG. 25 as an example, where by
two adjacent receiver antennas each three patch columns
are jointly used and their received power is distributed to
the two antennas). Theoretically, antennas can be made
thereby nearly arbitrary wider than for their distance,
however, in practice in this case the power distribution
networks get more and more complicated, in particular
because crossings of high frequency connections are
difficult to be realized.

Without the approaches for the arrangement of the anten-
nas, represented above, only a horizontal width of the anten-
nas could be realized, which corresponds to its distance which
would result in strongly pronounced ambiguities for the azi-
muth angle.

It should still be mentioned that the above antenna assem-
blies for remote range sensors always comprise two transmit-
ter antennas on the outside and thereby the effective aperture
of the sensor can be nearly doubled in relation to its width
—Dby means of this also in the 24 GHz-range sensors for
long-reach functions with an acceptable sensor size can be
realized. In order to be able to receive received signals from
objects up to a distance of 200 m, the linear frequency modu-
lation in contrast to the interpretation for the embodiments 1
and 2 have only half the frequency deviation, i.e. 93.75 MHz.

The above described methods for realizing an overlapping
of antennas, in particular in horizontal direction, can be
applied also for close range sensors. The embodiment 2
according to FIG. 10 is an example for an arrangement of the
transmitter antennas above the receiver antennas (i.e. when
seen vertically they are in different planes). In FIG. 26 a
horizontal locking of the transmitter antennas with the
receiver antennas is shown, by which a distance of d/2=)/4
can be realized between the transmitter antennas and the
respectively adjacent receiver antennas, whereby despite an
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arrangement of the transmitter and receiver antennas essen-
tially in one plane no common transmitter and receiver
antenna as in the arrangement 3 according to FIG. 12 is
required.

Embodiment 11 According to FIG. 27

The measures represented above for reducing and/or
avoiding ambiguities for the azimuth angular measurement
with remote range sensors have led to a reduced azimuthal
detection range. If, however, simultaneously long-reach and
short-reach functions are to be realized now with a sensor,
then a wide azimuthal detection range can be required (for
example -80° . . . +80). This can be realized by the subse-
quently represented approach, which is explained on the basis
of the embodiment 11 according to FIG. 27.

In contrast to the antenna configuration according to FIG.
23 with the configuration according to FIG. 27 considered
now there are two differences: on the one hand the individual
antennas significantly emit and/or receive also outside of the
azimuthal range -19.5 .. . +19.5 by corresponding shoulders
in the antenna diagram (see FIG. 28); such shoulders can be
generated by the fact that patches in the central portion when
seen horizontally ofthe individual antennas emit significantly
more than the others, whereby a narrow and a wide antenna
diagram are superimposed (by such an approach the antenna
gain and thus the system sensitivity are reduced in the central
portion, where a high reach is required, only relatively small).
And on the other hand the two receiver antennas RX0 and
RX2 are offset to the right by the horizontal distance t=A/8,
which is smaller by the factor 12 than the central horizontal
offset d=3A/2 of the receiver antennas. Thus the relative phase
centers of the 8 antenna combinations do not lie equidistantly
in horizontal direction, but they have an offset alternating
with the period length 2 to an equidistant raster. For a far away
object resting relative to the sensor with an azimuth angle o,
therefore the phase ¢(m) of the received signals has a portion
alternating with the period length 2 in addition to a linear
portion over the antenna combinations m=0, 1, . . . 7 and
analogue to FIG. 75 this results in

G(m)=p(0)+2n/A-sin (0 4,) (d-m—-tmod(m,2)).

Provided that in the assigned distance-relative-speed-gate
(3,1) there is only this object, the there complex values v(j,l,m)
after the second DFT over the 8 antenna combinations m=0,
1,... 7 resultin

v(j,L, m)=K-exp [j*(9(0)]-exp [j-2n/A-sin (ay,) d-m]-exp
[=j-2n/Msin (0 4,) +mod(m,2)],
wherein K is the constant amount of these values.

Thus one receives analogue proportions as with the above
considered elevation measuring capability by a vertical offset
alternating with the period length 2 of the individual receiver
antennas. By the factor exp[—j-2n/A-sin(c,,)-t'mod(m,2)],
which is generated by the horizontal offset alternating with
the period length 2 of the individual receiver antennas, the
spectrum w(j,1,n) of v(j,1,m) formed in the third DFT has two
power peaks—one power peak at the frequency n,, corre-
sponding to the azimuth angle o, and one at the frequency
n, +N/2 distanced by half the DFT-length, wherein for the
proportion of the spectral values of these two power peaks it
applies:

w(i,Ln 4 ) Wi, g +N2)=(1+exp [—j20/hsin (0uy,) 1])/
(1-exp [-j-2a/hsin (a, ) 1]);

FIG. 29 shows an exemplary course of the amount of the
spectrum w(j,l,n) with two power peaks distanced by half the
DFT-length N=16 with n=2 and n=10.

For all azimuth angles c,_ in the detection range —90° . . .
+90° with the here considered t=A/8 the proportion w(j,l,n . )/
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w(j,l,n, +N/2) with regard to the amount is larger than one.
Thus the frequency value n=n,, belonging to the azimuth
angle o, can be determined as the position of the power peak
being higher with regard to its amount; in the example accord-
ing to FIG. 29 thus n, =2 results. However, with this the
azimuth angle ., is not yet clearly defined, as to eachn=n
three different values of o, correspond, this means in the
example according to FIG. 29 still the three azimuth angles
o, =4.7°, 48.6° and -35.7° come into question. By transfor-
mation ofthe above relation (analogue to the above derivation
for the elevation measuring capability),however, now the azi-
muth angle can be also determined from the proportion w(j,
Lo, )Yw(j,ln  +N/2):

a,=arcsin (-M(z-t)-arctan [j-w(j,l,n,+N/2)/w(j 1,
14)])-

As this relation for t=A/8 is clear over the entire azimuthal
detection range -90° . . . +90° (because of 27t/A-sin(a )t
€|-m/4, m/4]), this allows for determining the right one of the
three azimuth angles coming into question—the azimuth
angle determination is thus clear for a single object in a
distance-relative-speed-gate, wherein the ambiguity is gen-
erated via the alternating horizontal offset of the receiver
antennas (without this offset it could not be distinguished in
each case between three various azimuth angles).

If in a distance-relative-speed-gate there are reflections of
several objects in different azimuth angles, which correspond
to two frequency values n and n+N/2, then they generally can
no longer be separated; by a then generally significant com-
plex-valued portion in the size j-w(j,l,n+N/2)/w(j,ln,, ) it
can only be recognized that there are several of such objects
and certain possible hypotheses can be derived. Which of this
hypothesis is the right one, can be mostly recognized by
plausibility considerations; examples for this are:

With the aid of the tracking (i.e. the observation of objects
over several cycles) with objects moved relative to the
sensor it can be recognized in general, which one of
several possible hypothesis is the right one (e.g. only
temporary a fusion on the same frequency values n and
n+N/2 takes place and mostly only for one hypothesis a
useful course of the object results).

By an antenna diagram as is represented in FIG. 28 of the
individual antennas objects from the central portion with
a high antenna gain generally have significantly more
level than objects from the outer portion with a smaller
antenna gain (shoulders), so that with the presence of an
object in the middle and one in the outer portion the
middle object dominates in the level and is therefore
recognized with the proper azimuth angle, which is suf-
ficient from functional view, since this middle object is
then the relevant one.

The example according to FIG. 27 considered so far did not
have a vertical offset in the receiver antennas and thus no
elevation measuring capability. In principle also such a ver-
tical offset can naturally be superimposed. If different period
lengths are selected for the vertical and the horizontal offset,
then their effects can be separated directly, so that azimuth
and elevation angle for a single object in a distance-relative-
speed-gate can be clearly determined; with the same period
length corresponding plausibility considerations are neces-
sary.

The explained approach for the clear measurement of the
azimuth angle with widely emitting remote range sensors can
be interpreted also in such a way that in the high-resolution
and accurate, but ambiguous digital azimuth beam formation
a mono-pulse method is incorporated for an azimuth angle
determination which for a single object is clear but rough.
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This approach has the advantage that on the one hand all
evaluation methods based on equidistant receiver antennas
(such as e.g. the simple digital beam formation with a DFT)
can be maintained and that on the other hand for the azimuth
angle there are no losses for the accuracy and only small
losses for the separation capability (the latter only with
objects, which generate power peaks with identical frequency
values n). In order to be able to determine the azimuth angle
as accurate as possible from the higher of the two power
peaks, an interpolation with adjacent power values can be
performed and from this the interpolated maximum can be
determined—as is already mentioned above.

It should be noted that the periodic horizontal offset of the
antenna combinations can principally be also embodied with
ahigher period length Q than 2. By an object then generally Q
power peaks with respective distance N/Q result in the spec-
trum, wherein N is the DFT-length of the digital beam forma-
tion; from the values of these power peaks again the azimuth
angle can be clearly determined, wherein now even a separa-
tion capability of objects, which generate power peaks with
identical frequency values n, will be possible. By such an
approach two digital beam formations in a DFT are superim-
posed—the one is fine, but ambiguous, the other for single
objects is clear, but rough.

It is to be stressed that the approach introduced here for a
sensor for realizing short- and long-reach functions, is essen-
tially cost-neutral.

Final Remark

It should be noted that the considerations and embodiments
according to the invention represented on the basis of the
above examples can be transferred to general calculations and
parameter interpretations, i.e. they can be applied also for
other numerical values (e.g. for the horizontal and vertical
distance of the antennas). Therefore, often also general
parameters are indicated in formulas and images apart from
the concrete numerical values.

The invention claimed is:

1. A radar system for recording the environment of a motor
vehicle, comprising:

transmission means for emitting transmission signals

using one or more transmitter antennas;

receiving means for receiving transmission signals

reflected by objects using one or more receiver antenna;
and signal processing means for processing the received
signals,

characterized in that

received signals are acquired from different combinations

of transmitter and receiver antennas, a relative phase
center, which is defined as the sum of the two vectors
from a reference point to the phase centers of the respec-
tive transmitter antenna and receiver antenna, being
assigned to each combination;

the transmitter and receiver antennas used in said combi-

nation have at least approximately the same emission
characteristics and the emission characteristics of said
transmitter antennas can be different from those of said
receiver antennas;

the position of the relative phase centers of said combina-

tions of transmitter and receiver antennas with regard to
a spatial direction S that runs perpendicular to a spatial
direction R varies periodically with the period length P,
when a series of said combinations of transmitter and
receiver antennas, which is arranged in the spatial direc-
tion R with regard to the position of the relative phase
centers, is viewed;

and in the signal processing means it is utilized that the

received signals from an object have a phase portion that
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alternates with the period length P over the combinations
of transmitter and receiver antennas arranged as above,
depending on the angular position of said object in the
spatial direction S, which is used to make assertions
about the position of objects in the spatial direction S.

2. A radar system according to claim 1, in which R is the
horizontal direction and S is the vertical direction, so that by
the phase portion that alternates with the period length P of
the received signals of an object, assertions can be made
regarding the vertical position of the object.

3. Aradar system according to claim 1, in which the relative
phase centers of the combinations of transmitter and receiver
antennas lie at least approximately equidistant in relation to
the spatial direction R.

4. A radar system according to claim 1, wherein in the
signal processing means a digital beam formation or a high-
resolution method is applied on the received signals from the
different combinations of transmitter and receiver antennas,
in order to measure and/or estimate therefrom the position of
objects both in the spatial direction R and in the spatial direc-
tion S.

5. A radar system according to claim 4, in which a digital
beam formation is performed with the aid of a discrete Fourier
transformation (DFT) ofthe length N ifnecessary while using
a window function, for which purpose a sequence of the
combinations of transmitter and receiver antennas is used,
which is arranged in the spatial direction R with regard to the
position of the relative phase centers.

6. A radar system according to claim 5, in which for esti-
mating the position of objects in the spatial direction S it is
utilized that an object in the spectrum of the discrete Fourier
transformation with the length N generally produces P power
peaks in the respective distance N/P and that the proportion
between the spectral values at these power peaks depends on
the angular position of the object in the spatial direction S,
wherein P is the period length, in which the position of the
relative phase centers of the combinations of transmitter and
receiver antennas alternates with regard to the spatial direc-
tion S, if a sequence of these combinations of transmitter and
receiver antennas is considered, which in the spatial direction
R is arranged with regard to the position of the relative phase
centers.

7. A radar system according to claim 6, in which the period
length is P=2.

8. A radar system according to claim 7, in which R is the
horizontal direction and S is the vertical direction, so that by
the phase portion that alternates with the period length P of
the received signals of an object assertions can be made
regarding the vertical position of the object, and in which the
object elevation angle oz, is estimated with the aid of the
relation aEl=arcsin(-A/m-s)-arctan| Re(j-w(nAz+N/2)w
(nAz))]), wherein w(nAz) and w(n,+N/2) are the spectral
values of the two power peaks with the frequency values n,,
and n,_+N/2, n ,, represents the frequency value correspond-
ing to the azimuth angle o, s is the vertical offset of the
relative phase centers and A is the used central wavelength.

9. A radar system according to claim 1, in which S is the
vertical direction and in which the estimate of the angular
position of objects in this vertical spatial direction S is used to
recognize a misalignment of the radar system in elevation
direction.

10. A radar system according to claim 9, in which for
recognizing a misalignment in elevation only sufficiently far
away moved objects are used, and an averaging is effected via
the estimated angular position of several objects, wherein a
linear averaging or a nonlinear averaging is used.
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11. A radar system according to claim 7, in which R is the
horizontal direction and S is the vertical direction, so that by
the phase portion that alternates with the period length P of
the received signals of an object assertions can be made
regarding the vertical position of the object, and in which, for
recognizing objects which can be driven over or under
the imaginary part of the proportion V=j-w(n . +N/2)/w
(n,,) is used directly or divided by the amount V| of the
proportion, wherein w(n,_ ) and w(n,+N/2) are the
spectral values of the two power peaks with the fre-
quency values n, and (n,, +N/2) and n ,_ represents the
frequency value corresponding to the azimuthangle o,

and a conclusion is made regarding the height of objects
above the road surface, from an amount, in particular
filtered over the object distance, and/or distance-related
variation of this measure.

12. A radar system according to claim 1, in which a number
N of transmitter antennas and a number N of receiver anten-
nas, which do not lie with regard to their spatial direction R
outside of the outer of these N transmitter antennas, each
have at least approximately the same emission characteristic
and with regard to their phase centers in the spatial direction
R are each arranged at least approximately equidistant,
wherein in this spatial direction R the distance of these N
transmitter antennas to each other is larger by the factor N or
Nz—1 than the distance of these N receiver antennas to each
other, whereby an arrangement with a transmitter antenna and
a maximum of NN receiver antennas equidistantly
arranged in this spatial direction R is synthesized with an at
least approximately identical emission characteristic.

13. A radar system according to claim 12, in which

the N transmitter and the N receiver antennas are realized

in planar technology and are arranged on a plane surface
and

at least two of the N transmitter antennas and of the N

receiver antennas overlap with regard to the spatial
direction R
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characterized in that this overlap is realized by at least one
of the following arrangements and/or embodiments of
the N transmitter antennas and the N receiver anten-
nas:

a) the antennas are offset to each other with regard to the
spatial direction S that runs perpendicular to spatial
direction R,

b) the transmitter and/or the receiver antennas have an
inclined form with regard to the spatial direction R,

c¢) the antennas are intermeshed or interleaved into each
other with regard to the spatial direction R,

d) emitting and/or receiving elements are jointly used by at
least two transmitter antennas and/or receiver antennas,
and/or

e) at least one antenna is used both for transmission and
reception.

14. A radar system according to claim 1, in which

received signals from different combinations of transmitter
and receiver antennas are acquired,

the transmitter and receiver antennas used thereby each
have at least approximately the same emission charac-
teristic, wherein the emission characteristic of these
transmitter antennas can be different from the emission
characteristic of these receiver antennas,

with regard to the spatial direction R the position of the
relative phase centers of these combinations of transmit-
ter and receiver antennas varies periodically with the
period length Q by an equidistant raster, and

in the signal processing means, for determining the posi-
tion of objects in the spatial direction R it is utilized that
the received signals of an object dependent on its angular
position in the spatial direction R, apart from a linear
phase portion, have a phase portion alternating with the
period length Q, if a sequence of the combinations of
transmitter and receiver antennas ordered in the spatial
direction R with regard to the position of the relative
phase centers is considered.
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