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RADAR APPARATUS CONFIGURED TO
SUPPRESS EFFECTS OF GRATING LOBES
UPON DETECTION OF DIRECTION OF
TARGET BASED ON PHASE DIFFERENCE
BETWEEN RECEIVED REFLECTED WAVES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on and incorporates herein by
reference Japanese Patent Application No. 2009-051259 filed
on Mar. 4, 2009.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a radar apparatus for
detecting the direction of a target based upon reflected elec-
tromagnetic waves, and in particular to a radar apparatus
having a plurality of receiving antennas and an array trans-
mitting antenna, or a plurality of transmitting antennas and an
array receiving antenna.

2. Background of the Invention

Types of radar apparatus are known having a transmitting
antenna which transmits a beam of electromagnetic waves,
with the direction of a target being detected based upon phase
differences between resultant reflected electromagnetic
waves received from the target. In the case of a phase
monopulse radar apparatus, the reflected waves are received
by two receiving antennas, with the direction of a target being
detected based on the phase difference between reflected
waves from the target that are respectively received by adja-
cent receiving antennas.

A phase monopulse radar apparatus has an advantage of
high accuracy of direction detection, but has a disadvantage
that the size of the range within which directions of targets
can be detected is restricted. Considering a phase monopulse
radar apparatus having a pair of receiving antennas (e.g.,
respective single antenna elements) spaced apart with a pitch
L, designating the wavelength of the radar waves as A, and the
phase difference between respective received signals of the
two receiving antennas (phase difference between reflected
waves that are respectively received by the receiving anten-
nas) as A¢, the direction 0 of a target which reflects the waves
can be obtained from the following equation:

0=(180/m)sin~{(A¢/360)-(WL)}

Hence if A¢ is within the range —180° to +180° then the
corresponding direction 6 can be unambiguously obtained
from A¢. The range of directions for which unambiguous
direction detection can be achieved is determined by the pitch
L of the receiving antennas.

If values of A$ exceed that unambiguous detection range,
phase foldover (aliasing) occurs, i.e., it is impossible to dis-
tinguish between two targets whose respective directions cor-
respond to phase differences of A¢ and (A$p+360°).

For example, designating the respective directions of two
targets as 01 and 02, and designating the phase difference
(between the respective received signals of the two receiving
antennas) corresponding to 61 as A¢l and the phase differ-
ence corresponding to 62 as A$p2, and assuming that the phase
difference A¢2 is outside the aforementioned range of 180° to
+180° while A¢1 is within the range, then the direction that is
calculated as 01 will be correct while the direction that is
calculated as 62 may differ from the actual direction.
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Prior art types of phase monopulse radar apparatus have
therefore had the disadvantage that target directions can only
be detected within a small range of directions, to avoid effects
of phase foldover.

To overcome this problem, it has been proposed for
example in International Patent publication No. WO99-
34234 (referred to in the following as reference document 1)
to use a radar apparatus having a plurality of transmitting
antennas having respectively different directions of transmit-
ted beam, with switching being applied for transmitting radar
waves from these transmitting antennas in succession.
Resultant reflected waves from a target are received by two
receiving antennas, and the direction of the target is detected
the phase difference between respective reflected waves
reaching the receiving antennas. Since reflected waves from a
target are received along respectively different directions
from a plurality of transmitting antennas, a greater amount of
information can be obtained than is possible by using only a
single transmitting antenna. The information is used to
authenticate each detected target, as described in the follow-
ing, to enable the target detection range to be widened while
maintaining high reliability of target direction detection.

Basically, if the detected direction of a target is sufficiently
close to the orientation direction of the currently transmitted
beam (e.g., is within the beamwidth of the transmitted beam
that is currently being transmitted) then it is judged that an
actual target is detected, since reflected waves generally
return along a direction which does not differ greatly from the
orientation direction of the transmitted beam. Hence, if the
detected direction is not sufficiently close to the direction of
the transmitted beam (i.e., is not within a predetermined range
that is centered on the beam direction) the target is (provi-
sionally) assumed to be false, i.e., caused by phase foldover.

Since detected targets can thereby be reliably authenti-
cated, it becomes possible to use a phase monopulse type of
radar apparatus having a wide target detection range within
which phase foldover occurs.

The problem caused by phase foldover is thereby over-
come by using a plurality of transmitting antennas.

However, such a type of radar apparatus is undesirable
from a practical aspect. It is preferable to utilize an array
antenna formed of an array of antenna elements as the trans-
mitting antenna, and electronic scanning. Here, “electronic
scanning” signifies that shifting of the beam to successive
directions (i.e., successively shifting the beam to different
orientation directions, to cover successively different direc-
tion ranges) is performed by phase control of the transmission
signals supplied to the elements of the array. Specifically, the
direction of the transmitted beam is varied by successively
varying the phase difference between transmission signals
applied to adjacent antenna elements.

Such an electronic scanning method is preferable in par-
ticular for a radar apparatus which is installed in a vehicle for
example, since it enables the transmitting antenna (and hence
the overall radar apparatus) to made compact.

If such electronic scanning of the transmitted beam were
applied, then in principle it would be possible to eliminate the
problem of ambiguity caused by phase foldover, since the
orientation direction of the transmitted beam is known at each
point in time, and that information can be used in authenti-
cating each detected target as described above.

However if such an electronic scanning method were sim-
ply to be directly applied to a phase monopulse of radar
apparatus for enabling target directions to be detected within
a range in which phase foldover occurs as described above,
then problems arise due to grating lobes in the beam pattern of
the transmitting antenna. In particular, at least one grating
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lobe adjacent to the main lobe may be of similar magnitude to
the main lobe. As the pitch of the elements of an array trans-
mitting antenna is increased, the main lobe of the antenna
beam is accordingly made narrower and the antenna gain is
increased. However as the pitch is increased, the magnitudes
of the grating lobes become increased and the grating lobes
are brought closer to the main lobe, thereby, conversely, low-
ering the antenna gain.

Thus if the pitch is not appropriate, the direction of a
grating lobe may come within the target direction detection
range, as the direction of the transmitted beam is scanned
through that range. Direction detection reliability (target
authentication reliability) is thereby lowered, since (due to
phase foldover, i.e., aliasing) a false target which results from
reflected waves originating from a grating lobe may appear to
have adirection that is close to the direction of the transmitted
beam (i.e., direction of the main lobe).

For that reason, it has not hitherto been practicable to apply
an electronic scanning array antenna to be used as a transmit-
ting antenna in a radar apparatus, when targets are to be
detected within a range of directions whereby phase foldover
occurs.

SUMMARY OF THE INVENTION

It is an objective of the present invention to overcome the
above problem, by providing an electronic scanning type of
radar apparatus having an array antenna as a transmitting
antenna and a plurality of receiving antennas, to whereby the
extent of a target detection range may be made larger than a
detection ambiguity range (i.e., range within which the phase
difference between respective waves received by adjacent
antenna elements of the receiving antenna does not exceed
360°) while suppressing adverse effects of grating lobes in a
transmitted beam of the transmitting antenna.

To achieve the above objectives, according to a first aspect,
the invention provides a radar apparatus having a transmitting
antenna formed of an array of antenna elements spaced apart
with a fixed pitch, for transmitting a beam of electromagnetic
waves, and a plurality of receiving antennas (each of which
may be a single antenna element or an array antenna) spaced
apart with a fixed pitch, for receiving resultant reflected
waves from a target and producing respective received signals
corresponding to the received waves. The apparatus further
includes phase control circuitry for supplying respective
transmission signals to the elements of the transmitting
antenna, and applying phase control to the transmission sig-
nals for sequentially shifting the orientation direction of the
transmitted beam within a predetermined target detection
range, with successively different ranges of directions (re-
ferred to herein as a beamwidth range), each centered on the
transmitted beam direction, being thereby successively cov-
ered by the transmitted beam. The extent of a beamwidth
range is predetermined such that, if the detected direction of
atarget is within that range then the target can be judged to be
value, while otherwise the target can be judged to be false
(i.e., caused by effects of phase foldover).

The apparatus also includes direction detection circuitry,
for detecting the directions of targets which are within the
target detection range, with each target direction being
detected based upon a phase difference between respective
received signals (received waves) of adjacent receiving anten-
nas and upon the relationship between the detected direction
and the current beamwidth range that is covered by the trans-
mitted beam. That is to say, a detected target is judged as
being either valid or false, based on that relationship, as
described above.
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The radar apparatus is characterized in that, designating a1
(a value determined by the pitch of the transmission antenna
elements) as the difference between respective orientation
directions of the main lobe of the transmitted beam and a
grating lobe (i.e., a grating lobe which is immediately adja-
cent to the main lobe), designating 31 as the extent of a range
of'directions within which a phase difference between respec-
tive received waves of adjacent receiving antennas is within
360° (where p1 is determined by the pitch of the receiving
antennas), and designating the extent of the target detection
range as (kxp1l), where k>1 (i.e., so that phase foldover
occurs within the target detection range), the pitch of the
antenna elements of the transmitting antenna and the pitch of
the receiving antennas are respectively predetermined such
that the following relationship exists:

al=kxpl

Specifically, the value of al is determined by the wave-
length of the transmitted waves, the orientation direction of
the transmitted beam, and the pitch of the transmitting
antenna array elements. The pitch values are preferably
selected such that the above relationship is satisfied when the
direction of the transmitted beam is at a limit of the target
detection range, as described hereinafter.

In that case, it is ensured that reflected waves which origi-
nate from a grating lobe will not have a direction that is within
the target detection range. Adverse effects of the grating lobes
are thereby suppressed.

In particular, it is ensured that a detected target can be
reliably authenticated based upon the transmitted beam direc-
tion at the time of detection (e.g., based on judging whether
the detected target direction is within the beamwidth of the
transmitted beam, at the time of detection). That is to say,
although aliasing occurs within the target detection range, is
ensured that the authentication processing will not be affected
by false detected targets which result from aliasing of
received reflected waves that originate from a grating lobe.

The invention thereby makes it practicable to provide a
radar apparatus which can utilize a compact form of array
antenna such as a planar array antenna as a transmitting
antenna, i.e., applying electronic scanning of a transmitted
beam, and which can have a wide target detection range. High
accuracy of direction detection over a wide range of target
directions can thereby be achieved.

The pitch of the antenna elements of the receiving antenna
and the pitch of the transmitting antennas are preferably
respectively predetermined such that the difference al is
substantially equal to the extent of the target detection range
(i.e., the extent of the variation range of the transmitted beam
direction), or is larger than the target detection range by a
predetermined small margin. The size of such a margin is
preferably determined based on the shape of a grating lobe.

The invention is equally applicable to a radar apparatus
having two or more transmitting antennas (single elements, or
respective array antennas) spaced apart with a fixed pitch and
an array receiving antenna. In that case, the target detection
range is the scanning range of a reception beam, which is
determined by phase control of the received signals of the
antenna elements of the array receiving antenna.

Specifically, from that aspect, the invention provides a
radar apparatus having, in addition to the aforementioned
transmitting antennas and array receiving antenna, phase con-
trol circuitry for applying phase control to the respective
received signals of the receiving antenna elements, for
sequentially shifting the reception beam to cover respectively
different beamwidth ranges. Such a radar apparatus further
includes direction detection circuitry configured to detect the
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direction of a target based upon detection of phase differences
between received signals of receiving antenna elements and
upon the beamwidth range that is covered by the reception
beam at the time of detecting the phase difference. The target
direction detection is performed within a range of directions
in which ambiguous detection occurs, caused by phase
foldover.

In that case, designating a2 as the difference between
respective directions of a main lobe of the reception beam and
a grating lobe of the reception beam (where a2 is determined
by the pitch of the array receiving is antenna elements), des-
ignating 32 as the extent of a range of directions within which
aphase difference between respective received waves of adja-
cent receiving antenna elements does not exceed 360° (where
2 is determined by the pitch of the transmitting antennas),
and designating the target detection range as (kxf2) where
k>1, the pitch of the receiving antenna elements and the pitch
of the transmitting antennas are respectively predetermined
such that the following relationship exists:

a2=kxp2

Such a radar apparatus can provide similar advantages to
those described above for the case of a radar apparatus having
a plurality of receiving antennas and an array transmitting
antenna.

The invention is moreover equally applicable to the case in
which phase foldover does not occur within the range of target
directions that are to be detected. In that case too, it can be
ensured that received reflected waves which originate from
transmitted waves corresponding to a grating lobe cannot
come within the target detection range, and so cannot have
adverse effects upon target direction detection.

The above features and advantages of the invention are
described more particularly in the following with reference to
specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the overall configuration of an embodiment
of an electronic scanning type of radar apparatus;

FIG. 2 is a conceptual diagram for describing the relation-
ship between a main lobe and a grating lobe of the beam
pattern of a transmitting antenna formed as an array of
antenna elements;

FIG. 3 A illustrates measurement of the pitch of the antenna
elements of an array transmitting antenna, while FIG. 3B
illustrates measurement of the pitch of a set of equidistantly
spaced receiving antennas;

FIG. 4 shows an example of the directivity characteristic of
the receiving antennas of the embodiment;

FIG. 5 illustrates the directivity characteristic of a trans-
mitting antenna, in the vicinity of a grating lobe;

FIG. 6 shows the directivity characteristic of the array
transmitting antenna of the embodiment; and

FIG. 7 shows the transmitting antenna directivity charac-
teristic of FIG. 6 superimposed on the receiving antenna
directivity characteristic of FIG. 4.

DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 is a block diagram illustrating the basic configura-
tion of an embodiment of a radar apparatus, designated by
numeral 100, formed of a control section 1, a transmitter
section 2, a phase control section 3, a transmitting antenna 4,
a signal processing section 7, a set of three receiving antennas
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5a, 56 and 5¢, and three control sections 6a, 6b and 6¢ respec-
tively corresponding to the receiving antennas 5a, 55, 5c.

The control section 1 is based on a microcomputer, having
a CPU, ROM, RAM, backup RAM, /O section, etc., (not
shown in the drawings), with the microcomputer executing
various processing in accordance with a control program that
is stored in the ROM. In particular, the control section 1
performs signal processing to control transmission of elec-
tromagnetic waves by the transmitting antenna 4, and for
evaluating reflected waves (received signals) that are received
by the receiving antennas 5a, 55, 5c¢.

The transmitter section 2 generates a modulated high-fre-
quency signal (using a high frequency signal source, not
shown in the drawings) that is frequency-modulated with a
triangular modulation waveform, under the control of the
control section 1. The transmitter section 2 splits the modu-
lated high-frequency signal (by means of a signal splitter, not
shown in the drawings) into a transmission signal which is
supplied to the phase control section 3 and a local oscillator
signal. The phase control section 3 is connected to the trans-
mitting antenna 4, which is an array antenna formed of a
coplanar array of antenna elements. The transmitting antenna
4 corresponds to a transmitting antenna as specified in the
appended claims.

The phase control section 3 includes a signal splitter (not
shown in the drawings) which splits the transmission signal
supplied from the transmitter section 2 into a plurality of
transmission signals. The phase control section 3 applies
respectively different amounts of phase shift to these trans-
mission signals, under the control of commands from the
control section 1, and includes amplifiers (not shown in the
drawings)) which amplify the phase-shifted transmission sig-
nals and supply the amplified transmission signals to respec-
tive antenna elements 4a of the transmitting antenna 4.

With this embodiment, the transmission signal (modulated
high-frequency signal) that is inputted from the transmitter
section 2 is split into a plurality of transmission signals by a
signal splitter within the phase control section 3. However it
would be equally possible to perform this signal splitting by
a splitter that is incorporated in the transmitter section 2, with
aplurality of transmission signals being supplied to the phase
control section 3.

Electromagnetic waves are transmitted from the transmit-
ting antenna 4 as an externally directed beam. The direction in
which the beam is transmitted (i.e., central direction of the
beam) is determined by the phase shifts (applied by the phase
control section 3) of the transmission signals of the antenna
elements 4a of the transmitting antenna 4. Specifically, the
beam is sequentially scanned to cover successive ranges of
directions. These successively attained direction ranges will
be referred to in the following description and appended
claims as “beamwidth ranges”, i.e., respectively different
ranges which may each be of identical extent, with each range
being centered on the orientation direction of the transmitted
beam. The extent of each beamwidth range is predetermined
such that, if the direction of a detected target is within that
range, the target can be judged to be true, while otherwise the
target can be judged to be false, i.e., to be an effect of phase
foldover.

The range of directions through which the transmitted
beam is scanned (i.e., range of variation of the orientation
direction of the beam) corresponds to the target detection
range (range of target directions that can be detected by the
radar apparatus). Beam scanning is performed by succes-
sively varying respective amounts of phase shift that are
applied to transmission signals of adjacent antenna elements
of the array transmitting antenna 4.
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The phase control section 3 can be configured to incorpo-
rate phase shifters such as described in Japanese Patent Pub-
lication No. 2003-243959 to control the respective phases and
amplitudes of the transmission signals of the antenna ele-
ments 4a of the transmitting antenna 4, for beamforming and
for scanning the transmitted beam. Alternatively, the phase
control section 3 can be configured to incorporate a Rothman
Lens such as is described in Japanese Patent Publication No.
2000-124727, 10 control the respective phases and amplitudes
of the transmission signals of the antenna elements 4a. As a
further alternative (as described in Japanese Patent Publica-
tion No. 6-29736), it would be possible to utilize a Butler
matrix to control the respective phases and amplitudes of the
transmission signals.

With the this embodiment, the transmitting antenna 4 is a
planar array of antenna elements 4a, however it would be
equally possible to utilize an array antenna in which the
antenna elements are not coplanar.

As shown in FIG. 3B, the three receiving antennas 5a, 55,
5c¢ constituting the receiving antenna are spaced equidis-
tantly, with a separation pitch d,. With this embodiment, the
receiving antennas 5a, 5b, 5c¢ are formed as respective single
antenna elements as shown, which are coplanar. However it
would be equally possible to form the receiving antennas 5a,
5b, 5¢ as respective arrays of antenna elements, with these
three arrays being coplanar. Alternatively, it would be pos-
sible to form the receiving antennas 5a, 56, 5¢ as respective
arrays of antenna elements which are not coplanar. The pre-
determined pitch of the receiving antennas is described here-
inafter.

The received signals obtained by the receiving antennas Sa,
5b, 5¢ are respectively inputted to the receiver sections 6a, 65
and 6c.

The receiver sections 6a, 66 and 6¢ amplify the respec-
tively received signals supplied thereto, and each also
includes a mixer (not shown in the drawings) for mixing the
corresponding received signal with the local oscillator signal,
to convert (demodulate) the received signal to a baseband
signal. Each of the receiver sections 6a, 65 and 6¢ further
includes an A/D converter (not shown in the drawings), for
converting the corresponding baseband signal to a digital
signal, which is supplied to the signal processing section 7.

The signal processing section 7 is based on a microcom-
puter, having a CPU, ROM, RAM, backup RAM, 1/O section,
etc., (not shown in the drawings), which acquires the digital
signals (digital data) supplied from the receiver sections 6a,
65 and 6¢. The signal processing section 7 also includes a
DSP (Digital Signal Processor, not shown in the drawings)
which performs FFT (Fast Fourier Transform) processing of
the acquired data, with the processing executed in accordance
with a control program that is stored in a ROM. The signal
processing section 7 can for example perform processing
which is similar to that described in Japanese Patent Publica-
tion No. 2004-245602, for obtaining the distance, relative
velocity and direction of a target, based on beat signals that
are derived from the received signals of the receiving anten-
nas 5a, 55, 5¢c.

The direction of a target is derived based on a phase difter-
ences between reflected waves from the target that are respec-
tively received by adjacent ones of the receiving antennas 5a,
5b, 5¢ (i.e., a phase difference expressed in the baseband
signals). The signal processing section 7 performs processing
similar to that described above concerning reference docu-
ment 1 to eliminate ambiguity in detecting targets (ambiguity
resulting from the foldover phenomenon, as described
above), i.e., for authenticating each detected candidate target
and obtaining the direction of each authenticated target. Here,
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“candidate target” signifies a possible target whose direction
is detected as being within the aforementioned target detec-
tion range, i.e., a target for which a phase difference between
reflected waves received by adjacent receiving antennas is
within a predetermined range of phase difference values cor-
responding to the target detection range. With this embodi-
ment, the target detection range is assumed to be from —20° to
+20° (i.e., azimuth directions) as described hereinafter.

When a candidate target is detected, it is judged be a true
target if its detected direction is sufficiently close to the ori-
entation direction of the transmitted beam at that point in
time. That is, if the detected direction is within the aforemen-
tioned beamwidth range that is covered by the transmitted
beam at the time of detection, then the target is judged to be
valid. Otherwise, the candidate target is (provisionally)
judged to be false.

Each time the beam has become oriented to a new direction
within the detection range a search is performed to find any
candidate target(s) having a direction that is within the current
beamwidth range and so can be judged to be valid.

In that way, target direction ambiguity can be eliminated,
although the target detection range is widened to the extent
that phase foldover occurs.

The signal processing section 7 corresponds to direction
detection circuitry of a radar apparatus having a plurality of
receiving antennas, as recited in the appended claims of the
invention.

Thelarger the pitch of the antenna elements of a transmitter
array antenna and the greater the number of antenna elements,
the more narrow becomes the main lobe of the antenna beam,
and the higher becomes the antenna gain. A narrow main lobe
and high gain are desirable, however (for a specific number of
antenna elements) as the antenna element pitch is increased,
the grating lobes become accordingly larger, and there is
decreased separation between the main lobe and grating
lobes.

With the radar apparatus 100 of this embodiment, to sup-
press the adverse effects of grating lobes while enabling the
target detection range to be widened to an extent whereby
phase foldover occurs within that range, the pitch of the
antenna elements 4a of the transmitting antenna 4 and the
pitch of the receiving antennas 5a, 55, 5¢ are each predeter-
mined to satisty a specific relationship, as described in the
following.

Firstly, al will be designated as the difference in direction
between the main lobe and an adjacent grating lobe, while 1
is designated as the extent of a phase foldover period, i.e., the
extent of a range of directions of received waves within which
the phase difference between received waves of adjacent
receiving antennas does not exceed 360°. Hence, p1 is the
size of a detection range in which directions of received
reflected waves can be detected without ambiguity

Parameters of the transmitting antenna and receiving
antennas are predetermined such that the extent of the detec-
tion range is greater than one foldover period 1, while
enabling directions of targets (based on a phase difference
between received waves of respective receiving antennas)
within the detection range to be unambiguously detected (by
authenticating each detected target based up on an amount of
difference between the detected direction and the direction of
the transmitted beam at the time of detection, as described
above) without adverse effects of grating lobes.

This is achieved by determining transmitting antenna and
receiving antenna parameters such that no grating lobe is
oriented in a direction which comes within the target detec-
tion range. It is thereby ensured that reflected waves which
result from transmitted waves corresponding to a grating lobe
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will not reach the receiving antennas along a direction that is
within the target detection range.

The above will be described referring to the conceptual
diagram of FIG. 2, in which “A” designates the directivity
characteristic (beam pattern) of the transmitting antenna 4,
“B” designates the main lobe of the transmitted beam from
the transmitting antenna 4, and “C” designates a grating lobe.
al denotes the separation between respective directions of
the main lobe B and grating lobe C, with k being assumed
equal to three phase foldover periods (designated as “D”), i.e.
al=(3xp1). Inthatcase, it can be understood that a maximum
size of the target detection range (3xp1) can thereby be set,
while ensuring that the grating lobe C is not within the target
detection range. As described hereinafter it is preferable for
al to be made slightly larger than the target detection range
by a specific amount.

Designating the wavelength of the transmitted waves as A
and the pitch of the antenna elements 4a of the transmitting
antenna 4 as d,, the value of ol when the direction of the
transmitted beam is 0 is determined by the pitch dt, as shown
by equation (1) below.

al = sin’l(sin - E) W
1

For the purposes of the present invention, a1 is preferably
the value obtained when the beam direction 6 corresponds to
a limit direction of the target detection range. For example in
FIG. 6 (described in detail hereinafter), concerning an
embodiment in which the target detection range extends from
-20° to +-20°, a1 is determined using the value of 20° for 6
in equation (1) above.

Similarly, designating the pitch of the receiving antennas
as d,, the value of B1 is determined by d,, as shown by
equation (2) below.

Bl =sin’1(d£) @

;

Hence, the invention provides a radar apparatus having an
electronic scanning array antenna and a plurality of receiving
antennas, in which the pitch d, of the elements of the trans-
mitting antenna and the pitch d,. of the receiving antennas are
respectively set such that the extent of the detection range
exceeds one phase foldover period 1, while it is ensured that
transmitted waves corresponding to a grating lobe will not
have adverse effects within the target detection range.

FIG. 4 shows the receiving antenna directionality charac-
teristic of this embodiment, with relative amplitude values
plotted along the vertical axis and direction angles along the
horizontal axis. As shown, the range of unambiguous direc-
tion detection (range in which the phase difference between
received waves of adjacent receiving antennas does not
exceed 360°) is between +10° and -10°, however the target
detection range is expanded to £20°. Thus there is direction
ambiguity within the —10° to —=20° part of the target detection
range, and within the +10° to +20° part of that range,

FIG. 6 shows the directionality characteristic of the trans-
mitting antenna 4, with relative amplitude values plotted
along the vertical axis and direction angles along the horizon-
tal axis.

The transmitted beam direction is scanned within the target
detection range, i.e., the aforementioned beamwidth range is
sequentially shifted to be centered on successive directions
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within the target detection range. In FIG. 6, E denotes the
main lobe of the beam and F denotes a grating lobe which is
of similar magnitude to the main lobe. As shown, the differ-
ence al between the respective directions of the main lobe E
and grating lobe F is determined such the direction of the
grating lobe F is substantially equal to the target detection
range (but with this embodiment, exceeds that range by a
small margin as described in the following).

A method of deriving an optimum value for the quantity k
in the relationship a1=(kxf 1), when a desired target direction
range has been specified, will be described in the following.
This optimum value depends upon the frequency of the waves
transmitted by the transmitting antenna 4, the required target
detection range, the number of elements in the transmitting
antenna array, and the number of receiving antennas. An
example will be described for which the frequency of the
transmitted waves is 75.6 GHz, the target detection range is to
be £20°, the number of elements of the array transmitting
antenna is 10, each of the receiving antennas is formed as a
single element, and the number of receiving antennas is 3.

The required extent of the target detection range (40°) is
obtained if 1 is set as 20° and the target detection range is
made (2xf1). The necessary pitch d, of the receiving antennas
is then calculated based on equation (2), using that value of
p1, and is obtained as 11.5 mm.

As described above, al is preferably made larger than the
target detection range by a specific margin, to sufficiently
ensure that a grating lobe will not have adverse effects within
the target detection range. This margin is determined as fol-
lows. The form of the beam pattern in the vicinity of a grating
lobe (when a1=40°) is shown in FIG. 5. In this case, based on
the width of the grating lobe, it is determined that the margin
is to be 3°, i.e., the final value of .1 is set as 43°.

Hence the optimum (final) value of k, obtained by dividing
the final value of a1 by f1, is 43°/20° i.e., 2.15.

An updated (final) value of pitch d, of the antenna elements
of the transmitting antenna 4 is then calculated, using equa-
tion (1) with values of 43° for a1 and 20° for 6.

Appropriate pitch values d, and d, have thereby been deter-
mined whereby an optimum value is set for k with the detec-
tion range being +20°. That is, the pitch of the antenna ele-
ments of the transmitting antenna and the pitch of the
receiving antennas have been respectively determined such
that the relationship a1=(2.15xp1) is satisfied and the extent
of'the detection range is made substantially equal to a1, with
al exceeding the size of the target detection range by only a
minimum necessary margin. By using such a margin, it is
more effectively ensured that grating lobes cannot have
adverse effects within the target detection range.

The optimum value of i1 is preferably calculated, as in the
above example, for the condition in which the transmitted
beam direction corresponds to a limit direction of the target
detection range, i.e., +20° as shown in FIG. 6.

FIG. 7 shows the directivity characteristic of the receiving
antenna 5 (indicated as a full-line characteristic) with the
directivity characteristic of the transmitting antenna 4 (indi-
cated as a broken-line characteristic) superimposed thereon,
after optimization of the relationship between al and p1 as
described above. Signal amplitude values are plotted along
the vertical axis, and values of direction angle along the
horizontal axis. This illustrates the above-described relation-
ship between the target detection range and the separation
amount al.

Alternative Form of First Embodiment

With the first embodiment described above, a target can be
detected within a detection range whose extent exceeds one
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foldover period p1. However the invention is equally appli-
cable if the detection range does not exceed 1.

In that case too, effects of grating lobes upon target direc-
tion detection can be eliminated, i.e., similar effects to those
described above can be obtained for a radar apparatus having
an electronic scanning transmitting antenna and a plurality of
receiving antennas, if the antennas are configured such that
the relationship al=(kxf1) is satisfied, where (0<k=1), and
the extent of the target detection range is substantially equal
to the difference al between respective directions of the main
lobe and a grating lobe of the transmitted beam, but is no
greater than al. That is, the pitch of the elements of the
transmitting array antenna and the pitch of the receiving
antennas are respectively determined such as to satisfy that
relationship, as described for the first embodiment.

With such a radar apparatus, the above-described target
authentication processing becomes unnecessary, since phase
foldover does not occur within the target detection range.
Hence the signal processing section 7 of such an alternative
form of radar apparatus may be configured to omit the authen-
tication processing. However the effects of grating lobes of
the transmitted beam would be suppressed, as with the above
embodiment. That is, even if the relationship between the
detected direction of a detected candidate target and the ori-
entation direction of the transmitted beam at the time of
detection is not evaluated as is done with the first embodi-
ment, it is ensured that the detected direction will not be an
erroneous direction which is caused by effects of a grating
lobe.

It should be noted that although the above embodiments
have been described for the case in which the radar apparatus
100 has a transmitting antenna configured as a single array
antenna, it would be equally possible to utilize a plurality of
array antennas to constitute the transmitting antenna.

Second Embodiment

A second embodiment will be described, which employs
similar principles to those of the first embodiment above for
suppressing adverse effects of grating lobes upon target direc-
tion detection. Only the features of difference with respect to
the first embodiment will be described. With the first embodi-
ment, the pitch of the elements constituting the transmitting
antenna 4 (array antenna) and the pitch of a plurality of
equidistantly-spaced receiving antennas 5a, 5b, 5c¢ are
respectively determined such as to satisfy a predetermined
relationship, for suppressing the effects of grating lobes in the
beam pattern of the transmitting antenna. With the second
embodiment, a plurality of transmitting antennas are utilized,
spaced apart with a fixed pitch, while the receiving antenna is
an array antenna.

In that case, the directivity characteristic of the receiving
antenna is controlled by appropriate phase control of the
received signals from the elements of the receiving antenna
(i.e., similar control to that performed by the phase control
section 3 for the transmission signals of the first embodi-
ment). The reception beam direction is scanned within a
predetermined target detection range, by phase control
applied to the received signals of respective elements of the
receiving antenna. That is, a beamwidth range of the recep-
tion beam is sequentially shifted to be centered on succes-
sively different directions within the target detection range.
The direction of a target is detected based upon a phase
difference between received signals of adjacent receiving
antenna elements.

Designating the direction difference between the main lobe
and grating lobe of the reception beam as a2 (where a2 is
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determined by the pitch of the array receiving antenna ele-
ments), §2 as the range of directions within which the direc-
tion of a target can be unambiguously detected (where 32 is
determined by the pitch of the transmitting antennas), and
designating (kxp2) as the size of the target detection range
(where k>1), then the pitch of the transmitting antennas and
the pitch of the array receiving antenna elements are respec-
tively predetermined such that at the relationship a2=kxf2 is
satisfied,

As described for the first embodiment, a specific small
margin of difference is preferably established between the
target detection range and 2, based upon grating lobe width,
and the value of a2 is preferably specified with respect to a
condition in which the direction of the reception beam corre-
sponds to a limit direction of the target detection range.

Similar effects can thereby be obtained to those described
for the first embodiment.

More specifically with this embodiment, designating the
wavelength of the transmitted waves as A and the pitch of the
antenna elements of the array receiving antenna as d,, the
value of a2 when the direction of the reception beam is 0 is
determined by d, as shown by equation (3) below.

o2 =sin™ (sin@ - di) ®
T

Similarly, designating the pitch of the transmitting anten-
nas as d,, the value of 2 is determined by d, as shown by
equation (4) below.

p2= sin’l(di) @

When a single array antenna is used as the receiving
antenna, the direction of a target is detected based upon phase
differences between reflected waves that are received by
respective elements of the antenna. If the detected direction is
sufficiently close to the reception beam direction (i.e., is
within a predetermined beamwidth range, centered on the
orientation direction of the reception beam at the time of
detection) then the target is judged to be true (valid), while
otherwise the target is provisionally judged to be false (i.e.,
caused by aliasing).

Each of the transmitting antennas of this embodiment can
be formed as a single element or as an array of antenna
elements.

With the second embodiment described above, a target can
be detected within a detection range having an extent (kx[2)
where k>1. However it would be equally possible to limit the
detection range such that phase foldover does not occur
within the detection range, i.e., k would be set within the
range (0<k=1). In that case the pitch of the transmitting
antennas and the pitch of the transmitting antennas would be
determined such that the relationship a2=(kx[32) is satisfied,
where (0<k=1), and the extent of the target detection range is
substantially equal to a.2.

With the first embodiment described above a set of three
receiving antennas Sa, 5b, 5¢ areutilized, however it would be
equally possible to utilize only two receiving antennas, or to
utilize more than three receiving antennas. This is also the
case for the transmitting antennas of the second embodiment.

Hence it should be understood that the scope of the present
invention is not limited to the embodiments described above,
and that various alternative configurations or modifications of
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these embodiments could be envisaged, which fall within the
claimed scope of the invention.

What is claimed is:

1. A radar apparatus comprising:

at least one array transmitting antenna comprising an array
of antenna elements having a fixed pitch, for transmit-
ting a beam of electromagnetic waves, and a plurality of
receiving antennas spaced apart with a fixed pitch, for
receiving resultant reflected waves from a target and
producing respective received signals corresponding to
said received waves,

phase control circuitry configured to supply transmission
signals to said antenna elements of said array transmit-
ting antenna, and to apply phase control to said trans-
mission signals for sequentially shifting said beam to
cover successively different beamwidth ranges of direc-
tion within an extent which at least includes a predeter-
mined target detection range,

direction detection circuitry configured to detect a direc-
tion of a target within said target detection range, said
detection based upon a phase difference between said
received signals of said receiving antennas and upon a
beamwidth range of said transmitted beam at a time of
said detection;

wherein,

designating §1 as an extent of a range of directions within
which said phase difference does not exceed 360°,
where 1 is determined by said pitch of said receiving
antennas, and designating (kxf§1) as an extent of said
target detection range, where k is greater than 1, and
designating a1 as a difference between respective ori-
entation directions of a main lobe of said transmitted
beam and a grating lobe of said transmitted beam, where
al is determined by said pitch of said antenna elements
of said array transmitting antenna;

said pitch of said antenna elements of said array transmit-
ting antenna and said pitch of said receiving antennas are
respectively predetermined such that the following rela-
tionship exists:

al=kxpl.

2. A radar apparatus as claimed in claim 1, wherein said
pitch of said antenna elements of said transmitting antenna
and said pitch of said receiving antennas are respectively
predetermined such that said relationship exists when said
orientation direction of said transmitted beam corresponds to
a limit of said target detection range.

3. A radar apparatus as claimed in claim 2, wherein said
pitch of said antenna elements of said transmitting antenna
and said pitch of said receiving antennas are respectively
predetermined such that said difference al exceeds said
extent of said target direction range by a predetermined mar-
gin, and wherein said margin is determined based on a shape
of a grating lobe of said transmitted beam.

4. A radar apparatus as claimed in claim 1, wherein said
pitch of said antenna elements of said transmitting antenna is
a value measured between respective centers of adjacent
antenna elements, and said pitch of said receiving antennas is
a value measured between respective centers of adjacent
receiving antennas.

5. A radar apparatus as claimed in claim 1, wherein said
array transmitting antenna is a planar antenna having said
antenna elements arrayed coplanar.

6. A radar apparatus as claimed in claim 1, wherein said
phase control circuitry comprises a plurality of phase shifters
configured to control said phases of said transmission signals.
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7. A radar apparatus as claimed in claim 1, wherein said
phase control circuitry comprises a Rothman lens configured
to control said phases of said transmission signals.

8. A radar apparatus as claimed in claim 1, wherein said
phase control circuitry comprises a Butler matrix configured
to control said phases of said transmission signals.

9. A radar apparatus comprising:

a plurality of transmitting antennas spaced apart with a
fixed pitch, for respectively transmitting electromag-
netic waves, and at least one array receiving antenna
comprising an array of antenna elements having a fixed
pitch, for receiving resultant electromagnetic waves
reflected from a target and producing respective received
signals corresponding to said received waves, said
received signals produced in accordance with a recep-
tion beam of said receiving antenna,

phase control circuitry configured to apply phase control to
said received signals, for sequentially shifting said
reception beam to cover respectively different beam-
width ranges of direction within an extent which at least
includes a predetermined target detection range,

direction detection circuitry configured to detect a direc-
tion of a target within said target detection range, said
detection based upon a phase difference between said
received signals of said antenna elements of said array
receiving antenna and upon a beamwidth range of said
reception beam at a time of said detection;

wherein,

designating (2 as an extent of a range of directions within
which said phase difference does not exceed 360°,
where (32 is determined by said pitch of said transmitting
antennas, and designating (kx[2) as an extent of said
target detection range, where k is greater than 1, desig-
nating o2 as a difference between respective directions
of a main lobe of said reception beam and a grating lobe
of said reception beam, where .2 is determined by said
pitch of said antenna elements of said array receiving
antenna,

said pitch of said antenna elements of said receiving
antenna and said pitch of said transmitting antennas are
respectively predetermined such that the following rela-
tionship exists:

a2=kxp2.

10. A radar apparatus as claimed in claim 9 wherein said
pitch of said transmitting antennas and said pitch of said
antenna elements of said array receiving antennas are respec-
tively predetermined such that said relationship exists when
said orientation direction of said reception beam corresponds
to a limit of said target detection range.

11. A radar apparatus as claimed in claim 10, wherein said
pitch of said antenna elements of said receiving antenna and
said pitch of said transmitting antennas are respectively pre-
determined such that said difference a2 exceeds an extent of
said target detection range by a predetermined margin, and
wherein said margin is determined based on a shape of a
grating lobe of said reception beam.

12. A radar apparatus as claimed in claim 9, wherein said
array receiving antenna is a planar antenna having said
antenna elements arrayed coplanar.

13. A radar apparatus as claimed in claim 9, wherein said
phase control circuitry comprises a plurality of phase shifters
configured to control said phases of said received signals.

14. A radar apparatus as claimed in claim 9, wherein said
phase control circuitry comprises a Rothman lens configured
to control said phases of said received signals.
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15. A radar apparatus as claimed in claim 9, wherein said
phase control circuitry comprises a Butler matrix configured
to control said phases of said received signals.

16. A radar apparatus comprising:

at least one array transmitting antenna comprising an array

of antenna elements having a fixed pitch, for transmit-
ting a beam of electromagnetic waves, and a plurality of
receiving antennas spaced apart with a fixed pitch, for
receiving resultant reflected waves from a target and
producing respective received signals corresponding to
said received waves,

phase control circuitry configured to supply respective

transmission signals to antenna elements of said trans-
mitting antenna, and to apply phase control to said trans-
mission signals antenna for shifting said beam to cover
successively different beamwidth ranges of direction
within an extent which at is least includes a predeter-
mined target detection range,

direction detection circuitry configured to detect a direc-

tion of a target within said target detection range, said
detection based upon a phase difference between respec-
tive received signals of said receiving antennas and upon
a beamwidth range of said transmitted beam at a time of
said detection;

wherein,

designating §1 as an extent of a range of directions within

which a phase difference between respective received
waves of adjacent ones of said receiving antennas does
not exceed 360°, where (1 is determined by said pitch of
said receiving antennas, designating (kxf1) as an extent
of said target detection range, where (0>k=1), and des-
ignating a1 as a difference between respective orienta-
tion directions of a main lobe of said transmitted beam
and a grating lobe of said transmitted beam, where ol is
determined by said pitch of said antenna elements of
said transmitting antenna,

said pitch of said antenna elements of said array transmit-

ting antenna and said pitch of said receiving antennas are
respectively predetermined such that the following rela-

tionship exists:

al=kxpl.

17. A radar apparatus as claimed in claim 16, wherein said

pitch of said antenna elements of said array transmitting
antenna and said pitch of said receiving antennas are respec-
tively predetermined such that said relationship exists when
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an orientation direction of said transmitted beam corresponds
to a limit of said target detection range.

18. A radar apparatus comprising:

a plurality of transmitting antennas spaced apart with a

fixed pitch, for respectively transmitting electromag-
netic waves, and at least one array receiving antenna
comprising an array of antenna elements spaced apart
with a fixed pitch, for receiving resultant electromag-
netic waves reflected from a target and producing
respective received signals corresponding to said
received waves, said received signals produced in accor-
dance with a reception beam of said array receiving
antenna

phase control circuitry configured to apply phase control to

said received signals, for sequentially shifting said
reception beam to successively different beamwidth
ranges within an extent which at least includes a prede-
termined target detection range,

direction detection circuitry configured to detect a direc-

tion of a target within said target detection range, said
detection based upon a phase difference between said
respective received signals and upon a beamwidth range
of said reception beam at a time of said detection;

wherein, designating 2 as an extent of a range of direc-

tions within which a phase difference between respec-
tive received waves of adjacent ones of said antenna
elements of said receiving antenna does not exceed
360°, where (32 is determined by said pitch of said trans-
mitting antennas, designating (kx[2) as an extent of said
target detection range, where (0>kZ1), and designating
a2 as a difference between respective directions of a
main lobe of said reception beam and a grating lobe of
said reception beam, where a2 is determined by said
pitch of said antenna elements of said receiving antenna,

said pitch of said transmitting antennas and said pitch of

said antenna elements of said array receiving antenna are
respectively predetermined such that the following rela-
tionship exists:

a2=kxp2.

19. A radar apparatus as claimed in claim 18, wherein said
pitch of said transmitting antennas and said pitch of said
antenna elements of said array receiving antenna are respec-
tively predetermined such that said relationship exists when
anorientation direction of said reception beam corresponds to
a limit of said target detection range.
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