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1
ELECTRONICALLY SCANNED RADAR
SYSTEM

TECHNICAL FIELD

The present invention relates to an electronically scanned
radar system, and in particular to an on-vehicle electronically
scanned radar system using the FM-CW technique, which is
able to suppress interference signals contained in received
signals.

BACKGROUND ART

FIG. 1 shows timing diagrams indicating transmitted/re-
ceived signals and the principle of mixing processes in the
FM-CM radar technique. FIG. 2 is a plan view illustrating an
example of an environment of a road with opposite lanes.
FIG. 3 shows by (a) and (b) conditions of signal processing in
a radar system equipped in a vehicle in the case where an
interference signal has been received from another vehicle.

In order to prevent collisions between vehicles and to per-
form inter-vehicle control, on-vehicle radars have been devel-
oped, which measure a distance, speed and azimuth associ-
ated with a front target, such as a preceding vehicle.

As ameans for measuring a distance from a front target and
a relative speed of the front target, the FM-CW radar tech-
nique has been used because, for example, this technique uses
a signal processing circuit having a simplified configuration.
Also, for measuring an azimuth, the electronic scanning tech-
nique has been used (e.g., refer to Patent Document 1).

In the FM-CW technique, a transmission wave Tx whose
frequency change linearly as shown by (a) of FIG. 1 is hori-
zontally transmitted over a predetermined angle in a fan-like
form from a transmitting antenna, as shown in FIG. 2, cen-
tering on a vehicle center CL of a vehicle 51. The transmis-
sion wave Tx transmitted in a fan-like form is reflected by a
target (e.g., oncoming vehicle 52), for the reception of a
reflected signal Rx1 to thereby perform scanning of the fan-
like region. Then, the reflected signal, or the reception signal
Rx1, is mixed with the transmission signal Tx. This mixing
produces a beat signal S, shown by (b) of FIG. 1, having a
component of a frequency difference (beat frequency fb)
between the transmission and reception signals. Conversion
is carried out to obtain the distance using the fact that the
frequency of the beat signal S is in proportion to a round-trip
propagation delay time At for the target.

The techniques for measuring azimuth include the elec-
tronic scanning technique mentioned above, which enables
scanning processes in all the azimuths in a short time. In the
electronic scanning technique, a reflected wave from an
object is received by a plurality of antenna elements (array
antennas) arranged according to a certain rule. A time differ-
ence is caused between channels of received data, which time
difference is determined by an azimuth o between a target and
each antenna, an arranged position of each antenna, and fre-
quency of a reception signal. Based on this time difference (or
phase difference), an azimuth for the target can be detected.
For example, digital beam forming (DBF) is known as a
means for realizing such a technique. In the DBF, an azimuth
is detected by digitizing a received data using an AD con-
verter, and then correlating each channel with a vector data
(mode vector) (e.g., refer to Non-patent Document 1).

In a road, as shown in FIG. 2, for example, which is busy
with a number of vehicles equipped with radar systems, a
radio wave Rx2 transmitted from a radar equipped in a vehicle
52 traveling along an opposite lane may bereceived by aradar
equipped in another vehicle. Thus, the radio wave Rx2 from
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the oncoming vehicle (transmission wave from the oncoming
vehicle) may interfere with a reflected signal Rx1 that is the
reflection from a target, which is caused by the radio wave
(transmission wave) Tx emitted from the other vehicle. In
particular, the electrical power level tends to be high in a
direct transmission wave emitted from each of the transmit-
ting antennas of the radars loaded on other vehicles. In the
case where the radars loaded on other vehicles use a modu-
lation technique, such as the FM-CW technique, which
involves a narrow-band signal, the electrical power level of
the signal will be higher. The interference signal of a large
electrical power level can be a major cause of the deteriora-
tion in the accuracy of measurement.

Under such circumstances, it will be effective to suppress
the interference components contained in the reception sig-
nal. Methods have been suggested, for example, for suppress-
ing the interference components by utilizing a filter for sup-
pressing components coming from a particular azimuth (e.g.,
refer to Non-patent Document 2).

[Non-patent Document 1]

“Adaptive signal processing by array antennas” by Nobuy-
oshi Kikuma, Science and Technology Publishing Co.,
Ltd., 1998

[Non-patent Document 2]

“Adaptive mainbeam jamming suppression for multi-func-
tion radars” by T. J. Nohara et al.

[Patent Document 1]

Japanese Patent Laid-Open No. 11-133142

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

However, the electronic scanned radars using the FM-CW
technique have some difficulty in direct application of such
methods, The reasons for this will be described below.

Modulation techniques for coping with interference signal
components, which are used by other vehicles, may be based
on the FM-CW technique or the CW technique. In such a
case, the frequency modulation of the reflected signal Rx1,
which is the reflection from a target caused by the radio wave
(transmission wave) Tx emitted from an own vehicle, will be
the same as the frequency modulation of the transmission
signal Tx as shown by (b) of FIG. 3. Therefore, the beat
frequency after mixing will substantially be constant with
respect to time, and this constant beat frequency presents the
beat signal corresponding to the desired signal. On the other
hand, the transmission wave Rx2, which is an interference
wave from an oncoming vehicle (hereinafter referred to as an
interference wave), is a signal from a radar equipped in
another vehicle. Therefore, the frequency modulation of the
interference wave Rx2 will not be the same as the frequency
modulation of the reflection signal Rx1, which is the reflec-
tion from a target caused by the transmission wave Tx emitted
from the own vehicle. For example, the bandwidth of the
modulated frequency or the modulation speed may be differ-
ent depending on standards. In another case, for example,
even if the standard of the radar equipped in an oncoming
vehicle or the like is equal to that of the radar equipped in the
own vehicle, the reflection signal Rx1 and the interference
wave Rx2 cannot substantially have completely the same
frequency modulation. This is because there may be a differ-
ence in the frequency modulation caused by the individual
differences between radars, which depend on manufacturing
processes, for example. Accordingly, as can be seen from (a)
of FIG. 3, the beat frequency of the interference wave Rx2
coming in from another vehicle, transits with respect to time.
Specifically, the information indicating a condition that fre-
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quency transits with respect to time, or in other words, a
condition that frequency varies with respect to time, is time
transient information on frequency spectrum. Therefore,
when the signal is subjected to frequency analysis with the
interference wave, the signal may resultantly appear as a
broadband signal component.

Further, as can be seen from (a) and (b) of FIG. 3, the beat
frequency of the interference wave Rx2 that transits with
respect to time is replicated (reversed) on reaching a zero
point where the frequency of the interference wave Rx2 inter-
sects with the frequency of the transmission wave Tx. The
component of the replicated frequency has a frequency sign
which is reverse of the frequency sign prior to the replication.
As aresult, as shown in FIG. 2 and (a) of FIG. 3, no distinction
can be made between the interference wave Rx2, or the intrin-
sic interference component, coming in from an incoming
azimuth o and a radio wave Rx3 coming in from an azimuth
- (radio wave that actually does not come in) which is a
reverse of the incoming azimuth a. Even when an azimuth
detection processing is carried out with reception data of
every snapshot, with respect to the replicated signal whose
frequency varies with time, no interference signal component
appear at a fixed azimuth. In this way, the beat signal extend-
ing over a broadband causes the interference wave Rx2 to
replicate at the zero point, disabling directional distinction
from an interference signal. Thus, it has been difficult to apply
methods that utilize azimuth, to such an interference signal
that disables directional distinction, for the purpose of sup-
pressing interference.

In light of the circumstances described above, the present
invention has as its object to provide an electronically
scanned radar system which is able to suppress interference
even with a radar using the FM-CW technique.

Means for Solving the Problems

The invention of claim 1 is an electronically scanned radar
system comprising: a transmitting antenna for freely emitting
a transmission signal consisting of a continuous wave; a
receiving antenna consisting of antenna elements corre-
sponding to respective channels; a mixer for obtaining a beat
signal by mixing a reception signal received by each of the
antenna elements with the transmission signal; an AD con-
verter for obtaining reception data consisting of an N number
of sampled data by sampling the beat signal obtained by the
mixer at a predetermined sampling frequency; and a target
detection section for detecting a distance from a target or/and
a relative speed of the a target, on the basis of the reception
data sampled by the AD converter, characterized by: a data
cutting out part for cutting out an (N-M+1) number of data
each consisting of an M(<N) number of sampled data con-
tinuous in the time direction, from the reception data consist-
ing of the N number of sampled data; a frequency spectrum
calculation part for calculating a frequency spectrum of each
of the (N-M+1) number of data; an interference frequency
detection part for detecting an interference component fre-
quency of an interference wave from the frequency spectrum;
an interference component removal part for removing the
interference component frequency from the beat signal, the
interference component frequency being detected by the
interference frequency detection part; a buffer part for merg-
ing the data cut out by the data cutting out part and removed
with the frequency components to restore a data having a
length before being cut out; and detection of a distance from
the target or/and a relative speed of the target on the basis of
the data restored by the buffer part.

As recited in claim 2, the data cutting out part advanta-
geously sets the number M so that the frequency is substan-
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4

tially unchanged in the continuous M number of sampled data
in the case where the M number of sampled data is sampled by
the sampling frequency.

As recited in claim 3, in removing the interference compo-
nent frequency detected by the interference frequency detec-
tion part from the beat signal, the interference component
removal part advantageously removes the beat signal from a
portion where the beat signal corresponding to the reception
wave intersects with the beat signal corresponding to the
interference wave.

As recited in claim 4, it is also advantageous that the
interference component removal part is a projection matrix
working on the data cut out by the data cutting out part.

As recited in claim 5, it is also advantageous that the
channel is provided in plural number, and a plurality of recep-
tion antennas are provided, each reception antenna consisting
of antenna elements corresponding to the plurality of chan-
nels; the mixer is provided in plural number in order to obtain
a beat signal for each of the antenna elements by mixing a
reception signal received by each of the antenna elements
with the transmission signal; and the AD converter is pro-
vided in plural number in order to sample the beat signal of
each of the channels at a predetermined sampling frequency,
which beat signal has been obtained from each of the plurality
of mixers, to obtain the reception data consisting of the N
number of sampled data for each of the channels correspond-
ing to the respective antenna elements.

As recitedin claim 6, it is also advantageous that the system
comprises a peak direction extraction part for performing a
digital beam forming process for the interference component
frequency to extract a peak of the electrical power of an
azimuth direction from the interference component fre-
quency, and the interference component removal part is
adapted to calculate an absolute value of an incoming direc-
tion of the interference component frequency extracted at the
peak direction extraction part and form a filter for removing
the interference component frequency on the basis of the
absolute value.

As recitedinclaim 7, it is also advantageous that the system
comprises a peak direction extraction part for performing a
digital beam forming process for the interference component
frequency to extract a peak of the electrical power of an
azimuth direction from the interference component fre-
quency, and the interference component removal part is
adapted to use a filter for removing only a portion where the
beat signal corresponding to the interference wave coming
from the same direction as that of the reception wave inter-
sects with the beat signal corresponding to the reception
signal, from the beat signal in a portion where the beat signal
corresponding to the reception signal intersects with the beat
signal corresponding to the interference wave.

As recited in claim 8, it is also advantageous to use a filter
having a projection matrix that works on the data cut out by
the data cutting out part.

As recited in claim 9, it is also advantageous to configure
the interference frequency detection part so as to detect the
interference component frequency on the basis of time tran-
sient information of the frequency spectrum.

As recited in claim 10, it is also advantageous to configure
the interference frequency detection part so as to detect a
component as the interference component frequency, which
component maximizes an electrical power value of the fre-
quency spectrum.

Advantages of the Invention

According to the invention of claim 1, the sampled data
obtained after performing sampling is made into at least two
or more continuous cut-out data. Thus, a beat signal can be
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captured as temporally transited information, that is, infor-
mation of at least two or more timings. Thus, frequency
variation of an interference wave in the interference fre-
quency components, relative to time can be estimated. Fur-
ther, when the estimated interference component frequency is
removed by the interference component removal part, the
influence of the interference wave can be suppressed.

In the invention of claim 2, M is set so that the frequency is
substantially unchanged in the M number of sampled data.
Thus, the cut-out sampled data substantially has no frequency
variation in the interference frequency components, relative
to time, which variation can be seen after sampling. Accord-
ingly, the beat frequency of the interference components can
be more properly detected in the time segment.

In the invention of claim 3, removal of the interference
frequency is ensured to be performed by having the interfer-
ence component removal part removing the beat signal in a
portion where the beat signal corresponding to the reception
wave intersects with the beat signal corresponding to the
interference wave. For example, when a transmission wave of
an own vehicle is reflected by a target, the beat signal of the
reflected wave is a signal which does not transit with respect
to time, while the interference wave is a signal which transits
with respect to time. Thus, the beat signal corresponding to
the interference wave intersects with the beat signal corre-
sponding to the intersecting reception wave. This intersecting
portion cannot be identified as being a reception wave or an
interference wave. Therefore, removal of this portion can
suppress the influence of the interference wave.

As recited in claim 4, use of the projection matrix capable
of removing an interference wave in the interference compo-
nent removal part, may suppress the influence of the interfer-
ence wave in a more accurate manner.

The present invention can be applied to a system having
one channel each for transmission and reception. As recited in
claim 5, however, the present invention is also useful in a
system having a plurality of reception antennas. For example,
when one channel is used for reception, it is required to
mechanically orient the direction (angle) of transmission/
reception, whereas provision of the plurality of reception
antennas can dispense with such a mechanical mechanism,
for example.

As recited in claim 6, if a digital beam forming (DBF)
function is provided, azimuth information can be obtained in
the form of an absolute value. Then, when a filter is set
according to an absolute value of the azimuth information,
removal of the interference wave can be realized, while allow-
ing the beat signal of the original reception wave to remain as
much as possible.

As recited in claim 7, upon obtaining the azimuth informa-
tion using DBF, the incoming azimuth of the original recep-
tion wave can be distinguished from the incoming azimuth of
the interference wave. However, when the incoming azimuths
are the same, no distinction can be made between the inter-
ference wave and the reception wave. Removal of the inter-
ference wave from this point of view can suppress the influ-
ence of interference.

Asrecited in claim 8, the influence of the interference wave
can be more accurately suppressed by using as a filter the
projection matrix which is able to remove the interference
wave.

According to the invention of claim 9, time transient infor-
mation of the interference frequency is used in order to
adequately detect the beat frequency of the interference com-
ponents. Specifically, as described above, the beat frequency
of the reflected wave Rx1 from a target is substantially con-
stant with respect to time. On the other hand, the beat fre-
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quency of the interference wave Rx2, which us the signal
from another radar system, transits with respect to time. For
example, as shown by (a) of FIG. 3, when the inclination of
modulation of the subject radar system is different from that
of the radar system loaded on another vehicle, the beat fre-
quency presents a primary linear transition. In this regard,
focusing on the transition of the beat frequency, if a determi-
nation as being the interference components is made when
transition occurs exceeding a certain level, then the detection
can be performed accurately.

According to the invention of claim 10, electrical power
information of the interference frequency is used in order to
adequately detect the beat frequency of the interference com-
ponents. Specifically, when the electrical power of the inter-
ference wave is larger than that of the reflected wave from a
target, the accuracy of measurement will be drastically dete-
riorated. In this regard, when the electrical power is large,
accurate detection can be efficiently conducted by detecting a
frequency that maximizes the peak, as the interference com-
ponents.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows by (a) transmission/reception signals in the
FM-CW radar technique, and by (b) a timing diagram indi-
cating the principle of mixing processes;

FIG. 2 shows a plan view illustrating an example of an
environment of a road with opposite lanes;

FIG. 3 shows by (a) frequency variation of a transmission
wave, a reflected wave and an interference wave with respect
to time, prior to performing mixing, and by (b) a beat signal
after performing mixing of these signals;

FIG. 4 is a block diagram illustrating an embodiment of an
electronically scanned radar system of the present invention;

FIG. 5 is a schematic diagram illustrating the contents of a
short-time data cutting out process;

FIG. 6 is a schematic diagram illustrating the contents of
frequency spectrum calculation processes;

FIG. 7 is a schematic diagram illustrating instantaneous
beat frequency of an interference signal at some time points;

FIG. 8 shows by (a) frequency variation of a transmission
wave, a reflected wave and an interference wave with respect
to time, prior to performing mixing, by (b) a beat signal after
performing mixing of these signals, by (¢) a diagram concern-
ing azimuth after DBF; and by (d) a diagram illustrating a
desired beat signal SS after removing a beat signal of an
interference wave from the beat signal, on the basis of the
azimuth information;

FIG. 9 shows by (a) frequency variation of a transmission
wave, a reflected wave and an interference wave with respect
to time, prior to performing mixing, by (b) a beat signal after
performing mixing of these signals, by (c¢) a diagram illus-
trating the beat signal after sampling, and by (d) a diagram
illustrating a desired beat signal SS after removing a beat
signal of an interference wave from the beat signal, on the
basis of the azimuth information; and

FIG. 10 shows by (a) frequency variation of a transmission
wave, a reflected wave and an interference wave with respect
to time, prior to performing mixing, by (b) a beat signal after
performing mixing of these signals, and by (d) a diagram
illustrating a desired beat signal SS after removing a beat
signal of an interference wave from the beat signal, not based
on the azimuth information.
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DESCRIPTION OF REFERENCE SYMBOLS

1 ... Electronically scanned radar system
5 ... Transmitting antenna
6 ... Antenna element

10 . . . Mixer

13 .. . A/D converter

17 . . . Target detection section

18 . . . Interference frequency detection part

19 . .. Short-time data cutting out part

20 . . . Frequency spectrum calculation part

26 . . . Interference azimuth component removal part
27 . . . Buffer part

S3, S4,RD . . . Beat signals
RX . .. Reception signal
TX ... Transmission signal

BEST MODE FOR CARRYING OUT THE
INVENTION

With reference to the drawings, hereinafter will be
described a first embodiment of the present invention.

FIG. 4 is a block diagram illustrating an electronically
scanned radar system 1 according to an embodiment of the
present invention. The radar system 1 is an FM-CW radar
system using a transmission signal Tx which is obtained by
applying frequency modulation (FM) to a continuous wave
(CW). Also, the radar system 1 is a DBF radar system which
performs digital beam forming processes within receiving
array antennas 8. The radar system 1 is a so-called on-vehicle
radar system loaded on a vehicle, which detects, for example,
a distance to a vehicle (target) traveling ahead or a relative
speed of the vehicle traveling ahead. The results of the detec-
tion of the radar system 1 are utilized, for example, as infor-
mation for controlling traveling of the vehicle. Microwaves
are used as transmission waves,

The radar system 1 has a transmission/reception section 4
which includes: an oscillator 2 having a center frequency f0
(e.g., 76 GHz) and connected to a timing generator 50; an
amplifier 3; and a transmitting antenna 5. The oscillator 2
outputs a signal which is obtained by applying triangular
wave modulation with a frequency modulation width AF, to a
carrier wave having the frequency {0 by using control voltage
outputted from a DC power source for modulation, not
shown. That is, the oscillator 2 outputs a modulated wave
(transmission wave Tx) at a frequency f0£AF/2. The modu-
lated signal is amplified by the amplifier 3 and emitted as an
electromagnetic wave from the transmitting antenna 5. The
transmission waves are partially outputted to a mixer 10 to
serve as local signals for reception detection. In order to have
the transmitting antenna 5 had desired horizontal directivity,
the transmitting antenna 5 is made up of four element anten-
nas, for example, not shown.

The receiving array antennas 8 provided at the transmis-
sion/reception section 4 have a K number of uniformly spaced
linear array antenna elements 6 correspond to channels from
a first channel (#1) to a K” channel (#K). Each of the antenna
elements 6 is made up of two component antennas and, simi-
lar to the transmitting antenna 13, is permitted to have fixed
horizontal directivity.

Reception waves Rx (1 to K) from the antenna elements 6
are amplified by respective RF amplifiers 9 and mixed with
distributed transmission waves Tx by respective mixers 10.
Each of the reception signals Rx is down-converted by this
mixing to produce, as shown by (b) of FIG. 1, a beat signal S,
that is, a differential signal resulting from the difference
between the transmission wave Tx and the reception wave Rx
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(1 to K). The technique for obtaining the beat signal S based
on the reception wave Rx (1 to K) and the transmission signal
Tx is well known as described, for example, in Japanese
Patent Laid-Open No. 11-133142. Therefore, description of
the detailed processes is omitted herein.

In the FM-CW technique for triangular wave modulation,
the following Formulas can be established:

So1=fr-fd M

So2=fr+fd @

where fr is the beat frequency when relative speed is zero, fd
is the Doppler frequency based on the relative speed, fb1 is the
beat frequency in a zone where frequency increases (up-
zone), and fb2 is the beat frequency in a zone where frequency
decreases (down-zone).

Accordingly, when the beat frequencies fb1 and fb2 in the
up- and down-zones, respectively, in modulation cycle are
separately measured, fr and fd can be obtained from the
following Formulas (3) and (4):

JSr=(/b14fb2)/2 3

Fi=(fb2-b1)/2 (4)
Calculation of the beat frequency fr and the Doppler fre-
quency fd when the relative speed is zero, can lead to the

calculation of a distance R from a target and a speed V of the
target with the following Formulas (5) and (6):

R=(CHA-AFfm)) fr ®

V=(CI2:/0))/d Q)

where C is the speed of light, F0 is the center frequency, AF is
the frequency modulation width for the carrier wave of the
frequency 0, and fin is the FM modulation frequency.

Produced beat signals S3 for individual antenna elements 6
pass through respective low-pass filters 12 provided for the
individual antenna elements 6, and are sampled and quantized
by respective A/D converters 13 at sampling frequency f to
provide an N number of sampled data for every snapshot. The
sampled data are stored in a buffer unit 14, in the form ofa K
(channels)xN number of reception data DT1 as expressed by
the following Formula, and then outputted to a target detec-
tion section 17. The reception data DT1 corresponds to recep-
tion data RD that includes data for K number of channels, as
will be described later.

[Mathematical Expression 1]

M

As shown in FIG. 4, the target detection section 17 includes
an interference suppression unit 30, a beat frequency detec-
tion unit 31 and an azimuth detection unit 33. The interference
suppression unit 30 includes a short-time data cutting out part
19, a frequency spectrum calculation part 20, an interference
frequency detection part 18, a DBF (digital beam forming)
processing part 22, a maximum peak direction extraction part
23, an interference direction component removal part 26 and
a buffer part 27.

As shown in FIG. 5, for each of the channels corresponding
to the respective array antenna elements 6, the short-time data
cutting out part 19 cuts out short data SD each including a
number M (e.g., 32 variable data) of sampled data in the time
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direction as can be seen in the following formula, from the
reception data RD, i.e. the N number of (e.g., 1024/snapshot)
sampled data stored in the time direction. Then, the cut-out
short-time data SD are rearranged in a row-column array. The
rearranged cut-out data are expressed in Formula (8).

[Mathematical Expression 2]

x[k][1] x[k][] xkIINV - M +1] ®
x[k][2] x[k][z+1] x[k][M - M +2]
x[k][M] xk][r+ M 1] x[k][N]

k=1 K

Then, as shown in FIG. 6 and Formula (9), the frequency
spectrum calculation part 20 performs discrete Fourier trans-
formation for each of the short-time cut-out data for transfor-
mation into data Mf appropriate for a frequency region to
thereby calculate the frequency spectrum. A short-time Fou-
rier transformation data Y is expressed in Formula (9).

[Mathematical Expression 3]

YK - . YK - YKIIN-M+1](D) ©
The interference frequency detection part 18 calculates
mean electrical power after the discrete Fourier transforma-
tion for the K channels, and then, as shown in FIG. 7, detects
one or more peaks in the frequency direction. In the detection,
the frequency where the mean electrical power level of a peak
reaches the maximum point is determined as being the instan-
taneous beat frequency of interference components (interfer-
ence component frequency) at each of time points tn. The
instantaneous beat frequency (interference component fre-
quency) is defined as expressed by Formula (10)
[Mathematical Expression 4]

Joalfl, @=1...N-M+1) (10)

When the interference component frequency expressed by
Formula (10) is enciphered, Formula (11) is obtained.

[Mathematical Expression 5]

L& (1D
Spaltl = arg}na Ezly[k][[](f)lz]a =1 ... N-M+1
=

Then, the DBF processing part 22 performs a known DBF
(digital beam forming) processing for the short-time Fourier
transformation data Y. Details of the DBF processing are
described in Non-patent Document 1. The symbol 8 here
indicates an azimuth for DBF scan.

The symbolZ[t](O)in Formula (12) indicates a spectrum
obtained from the DBF processing.

[Mathematical Expression 6]

K 2 (12)
Z[1O) =D w®)- YK faa[1)

k=1

Then, for the frequency of the interference components,
the peak direction extraction part 23 detects a peak value of an
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azimuth direction which maximizes the energy obtained by
the DBF processing, using Formula (13).

[Mathematical Expression 7]

Opl1] = arg;naX(Z[l](O)) a3

Then, the interference direction component removal part
26 estimates an absolute value of the incoming direction of
the interference components on the basis of the obtained peak
of the azimuth direction (peak of the frequency direction),
using aknown calculation method. As shown in FIG. 2 as well
as (a) and (b) of FIG. 3, the incoming direction of the inter-
ference components obtained by this estimation is of either
one of the interference waves Rx2 and Rx3 which are sym-
metric, both having the azimuth angle o with respect to the
vehicle center CL (scanning center in the electronic scan of
the transmission signal Tx). This value, which cannot be
confirmed to be which of the above waves, is referred to the
“absolute value of the incoming direction”. This is because
the interference waves Rx2 and Rx3, which are line symmet-
ric with respect to the reception wave Rx1 as shown by (a) of
FIG. 3, show similar interference patterns after mixing as
shown by (b) of FIG. 3. Accordingly, even if the incoming
direction obtained in the calculation is 6T=q, for example, the
actual incoming direction can be taken as being both the
azimuths 6=c and -a.

However, without determining the incoming direction of
the interference components, the interference direction com-
ponent removal part 26 produces at every time point the
following projection matrix h[t] that suppresses the interfer-
ence components, on the basis of Formulas (14) and (15).

[Mathematical Expression 8]

PL]=I-hft] k[t

The definition of h[t] can be made as expressed by Formula

(15).

(14)

[Mathematical Expression 9]

wy (0r[2]) 13

w2(0r[])

wi (Or[t])

where W (0) indicates the weight (steering vector) of the
DBF for the azimuth 0.

By applying this to the original reception data SD (see F1G.
5), a reception signal X [t] after the interference component
suppressing process, can be obtained.

[Mathematical Expression 10]

(16)

The buffer part 27 stores the short-time data SD, i.e. the
reception signal X [t], having suppressed interference com-
ponents by the number equal to the original number of data.
Thus, the short-time data SD that have been cut out by the
short-time data cutting out part 19 and have been removed
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with the interference direction components by the interfer-
ence direction component removal part 26, are restored to the
reception data RD and DT1 (see FIG. 5) before being cut out,
and then transmitted to the downstream beat frequency detec-
tion unit 31. In this way, the interference components are
removed (suppressed) from the beat signal stored in the buffer
unit 14 of the transmission/reception section 4 shown in FI1G.
4, and the resultant signal is appropriately outputted in the
form of a signal S4 to the downstream beat frequency detec-
tion unit 31.

As described above, the signal SS after the removal (sup-
pression) of the interference components has been obtained
through the suppression processing without being subjected
to a process of determining the positive/negative sign of the
incoming direction of the interference signal components that
have replicated at the intersection of the transmission wave
and the interference wave shown by (b) of FIG. 3. Thus,
removal of the interference components can be ensured with-
out determining the positive/negative sign of the incoming
direction.

Description hereinafter is given by referring to FIG. 8.
Since (a) and (b) of FIG. 8 are the same as (a) and (b) of FIG.
3, the explanation is omitted. Similar to FIG. 3, FIG. 8 also
exemplifies a condition involving a target and an interference
wave as shown in FIG. 2.

For example, in one incoming azimuth of the interference
signal, which corresponds to the condition as shown in FIG. 2
as well as (a) and (b) of FIG. 8, for example, azimuth infor-
mation after DBF may be as shown by (¢) of FIG. 8. Specifi-
cally, a positive value a can be derived from the azimuth
corresponding to the beat signal, or the desired signal, having
substantially constant beat frequency with respect to time in
(b) of FIG. 8. Also, an azimuth o can be derived from the
interference wave Rx2, or the transmission wave, from the
oncoming vehicle 52. Meanwhile, the azimuth corresponding
to a beat signal reverse of the interference wave Rx2 is -a.
Accordingly, in the interference wave Rx2 after mixing
shown by (b) of FIG. 8, the beat signal whose beat frequency
has been reversed at zero can be distinguished because, after
DBF, the azimuth of the beat signal having reversed beat
frequency will have a positive/negative sign which is different
from that of the desired beat signal S. Thus, in case of remov-
ing the beat signal corresponding to the interference wave
Rx2, removal can be performed for only the beat signal cor-
responding to the frequency wave Rx2 whose positive/nega-
tive sign of the incoming azimuth is reverse of the beat signal
S corresponding to the reflected wave Rx1, using the filtering
of the projection matrix. On the other hand, some of the beat
signals corresponding to the interference waves Rx2 have an
incoming azimuth whose positive/negative sign is identical
with that of the beat signal S corresponding to the reflected
wave Rx1. In this case, the reflected wave Rx1 and such an
interference wave Rx2 are removed together because no dis-
tinction can be made therebetween. The removal width in
such a case corresponds to the portion enclosed by a broken
line in (b) of FIG. 8, which resides in the portion where the
desired beat signal S and the beat frequency of the interfer-
ence wave Rx2 intersect with each other. A beat signal SS
resulting from such a removal is indicated by (d) of FIG. 8. As
shown by (d) of FIG. 8, the beat frequency of the interference
wave Rx2 has also been removed together with the originally
desired beat signal S, during the period corresponding to the
time between T3 and T4 centering on time To. It should be
appreciated that the removal width can be made large when
the intensity of the signal is high, and can be made small when
the intensity of the signal is low.
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The beat signal SS whose interference components have
been suppressed by the interference suppression unit 30 of the
target detection section 17 is subjected to known processes in
the beat frequency detection unit 31 and the azimuth detection
unit 33, for calculation, for example, of a distance between the
own vehicle and a target, such as a preceding vehicle, as well
as relative speed and azimuth with respect to the target. Fur-
ther, the resultant signal is subjected to a temporal tracking
process in the target tracking section 35 shown in FIG. 4,
which process is followed by a calculation process to detect,
for example, a preceding vehicle. The processes performed in
the target tracking section 35 are based on a well-known
technique, the details of which are described in Japanese
Patent Laid-Open No. 2003-270341, for example. The
detailed description on the contents of these processes there-
fore is omitted herein. Also, the processes performed in the
beat frequency detection unit 31 and the azimuth detection
unit 33, are based on a well-known technique as described, for
example, in Non-patent Document 1 The detailed description
therefore is omitted herein.

The present embodiment has been described assuming that
these processes and the operation contents are realized in the
form of signal processing software which is run, for example,
by a microprocessor or a digital signal processor. Alterna-
tively, these processes and the operation contents may be
realized in the form of an integrated circuit, such as an FPGA
or LSI, formed on a semiconductor element.

In the embodiment described above, the processing parts
configuring the interference suppression unit 30 have the
following functions:

A) The short-time data cutting out part 19 which cuts out a
is plurality of short-time channel data from multi-channel
data received from the upstream buffer unit;

B) The frequency spectrum calculation part 20 which cal-
culates a short-time frequency spectrum from the short-time
data;

C) The interference frequency detection part 18 which
detects an interference component frequency from the short-
time frequency spectrum;

D) The DBF processing part 22 which performs DBF (digi-
tal beam forming) processes;

E) The maximum peak direction extraction part 23 which
calculates the azimuth of interference components from the
results of the DBF processes;

(3) The interference direction component removal part 26
which operates a filter for suppressing the components of an
associated azimuth direction from the plurality of short-time
channel data, on the basis of the calculated azimuth of the
interference components; and

(H) The buffer part 27 which merges the plurality of short-
time channel data after the interference component suppres-
sion to restore the original data length.

In this way, it is so configured that, in the case where, for
example, an FM-CW or CW radar wave and the like is
received as an interference wave from an oncoming vehicle,
for example, the short-time data of the interference wave are
cut out and processed even when the interference component
frequency temporally varies. Thus, the frequency in the cut-
out time range is substantially unchanged, which enables the
frequency spectrum calculation part 20 and the interference
frequency detection part 18 to detect and suppress the inter-
ference component frequency in the time section.

Referring now to FIG. 9, hereinafter is described a modi-
fication of the first embodiment. Since (a) and (b) of FIG. 9
are the same as (a) and (b) of FIG. 3, the explanation is
omitted.
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FIG. 9 shows by (c) the results of sampling the beat fre-
quency shown by (b) of FIG. 9 using an AD converter. Most
commonly, the beat signal of the frequency wave Rx2 repli-
cates at 2 of the sampling frequency, or at the so-called
Nyquist frequency. Accordingly, as can be seen from (c) of
FIG.9, the frequency after sampling has a pattern in which the
beat frequency turns between zero and the Nyquist frequency.

In the modification shown in FI1G. 9, as can be seen from (b)
of FIG. 9, the beat signal S corresponding to the reflected
wave Rx1 intersects with the replicated beat signal corre-
sponding to the interference wave Rx2 in a time range To1 to
Tod. However, in the intersection, the positive/negative signs
are coincident with each other between the incoming azi-
muths of the beat signal S and the beat signal of the interfer-
ence wave Rx2 with respect to the time points Tol and To2,
but are inverted from each other with respect to the time
points To3 and Tod. Accordingly, the present modification
removes the beat signal during the period when the positive/
negative signs of the incoming azimuths are coincident with
each other. To elaborate, the filter removes both the beat
signal S and the beat signal of the interference wave Rx2,
which fall between time points T1 and T2 sandwiching the
time point To2 and between time points T3 and T4 sandwich-
ing the time point Tol. Also, the filter removes only the beat
signal of the interference wave Rx2 up to the time point T1,
between the time points T2 and T3, and on or after the time
point T4.

As described above, in view of the Nyquist frequency after
sampling, in the case where the beat frequency of the inter-
ference wave Rx2 (Rx3) replicates both at the zero frequency
and at the Nyquist frequency, efficiency can also be attained
by ensuring removal of all the periods in which the positive/
negative signs of the incoming azimuths are coincident with
each other between the reflected wave Rx1 and the interfer-
ence wave Rx2.

In the present modification as well, similar to the first
embodiment, removal widths (periods) may be set sandwich-
ing the time points Tol and To2, considering, for example, the
electrical power of the interference waves.

Referring to FIG. 10, hereinafter is described a second
embodiment.

Since (a) and (b) of FIG. 10 are substantially the same as
FIG. 3, the explanation is simplified.

The second embodiment greatly differs from the above
embodiment and modification in that no DBF function is
provided. In the second embodiment, removal using the pro-
jection matrix, for example, is performed for two intersec-
tions between the beat signal S corresponding to the reflected
wave Rx1 and the beat signal corresponding to the interfer-
ence wave Rx2 after being mixing by a mixer. Specifically,
both the beat signal S and the beat signal of the interference
wave Rx2 are removed from the interference frequency at the
intersections mentioned above or during the periods includ-
ing the intersections, and in all else, only the beat signal of the
reference wave Rx2 is removed. More specifically, as shown
by (c¢) of FIG. 10, the intersections mentioned above reside at
the time points To4 and To1. Thus, both the beat signal S and
the beat signal of the reference wave Rx2 are removed by the
filter during both of the periods between time points T6 and
T7 and between the time points T3 and T4, which correspond
to the widths (periods) around the time points To4 and Tol.
During other periods, only the beat signal of the interference
wave Rx2 is removed. In this way, use of transient informa-
tion of the interference frequency components with respect to
time, enables suppression of the interference components,
without the necessity of obtaining the azimuth information
using DBF.
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In the second embodiment, the azimuth detection unit 33,
the DBF processing part 22 and the maximum peak direction
extraction part 23 shown in FIG. 4 can be omitted. As a result,
the interference direction component removal part 26 can
remove the interference components using the transition
information on the interference frequency components with
respect to time, without using the azimuth information, such
as a peak direction.

The present invention may be further modified variously,
without being limited to the embodiments or modification
described above.

For example, the embodiments and modification described
above have been configured to allow a short-time data cut-out
part 9 to just cut out the M number of data continuing in the
time direction. In the ultimate sense, in the case where
N=1024 is established, M=1023 could have been established.
In other words, the short-time data cut-out part 9 only had to
perform retrieval to obtain data in the form of two or more
continuous data groups having different time zones. Alterna-
tively, for example, the short-time data cut-out part 9 may
retrieve time data shorter than the sampling time of the short-
time data SD, i.e. a replicating time t1 of the interference
wave Rx2 (Rx3) shown by (c¢) of FIG. 9. This may consider-
ably reduce the variation in the beat frequency of the inter-
ference components so that no bending (reversion) can occur,
whereby the beat frequency of the interference wave can be
more appropriately calculated.

Further, the embodiments and modification described
above have allowed the maximum peak direction extraction
part 23 to detect a maximum peak value of an azimuth direc-
tion in which the energy obtained through the DBF processes
would maximized. Alternatively, only a peak may be ensured
to be detected instead of the maximum value. In other words,
if there are a plurality of peaks, the interference components
may be ensured to be removed on the basis of the plurality of
peaks. In this case, a time profile of the peaks is required to be
estimated. Accordingly, although the calculation may be
complicated comparing with the case where the maximum
peak value is used, there may be no problem in terms of the
performance. Conversely, use of the maximum peak value as
described above can present an advantage of simplifying the
calculation.

Further, for example, the first embodiment described above
has been provided with the azimuth detection unit 33 to give
azimuth information of a target to the operator tracking pro-
cess section 35. The configuration is not limited to this. The
present invention may also be applied to a system which does
not calculate azimuth information, i.e. a system without hav-
ing the azimuth detection unit 33.

The embodiments, modification and further modifications
described above may be adequately combined, and are not
intended to be limited to the contents described above.

INDUSTRIAL APPLICABILITY

The present invention may be utilized in an on-vehicle
electronically scanned radar system using the FM-CW tech-
nique.

What is claimed is:

1. An electronically scanned radar system comprising: a
transmitting antenna for freely emitting a transmission signal
consisting of a continuous wave; a receiving antenna consist-
ing of antenna elements corresponding to respective chan-
nels; a mixer for obtaining a beat signal by mixing a reception
signal received by each of the antenna elements with the
transmission signal; an AD converter for obtaining a recep-
tion data consisting of an N number of sampled data by
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sampling the beat signal obtained by the mixer at a predeter-
mined sampling frequency; and a target detection section for
detecting a distance from a target or/and a relative speed of the
atarget, on the basis of the reception data sampled by the AD
converter, characterized by:

a data cutting out part for cutting out an (N-M+1) number
of'data each consisting of an M (<N) number of sampled
data continuous in the time direction, from the reception
data consisting of the N number of sampled data;

a frequency spectrum calculation part for calculating a
frequency spectrum of each of the (N-M+1) number of
data;

an interference frequency detection part for detecting an
interference component frequency of an interference
wave from the frequency spectrum;

an interference component removal part for removing the
interference component frequency from the beat signal,
the interference component frequency being detected by
the interference frequency detection part;

a buffer part for merging the data cut out by the data cutting
out part and removed with the frequency components to
restore a data having a length before being cut out; and

detection of a distance from the target or/and a relative
speed of the target on the basis of the data restored by the
buffer part.

2. The radar system according to claim 1, characterized in
that the data cutting out part sets the number M so that the
frequency is substantially unchanged in the continuous M
number of sampled data in the case where the M number of
sampled data is sampled by the sampling frequency.

3. The radar system according to claim 2, characterized in
that, in removing the interference component frequency
detected by the interference frequency detection part from the
beat signal, the interference component removal part removes
the beat signal from a portion where the beat signal corre-
sponding to the reception wave intersects with the beat signal
corresponding to the interference wave.

4. The radar system according to claim 3, characterized in
that the interference component removal part is a projection
matrix working on the data cut out by the data cutting out part.

5. The radar system according to claim 4, characterized in
that:

the channel is provided in plural number, and a plurality of
reception antennas are provided, each reception antenna
consisting of antenna elements corresponding to the plu-
rality of channels;

the mixer is provided in plural number in order to obtain a
beat signal for each of the antenna elements by mixing a
reception signal received by each of the antenna ele-
ments with the transmission signal; and

the AD converter is provided in plural number in order to
sample the beat signal of each of the channels at a pre-
determined sampling frequency, which beat signal has
been obtained from each of the plurality of mixers, to
obtain the reception data consisting of the N number of
sampled data for each of the channels corresponding to
the respective antenna elements.

6. The radar system according to claim 5, characterized in
that the system comprises a peak direction extraction part for
performing a digital beam forming process for the interfer-
ence component frequency to extract a peak of the electrical
power of an azimuth direction from the interference compo-
nent frequency, and the interference component removal part
calculates an absolute value of an incoming direction of the
interference component frequency extracted at the peak
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direction extraction part and uses a filter for removing the
interference component frequency on the basis of the abso-
lute value.

7. The radar system according to claim 6, characterized in
that the filter is a projection matrix that works on the data cut
out by the data cutting out part.

8. The radar system according to claim 7, characterized in
that the interference frequency detection part detects the
interference component frequency on the basis of time tran-
sient information of the frequency spectrum.

9. The radar system according to claim 8, characterized in
that the interference frequency detection part detects a com-
ponent as the interference component frequency, which com-
ponent maximizes an electrical power value of the frequency
spectrum.

10. The radar system according to claim 5, characterized in
that the system comprises a peak direction extraction part for
performing a digital beam forming process for the interfer-
ence component frequency to extract a peak of the electrical
power of an azimuth direction from the interference compo-
nent frequency, and the interference component removal part
uses a filter for removing only a portion where the beat signal
corresponding to the interference wave coming from the same
direction as that of the reception wave intersects with the beat
signal corresponding to the reception signal, from the beat
signal in a portion where the beat signal corresponding to the
reception signal intersects with the beat signal corresponding
to the interference wave.

11. The radar system according to claim 1, characterized in
that, in removing the interference component frequency
detected by the interference frequency detection part from the
beat signal, the interference component removal part removes
the beat signal from a portion where the beat signal corre-
sponding to the reception wave intersects with the beat signal
corresponding to the interference wave.

12. The radar system according to claim 1, characterized in
that the interference component removal part is a projection
matrix working on the data cut out by the data cutting out part.

13. The radar system according to claim 1, characterized in
that:

the channel is provided in plural number, and a plurality of

reception antennas are provided, each reception antenna
consisting of antenna elements corresponding to the plu-
rality of channels;

the mixer is provided in plural number in order to obtain a

beat signal for each of the antenna elements by mixing a
reception signal received by each of the antenna ele-
ments with the transmission signal; and

the AD converter is provided in plural number in order to

sample the beat signal of each of the channels at a pre-
determined sampling frequency, which beat signal has
been obtained from each of the plurality of mixers, to
obtain the reception data consisting of the N number of
sampled data for each of the channels corresponding to
the respective antenna elements.

14. The radar system according to claim 13, characterized
in that the system comprises a peak direction extraction part
for performing a digital beam forming process for the inter-
ference component frequency to extract a peak of the electri-
cal power of an azimuth direction from the interference com-
ponent frequency, and the interference component removal
part calculates an absolute value of an incoming direction of
the interference component frequency extracted at the peak
direction extraction part and uses a filter for removing the
interference component frequency on the basis of the abso-
lute value.
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15. The radar system according to claim 14, characterized
in that the filter is a projection matrix that works on the data
cut out by the data cutting out part.

16. The radar system according to claim 13, characterized
in that the system comprises a peak direction extraction part
for performing a digital beam forming process for the inter-
ference component frequency to extract a peak of the electri-
cal power of an azimuth direction from the interference com-
ponent frequency, and the interference component removal
part uses a filter for removing only a portion where the beat
signal corresponding to the interference wave coming from
the same direction as that of the reception wave intersects
with the beat signal corresponding to the reception signal,
from the beat signal in a portion where the beat signal corre-
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sponding to the reception signal intersects with the beat signal
corresponding to the interference wave.

17. The radar system according to claim 1, characterized in
that the interference frequency detection part detects the
interference component frequency on the basis of time tran-
sient information of the frequency spectrum.

18. The radar system according to claim 1, characterized in
that the interference frequency detection part detects a com-
ponent as the interference component frequency, which com-
ponent maximizes an electrical power value of the frequency
spectrum.



