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1
RADAR DEVICE AND AZIMUTH ANGLE
DETECTION METHOD

TECHNICAL FIELD

This invention relates to a radar device and azimuth angle
detection method, by which radar waves are transmitted in a
reference direction, the radar waves reflected by a target are
received as received waves, and the azimuth angle of the
target relative to the reference direction is detected, and in
particular relates to a radar device and azimuth angle detec-
tion method by which the azimuth angle is detected based on
the phase difference of received wave pairs received by
antenna pairs separated by a prescribed distance.

BACKGROUND

Vehicle control systems are known which perform colli-
sion avoidance control, in which the vicinity of a traveling
vehicle is scanned by a vehicle radar device, and when colli-
sion with an obstruction is predicted, the vehicle is acceler-
ated/decelerated or a safety device is activated. As a vehicle
radar device used in such a system, electronic scanning type
radar devices are known. As disclosed in an example in Patent
Reference 1, an electronic scanning type radar device uses a
plurality of antennas to receive radar waves reflected by a
target, and based on the phase difference of the received
waves of the antennas, detects the arrival direction of the
received waves, that is, the azimuth angle of the target.

FIG. 1A and FIG. 1B explain the principle of detection of
the azimuth angle of a target by an electronic scanning type
radar device. As shown in FIG. 1A and FIG. 1B, an electronic
scanning type radar device 10 transmits a radar wave W1 with
the radar device front face as the reference direction F, and
receives the radar wave W1 reflected by the target T using two
antennas 11, 12 as the received waves W21, W22. Here, the
distance d between the antennas 11 and 12 is minute com-
pared with the distance to the target T, so that the transmission
paths of the received wave W21 received by the antenna 11
and of the received wave W22 received by the antenna 12 can
be regarded as parallel. And, the arrival direction of the
received waves W21 and W22, that is, the azimuth angle of
the target T with respect to the reference direction F (azimuth
angle 0°), is 0.

First, as shown in FIG. 1A, when the azimuth angle 6 of the
target T is 0°, that is, when the received wave pair W21, W22
arrive from the reference direction F, the pair of received
waves W21, W22 arrive simultaneously at the antenna pair
11, 12. At this time, the pair of received waves W21, W22
have the same phase. That is, there is no phase difference
between these received waves.

Next, as shown in FIG. 1B, when the azimuth angle 6 ofthe
target T is shifted to the left from the reference direction F, a
difference in the traveling distance of the pair of received
waves W21, W22 of Ad (=d'sin ) occurs which is propor-
tional to the antenna distance d. Hence the time of arrival of
the received wave W22 at the antenna 12 is delayed from the
time of arrival of the received wave W21 at antenna 11 by the
amount equivalent to the difference in traveling distances Ad.
At this time, if the wavelength of the received waves W21 and
W22 is A, then a phase difference ¢(=Ad-27/\) occurs, corre-
sponding to the delay time between the pair of received waves
W21 and W22. This applies in cases in which the azimuth
angle 0 of the target T is shifted to the right of the reference
direction as well.
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In this way, from the phase difference ¢ between the pair of
received waves W21 and W22, the azimuth angle 6 of the
target T can be determined from expression (1) below.

O=arcsin(h-¢/(2md)) (6]

Here, if the phase difference ¢ between the received waves
exceeds +m, that is, if so-called phase wrapping occurs, then
as indicated in expression (2) below, 6 cannot be uniquely
determined from the phase difference ¢.

O=arcsin(h- () Q-d))(k=0,1,2, . . .) @)

Hence the range over which the azimuth angle 0 is uniquely
determined from the phase difference ¢ is indicated by the
following expression (3), taking k=1 in expression (2).

—arcsin(h-¢/(2d))arcsin(h-¢/(2d)) 3)

The relation between the phase difference ¢ and azimuth
angle 0 in expression (3) is represented by the straight line L
in FIG. 2A. That is, in the range zarcsin(h-¢/(2d)), the azi-
muth angle 61 is uniquely determined from the phase differ-
ence ¢1. In the following, the range of azimuth angles in
which the azimuth angle 0 is uniquely determined from the
phase difference ¢ in this way is called the phase wrapping
interval (A1), and the azimuth angle —arcsin(A-$)/(24)) and
+arcsin(A-¢/(2d)) at which phase wrapping occurs are repre-
sented by 0a and 6b respectively.

Hence in ranges outside the phase wrapping interval Al,
for example the phase difference ¢2 corresponds to a plurality
of'azimuth angles, that is, to an azimuth angle 621 outside the
phase wrapping interval A1, and an azimuth angle 622 within
the phase wrapping interval Al.

FIG. 2B shows the azimuth angle of a target T in the
scanning plane of the radar device 10. If the phase difference
of'a pair of received waves from the target existing at azimuth
angle 021 is ¢2, then according to the correspondence relation
of FIG. 2A, the azimuth angles 021 and 622 are obtained.
Operations of a vehicle are controlled with respect to targets
existing in the azimuth angle range in which dangers due to
collision or other factors are great. The range of these azimuth
angles is taken to be a phase wrapping interval Al. Then,
assuming that a target T actually existing at the azimuth angle
021 also exists at the azimuth angle 0822, by making an erro-
neous detection (indicated by the dotted line in the figure),
vehicle operation is controlled with respect to a target which
does not actually exist. As a result, a hindrance to safety
occurs.

Hence in order to prevent hindrances with erroneous detec-
tion, various methods have been proposed in the past. One
example is a method in which, after determining the azimuth
angle from the phase difference between a pair of received
waves as described above, radar waves are again transmitted
and received, and the levels of the newly received waves are
used to make a true/false judgment of the azimuth angle
previously determined. Specifically, in this method, for an
azimuth angle 622 detected within the phase wrapping inter-
val A1, judgment is performed as to whether a target actually
exists (true) or does not (false) at the azimuth angle in ques-
tion. FIG. 3A and FIG. 3B explain this method.

In FIG. 3A, the azimuth angle is plotted along the horizon-
tal axis, and the vertical axis plots the level of waves received
by an antenna 11 obtained by reflection from a target when the
same target, such as for example a passenger vehicle or other
small vehicle exists at all azimuth angles. The received wave
level is maximum in the reference direction F, that is, for a
target existing at azimuth angle 0°. And, as the azimuth angle
shifts from 0°, the level of the received wave obtained from
the target existing at that azimuth angle declines. That is, the
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level of the wave received by the antenna 11 is maximum
when the arrival direction of the received wave is azimuth
angle 0°, and drops as the arrival angle approaches azimuth
angles of +90°. In other words, an antenna pattern P1 having
directivity at azimuth angle 0° is described. This applies also
to an antenna 12 with the same configuration as the antenna
11.

Next, the phase wrapping interval A1 shown in FIG. 2A is
applied to this antenna pattern P1, and the reception level T1
obtained at the end portions of the interval, that is, at the
azimuth angles Ba and 0b, is taken to be the threshold value
for true/false judgment. When the level of a wave received by
the antenna 11 exceeds the threshold value T1, the received
wave is from a target existing within the phase wrapping
interval Al. Hence in this case it is possible to infer the
existence of an actual target within the phase wrapping inter-
val Al. Conversely, when the level of a received wave does
not exceed the threshold value T1, the received wave is from
a target existing outside the phase wrapping interval A1, and
s0 it can be inferred that the target does not exist in the phase
wrapping interval Al.

Using this fact, the radar device 10 first determines the
azimuth angle 622 indicated in FIG. 2B, and then performs
radar wave transmission and reception, and compares the
level of the wave received by the antenna 11 with the thresh-
old value T1. If the level of the received wave is lower than the
threshold value T1, that is, if the target does not exist within
the phase wrapping interval Al, the azimuth angle 622 thus
determined can be inferred to be a false azimuth angle arising
from phase wrapping. Hence the radar device 10 judges this to
be false. In this case, the detection result is not output to the
vehicle control device.

When the level is equal to or greater than T1, a target is
judged to actually exist at the detected azimuth angle 622. In
this case, in contrast with the case of FIG. 2B, a target actually
exists within the phase wrapping interval A1, and the azimuth
angle 622 has been determined from the phase difference in
the pair of waves received from the target. Hence the azimuth
angle 022 is judged to be the correct azimuth angle, and the
detection result is output.

By making a true/false judgment of a detected azimuth
angle based on received wave levels in this way, a radar device
10 can prevent vehicle control based on erroneous detection.
Patent Reference 1: Japanese Patent Application Laid-open

No. 2005-3393

However, the levels of waves received at the same azimuth
angle differ greatly with the magnitude of the reflection cross-
sectional area of the target, and are lower for small reflection
cross-sectional areas. In contrast with the antenna pattern P1
obtained from a small vehicle shown in FIG. 3A, FIG. 3B
shows the antenna pattern P2 obtained from a truck or other
large vehicle, as an example of a case in which the reflection
cross-sectional area is large. That is, by displacing the
antenna pattern P1 upward, the antenna pattern P2 is
obtained.

When making a true/false judgment of the azimuth angle
622 shown in FIG. 2B, the level of the wave received from the
target existing at azimuth angle 021 is equal to or greater than
the threshold value T1. Hence because the received wave
level is equal to or greater than the threshold value, the radar
device 10 judges the azimuth angle 822 to be correct. Hence
the vehicle operation is controlled with respect to a target
which does not actually exist at the azimuth angle 622, and a
hindrance to safety occurs.

SUMMARY

Hence in light of the above, an object of this invention is to
provide a radar device and similar which, even when an
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4

antenna pattern is displaced according to the reflection cross-
sectional area of a target, can accurately make a true/false
judgment of a detected azimuth angle, based on received
wave levels.

To achieve the above-indicated object, according to a first
aspect of the present invention, in a radar device, which
transmits radar waves in a reference direction, receives the
radar waves reflected by a target as received waves, and
detects an azimuth angle of the target relative to the reference
direction, an azimuth angle detection unit detects the azimuth
angle based on a phase difference between a first pair of
received waves received by a first pair of antennas separated
by a prescribed distance, a composite wave generation unit
combines the first pair of received waves and generates a first
composite wave, and an azimuth angle judgment unit which
performs true/false judgment in which the detected azimuth
angle is judged to be true when the level of the first composite
wave at this detected azimuth angle is equal to or greater than
a reference value, and the detected azimuth angle is judged to
be false when the level is lower than the reference value.

According to a preferable mode of the above aspect, a
phase shifter shifts the phase of either received wave among
the first pair of received waves, wherein the composite wave
generation unit generates a second composite wave from a
second pair of received waves comprising a received wave the
phase of which has been shifted, and the azimuth angle judg-
ment unit performs true/false judgment in which the detected
azimuth angle is judged to be true when the level of either of
the first or second composite wave at this detected azimuth
angle is equal to or greater than a reference value, and the
detected azimuth angle is judged to be false in other cases.

According to the above aspects, a composite wave is used
having a steep antenna pattern, and for which the amount of
level change is large for the amount of change in azimuth
angle, and true/false judgment is performed in which a
detected azimuth angle is judged to be true when the level of
the above first composite wave is equal to or above a reference
value, and the azimuth angle is judged to be false when the
level is below the reference value. Hence even when the
reflection cross-sectional area of a target is large and the
composite wave level is displaced upward, the composite
wave of a received wave from a target outside the phase
wrapping interval does not exceed the threshold value for
true/false judgment. Hence an azimuth angle which is erro-
neously detected due to phase wrapping is not judged to be
true. Consequently, true/false judgments of detected azimuth
angles can be performed accurately.

According to the above mode, a phase shifter is further
comprised which shifts the phase of one of the received waves
of' the first pair of received waves, so that the directivity of a
second composite wave generated from a second pair of
received waves comprising the phase-shifted received wave
can be moved, and composite wave levels and a true/false
judgment threshold value can be compared over a wide range
of azimuth angles. Hence the range of azimuth angles for
which true/false judgments are possible can be broadened.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A and FIG. 1B explain the principle of detection of
the azimuth angle of a target by an electronic scanning type
radar device.

FIG. 2A and FIG. 2B show the relation between the phase
difference and azimuth angle.

FIG. 3A and FIG. 3B explain the method for true/false
judgment for a detected azimuth angle basing upon the level
of the received wave.
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FIG. 4 shows an example of a vehicle in which a radar
device of this embodiment is installed.

FIG. 5 shows a first configuration example of the radar
device 10 of this embodiment.

FIG. 6 is a flowchart explaining a procedure for operation
of the signal processing portion 24.

FIG. 7A and FIG. 7B explain composite wave antenna
patterns used in true/false judgments in the first configuration
example.

FIG. 8 is a flowchart explaining in detail the true/false
judgment procedure for a detected azimuth angle in the first
configuration example.

FIG. 9A and FIG. 9B explain a second configuration
example of a radar device 10 of this embodiment.

FIG. 10A to FIG. 10D show the antenna patterns for the
composite waves in the second configuration example.

FIG. 11 is a flowchart explaining the procedure of detection
of a target azimuth angle, and the procedure for true/false
judgment of a detected azimuth angle, in the second configu-
ration example.

FIG. 12A and FIG. 12B explain a third configuration
example of a radar device 10 of this embodiment.

FIG. 13 A and FIG. 13B show the antenna patterns for the
composite waves in the third configuration example.

FIG. 14 is a flowchart explaining the procedure for detec-
tion of a target azimuth angle, and the procedure for true/false
judgment of a detected azimuth, in the third configuration
example.

FIG. 15A to FIG. 15C explain a fourth configuration
example of a radar device 10 of this embodiment.

FIG. 16A and FIG. 16B show the antenna patterns of the
composite waves in the fourth configuration example.

FIG. 17 is a flowchart explaining the procedure for detec-
tion of a target azimuth angle and the procedure for true/false
judgment of a detected azimuth angle in the fourth configu-
ration example.

DETAILED DESCRIPTION

Below, an aspect of the invention is explained referring to
the drawings. However, the technical scope of the invention is
not limited to this aspect, but extends to the inventions
described in the Scope of Claims, and to inventions equivalent
thereto.

FIG. 4 shows an example of a vehicle in which a radar
device of this embodiment is installed. The electronic scan-
ning type radar device 10 is installed in the front grille in the
front portion of the vehicle 1, transmits radar waves with the
vehicle forward direction as the reference direction F, and
uses a plurality of antennas to receive radar waves reflected by
apreceding vehicle 2 or other target. And, based on the phase
difference in received waves among the antennas, the radar
device 10 detects the arrival direction of the received waves,
that is, the azimuth angle 0 of the target relative to the center-
forward direction of the vehicle 1 itself.

Further, the radar device 10 uses as the transmission wave
a continuous wave with periodically repeating rising-fre-
quency intervals and falling-frequency intervals, in which
rising-frequency intervals the frequency rises and in which
falling-frequency intervals the frequency falls, to detect the
relative distance R and relative velocity V of the preceding
vehicle 2 from the frequency difference of transmitted and
received waves. And, based on these detection results, a con-
trol device, not shown, of the vehicle 1 controls operation of
the vehicle 1 so as to travel following the vehicle 2 and so as
to avoid rear-end collisions.
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FIG. 5 shows a first configuration example of the radar
device 10 of this embodiment. A transmission wave W1,
generated by a transmission/reception circuit 22 comprising
an application-specific integrated circuit or similar, is trans-
mitted along the reference direction F by an antenna 11 which
is used for both transmission and reception. The transmission
wave, reflected by a target, is received by the pair of antennas
11 and 12. Here, the antenna 11 and antenna 12 are positioned
separated by a distance d in the direction perpendicular to the
reference direction F. Hence a phase difference ¢ occurs
between the wave W21 received by the antenna 11 and the
wave W22 received by the antenna 12, according to the arrival
direction of the received waves and the distance d. From this
phase difference ¢, the arrival direction of the received waves,
that is, the azimuth direction 6 of the target, is determined in
later-stage processing.

The composite wave generation portion 26 comprises a
switch connecting the antennas 11 and 12, and combines the
pair of received waves W21 and W22 to generate a composite
wave.

And, the transmission/reception circuit 22 mixes the com-
posite wave with the transmission wave W1, generates a beat
signal corresponding to the frequency difference therebe-
tween, and outputs the result to the signal processing portion
24. The transmission/reception circuit 22 also detects the
level of the composite wave of the pair of received waves
W21, W22, and outputs the result to the signal processing
portion 24. The signal processing portion 24 comprises a
microcomputer having, for example, a CPU, ROM storing
various processing programs executed by the CPU, and RAM
used as a work area by the CPU for various computations.

FIG. 6 is a flowchart explaining a procedure for operation
of' the signal processing portion 24. First, the signal process-
ing portion 24 performs FFT (Fast Fourier Transform) pro-
cessing of the beat signals, and detects the frequency corre-
sponding to the frequency difference between transmission
waves and reception waves in the rising-frequency intervals
and falling-frequency intervals of the transmission wave, that
is, the beat frequency, as well as the phase difference ¢
between the pair of received waves W21 and W22 (S10).
Then, the signal processing portion 24 calculates the azimuth
angle 0 of the target from the phase difference ¢ of the
received waves (S12). At this time, correspondence relation
data between phase differences ¢ and azimuth angles 6, such
as that shown in FIG. 2A, is stored in advance in internal
ROM of the signal processing portion 24, and the signal
processing portion 24 determines the azimuth angle 6 from
the phase difference ¢ based on this data. Hence the signal
processing portion 24 which executes the procedure S12 cor-
responds to the “azimuth angle detection unit” 24a.

And, the signal processing portion 24 performs true/false
judgment of the azimuth angle 6 thus determined, according
to a procedure described in detail below (S14). Hence the
signal processing portion 24 which executes the procedure
S14 corresponds to the “azimuth angle judgment unit” 245.

Further, the signal processing portion 24 performs pairing
to associate, for an azimuth angle the true/false judgment
result of procedure S14 of which is true, the beat frequency of
the rising-frequency intervals of the transmission wave and
the beat frequency of the falling-frequency intervals (S16),
and calculates the relative velocity and relative distance of the
target at this azimuth angle (S18). And, the signal processing
portion 24 judges the reliability of the detection result based
on whether there is continuity of the detection result (S20),
and outputs an output result judged to be reliable to the
vehicle control device (S22).
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Next, the azimuth angle true/false judgment procedure in
procedure S14 is explained using FIG. 7A and FIG. 7B and
FIG. 8.

FIG. 7A and FIG. 7B explain composite wave antenna
patterns used in true/false judgments in the first configuration
example. In FIG. 7A and FIG. 7B, the horizontal axis indi-
cates the azimuth angle, and the vertical axis indicates the
level of the received wave W21 or W22, or the level of the
composite wave of the pair of received waves W21, W22.

First, as shown in FIG. 7A, when a target (small vehicle) is
posited at all azimuth angles, the level of the received wave
W21 or W22 from a target at each azimuth angle is indicated
by the antenna pattern P1 for the single antenna 11 (or antenna
12) as shown in FIG. 3A. Next, the level of the composite
wave at all azimuth angles is indicated by the antenna pattern
P3. In the antenna pattern P3, the received waves W21 and
W22 are in the same phase at azimuth angle 0°, so that the
received level corresponding to the composite amplitude is
maximum. And, as the azimuth angle moves from 0° to
approach £90°, the phase difference between the received
waves W21 and W22 increases, so that the level correspond-
ing to the composite amplitude decreases rapidly. Here, com-
paring the antenna patterns P1 and P3, the amount of change
in the level with the amount of displacement of the azimuth
angle is steeper for the antenna pattern P3.

Next, as shown in FIG. 7B, in the first configuration
example an arbitrary level T2 of the composite wave is taken
to be the threshold value for true/false judgment. And, azi-
muth angles at which the composite wave level is T2 are taken
to be 631 and 632. Then, when the composite wave level is
equal to or greater than the threshold value T2, it can be
judged that the pair of received waves W21, W22 were
obtained from a target existing within the range of azimuth
angles 831 to 632. Conversely, when the composite wave
level is less than the threshold value T2, it can be judged that
the received waves were obtained from a target existing out-
side the range of azimuth angles 631 to 032.

Utilizing the above, the signal processing portion 24 deter-
mines the azimuth angle 6 in procedure S12, and thereafter
compares the level of the composite wave with the threshold
value T2 in procedure S14 to make a judgment as to whether
the target actually exists in the range of azimuth angles from
031 to 632. That is, when the azimuth angle 0 thus determined
is in the range of azimuth angles from 631 to 632, if the level
of'the composite wave is equal to or greater than the threshold
value T2, the azimuth angle 6 is judged to be true. If on the
other hand the level is below the threshold value T2, the
azimuth angle is outside the range of azimuth angles from 631
to 032, so that the pair of received waves was received from a
target existing outside the phase wrapping interval Al, and
the azimuth angle thus determined arose from wrapping of
the phase difference of the received wave pair, and so is
judged to be false. In the following, the azimuth angle range
in which such true/false judgments are possible (in the above
example, azimuth angles from 831 to 632) is called the true/
false judgment range.

Here, when the cross-sectional area of the target is large,
the level of the received wave W21 or W22 is higher. Hence
the level of the composite wave is correspondingly larger, so
that the antenna pattern P3 is displaced upward, similarly to
P31. However, in the antenna patterns P3 and P31, the amount
of change in level for a change in the azimuth angle is larger
than for the antenna pattern P1 of a single antenna, and a steep
curve is described. Hence as shown in FIG. 2B, even when a
target existing at the azimuth angle 621 outside the phase
wrapping interval A1 is a large vehicle, and a pair of waves is
received from this target, due to displacement of the antenna
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pattern P3 to P31, the level of the composite wave at the
azimuth angle 021 is not equal to or greater than the threshold
value T2. That is, the azimuth angle 622 being judged to be
true despite the fact that a target does not actually exist at the
azimuth angle 622 can be prevented. Hence erroneous true/
false judgments arising from received waves from a target
existing at an azimuth angle outside the phase wrapping inter-
val Al can be prevented.

FIG. 8 is a flowchart explaining in detail the true/false
judgment procedure for a detected azimuth angle in the first
configuration example. The procedure of FIG. 8 corresponds
to procedure S14 in FIG. 6.

The signal processing portion 24 first judges whether a
detected azimuth angle 6 is within the true/false judgment
range (031 to 632) (S82). If the detected azimuth angle 0 is in
the true/false judgment range, the signal processing portion
24 instructs the transmission/reception circuit 22 to transmit
a transmission wave, and instructs the composite wave gen-
eration portion 26, via the transmission/reception circuit 22,
to generate a composite of the pair of waves W21, W22
received by the antenna pair 11, 12 (S83).

And, based on whether the level of the composite wave is
equal to or greater than the threshold value T2, the signal
processing portion 24 performs a true/false judgment of the
azimuth angle 6 (S84). At this time, if the level is equal to or
greater than the threshold value T2, the detected azimuth
angle 0 can be judged to have been detected from waves
received from a target which actually exists in the true/false
judgment range, so that the detection result is judged to be
true. On the other hand, if the composite wave level is less
than the threshold value T2, the detected azimuth angle 0 can
be judged to have been erroneously detected due to waves
received from a target existing outside the phase wrapping
interval A1, and so is judged to be false.

However, in the above FIG. 7A and FIG. 7B, the true/false
judgment range is limited to the range in which the antenna
pattern P2 exceeds the threshold value T2. Next, a configu-
ration example is explained which is suitable for broadening
the true/false judgment range.

FIG. 9A and FIG. 9B explain a second configuration
example of a radar device 10 of this embodiment. Portions
differing from the first configuration example are explained.
As shown in FIG. 9A, the radar device 10 has, in addition to
the first configuration example, an antenna 13. And, the
antenna 13 is positioned at a distance d from the antenna 12.

In this configuration, the signal processing portion 24 uses
the waves received by the antennas 11, 12, 13 to perform
digital beamforming processing, to detect the azimuth angle
of'the target. The wave received by the antenna 11 is W21, the
wave received by the antenna 12 is W22, and the wave
received by the antenna 13 is W23.

Further, the wave W23 received by the antenna 13 is input
to the phase shifter 30. The phase shifter 30 delays the phase
of the received wave W23 and inputs the result to the com-
posite wave generation portion 26.

The composite wave generation portion 26 switches the
switches to connect two among the antennas 11, 12, 13,
according to the table in FIG. 9B. The pair of waves received
by the connected pair of antennas are combined to generate a
composite wave. That is, the composite wave generation por-
tion 26 first turns on the switches for the antennas 11 and 12,
to combine the pair of received waves W21 and W22 and
generate a composite wave B1. Next, the composite wave
generation portion 26 turns on the switches for the antennas
12 and 13, to combine the pair of received waves W22 and
‘W23 and generate a composite wave B2.
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As a result, the antenna patterns for the composite waves
B1 and B2 are as shown in FIG. 10A to FIG. 10D. First, as
shown in FIG. 10A, from the pair of received waves W21 and
W22, an antenna pattern P3 is formed which is sharper than
for a single antenna 11 (or antenna 12), as explained in the
first configuration example.

In the second configuration example, when the composite
wave B2 is generated, the phase of the wave W23 received by
the antenna 13 is delayed, so that the pair of received waves
W22 and W23 have the same phase at an azimuth angle 64
shifted from azimuth angle 0°. Hence the antenna pattern P4
corresponding to the composite wave B2 is parallel-shifted
such that the antenna pattern P3 has directivity at azimuth
angle 064.

Hence in the antenna pattern P3 or P4, the range of azimuth
angles at which the reception level is equal to or greater than
the threshold value T2, that is, the true/false judgment range
(azimuth angles 641 to 632), is broader than the range when
using the antenna pattern P3 in the first configuration example
(azimuth angles 631 to 632).

And, as shown in FIG. 10B, even in cases in which the
reflection cross-sectional area of the target is large, and the
antenna patterns P3 and P4 are displaced upward as with the
antenna patterns P31 and P41, by setting the directivity of the
composite waves Bl and B2 such that the composite waves of
received wave pairs from a target outside the phase wrapping
interval Al do not exceed the threshold value T2, true/false
judgment is possible within the range of the phase wrapping
interval Al.

Hence even when a target existing at an azimuth angle 621
outside the phase wrapping interval Al as shown in FIG. 2B
is a large vehicle, and a pair of received waves is received
from this target, the level of the composite wave at the azi-
muth angle 821 does not exceed the threshold value T2 due to
the displacement of antenna patterns P3 and P4 to P31 and
P41. Hence erroneous true/false judgments arising from
waves received from a target existing at an azimuth angle
outside the phase wrapping interval Al can be prevented.

As amodified example of the above, a configuration is also
possible in which the phase shifter 30 is connected to the
antenna 11 rather than to the antenna 13, and the phase of the
received wave W11 is delayed instead of the received wave
W13. In this case, an antenna pattern P5 for a composite wave
B2 is obtained as shown in FIG. 10C. That is, the antenna
pattern P3 is parallel-displaced so as to have directivity at
azimuth angle 65 on the side opposite azimuth angle 64,
contrary to the case of FIG. 10A. And, in the antenna pattern
P3 or P5, the range of azimuth angles such that a reception
level equal to or greater than the threshold value T2 is
obtained, that is, the true/false judgment range (azimuth
angles 031 to 0851), is broader than the range when using the
antenna pattern P3 in the first configuration example (azimuth
angles 631 to 632).

Further, as shown in FIG. 10D, even when the reflection
cross-sectional area of the target is large and the antenna
patterns P3 and P5 are displaced upward to become the
antenna patterns P31 and P51 respectively, by setting the
directivity of the composite waves B1 and B2 such that the
composite waves of the received wave pair from a target
outside the phase wrapping interval A1 does not exceed the
threshold value T2, accurate true/false judgment is possible.

FIG. 11 is a flowchart explaining the procedure of detection
of a target azimuth angle, and the procedure for true/false
judgment of a detected azimuth angle, in the second configu-
ration example. The procedure S110 corresponds to the pro-
cedure S12 in FIG. 6, and the procedures S112 to S114
correspond to the procedure S14 in FIG. 6.
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First, the signal processing portion 24 corrects the phase
delay, due to the phase shifter 30, in the received wave W22
(in the modified example, the received wave W21 from the
antenna 11) received by the antenna 13 (in the modified
example, the antenna 11), and performs digital beamforming
processing of the received waves W21, W22, W23 of the
respective antennas 11, 12, 13. Then, the directivities of the
received waves are made to coincide with the received wave
arrival direction, and the azimuth angle corresponding to the
received wave level peak is detected as the azimuth angle 6 of
the target (S110).

Next, the signal processing portion 24 judges that the
detected azimuth angle 6 is within the true/false judgment
range (641 to 651) (S112). And, when the detected azimuth
angle 0 is within the true/false judgment range, the signal
processing portion 24 instructs the transmission/reception
circuit 22 to transmit a transmission wave, and instructs the
composite wave generation portion 26, via the transmission/
reception circuit 22, to combine the pairs of waves received
by the antenna pair 11, 12 and by the antenna pair 12, 13
(S113).

And, the signal processing portion 24 judges whether the
level of the composite wave B1 or B2 is equal to or greater
than the threshold value T2 (S114). If the level is equal to or
greater than the threshold value T2, the detected azimuth
angle 0 can be inferred to have been detected from waves
received from a target actually existing within the true/false
judgment range, and so the detection result is judged to be
true. On the other hand, if a composite wave level is less than
the threshold value T2, the detected azimuth angle 6 can be
inferred to be erroneously detected due to waves received
from a target existing outside the phase wrapping interval A1,
and so is judged to be false.

FIG. 12A and FIG. 12B explain a third configuration
example of a radar device 10 of this embodiment. In the third
configuration example, as shown in FIG. 12A, the wave W22
received by the antenna 12 is input to the phase shifter 30, the
phase is delayed, and the result is input to the composite wave
generation portion 26.

The composite wave generation portion 26 switches the
switches to connect two among the antennas 11, 12, 13
according to the table of FIG. 12B, combines the pairs of
waves received by the connected antennas, and generates
composite waves. That is, the composite wave generation
portion 26 first turns on the switches for the antennas 11 and
12, to combine the pair of received waves W21 and W22 and
generate a composite wave B11. Next, the composite wave
generation portion 26 turns on the switches for the antennas
12 and 13, to combine the pair of received waves W22 and
W23 and generate a composite wave B12.

As a result, the antenna patterns for the composite waves
B11 and B12 become like the antenna pattern P4 or P5 shown
in FIG. 13A. That is, the antenna patterns P4 and P5 result
from moving the directivity of the antenna pattern P3 to the
azimuth angle 64 or 65, as shown in FIG. 10A and FIG. 10C.

In such antenna patterns P4 and P5, the range of azimuth
angles at which a reception level equal to or greater than the
threshold value T2 is obtained, that is, the true/false judgment
range (azimuth angles 641 to 651), is further broadened com-
pared with the range when using the antenna patterns P3 and
P4 in the second configuration example (azimuth angles 641
to 032), or compared with the range when using the antenna
patterns P3 and P5 (azimuth angles 631 to 651).

And as shown in FIG. 13B, even when the reflection cross-
sectional area of the target is large and the antenna patterns P4
and P5 are displaced upward as with the respective antenna
patterns P41 and P51, by setting the directivity of the com-
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posite waves B1 and B2 such that the composite wave of a pair
of received waves from a target outside the phase wrapping
interval Al does not exceed the threshold value T2, accurate
true/false judgments can be performed within the range of the
phase wrapping interval Al.

Hence as shown in FIG. 2B, even when a target existing at
azimuth angle 621 outside the phase wrapping interval Al is
a large vehicle, and a pair of received waves is received from
this target, the level of a composite wave at the azimuth angle
021 is never equal to or greater than the threshold value T2
due to displacement of the antenna patterns P4 and P5 to P41
and P51. Hence erroneous true/false judgments arising from
waves received from a target existing at an azimuth angle
outside the phase wrapping interval Al can be prevented.

FIG. 14 is a flowchart explaining the procedure for detec-
tion of a target azimuth angle, and the procedure for true/false
judgment of a detected azimuth, in the third configuration
example. The procedure S140 corresponds to the procedure
S12in FIG. 6, and the procedures S112 to S114 correspond to
the procedure S14 in FIG. 6.

First, the signal processing portion 24 corrects the phase
delay, due to the phase shifter 30, in the received wave W22
received by the antenna 12, and performs digital beamform-
ing processing of the received waves W21, W22, W23 of the
respective antennas 11, 12, 13. Then, the directivities of the
received waves are made to coincide with the received wave
arrival direction, and the azimuth angle corresponding to the
received wave level peak is detected as the azimuth angle 6 of
the target (S140).

Next, the signal processing portion 24 judges that the
detected azimuth angle 6 is within the true/false judgment
range (641 to 651) (S142). And, when the detected azimuth
angle 0 is within the true/false judgment range, the signal
processing portion 24 instructs the transmission/reception
circuit 22 to transmit a transmission wave, and instructs the
composite wave generation portion 26, via the transmission/
reception circuit 22, to combine the pairs of waves received
by the antenna pair 11, 12 and by the antenna pair 12, 13
(S143).

And, the signal processing portion 24 judges whether the
level of the composite wave B11 or B12 is equal to or greater
than the threshold value T2 (S144). If the level is equal to or
greater than the threshold value T2, the detected azimuth
angle 0 can be inferred to have been detected from waves
received from a target actually existing within the true/false
judgment range, and so the detection result is judged to be
true. On the other hand, if a composite wave level is less than
the threshold value T2, the detected azimuth angle 6 can be
inferred to be erroneously detected due to waves received
from a target existing outside the phase wrapping interval A1,
and so is judged to be false.

FIG. 15A to FIG. 15C explain a fourth configuration
example of a radar device 10 of this embodiment. Portions
differing from the first configuration example are explained.
As shown in FIG. 15A, the radar device 10 further has, in
addition to the first configuration example, antennas 13 and
14. And, in the fourth configuration example the antenna 13 is
positioned at a distance 2d from the antenna 12, and the
antenna 14 is positioned at a distance 24 from the antenna 13.

By means of such a configuration, the radar device 10 uses
waves received by the antennas 11, 12, 13 and 14 (which are
respectively the received waves W21, W22, W23 and W24)to
perform digital beamforming processing, to detect the azi-
muth angle 6 of a target.

At this time, the antennas 12 and 13 are separated by a
distance 2d, so that as indicated in the matrix of FIG. 15B,
when it is assumed that the antenna 11 is in the position of
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antenna 12, the same advantageous result is obtained as when
areceived wave is received by a virtual antenna 15 (shown by
a dashed line) at a position separated by 24 from the antenna
11 (column C1). The antennas 12 and 14 are separated by a
distance 4d4. When the antenna 11 is assumed to be at the
position of antenna 12, the same advantageous result is
obtained as when a received wave is received by a virtual
antenna 16 (shown by a dashed line) at a position separated by
4d from the antenna 11 (column C2).

Similarly, applying the positional relationship of antennas
12, 13 and 14 with reference to antenna 11 to a case in which
the antenna 11 is assumed to be at the position of the antenna
14, virtual antennas 17, 19, 21 (all shown by dashed lines) are
obtained (columns C3, C4, C5). And, applying the positional
relationship of antennas 12 and 13 to a case in which the
antenna 12 is assumed to be at the position of the antenna 14,
the virtual antenna 18 (shown by a dashed line) is obtained
(column C6), and applying the positional relationship of
antennas 13 and 14 to a case in which the antenna 13 is
assumed to be at the position of the antenna 14, the virtual
antenna 20 (shown by a dashed line) is obtained (column C7).

By thus positioning a total of four antennas in the space of
six antennas, a combination of received waves which is the
same as when a total of eleven antennas are positioned at
equal distances d is obtained.

The signal processing portion 24 performs digital beam-
forming processing of the received waves, and detects the
azimuth angle 6 of a target. By this means, the directivities of
a greater number of received waves can be superposed, and
the precision of detection of azimuth angles 6 can be
improved.

In the fourth configuration example, waves W23 received
by the antenna 13 are input to the phase shifter 30. The phase
shifter 30 delays the phase of the received wave 23 and inputs
the result to the composite wave generation portion 26. The
composite wave generation portion 26 switches the switches
to connect two among the antennas 11, 12, 13, 14 according
to the table of FIG. 15C. Then, the composite wave generation
portion 26 combines the pair of received waves from the
connected antennas, and generates a composite wave. That is,
the composite wave generation portion 26 first turns on the
switches for the antennas 11 and 12, to combine the pair of
received waves W21 and W22 and generate a composite wave
B3. Next, the composite wave generation portion 26 first
turns on the switches for the antennas 12 and 13, to combine
the pair of received waves W22 and W23 and generate a
composite wave B6. And, the composite wave generation
portion 26 first turns on the switches for the antennas 13 and
14, to combine the pair of received waves W23 and W24 and
generate a composite wave B7.

As a result, the antenna patterns of the composite waves
B3, B4 and B5 are as shown in FIG. 16A and FIG. 16B. As
shown in FIG. 16A, when the antennas 11 and 12 are con-
nected by the switches, the composite wave B3 of the pair of
received waves W21 and W22 forms the antenna pattern P3,
also shown in FIG. 7A.

Next, the antenna pattern of the composite wave B6 gen-
erated from the received waves W22 and W23 is explained.
Here, the antennas 12 and 13 are separated by a distance 2d
which is larger than the distance d between the antennas 11
and 12. Hence the amount of change in the phase difference
between the pair of received waves W22, W23 with the
amount of displacement of the azimuth angle is still greater
than for the composite wave B3, so that the antenna pattern
for the composite wave B6 is still stepper than the antenna
pattern P3. And, the phase of the wave W23 received from the
antenna 13 is delayed, so that an antenna pattern P6 is formed
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having directivity at the azimuth angle 66, shifted from the
azimuth angle 0°. Hence in this case, the phase shifter 30
corresponds to the “directivity control unit™.

Similarly, when the composite wave B7 is generated the
phase of the wave W23 received by the antenna 13 is delayed,
and so an antenna pattern P7 is generated having directivity at
azimuth angle 07, shifted from azimuth angle 0°. The antenna
patterns P6 and P7 are both generated from the waves W23
and W24 received by the antennas 13 and 14, and so have the
same shape.

By broadening the widths of the azimuth angles 66 and 67
indicating the directivities of the antenna patterns P6 and P7,
the range of azimuth angles in which the reception level is
equal to or greater than the threshold value T2 for the antenna
patterns P3 and P6 or P7, that is, the true/false judgment range
(azimuth angles 6861 to 671), can be further broadened com-
pared with the third configuration example.

And, as shown in FIG. 16B, even when the reflection
cross-sectional area of the target is large and the antenna
patterns P3, P6, P7 are displaced upward as with the antenna
patterns P31, P61, P71 respectively, by setting the directivi-
ties of the composite waves B6 and B7 such that the compos-
ite wave of a pair of waves received from a target outside the
phase wrapping interval A1 does not exceed the threshold
value T2, true/false judgments can be performed within the
range of the phase wrapping interval Al.

Hence as shown in FIG. 2B, even when a target existing at
azimuth angle 621 outside the phase wrapping interval Al is
a large vehicle, and received waves are received from this
target, the level of a composite wave at azimuth angle 621
never exceeds the threshold value T2 due to displacement of
the antenna patterns P3, P6, P7 to P31, P61, P71. Hence
erroneous true/false judgments arising from waves received
from a target existing at an azimuth angle outside the phase
wrapping interval Al can be prevented.

In the fourth configuration example, by making the antenna
patterns P6 and P7 even steeper than the antenna patterns P4
and P5 of'the third configuration example, possibility that the
level of'a composite wave obtained from a target at an azimuth
angle outside the phase wrapping interval Al is equal to or
greater than the threshold value T2 due to displacement of the
antenna patterns P6 and P7 to P61 and P71 can be further
reduced compared with the second configuration example.

FIG. 17 is a flowchart explaining the procedure for detec-
tion of a target azimuth angle and the procedure for true/false
judgment of a detected azimuth angle in the fourth configu-
ration example. The procedure S150 corresponds to the pro-
cedure S12 in FIG. 6, and the procedures S152 and S154
correspond to the procedure S14 in FIG. 6.

First, the signal processing portion 24 corrects the phase
delay, due to the phase shifter 30, in the received wave W23
received by the antenna 13, and performs digital beamform-
ing processing of the waves received by the antennas 11, 12,
13 and 14. Then, the directivities of the received waves are
made to coincide with the received wave arrival direction, and
the azimuth angle corresponding to the received wave level
peak is detected as the azimuth angle 6 of the target (S150).

Next, the signal processing portion 24 judges that the
detected azimuth angle 6 is within the true/false judgment
range (061 to 871) (S152). And, when the detected azimuth
angle 0 is within the true/false judgment range, the signal
processing portion 24 instructs the transmission/reception
circuit 22 to transmit a transmission wave, and instructs the
composite wave generation portion 26, via the transmission/
reception circuit 22, to combine the waves received by the
antennas 11, 12, 13, and 14 (S153).
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And, the signal processing portion 24 judges whether the
levels of the composite waves B3, B4, B5 are equal to or
greater than the threshold value T2 (S154). If the levels are
equal to or greater than the threshold value T2, the detected
azimuth angle 6 can be judged to have been detected from
waves received from a target actually existing within the
true/false judgment range, and so the detection result is
judged to be true. On the other hand, ifa composite wave level
is less than the threshold value T2, the detected azimuth angle
0 can be judged to be erronecously detected due to waves
received from a target existing outside the phase wrapping
interval A1, and so is judged to be false.

In the above-described examples, explanations were given
for examples of a vehicle radar device which monitors the
forward direction of the vehicle, but the direction is not lim-
ited to the vehicle forward direction, and the radar device may
monitor the rear direction or a side direction. Also, if the
device is an electronic scanning type radar device in which the
level of received waves changes with the reflection cross-
sectional area of the target, then the embodiment can be
applied in equipment other than on-vehicle radar.

As described above, according to this embodiment, com-
posite waves are used for which the amount of change in level
with the change in azimuth angle is large, and which have
steep antenna patterns, and true/false judgments are per-
formed in which the azimuth angle is judged to be true when
the level of a composite wave at the detected azimuth angle is
equal to or greater than a threshold value, and the azimuth
angle is judged to be false when the level is less than the
threshold value. Hence even when the reflection cross-sec-
tional area of a target is large, and the level of the composite
wave is displaced upward, the composite wave of waves
received from a target outside the phase wrapping interval
never exceeds the threshold value for true/false judgment.
Hence an azimuth angle which has been erroneously detected
due to phase wrapping is never judged to be true. Conse-
quently, true/false judgments of detected azimuth angles can
be performed accurately.

Here, the relation between the level P1 of waves received
singly by the antennas 11 and 12 and the level P3 of the
composite wave in the first configuration example, shown in
FIG. 5 and in FIG. 7A and FIG. 7B, is explained. The level P1
of waves received singly by the antennas 11 and 12 is repre-
sented by the directivity P1(0) for an azimuth angle 6, and the
level P3 of the composite wave of the antenna 11 and antenna
12 is represented by the directivity P3(0) for an azimuth angle
0, and the phase difference between the waves received by the
antennas 11 and 12 corresponding to an azimuth angle 0 is ¢.
Then, the directivity P3(8) can be found from the directivity
P1(0) using the following expression.

P3(0)=P1(6)xV((1+cos ¢)2+(sin §)2) [E1]

where ¢=dxsin Ox27/A (d: distance between antennas 11
and 12, A: wavelength of received waves)

As amodified example of the fourth configuration example
shown in FIG. 15A to FIG. 15C, a configuration may be
employed in which the antennas 11 to 14 are used for both
transmission and reception, and when transmission signals
are transmitted in sequence with time division from the anten-
nas 11 to 14, the received waves are received by the antennas
11 to 14.

In this case, by changing in sequence the positions of
antennas transmitting radar waves, the round-trip path length
from each receiving antenna to the target object when radar
waves are transmitted from different antennas is different,
and so waves with different phases are obtained at each
receiving antenna. As a result, the positioning of each receiv-
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ing antenna when the transmitting antenna is taken as refer-
ence is equivalent to a case in which eleven receiving anten-
nas are positioned at an equal distance d.

That is, by positioning a total of four antennas in the space
of six antennas, the same combination of received waves is
obtained as when a total of eleven antennas are positioned at
anequal distance d. And, when transmission signals are trans-
mitted in sequence with time division from the antennas 11 to
14, the signal processing portion 24 performs digital beam-
forming processing of combinations of the received waves
received by the antennas 11 to 14, and detects the azimuth
angle 0 of the target. By this means, a greater number of
received wave directivities can be superposed, and the preci-
sion of detection of the azimuth angle 6 can be improved.

Further, in the above-described first to fourth configuration
examples, the signal processing portion 24 inputs switching
instruction signals to switch receiving antennas to the com-
posite wave generation portion 26 via the transmission/recep-
tion circuit 22; but a configuration may be employed in which
the switching instruction signals are input directly to the
composite wave generation portion 26, without passing
through the transmission/reception circuit 22.

What is claimed is:

1. A radar device, which transmits radar waves in a refer-
ence direction, receives the radar waves reflected by a target
as received waves, and detects an azimuth angle of the target
relative to the reference direction, comprising:

an azimuth angle detection unit configured to detect the
azimuth angle based on a phase difference between a
first pair of received waves received by a first pair of
antennas separated by a prescribed distance;

a composite wave generation unit configured to combine
the first pair of received waves and to generate a first
composite wave; and

an azimuth angle judgment unit configured to judge that (1)
when an amplitude level of the first composite wave at a
detected azimuth angle detected by the azimuth angle
detection unit is equal to or greater than a first threshold
value, the target is present at the detected azimuth angle,
and (2) when the amplitude level of the first composite
wave at the detected azimuth angle is lower than the first
threshold value, the target is not present at the detected
azimuth angle.

2. The radar device of claim 1, further comprising:

a phase shifter configured to shift the phase of either
received wave among the first pair of received waves,
wherein

the composite wave generation unit generates a second
composite wave from a second pair of received waves
including a received wave the phase of which has been
shifted by the phase shifter, and
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the azimuth angle judgment unit judges that (1) when the
amplitude level of either of the first or second composite
waves at the detected azimuth angle is equal to or greater
than a second threshold value, the target is present at the
detected azimuth angle, and (2) when the amplitude
level of either of the first or second composite waves at
the detected azimuth angle is lower than the second
threshold value, the target is not present at the detected
azimuth angle.

3. The radar device of claim 1, further comprising:

a phase shifter configured to shift the phase of either
received wave among a third pair of received waves that
are received by a second pair of antennas separated by a
distance greater than the prescribed distance of the first
pair of antennas, wherein

the composite wave generation unit generates, from a
fourth pair of received waves including a received wave
the phase of which has been shifted by the phase shifter,
athird composite wave in which a peak of an amplitude
level of the third composite wave is formed at an edge
portion of an azimuth angle range in which the ampli-
tude level of the first composite wave is distributed, and

the azimuth angle judgment unit judges that (1) when the
amplitude level of either of the first or third composite
waves at the detected azimuth angle is equal to or greater
than a second threshold value, the target is present at the
detected azimuth angle, and (2) when the amplitude
level of either of the first or third composite waves at the
detected azimuth angle is lower than the second thresh-
old value, the target is not present at the detected azimuth
angle.

4. An azimuth angle detection method for detecting an
azimuth angle of a target relative to a reference direction by a
radar device which transmits radar waves in the reference
direction, and receives the radar waves reflected by the target
as received waves, comprising:

detecting the azimuth angle based on a phase difference
between a pair of received waves received by a pair of
antennas separated by a prescribed distance;

generating a composite wave of the pair of received waves;
and

performing a judgment that (1) when an amplitude level of
the composite wave at a detected azimuth angle detected
in the detection step is equal to or greater than a thresh-
old value, the target is present at the detected azimuth
angle, and (2) when the amplitude level of the first com-
posite wave at the detected azimuth angle is lower than
the threshold value, the target is not present at the
detected azimuth angle.



