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57) ABSTRACT

A method for operating a radar system using at least two
antennas provides an increased angular resolution for deter-
mining the angular position, radial velocity, and/or distance
to a reflection object. A plurality of successive measuring
phases are carried out in at least one measuring process. In
each measuring phase, operation is repeatedly switched
between a transmitting operation in which a transmitted
signal pulse is emitted, and a receiving operation in which
reflection signals are detected as received signals in the
pulse pause interval between successive transmitted pulses.
In at least one measuring phase, two different neighboring
antennas of the radar system are used respectively as the
transmitting antenna for emitting the transmitted signal and
as the receiving antenna for detecting the reflected signal. In
this manner, the respective receiving antenna monitors only
the angular range of overlap between the emitted beam of
the transmitting antenna and the field of view of the receiv-
ing antenna. The information provided by the detected
signals in this overlapping angular range achieves an
increased angular resolution. The method is particularly
suitable for operating a separation distance warning system
for a motor vehicle.

15 Claims, 2 Drawing Sheets
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METHOD OF OPERATING A
MULTI-ANTENNA PULSED RADAR SYSTEM

PRIORITY CLAIM

This application is based on and claims the priority under
35 U.S.C. §119 of German Patent Application 198 29 762.9,
filed on Jul. 3, 1998, the entire disclosure of which is
incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates to a method for operating a pulsed
radar system that uses at least two antennas for detecting or
monitoring in different angular ranges, so as to determine the
distance, the angular position, and/or the radial velocity of a
reflection object or target object in the field being monitored.
The invention further relates to a circuit arrangement for
carrying out the method.

BACKGROUND INFORMATION

It is generally known to use radar systems for determining
the distance or range from the radar system to moving or
stationary target objects, and/or for determining the radial
velocity or the relative velocity of such target objects. The
radar systems are typically adapted for use in different
distance ranges. The main field of use of such radar systems
is typically in long range applications with a relatively large
distance, either up to 150 km or up to 300 km, depending on
the application, between the radar system and the target
object. An example of such a long range application of radar
systems is in the field of aviation, for purposes of air traffic
control or for navigation of aircraft.

Recently, on the other hand, applications have also arisen
for radar monitoring in very short distance ranges between
the radar system and the target objects. For example, such a
close range or short range is up to 20 m or 250 m depending
on the particular application. One such a short range appli-
cation of a radar system is in the field of motor vehicles, for
monitoring the traffic space around a particular motor
vehicle, e.g. for determining the separation distance or
spacing of the subject motor vehicle from other preceding,
following, or approaching motor vehicles or other reflection
objects or target objects. The radar system may alternatively
or additionally be used for determining the relative velocity
of the subject motor vehicle with respect to other preceding,
following, or approaching motor vehicles or other reflection
objects.

In such a radar system, an oscillator generates a high
frequency analog transmitted signal, having a frequency in
the GHz range, typically between 18 GHz and 94 Hz. Then
a transmitting antenna emits this transmitted signal into an
observation area, i.e. an arca that is to be observed for
monitored by the radar. After the signal transits the trans-
mission path and is reflected back from the reflection objects
located in the observation area, the reflection or echo signal
is detected as a received signal by a receiving antenna. Then,
the received signal is evaluated in a signal processing circuit
with regard to the transit time and/or the frequency shift
and/or the phase shift of the reflected received signal relative
to the original transmitted signal. From this evaluation, the
necessary distance information and/or velocity information
can be determined.

Two different types of radar systems are generally in use,
namely a pulsed radar system and a frequency modulated
continuous wave (FMCW) radar system. These two types of
radar systems are distinguished from each other based on the
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measuring principle that is carried out, and especially in the
manner of generating the transmitted signal and in the time
sequence or progression of the transmitted signal itself.

In a pulsed radar system, the transmitted signal is cycli-
cally interrupted, in other words, such a radar system emits
transmitted pulses having a respective determined pulse
duration. During the respective pulse pause interval between
each two successive transmitted pulses, the reflection signals
resulting from reflections or echoes of the preceding trans-
mitted pulse are detected as received signals. As such, the
pulsed radar system operates with alternating transmitting
and receiving operating phases. The distance or range from
the radar system to the reflection objects is determined by a
direct measurement of the signal transit time. The desired
distance resolution of the pulsed radar system can be pre-
scribed and selected by a corresponding selection of the
pulse duration or pulse width of the transmitted pulses. To
select a distance range, the signal processing of the received
signal typically uses a plurality of distance or range gates,
which respectively correspond to various signal transit times
and thereby are selective for a very particular distance.

It is very easy to achieve a decoupling of transmitted and
received signals in the operation of the pulsed radar system.
In other words, a side-to-side crosstalk of the transmitted
signal into the received signal can be completely prevented
by a suitable switching from the transmitting operation to
the receiving operation, for example by means of transmit-
receive switches. Moreover, the dynamic range of the
received signal that is to be processed, i.e. the input dynam-
ics in the detection of the received signal, can be signifi-
cantly reduced by prescribing a range-dependent amplifica-
tion to be carried out in the signal processing, by means of
a regulation of the sensitivity of the signal amplification
dependent on the transit time, commonly known as “Sensi-
tive Time Control” (STC).

In an FMCW radar system on the other hand, the trans-
mitted signal is continuously emitted as a continuous wave
(CW), wherein the transmitting frequency of the transmitted
signal is varied by frequency modulation (FM) to have a
predetermined frequency modulation characteristic over
time. The received signal is detected simultaneously while
the transmitted signal is being continuously emitted. In view
of the simultaneous transmitting and receiving operations, a
rather high expense and effort is necessary for achieving an
adequate decoupling of the transmitted signals from the
received signals. This results in a high cost for such a radar
system, and also results in interfering side effects.

In view of the difficulties or disadvantages encountered
with FMCW radar systems, it is commonly the practice to
use pulsed radar systems or particularly pulse Doppler radar
systems in short range applications as mentioned above. For
example, such pulsed radar systems are typically used for
monitoring the traffic space surrounding a subject motor
vehicle so as to detect reflection objects represented by
obstacles and/or other motor vehicles within this traffic
space, whereby the distance or range, the relative velocity,
and the position of the reflection objects can be determined.
An important characteristic parameter for judging the qual-
ity of the pulsed radar system is the angle measuring
accuracy, i.e. the angular resolution of the azimuth angle by
which different reflection objects can be discriminated or
distinguished from each other.

In order to increase the resolution capability, it is known
to use a plurality of antennas (i.e. at least two antennas) in
a radar system. The publication “Radar Handbook™ edited
by M. Skolnik and published by McGraw-Hill, 1990 (2nd
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Edition), describes a so-called monopulse radar method, in
which a transmitted signal is emitted in a broad transmitted
beam, and two receiving antennas are arranged symmetri-
cally relative to the transmitted beam for detecting the
reflection signals (respectively in relation to the azimuth
angle and the elevation angle). An evaluating circuit evalu-
ates the difference and the sum of the two received signals
provided by the two antennas respectively in relation to the
azimuth angle and the elevation angle, and thereby the
angular positions of the reflection objects can be determined.

Published European Patent Application 0,499,706 dis-
closes a so-called pulse Doppler radar method and system in
which the same antenna is used for emitting the transmitted
signal and for detecting the received signal. By means of
appropriate switching and frequency shifting, a single oscil-
lator is used for generating the transmitted signal and for
generating an internal or local oscillator signal used in
connection with the reception.

SUMMARY OF THE INVENTION

In view of the above, it is an object of the invention to
provide a method of operating a radar system with which it
is possible to determine the angular position of reflection
objects with high accuracy in a simple manner and at a low
cost. It is also an object of the invention to provide a circuit
arrangement for carrying out such a method. The invention
further aims to avoid or overcome the disadvantages of the
prior art, and to achieve additional advantages, as apparent
from the present specification.

The above objects have been achieved in a method
according to the invention, for operating a radar system that
includes at least two antennas for monitoring different
angular ranges in a field or area to be monitored. According
to the method, the distance, i.e. range, the angular position,
and/or the radial velocity of reflection objects present in the
monitored area is determined in at least one measuring
process including a plurality of measuring phases. To
achieve this, the radar system is repeatedly switched back
and forth between a transmitting operation and a receiving
operation in each measuring phase of the measuring process.
A signal pulse of a pulsed transmitted signal having a
predetermined pulse duration is emitted respectively during
each transmitting operation. During each receiving
operation, reflection signals are detected as received signals
during a respective pulse pause interval between the suc-
cessive transmitted pulses of successive transmitting opera-
tions.

Especially according to the invention, the same antenna is
used as a transmitting antenna for emitting the pulsed
transmitted signal and as a receiving antenna for detecting
the received signals during at least one of the measuring
phases of the measuring process. On the other hand, during
at least one other measuring phase of the measuring process,
different ones of the plural antennas, and particularly adja-
cently arranged antennas, are used as the transmitting
antenna and the receiving antenna respectively.

According to the invention, during each measuring phase
of a measuring process, the radar system is repeatedly
switched-over multiple times at short time intervals,
between a transmitting operation (i.e. emission of the trans-
mitted signal) and a receiving operation (i.e. detection of the
received signal). The ratio of the time duration of the
transmitting operation relative to the time duration of the
receiving operation in this context can be prescribed as
desired or as needed for the requirements of any particular
application. During at least one measuring phase of the
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measuring process, different ones of the plural antennas are
used for emitting the transmitted signals during the trans-
mitting operation and for detecting the received signals
during the receiving operation. Particularly, these different
antennas used respectively for transmitting and receiving are
adjacently arranged antennas of which the monitored angu-
lar ranges overlap.

In contrast, during the remaining measuring phases or at
least one other measuring phase of the measuring process,
the same antenna is used both as a transmitting antenna for
emitting the transmitted signals in the transmitting operation
and as a receiving antenna for detecting the received signals
during the receiving operation.

In view of the above, during at least one measuring phase
of the measuring process, a respective switch-over between
two adjacently arranged antennas of the radar system is
carried out simultaneously with each switch-over between
the transmitting operation and the receiving operation. In
this manner, only those reflection signals reflected from
objects that lie in the range of overlap of the transmitting
beam of the transmitting antenna overlapping with the field
of view of the differently oriented receiving antenna are
detected as received signals.

By evaluating the signals received from the overlapping
ranges, and especially with respect to the angle dependent
amplitude or intensity of the reflection signals, in these
measuring phases using different transmitting and receiving
antennas, it is possible to obtain additional information.
Namely, by additionally taking into account the areas of
overlap between adjacent antennas in the signal evaluation,
the total information obtained is equivalent to the informa-
tion that could be obtained by physically increasing the
number n of antennas of the radar system to the increased
number 2n-1. In other words, by evaluating the signals in
this manner according to the invention, the angular range of
overlap between adjacent antennas respectively acts or pro-
vides the same information as an additional physical antenna
would otherwise provide. Hereby, it is possible to increase
the angular measuring accuracy and the performance capac-
ity of the radar system. These benefits are especially impor-
tant in the application of the radar system for monitoring the
traffic space around a motor vehicle, because it is necessary
to reduce the size, complexity, and cost of the physical radar
system hardware to a minimum while achieving the highest
possible resolution and accuracy.

Switching-over between the transmitting antenna and the
respective different receiving antenna while switching
between transmitting operation and receiving operation is
achieved by means of an antenna switch, which may for
example be a high frequency switch or switch-over device,
which is actuated and controlled by a control unit of the
radar system. In this context, the actuation and control of the
antenna switch is carried out synchronously with the
switching-over of the transmit-receive switch and the local
oscillator switch between transmitting operation and receiv-
ing operation. In order to achieve this, the antenna switch
must be rapidly switchable, i.e. this switch must have a high
limiting frequency. The switch-over between the transmit-
ting antenna and the respective different receiving antenna is
carried out in a short time, for example within 5 ns.

The inventive method for operating a radar system
achieves the following advantages. The additional informa-
tion obtained due to the switching of the antenna from a
transmitting antenna to a respective different receiving
antenna makes it possible to achieve a high angular mea-
suring accuracy or angular resolution, and therewith an
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improved separation and discrimination between adjacent
target objects. By appropriately or correspondingly embody-
ing the required antenna switch, it is possible to implement
the present invention in previously existing pulse radar
systems without additional hardware costs or efforts beyond
this antenna switch and the associated control hardware
and/or software. Moreover, the present invention can be
utilized in connection with all pulsed radar systems having
at least two antennas, i.e. any desired plural number of
antennas. All of the usual advantages of a pulsed radar
system or pulse Doppler radar system with respect to the
signal processing and multi-target capabilities are main-
tained.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the invention may be clearly understood it
will now be described in connection with an example
embodiment, with reference to the accompanying drawings,
wherein:

FIG. 1 is a schematic block circuit diagram of a radar
system used according to the invention as a distance sensor
for a motor vehicle separation distance warning system;

FIG. 2A is a schematic diagram representing the spatial
arrangement of three antennas in a radar system and the
transmitted beams respectively transmitted in different azi-
muth angular ranges by the three antennas;

FIG. 2B is a diagram showing the angle-dependent ampli-
tude or intensity of the respective received signals detected
by the receiving antennas;

FIG. 3A is a timing diagram showing the time sequence
of the transmitted signal pulses in a measuring phase of a
measuring process; and

FIG. 3B is a timing diagram coordinating with FIG. 3A,
but showing the time sequence of received signals during a
measuring phase of a measuring process.

DETAILED DESCRIPTION OF PREFERRED
EXAMPLE EMBODIMENTS AND OF THE
BEST MODE OF THE INVENTION

Distance sensors used in separation distance warning
systems for motor vehicles must be able to determine the
distance or range and in some cases the relative velocity of
reflection objects located in the pertinent observation field,
with high resolution and without ambiguity. These reflection
objects may particularly be preceding, following, or
approaching vehicles, pedestrians, or any other radar reflec-
tion objects present in the pertinent traffic field or observa-
tion area around the subject motor vehicle. For example, the
desired unambiguous distance measuring range or mono-
mode operation range may be 150 m (which is relatively
small in comparison to other radar systems), the desired
distance resolution may be 1 m, and the desired velocity
resolution may be 1 km/h. Moreover, it is a constant goal to
achieve a good angular resolution, i.e. a good separation and
discrimination ability between different adjacent reflection
objects, for example between several vehicles driving ahead
of the subject motor vehicle on different traffic lanes. Such
separation between the reflection objects must be achieved
with sufficient accuracy. For example, it is desirable to
achieve a resolution capability of the azimuth angle
measurement, or an angular resolution, of 0.1°.

As will be described in further detail below in connection
with FIGS. 1 to 3, a pulse Doppler radar system RS includes
a plurality of antennas Al, A2 and A3 and is operated to
carry out the above mentioned distance and angular position
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determinations. Particularly, the radar system is operated in
plural successive measuring phases of at least one measuring
process, whereby a transmitted signal with a transmitting
frequency or carrier frequency of 76.5 GHz, for example, is
emitted by one of the plural antennas of the radar system in
a particular angular range during a transmitting operation
phase. Then, the reflection signal resulting from the reflec-
tion of the transmitted signal from any reflection objects,
such as preceding vehicles or obstacles present in the
particular respective angular range, is detected as an analog
received signal or echo signal by a receiving antenna of the
radar system in a receiving operation phase. The same
antenna can be used for the transmitting operation and for
the receiving operation in one measuring phase of the
measuring process. However, in at least one other measuring
phase of the measuring process, a switching of antennas is
carried out. Namely, different antennas and particularly
adjacently arranged antennas are used for the transmitting
operation and for the receiving operation respectively. These
different antennas are provided in an antenna array for
detecting or monitoring adjacent angular ranges within the
field of view or area to be monitored.

The repetitive switching-over from transmitting operation
to receiving operation within one measuring phase of the
measuring process is carried out in short time intervals by
means of a high frequency (HF) switching unit that is
actuated and controlled by a control unit. Whenever a
switching of antennas is to be carried out, the system
switches over from the transmitting antenna to the receiving
antenna simultaneously with the switch-over from transmit-
ting operation to receiving operation.

A signal processing unit receives and further processes the
received signal during a specified time interval within the
receiving operation, and evaluates the received signal with
respect to the frequency difference or shifting and/or the
phase difference or shifting relative to the transmitted signal,
whereby the desired distance information and velocity infor-
mation (as required) are obtained from this evaluation by
carrying out a spectral analysis.

As shown in FIG. 1, a representative example embodi-
ment of a pulse Doppler radar system RS suitable for
carrying out the inventive operating method has the follow-
ing construction. A transmit-receive unit 1 includes a trans-
mitting side sub-circuit 1A for emitting the transmitted
signals and a receiving side sub-circuit 1B for detecting the
received signals. The essential components of the transmit-
receive unit 1 are incorporated together as a compact inte-
gral module. The transmit-receive unit 1 further includes an
antenna unit 11 for emitting the transmitted signals and also
for detecting the received signals. In order to receive and
transmit signals in different angular ranges, the antenna unit
11 comprises three separate antennas Al, A2 and A3 as well
as an antenna selector switch S1 for selecting the respective
operating antenna Al, A2 or A3.

In this context, during one measuring phase of the mea-
suring process, it is possible to use a given one of the
antennas Al, A2 or A3 as both a transmitting antenna during
the transmitting operation and as a receiving antenna during
the receiving operation. On the other hand, in the case when
an antenna change is to be carried out after a given antenna,
for example Al or A2, has been used as the transmitting
antenna, then the respective adjacent antenna A2 or A3 will
be used as the receiving antenna when switching from the
transmitting operation to the receiving operation. Particu-
larly in this case, the antenna selector switch S1 is switched
to the respective adjacent antenna at the end of the respective
transmitting operation, in parallel or simultaneously with the
switching-over from the transmitting operation to the receiv-
ing operation.
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The transmit-receive unit 1 further includes a high fre-
quency (HF) switching unit 12 overlapping with or forming
a subsystem of the transmitting side 1A and the receiving
side 1B. More particularly, the HF switching unit 12
includes two HF switches, namely a transmit-receive switch
S2 and a local oscillator (LO) switch S3, whereby switching-
over these two switches between the transmitting side 1A
and the receiving side 1B of the transmit-receive unit 1
achieves a switch-over between the transmitting operation
and the receiving operation. The synchronous switching of
the transmit-receive switch S2 and the LO switch S3, as well
as of the antenna selector switch S1 in the case of carrying
out an antenna change, is carried out dependent on the pulse
duration of the transmit pulse of the transmitted signal,
whereby such a pulse duration may amount to 50 ns, for
example.

For the transmitting operation, both the transmit-receive
switch S2 and the LO switch S3 are in the left position as
shown in FIG. 1, i.e. switched to the transmitting side 1A,
while the antenna selector switch S1 is connected to any
selected one of the antennas Al or A2 or A3 acting as the
transmitting antenna. On the other hand, for the receiving
operation both the transmit-receive switch S2 and the LO
switch 83 are switched to the right position as shown in FIG.
1, i.e. switched to the receiving side 1B, while the antenna
selector switch S1 is connected to one of the antennas to act
as the receiving antenna. In this context, the selected receiv-
ing antenna may be the same antenna Al or A2 or A3 that
was selected in the immediately preceding transmitting
operation, or the selected receiving antenna can be the
antenna A2 or A3 that is immediately adjacent to the
previously selected transmitting antenna Al or A2.

The transmit-receive unit 1 also includes an oscillator 13
such as a voltage controlled oscillator (VCO) having a
power of 10 mW, for example. This oscillator 13 generates
a high frequency radiation having the oscillator frequency of
76.5 GHz for example, which represents the carrier fre-
quency of the transmitted pulse signal, and can advanta-
geously also be used as a basis for a local or internal
oscillator frequency in connection with the receiving opera-
tion as will be described below.

In the measuring phases of the measuring process, a
repetitive switching-over between the transmitting operation
and the receiving operation is carried out. Thereby, the
reflection or echo signals that arise as reflections of the
previously emitted transmitted pulse being reflected from
any reflection objects located within the angular range
monitored by the selected antenna are detected as received
signals in the receiving side 1B of the transmit-receive unit
1, before the emission of the next successive transmitted
pulse. In other words, the reflections or echoes arising from
the immediately preceding transmitted signal are detected in
the respective subsequent receiving operation before switch-
ing from the receiving operation to the next transmitting
operation. To achieve this, the antenna selector switch S1 is
connected to the selected receiving antenna for a predeter-
mined receiving time interval. In this context, the receiving
time interval can be varied or adjusted as needed for any
given application, whereby the range or distance being
monitored by the radar system in the respective associated
angular range is correspondingly varied or adjusted.
Thereby, the operating range of the system in each particular
angular range can be selected as desired by appropriately
selecting the receiving time interval in that angular range,
i.e. associated with that particular antenna.

A mixer 14 is provided in the receiving side 1B of the
transmit-receive unit 1. The mixing frequency of this mixer
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14, for example, corresponds to the receiving frequency,
which is lower than the transmitting frequency by or to the
extent of the intermediate frequency. This mixer 14 provides
a mixed signal by multiplying the received signal with the
oscillator frequency that is provided to the mixer 14 as a
constant frequency from the oscillator 13 through the LO
switch S3 during a pulse pause interval, i.e. during the
receiving operation. In this manner, the mixer 14 transforms
the received signal into the corresponding mixed signal in
the intermediate frequency plane.

The intermediate frequency mixed signal is provided from
the mixer 14 to a signal processing unit 2 for further
processing. The signal processing unit 2 may include any
conventional or known arrangement of components for
processing and evaluating the received signals. For example,
the signal processing unit 2 includes a preamplifier stage, at
least one signal filter, an analog-to-digital converter (A/D
converter) and a digital signal processor. The evaluation of
the received signal in this context is carried out within a
predetermined time interval during a receiving operation
phase.

A control unit 3 is connected to the signal processing unit
2 and the transmit-receive unit 1 in order to actuate and
control the antenna selector switch S1 of the antenna unit 11,
and the two high frequency switches, namely the transmit-
receive switch S2 and the LO switch S3 of the high
frequency switching unit 12, and to control the oscillator 13.

During the time in which the separation distance warning
system is active, a plurality of successive cyclical measuring
processes are carried out. In each single measuring process,
a specified number of measuring phases can be prescribed,
and within each single measuring phase a specified sequence
of the transmitting antennas and receiving antennas to be
used can be prescribed. In a radar system having the number
G

n” antennas, at a maximum 2n-1 different measuring
phases can be prescribed per measuring process.

The time sequence of a measuring process will now be
described in connection with FIGS. 2A and 2B. These
figures schematically represent the various measuring
phases taking place in one measuring process, dependent on
the azimuth angle in the angular range detected by the radar
system. FIG. 2A schematically shows the spatial arrange-
ment of the three antennas Al, A2 and A3 of the radar
system RS on a motor vehicle, to achieve radar coverage
over a range of positive and negative azimuth angle «,
whereby the optical axis of the radar system is defined with
the azimuth angle a=0. FIG. 2A also schematically shows
the respective angular ranges Al+Al, A2+A2 and A3+A3
covered by the transmitted signal beam emitted by each
respective transmitting antenna Al, A2 or A3, and corre-
spondingly detected or monitored by the respective antenna
Al, A2 or A3. As can be seen, the respective angular range
of the transmitted beam of adjacent antennas Al and A2
overlap the reception “ficld of view” of respective adjacent
antennas A2 and A3 in respective overlapping angular areas
Al+A2 and A2+A3.

FIG. 2B schematically represents the amplitude or inten-
sity of a received signal detected by each one of the
respective receiving antennas Al, A2 or A3, which is a
measure of the sensitivity of the radar system. Namely, FIG.
2B represents an idealized case for each of the receiving
antennas showing the same given amplitude or intensity of
a received signal. This representation clearly illustrates the
reception characteristic of each antenna as a function of the
azimuth angle o, whereby a peak intensity or amplitude is
received along the optical axis of the particular antenna and
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then the intensity falls off toward the edges of the field of
view of the respective antenna. The antennas are so arranged
and embodied that the edge zones of diminishing intensity of
neighboring antennas overlap each other to form overlap-
ping zones of reception intensity A1+A2 and A2+A3, as also
apparent in FIG. 2A discussed above.

In connection with FIGS. 2A and 2B, an example involves
a single measuring process MV having a total time duration
of 50 ms, divided into five measuring phases MP1, MP2,
MP3, MP4 and MPS5, having respective equal durations of
10 ms, for example. In the first measuring phase MP1, the
antenna Al is used as the transmitting antenna in the
transmitting operation and as the receiving antenna in the
receiving operation. Thereby, this antenna Al detects a first
reflection object RO1, such as a motor vehicle, located in the
negative range of azimuth angle o that is being monitored by
the transmitted beam emitted by the antenna Al and “seen”
in the field of view of the antenna Al, represented by
Al+Al. A first reflection object RO1, such as a motor
vehicle, is detected in this angular range.

In the second measuring phase MP2, the antenna Al is
used as the transmitting antenna during the transmitting
operation, and the antenna A2 is used as the receiving
antenna during the receiving operation. Thereby, during the
measuring phase MP2, the antenna A2 will detect reflection
signals arising from reflections only in the overlapping
angular range of the azimuth angle o of the transmitted
beam of the antenna Al and the receiving field of view of the
antenna A2, represented by A1+A2. In other words, due to
the switching from the transmitting antenna Al to the
receiving antenna A2, the monitoring effect during the
measuring phase MP2 is to monitor only the overlapping
range of the azimuth angle illustrated in FIGS. 2A and 2B as
Al+A2.

In the measuring phase MP3, the antenna A2 is used both
as the transmitting antenna in the transmitting operation and
as the receiving antenna in the receiving operation, and
thereby the antenna A2 monitors the angular range covered
by the transmitted beam as well as the receiving field of view
of the antenna A2, namely the angular range A2+A2, over
the azimuth angle o around a=0. As shown in FIG. 2A, a
second reflection object RO2 such as a pedestrian, bicycle,
or motorcycle is located within this field of view of the
antenna A2 and is therefore detected by its reflection or echo
signal.

In the measuring phase MP4, the antenna A2 is used as the
transmitting antenna in the transmitting operation, and the
antenna A3 is used as the receiving antenna in the receiving
operation. In this manner, during the measuring phase MP4,
the antenna A3 will only monitor the overlap range A2+A3
of the azimuth angle range between the transmitted beam of
the antenna A2 and the receiving field of view of the antenna
A3. Since the second reflection object RO2 is particularly
located in this overlapping range of the azimuth coverage of
the antenna A2 with the azimuth coverage of the antenna A3,
the second reflection object RO2 will also be detected in this
measuring phase MP4.

In the measuring phase MP5, the antenna A3 is used both
as the transmitting antenna in the transmitting operation and
also as the receiving antenna in the receiving operation. In
this manner, during the measuring phase MPS the antenna
A3 will monitor the azimuth angle range A3+A3 covered by
the transmitted beam as well as the field of view of the
antenna A3 for positive azimuth angles a as represented in
FIGS. 2A and 2B. In the situation depicted in FIG. 2A, the
antenna A3 operating in the measuring phase MPS will thus
detect the second reflection object RO2.
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In other measuring processes, a different sequence of
measuring phases may be carried out, relative to the above
described sequence. Any desired number or subset of the
maximum number of possible measuring phases can be
carried out in any particular measuring process. Moreover,
the individual measuring phases within a measuring process
can be selected to have differing durations. In any event, the
above described information provided by the successive
measuring phases is evaluated in the signal processing unit
to achieve an angular position resolution that is greater than
the resolution that would otherwise be provided with the
given number of antennas without evaluating the overlap-
ping angular ranges. The resolution can be determined by
the number of measuring phases carried out, whereby the
overlapping angular ranges of detection discussed above
provide additional angular location information similarly as
if an additional antenna had been provided to monitor this
overlapping range. In the example of FIG. 2A, the system
can unambiguously determine that the first reflection object
ROL1 is located in the angular range of the first antenna Al
that does not overlap with the angular range of the second
antenna A2, and that the second reflection object RO2 is
located in the angular range of overlap between the antennas
A2 and A3.

FIGS. 3A and 3B represent a portion of the time sequence
of transmitting and receiving signals for a measuring phase
MP1 of the measuring process MV as an example. Each of
the measuring phases MP1, MP2, MP3, MP4 and MP5 of
the measuring process MV involves a repetitive or multiple
switching-over between the transmitting operation and the
receiving operation. For example, in each measuring phase
MP1, MP2, MP3, MP4 and MPS of the measuring process
MYV, the operation switches over between transmitting and
receiving 2000 times. In other words, in each one of the
measuring phases MP1, MP2, MP3, MP4, MPS of the
measuring process MV, 2000 successive transmitted pulses
are emitted alternating with 2000 reception cycles during the
pulse pause intervals. The total period duration or length T,
of a pulse cycle of a transmitting pulse consists of the pulse
duration t,y (i.e. the transmitting interval during transmit-
ting operation) and the pulse pause interval t,,. The
receiving operation takes place during the pulse pause
interval t, -, Wherein the reflection signals are detected by
a respective selected receiving antenna in a determined
angular range of the azimuth angle . During the receiving
operation, a specified receiving duration t, ., is prescribed
as a receiving interval during which the return echo signals
will be detected as received signals and further processed
and evaluated.

As an example, the pulse duration t,, of the transmitted
pulse is 50 ns, while the pulse pause interval t, ., between
the successive transmitted pulses amounts to 4.95 us, so that
the total period duration or length T, of a pulse cycle
amounts to 5 us. As mentioned above, as an example, 2000
pulse cycles are allocated to each measuring phase of the
measuring process, so that each respective measuring phase
has a total time duration of 10 ms. As a further example, the
reception period or interval t,,,,- during the receiving opera-
tion amounts to 1 us. In other words, all reflection signals
incident on the respective selected receiving antenna within
1 ps after emission of the transmitted pulse will be detected
and evaluated as received signals.

The pulse repetition frequency fpy is given by =
(Tp)t, where Tp=t p+topp In the above example with a
period duration or length T, of a pulse cycle amounting to
5 us, the pulse repetition frequency fp=200 kHz. The duty
cycle D is given by D=t,,/Tp, which amounts to 1% in the



US 6,184,819 B1

11

above example with a pulse duration of t,,; of the transmit-
ted pulses being 50 ns and a period duration or length T, of
a pulse cycle amounting to 5 us. The switch-over from one
antenna to another for carrying out an above described
antenna change, specifically the switching time for switch-
ing from one transmitting antenna to a different receiving
antenna while switching from transmitting operation to
receiving operation, amounts to 5 ns, for example.

When prescribing the specifications of a radar system for
carrying out the inventive method described herein, the
following points should be taken into account. The pulse
duration t,,, of the transmitted pulses determines the aver-
age transmitting power and therewith the maximum oper-
ating range of the radar system. The desired angular reso-
Iution At of the radar system for discriminating or resolving
separate reflection objects at the same distance and with the
same relative velocity is determined by the number and the
configuration of the antennas, and further by the overlapping
of the angular ranges of the antennas and use of the
overlapping information in successive measuring phases as
described herein. The desired velocity resolution Av of the
radar system determines the required time duration of the
measuring phases MP1, MP2, MP3, MP4 and MPS5 of a
measuring process MV. For examples with a transmitting
frequency or carrier frequency of 76.5 GHz, and a time
duration of the individual measuring phases MP1, MP2,
MP3, MP4 and MPS5 respectively each amounting to 10 ms,
the result is a velocity resolution Av of 5 km/h. The
unambiguous distance range or distance monomode range
R of the radar system is determined by the period duration
or length T, of a pulse cycle or from the pulse repetition
frequency fpy- according to the equation R=Tz C, where C
is the speed of light. A person of ordinary skill in the art upon
reading the present disclosure will be able to take these
parameters and factors into account in order to provide the
specifications of the radar system as necessary for any
particular application.

While the above example embodiment has been described
with reference to angular position detection with respect to
an azimuth angle, the same inventive method and arrange-
ment apply similarly for elevation angle detection.
Moreover, the inventive method can be used with a radar
system having a two-dimensional antenna array, whereby
azimuth angle detection and elevation angle detection can be
carried out simultaneously according to the inventive
method applied in two dimensions.

As used herein, the term “monitoring” of a given angular
range by an antenna generally refers to the antenna emitting
a beam of emitted signals in that given angular range, and/or
the antenna receiving reflected signals from that given
angular range.

Although the invention has been described with reference
to specific example embodiments, it will be appreciated that
it is intended to cover all modifications and equivalents
within the scope of the appended claims. It should also be
understood that the present disclosure includes all possible
combinations of any individual features recited in any of the
appended claims.

What is claimed is:

1. Amethod of operating a radar system including at least
two antennas respectively directed to monitor respective
different angular ranges in an area to be monitored, for
determining at least one of a distance, angular position and
radial velocity of a reflection object located in said area to
be monitored, said method comprising carrying out at least
one measuring process including a plurality of measuring
phases, wherein:
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each said measuring phase comprises plural alternating
transmitting operations and receiving operations;

cach said transmitting operation comprises emitting, from
a transmitting antenna selected among said at least two
antennas, a respective transmitted signal pulse having a
pulse duration (tyn);

each said receiving operation comprises activating a
receiving antenna selected among said at least two
antennas to be able to receive at least one of any
reflection signals that may be reflected from said reflec-
tion object and incident on said receiving antenna
during a respective pulse pause interval having a pause
duration (t,, ) between successive ones of said trans-
mitted signal pulses;

in at least one of said measuring phases, the same selected
one of said at least two antennas is used as said
transmitting antenna in said transmitting operations and
as said receiving antenna in said receiving operations;
and

in at least another of said measuring phases, two different
selected ones of said at least two antennas are respec-
tively used as said transmitting antenna in said trans-
mitting operations and as said receiving antenna in said
receiving operations.

2. The method according to claim 1, wherein:

said at least two antennas are directed so that at least some
of said respective different angular ranges partially
overlap one another; and

in said another of said measuring phases, said two dif-
ferent ones of said antennas respectively monitor said
respective different angular ranges that partially over-
lap one another.

3. The method according to claim 2, wherein, in said
another of said measuring phases, said receiving antenna
receives reflection signals reflected from said reflection
object only if said reflection object is at least partially
located in an overlapping angular range in which said
different angular ranges partially overlap one another.

4. The method according to claim 2, wherein said two
different ones of said antennas in said another of said
measuring phases are physically arranged adjacent to each
other.

5. The method according to claim 1, wherein said two
different ones of said antennas in said another of said
measuring phases are physically arranged adjacent to each
other.

6. The method according to claim 1, wherein said radar
system further includes an antenna selector switch adapted
to be selectively switchably connected independently to said
at least two antennas, and wherein said receiving antenna
and said transmitting antenna are respectively selected from
among said at least two antennas by correspondingly switch-
ing said antenna selector switch.

7. The method according to claim 6, wherein said switch-
ing of said antenna selector switch is carried out within 5 ns.

8. The method according to claim 6, wherein said radar
system further includes a control unit connected for control
signal transmission to said antenna selector switch, and
wherein said switching of said antenna selector switch is
carried out responsive to control signals provided by said
control unit.

9. The method according to claim 6, wherein said radar
system further includes a transmit-receive switch connected
to said antenna selector switch and a local oscillator switch
selectively connectable with said transmit-receive switch,
wherein said method further comprises repeatedly switching
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between said transmitting and receiving operations by
repeatedly synchronously switching said transmit-receive
switch and said local oscillator switch between a transmit
position and a receive position, wherein said antenna selec-
tor switch remains connected to said same selected one of
said at least two antennas during said transmitting and
receiving operations in said at least one of said measuring
phases, and wherein said antenna selector switch is repeat-
edly switched between said two different ones of said at least

two antennas in synchronism with said repeated switching of 10

said transmit-receive switch and said local oscillator switch
to switch between said transmitting and receiving operations
in said at least another of said measuring phases.

10. The method according to claim 1, wherein said
different angular ranges comprise different azimuth angular
ranges.

11. The method according to claim 1, wherein said
different angular ranges comprise different azimuth angular
ranges and different elevation angular ranges.

12. The method according to claim 1, wherein:

said at least two antennas include first and second anten-
nas that respectively transmit and receive signals in
respective first and second ones of said different angu-
lar ranges, which partially overlap each other in a first
overlapping angular range;

in a first one of said measuring phases, said first antenna
is used as said transmitting antenna in said transmitting
operations and as said receiving antenna in said receiv-
ing operations;

in a second one of said measuring phases, said second
antenna is used as said transmitting antenna in said
transmitting operations and as said receiving antenna in
said receiving operations;

in a third one of said measuring phases, said first antenna
is used as said transmitting antenna in said transmitting
operations and said second antenna is used as said
recelving antenna in said receiving operations; and

said first, second and third measuring phases can be
carried out in any order relative to each other.
13. The method according to claim 12, wherein:

said at least two antennas further include a third antenna
that transmits and receives signals in a third one of said
different angular ranges, which partially overlaps said
second different angular range in a second overlapping
angular range;

in a fourth one of said measuring phases, said third
antenna is used as said transmitting antenna in said
transmitting operations and as said receiving antenna in
said receiving operations;
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in a fifth one of said measuring phases, one of said second
and third antennas is used as said transmitting antenna
in said transmitting operations and the other of said
second and third antennas is used as said receiving
antenna in said receiving operations; and

said first, second, third, fourth and fifth measuring phases
can be carried out in any order relative to each other.
14. The method according to claim 12, further comprising
evaluating said at least one reflection signal received respec-
tively in each one of said measuring phases to determine at
least said angular position of said reflection object.
15. A radar system comprising:

a plurality of antennas that each respectively have differ-
ent angular fields of view and that are arranged so that
said fields of view partially overlap one another;

an antenna selector switch that is selectively switchably
connectable to each one of said antennas indepen-
dently;

a signal mixer;

a transmit-receive switch permanently connected to said
antenna selector switch;

an oscillator;

a local oscillator switch permanently connected to said
oscillator;

a signal processing unit connected to an output of said
signal mixer; and

a control unit connected for control signal transmission to
said antenna selector switch, said transmit-receive
switch, and said local oscillator switch;

wherein:

said transmit-receive switch is selectively switchably
connectable to said mixer and to said local oscillator
switch independently;

said local oscillator switch is selectively switchably
connectable to said mixer and to said transmit-
receive switch independently; and

said control unit is so arranged, configured and adapted
so that it causes said transmit-receive switch and said
local oscillator switch respectively to switch cycli-
cally and synchronously between being connected to
each other and being connected to said mixer, and
synchronously therewith causes said antenna selec-
tor switch to switch cyclically between being con-
nected to a first one of said antennas and being
connected to a second one of said antennas.



