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1
RADAR DEVICE

The disclosure of Japanese Patent Application No. 2008-
292349 filed on Nov. 14, 2008, including the specification,
drawings and abstract is incorporated herein by reference in
its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a radar device of the phase-
monopulse type that detects objects.

2. Description of the Related Art

Radar has conventionally been installed in vehicles to
detect distance, relative speed and direction of obstacles
(such as in Japanese Patent No. 3433417 or Japanese Patent
Application Publication No. 2001-166029 (JP-A-2001-
166029)).

Japanese Patent No. 3433417 discloses a phase monopulse
radar device capable of detecting objects in the vertical direc-
tion by arranging array antennas, in which element antennas
that receive radio waves reflected by an object are arranged in
the longitudinal direction, horizontally while shifting in the
vertical direction. According to this device, since a vehicle
can distinguish a road or a sign on a road, erroneous detection
of'an object can be prevented. In addition, JP-A-2001-166029
discloses digital beamforming (DBF) radar.

An explanation of a method for calculating the arrival
direction of radio waves using a phase monopulse system is
explained with reference to FIGS. 4A and 4B. FIG. 4A indi-
cates the relationship between the arrival direction of radio
waves and the difference in path length of the radio waves in
the case of receiving radio waves with two reception anten-
nas. Phases of the reception signals of the two reception
antennas are different form each other due to the path length
difference of the radio waves. FIG. 4B indicates the relation-
ship between radio wave arrival angle (horizontal axis, [deg])
and phase difference (vertical axis, [deg]) in the case of
installing reception antennas horizontally and using a value of
A2 for the antenna interval d. Once the phase angle A¢ has
been determined, the arrival direction of the radio waves can
be calculated based on the formula 6=arcsin (A-A¢/(2-7t-d)).

However, since detection of the phase difference of radio
waves is carried out by detecting periodic shifts in the wave-
form of the radio waves, phase difference can only be
detected within the range of —x to 7 [rad] due to this period-
icity. Even if there is a phase difference that exceeds this
range, it ends up being observed as a phase difference
between —m to m[rad] (and this state is referred to as the
occurrence of phase aliasing). Thus, it was conventionally
considered necessary to make the antenna interval smaller
than the half-wavelength of the wavelength of a carrier wave
in order to be able to uniquely specify the arrival direction of
radio waves (see FIG. 4B). However, in order to prevent
exacerbation of characteristics attributable to physical
dimensions of the antenna element and inter-antenna cou-
pling, it is not possible to make the antenna interval as small
as possible, but rather the antenna interval is frequently made
to be half of the wavelength A.

In the case of detecting the arrival direction of radio waves
by a phase monopulse system, the azimuth angle at which
radio waves arrive can be detected in the case of arranging two
reception antennas in a row horizontally. Similarly, the eleva-
tion angle at which radio waves arrive can be detected in the
case of arranging two reception antennas in a row vertically.
Thus, both the azimuth angle and elevation angle at which
radio waves arrive can be detected by arranging three or more
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2

reception antennas two-dimensionally (namely, such that all
of the reception antennas are not arranged in a straight line).
However, in the case of detecting objects around a vehicle,
since the elevation angle range in which detection targets are
present is limited, the antenna directionality pattern thereof'is
preferably wider in the direction of azimuth angle and nar-
rower in the direction of elevation angle. Since array antennas
are typically long in the vertical direction and short in the
horizontal direction, an antenna arrangement that realizes an
antenna directionality pattern as described above has a low
degree of freedom. For example, in the case of arranging two
rectangular antennas along the lengthwise direction of the
antennas, the interval between the phase centers of the anten-
nas becomes excessively wide, and the angle range over
which the arrival direction of radio waves can be accurately
detected using a phase monopulse system decreases. In addi-
tion, there is also the disadvantage of the dimensions in the
vertical direction of the antenna housing becoming exces-
sively large. Thus, in the case of detecting the arrival direction
of radio waves with a phase monopulse system using anten-
nas, it is essential to arrange the antennas in the direction
perpendicular to the lengthwise direction of the antennas. For
this reason, it has been difficult to detect both the azimuth
angle and elevation angle at which radio waves arrive with a
phase monopulse method using a plurality of antennas.

SUMMARY OF THE INVENTION

Therefore, the invention provides a radar device capable of
detecting both azimuth angle and elevation angle at which
radio waves arrive by a phase monopulse method using a
plurality of antennas.

A first aspect of the invention is a radar device, including:
a reception antenna that receives radio waves, is constituted
by at least three antennas and is arranged so that phase center
points thereof form an isosceles triangle; an arrival direction
detection unit that detects an arrival direction of the radio
waves by a phase monopulse method; and a phase correction
unit that corrects a phase difference between phases of radio
waves respectively received by two adjacent antennas among
the three antennas based on a relationship of phases of radio
waves respectively received by the three antennas.

According to this configuration, both azimuth angle and
elevation angle at which radio waves arrive can be detected by
a phase monopulse method using a plurality of antennas.

A distance between the phase center point of the center
antenna among the three antennas and the phase center point
of at least one of the remaining two antennas may be made to
be larger than one-half the wavelength A of the radio waves.

Since the phase difference of radio waves received by these
antennas can be corrected by the phase correction unit even if
the distance between the phase center points of two adjacent
antennas is larger than one-half the wavelength A of the radio
waves, the degree of freedom of arrangement of the antennas
increases.

The reception antenna may be configured such that a first
distance between the phase center point of the center antenna
among the three antennas and the phase center points of the
remaining two antennas in a direction along the base of the
isosceles triangle is one-half or less the wavelength A of the
radio waves, a second distance between the phase center point
of the center antenna and the phase center points of the
remaining two antennas in a direction perpendicular to the
base of the isosceles triangle is one-fourth or less the wave-
length A of the radio waves, and in the case the absolute value
of the sum of a first phase difference, which is the phase
difference between a phase of radio waves received by one of
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the remaining two antennas among the three antennas and a
phase of radio waves received by the center antenna, and a
second phase difference, which is the phase difference
between a phase of radio waves received by the other of the
remaining two antennas and the phase of the radio waves
received by the center antenna, is larger than 2x(second dis-
tance)x2m/A, the phase correction unit may correct one of the
first phase difference and the second phase difference, whose
absolute value is larger than that of the other of the first phase
difference and the second phase difference.

According to this configuration, the phase difference
among the first phase difference and the second phase difter-
ence which is shifted from the true phase difference can be
specified.

In the case of correcting one of the first phase difference
and the second phase difference, whose absolute value is
larger than that of the other of the first phase difference and
the second phase difference, the phase correction unit may
correct the phase difference by subtracting 27 from the phase
difference if the value of the phase difference is positive, and
may correct the phase difference by adding 23 to the phase
difference if the value of the phase difference is negative.

According to this configuration, the phase difference
among the first phase difference and the second phase difter-
ence which is shifted from the true phase difference can be
corrected.

The direction along the base of the isosceles triangle may
be substantially a horizontal direction.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further objects, features and advantages
of the invention will become apparent from the following
description of example embodiments with reference to the
accompanying drawings, wherein like numerals are used to
represent like elements and wherein:

FIG. 1 is a block diagram of an antenna of a radar device as
described in an embodiment of the invention;

FIG. 2 shows the relationship of phase difference at each
phase center of a radar device as described in an embodiment
of the invention;

FIG. 3 is a flow chart of phase correction processing as
described in an embodiment of the invention; and

FIGS. 4A and 4B show the relationship between phase
difference and angle in a phase monopulse system.

DETAILED DESCRIPTION OF EMBODIMENTS

The following provides an explanation of an embodiment
of the device as described in the invention with reference to
the drawings.

FIG. 1is ablock diagram of an antenna 10 of a radar device
as described in an embodiment of the invention. The antenna
10 is arranged, for example, facing towards the front or rear of
avehicle. The antenna 10 is installed, for example, so that the
axial direction thereof'is the vertical direction. The antenna 10
is provided with a transmission antenna 11 and a reception
antenna 3. The transmission antenna 11 is provided with a
plurality of transmission element antennas 111 on the same
plane, and

The reception antenna 3 is provided with array antennas 31
to 33. The array antennas 31 to 33 are respectively composed
by arranging a plurality of reception element antennas 30 in a
row within the same plane in the vertical direction. The array
antennas 31 to 33 are arranged horizontally within the same
plane in the order of array antenna 32, 31 and 33. The array
antenna 31 functions as the “center antenna” of the invention.
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4

Radio waves radiated by the transmission antenna 11 are
reflected by an object and received by the reception element
antennas 30.

Phase center points 311, 321 and 331 of the array antennas
31 to 33 are located nearly in the center of each of the array
antennas 31 to 33. Array antennas 31 to 33 are arranged by
shifting the location of the phase center point of the center
array antenna 31 in the vertical direction with respect to the
other array antennas so that the phase center points 311, 321
and 331 form an isosceles triangle overall. Here, this isosceles
triangle is made to be such that the distance between the phase
center point 311 and the phase center point 321 and the
distance between the phase center point 311 and the phase
center point 331 are equal. As a result of arranging in this
manner, the direction in which radio waves arrive can be
detected based on the phase differences between phases of
each radio wave received by the array antennas 31 to 33 with
respect to not only the horizontal direction but also the verti-
cal direction. The reception antenna 3 is able to detect the
arrival direction of radio waves, namely the direction in which
an object (such as an obstacle) is present (horizontal and
vertical directions) based on the phase differences.

Furthermore, in the following explanation, the interval in
the horizontal direction between the phase center point 311
and the phase center point 321 as well as the interval in the
horizontal direction between the phase center point 311 and
the phase center point 331 are designated as o, while the
interval in the vertical direction between the phase center
point 311 and the phase center 321 point as well as the interval
in the vertical direction between the phase center point 311
and the phase center point 331 are designated as f§ as shown in
FIG. 1. This embodiment is premised on the above-men-
tioned a being one-half or less the radio wave wavelength A
(a=A/2), and the above-mentioned f§ being one-fourth or less
the radio wave wavelength A(f=N/4).

Next, the following provides an explanation of the relation-
ship of the phases of radio waves received by each ofthe array
antennas 31 to 33 of the reception antenna 3 using FIG. 2. The
three black dots in FIG. 2 represent the positional relationship
of'the phase center points 311, 321 and 331 shown in FIG. 1.
An equiphase plane 37 is a plane in which each of the phases
of radio waves arriving from a prescribed radio wave arrival
direction 36 is equal. Each of the four broken lines perpen-
dicular to the radio wave arrival direction 36 shown in FIG. 2
is an equiphase plane 37. Although the equiphase planes 37
are actually planes, they are represented with straight lines in
FIG. 2 for the sake of convenience.

Each of the radio waves received by the array antennas 31
to 33 is input to a signal processing unit not shown. The
phases Y1, 12 and ¢3 represent the phases of radio waves
received at each phase center point 311, 321 and 331. The
signal processing unit calculates the phase difference {21
(=y2—1) and the phase difference 131 (=p3-y1) based on
the phases 1, 2 and 3.

The values of the phase differences {21 and 131 are inher-
ently not necessarily values from —r to 7, but rather n-2m+p
(where, “#” is a symbol that indicates multiplication, n is an
integer and —m<p<w). However, the phase differences 21
and {31 are represented with values within the range of - to
7, and are used in processing to be described later.

A virtual antennas is placed in the center of the phase center
points 331 and 321, and the phase y1' represents the phase of
radio waves received at that phase center point. At this time,
a phase difference YV in the vertical direction and a phase
difference YH in the horizontal direction between phases of
radio waves respectively received by two adjacent allay
antennas can be determined according to the following for-



US 8,274,427 B2

5
mulas: YV=p1'=p1=((p2—-y1)+(p3=p1))/2=(p21+31)/2
(Formula 1); and YH=y2-p1'=((Y2—p1)-(p3-y1))/2=
(Y21-y31)/2 (Formula 2).

Here, although the phase differences 121 and {31 are
required to be true in order to correctly calculate the phase
differences YV and yH, there is the possibility of the phase
differences )21 and 131 shifting by an integral multiple of 2t
in either the positive direction or negative direction from the
true values thereof. Therefore, the signal processing unit suit-
ably corrects the values of the phase differences 21 and y31.
The signal processing unit functions as the “phase correction
unit” and “arrival direction detection unit” of the invention.

(Correction Method of Phase Differences 21 and 131)
The following provides an explanation of a method for cor-
recting the phase differences 121 and y31 using FIG. 2. The
phase differences {21 and 31 are corrected according to
whether or not the phase difference {/V in the vertical direc-
tion as determined based on the phase difference {21 and the
phase difference {31 is a value within the range of possible
values, which is determined based on the interval 3 in the
vertical direction between the phase center point 311 and the
phase center points 321,331.

Inthe case both the phase differences {21 and1)31 are true,
since PV can only be a value that is within the range of
—-B-2n/A) to B(2n/A), the expression |(Y21+y31)/21=p(2n/
A), namely 1Y21+p311=2-f(2n/A) (Formula 3) ought to be
valid from the above-mentioned Formula 1. Here, since
B=MA/4 according to the previously stated premise, possible
values of {21+ 31 are within the range of —r to . However,
in the case either one of the phase differences {21 and 31
has shifted by an integral multiple of 2zt from the true value,
the value of'121+31 also shifts by an integral multiple of 25t
from the true value, and the Formula 3 is no longer satisfied.
On the basis thereof, in the case the Formula 3 is not satisfied,
at least one of either the phase difference 121 and the phase
difference 131 can be determined to have shifted from the
true value.

However, as long as o is equal to or less than A/2 (a=A/2)
and f is equal to or less than A/4(f=A/4) as indicated by the
previously stated premise, the possibility of both the phase
differences 21 and 131 shifting from the true values is zero.
Thus, if a phase difference is assumed to have shifted, only
one of either the phase difference 21 or 131 has been
shifted. In addition, as long as o is equal to or less than A/2
(0=A/2) and f is equal to or less than A/4 (3=/4), there is no
possibility of the phase difference 21 or y31 shifting by 47
or more. Thus, if a phase difference is assumed to have
shifted, the shiftis only 27 in the positive direction or negative
direction from the true value.

In the case it is determined from the above-mentioned
Formula 3 that either one of the phase difference 21 or 31
has shifted from the true value, one of the phase difference
21 and the phase difference {31 whose absolute value is
larger than that of the other is determined to be the false value
that has shifted from the true value. A phase difference shifts
from the true value by 2m in the case the true value has a value
outside the range of - to m. In addition, 2131l is equal
to or less than 2n(1y21-p311=2m) as a result of setting o to
a value equal to or less than A/2 (a=A/2). Thus, one of the
phase difference {21 and the phase difference 31 whose
absolute value is larger than that of the other can be deter-
mined to have an false value.

In the case the true value has a value outside the range of —xt
to m, the false value is a value that has shifted by 2m from the
true value and the sign of that value has inverted. For example,
The false value is t—y if the true value is —m-v, and the sign of
-m—y differs from the sign of m—y since the value of y cannot
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be larger than & according to the previously stated premise.
Thus, in the case the value of a phase difference among the
phase differences 21 and 31 that has been determined to be
false is a positive value, that value can be corrected to the true
value by subtracting 27 from the value of that phase differ-
ence. Similarly, in the case the value of a phase difference that
has been determined to be false is a negative value, that value
can be corrected to the true value by adding 2 to the value of
that phase difference.

Next, an example is indicated of phase correction process-
ing carried out by the above-mentioned signal processing unit
using the flow chart of FIG. 3.

In ST1, the signal processing unit acquires phase informa-
tion (phases 11, 12 and 13) of radio waves received by the
array antennas 31 to 33.

In ST2, the signal processing unit calculates the phase
difference P21 (=y2—y1) and the phase difference 31
¥3-y1).

In ST3, the signal processing unit determines whether or
not the relationship of p21+p311>2-3-(2n/A) is satistied. If
the result of this determination is affirmative (YES), then one
ofeither of the phase diftferences 121 and 31 is false, and the
signal processing unit carries out correction processing start-
ing in ST4. Ifthe result of this determination is negative (NO),
since both of the phase differences 21 and 31 are true,
processing ends without correcting the phase differences )21
and ¢31.

In ST4, the signal processing unit determines whether or
not the absolute value of the phase difference {21 is larger
than the absolute value of the phase difference 31. If the
result of this determination is affirmative (YES), the flow
proceeds to ST5. If the result of this determination is negative
(NO), the flow proceeds to STS.

In ST5, the signal processing unit determines whether or
not the phase difference 121 is greater than zero. In the case
the phase difference {21 is greater than zero (YES in ST5),
the signal processing unit corrects the phase difference 121
and uses the value of y21-2mx as the true value of the phase
difference 21 (ST6). In the case the phase difference 21 is
zero or less (NO in ST5), the signal processing unit corrects
the phase difference 121 and uses the value of121+2w as the
true value of the phase difference 21 (ST7).

In ST8, the signal processing unit determines whether or
not the phase difference 131 is greater than zero. In the case
the phase difference {31 is greater than zero (YES in ST8),
the signal processing unit corrects the phase difference 131
and uses the value of y31-2mx as the true value of the phase
difference Y31 (ST9). In the case the phase difference 31 is
zero or less (NO in ST8), the signal processing unit corrects
the phase difference 131 and uses the value of131+2w as the
true value of the phase difference 31 (ST10).

(Calculation of Radio Wave Arrival Direction) Next, an
explanation is provided of the method used to calculate the
arrival direction (elevation and azimuth angles) of radio
waves. The signal processing unit calculates the previously
described phase differences 1V and {H according to the
above-mentioned Formulas 1 and 2 based on the true values
of'the phase differences 121 and 31 corrected in the manner
described above.

Next, the signal processing unit determines the azimuth
angle ¢ and the elevation angle 6 of the radio wave arrival
direction 36 using the phase differences {yV and yH calcu-
lated in the manner described above. Here, when the azimuth
angle ¢ and the elevation angle 8 are calculated by applying
the phase differences 1)V and {H to a phase monopulse
calculation formula, the values of the azimuth angle ¢ and the
elevation angle 6 can be calculated as shown below.
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O=arcsin(My V/(2-7-p)) (Formula 4)

¢=arcsin(ApH/(2-ma-cos 0)) (Formula 5)

The following provides a supplementary explanation of the
above examples.

In FIG. 1, the reception antenna 3 may be provided with
array antennas in addition to the array antennas 31, 32 and 33.
In this case, among the plurality of array antennas that com-
pose the reception antenna 3, at least three of the array anten-
nas are arranged such that their phase center points form an
isosceles triangle. In addition, a plurality of sets of the recep-
tion antenna 3 may be provided. In addition, the axes of the
array antennas 31, 32 and 33 are not necessarily required to
each be along the vertical direction. The effects of the inven-
tion are demonstrated as long as the array antennas of a
plurality of array antennas provided by the reception antenna
3 are arranged such that the phase center points of three
adjacent array antennas form an isosceles triangle, regardless
of the direction of the isosceles triangle (whether the apex or
base is on the upper side). In addition, the transmission
antenna 11 and the reception antenna 3 are not required to lie
within the same plane. Moreover, although the reception
antenna 3 and each of the reception element antennas 30 were
indicated to be lying in the same plane in the explanation of
FIG. 1, a level difference may be provided there between in
consideration of design. In addition, the plurality of antennas
that compose the reception antenna 3 are not limited to array
antennas, but rather other types of antennas may be used. In
addition, a range of possible values of the phase difference in
a vertical direction, which is a phase difference between
phases of radio waves respectively received by two adjacent
antennas among the three antennas may be determined based
on a positional relationship of the three antennas, and the
phase difference between phases of radio waves respectively
received by two adjacent antennas among the three antennas
may be corrected according to whether or not the phase dif-
ference in the vertical direction determined based on phases
of'the radio waves respectively received by the three antennas
is a value within the range of possible values.

What is claimed is:

1. A radar device comprising:

a reception antenna that receives radio waves, the radar
device detecting an arrival direction of the radio waves
by a phase monopulse method, wherein:

the reception antenna includes at least three antennas,

the three antennas are arranged so that phase center points
thereof form an isosceles triangle,

the radar device further comprising phase correction
means for correcting a phase difference between phases
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of radio waves respectively received by two adjacent
antennas among the three antennas based on a relation-
ship of phases of radio waves respectively received by
the three antennas,

a distance between the phase center point of the center
antenna among the three antennas and the phase center
point of at least one of the remaining two antennas is
larger than one-half the wavelength A of the radio waves,

a distance a between the phase center point of the center
antenna among the three antennas and each of the phase
center points of the remaining two antennas in a direc-
tion along the base of the isosceles triangle is one-halfor
less the wavelength A of the radio waves,

a distance b between the phase center point of the center
antenna and the phase center points of the remaining two
antennas in a direction perpendicular to the base of the
isosceles triangle is one-fourth or less the wavelength A
of the radio waves, and

in the case the absolute value of the sum of a phase differ-
ence 21 (-n=y21=m), which is the phase difference
between the phase of radio waves received by one of the
remaining two antennas among the three antennas and
the phase of radio waves received by the center antenna,
and a phase difference Y31 (-n=131=m), which is the
phase difference between the phase of radio waves
received by the other of the remaining two antennas and
the phase of the radio waves received by the center
antenna, is larger than 2xb x2m/A, the phase correction
means corrects one of the phase difference 121 and the
phase difference {31, whose absolute value is larger
than that of the other of the phase difference 21 and the
phase difference y31.

2. The radar device according to claim 1, wherein, in the
case of correcting one of the phase difference {21 and the
phase difference {31, whose absolute value is larger than that
of'the other of the phase difference 121 and the phase difter-
ence P31, the phase correction means corrects the phase
difference by subtracting 27 from the phase difference if the
value of the phase difference to be corrected is positive, and
corrects the phase difference by adding 2x to the phase dif-
ference if the value of the phase.

3. The radar device according to claim 2, wherein the
direction along the base of the isosceles triangle is substan-
tially a horizontal direction.

4. The radar device according to claim 1, wherein the
direction along the base of the isosceles triangle is substan-
tially a horizontal direction.
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