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radar receiver that receives a reflection wave signal being a
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accordance with the pattern.
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1
RADAR APPARATUS AND RADAR METHOD

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND

1. Technical Field

The present disclosure relates to a radar apparatus and a
radar method.

2. Description of the Related Art

In recent years, studies have been advancing on radar
apparatuses using short-wavelength radar transmission sig-
nals, including microwaves or millimeter waves, which may
achieve high resolution. On the other hand, in order to
improve the safety outdoors, there 1s a demand for devel-
opment of radar apparatuses (wide-angle radar apparatuses)
to detect objects (targets) including not only vehicles but
also pedestrians 1n a wide range of angle.

As such radar apparatuses, pulse-compression radar appa-
ratuses are known, for example. In the case of detection of
vehicles and pedestrians by a pulse-compression radar,
reflection waves from pedestrians are much weaker than
reflection waves from vehicles. Accordingly, the radar trans-
mitter 1s required to have a transmission configuration to
transmit pulse-compression waves with low range sidelobes,
and the radar receiver 1s required to have a reception
configuration including a wide dynamic range of reception.

For example, it 1s known to use, as the pulse compression
codes to provide low-level range sidelobe characterstics,
Barker codes, PN sequence codes, complementary codes, or
the like. The following description 1s given of a case using
complementary codes as an example. Complementary codes
are composed of paired codes (hereinafter, referred to as
complementary codes a, and b,,. Herein, n=1, ..., L. L 1s
a code length). The autocorrelation operations of the two
codes are expressed by the following expressions (1) and
(2), respectively.

Rae(7) =

H

*
dyp an +T

I (1)
-l

L 2)
Rps(7) = ) bybi.,
n=1

In expressions (1) and (2), a,=0 and b, =0 where n>L. and
n<l. When the results of the autocorrelation operations for
the two codes are added up with the same shift time T, the
correlated value 1s 0 where T 1s not 0 as 1illustrated 1n the
following expression (3). It means that the complementary
code has zero range sidelobes thereof.

{Rm (1) + Rpp(7) #0, when 7 =0 (3)

R, (1) +Rpp(7) =0, when 70
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2

One of known pulse compression radars transmit the
complementary codes a, and b every predetermined radar
transmission cycle 1n a time division manner.

One of the methods to generate complementary codes 1s
disclosed 1n Budisin, S. Z., “New complementary pairs of
sequences,” Electron. Lett., 1990, 26, (13), pp. 881-883).
According to this literature, complementary codes with code
lengths 1.=4, 8, 16, 32, ..., 2" are sequentially generated
based on codes A=[a,, a,]=[1, 1] and B=[b,, bs]=[1, —1],
which are composed of elements 1 or —1 and have comple-
mentarity, for example. Pulse compression radars repeatedly
transmit the aforementioned pulse compression codes a
predetermined number of times in every radar transmission
cycle to increase the reception level of radar reflection
waves.

When the aforementioned pulse compression radar 1s
configured to use a radio frequency band (RF band), such as
millimeter-waves, an RF circuit and an analogue baseband
circuit of the radar transmitter or receiver of the radar
apparatus include circuit errors, which results 1in a lower
radar detection performance (or low radar ranging perfor-
mance) compared with the ideal characteristics obtained
when no circuit errors are included.

SUMMARY

One non-limiting and exemplary embodiment provides a
radar apparatus and a radar method in which the radar
detection performance 1s prevented from degrading due to
circuit errors.

In one general aspect, the techniques disclosed here
feature a radar apparatus, including: a radar transmitter
which transmits a radar signal in a predetermined transmis-
sion cycle; and a radar receiver which receives a reflection
wave signal being a reflection of the radar signal on a target.
The radar transmitter includes a phase rotation controller
which randomly varies a pattern of a phase rotation amount
every period corresponding to a plurality of transmission
cycles, the pattern being to be applied to the radar signal
within a period; and a transmission phase rotator which
assigns a first phase rotation to the radar signal 1n accordance
with the pattern. The radar receiver includes a reception
phase rotator which assigns a second phase rotation in a
direction opposite to a direction of the first phase rotation to
the reflection wave signal in accordance with the pattern.

It should be noted that general or specific embodiments
may be implemented as a system, a method, an integrated
circuit, a computer program, a storage medium, or any
selective combination thereof.

According to the aspect of the disclosure, 1t 1s possible to
suppress degradation of the radar detection performance due
to circuit errors.

Additional benefits and advantages of the disclosed
embodiments will become apparent from the specification
and drawings. The benefits and/or advantages may be 1ndi-
vidually obtained by the various embodiments and features
of the specification and drawings, which need not all be

provided 1n order to obtain one or more of such benefits
and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram illustrating a configuration
example of a radar apparatus according to Embodiment 1 of
the disclosure;
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FIG. 2 1s a diagram 1illustrating an example of a radar
transmission signal according to the Embodiment 1 of the

disclosure;:

FIG. 3 1s a block diagram illustrating another configura-
tion of a radar transmission signal generator according to the
Embodiment 1 of the disclosure;

FIG. 4A 1s a diagram 1illustrating an example of a com-
puter simulation result of an output of a Doppler analyzer
when phase 1nversion 1s not performed;

FIG. 4B 1s a diagram 1illustrating an example of a com-
puter simulation result of an output of a Doppler analyzer
according to the Embodiment 1 of the disclosure;

FIG. 5 1s a diagram illustrating another configuration
example of the radar apparatus according to the Embodi-
ment 1 of the disclosure;

FIG. 6 1s a block diagram illustrating a configuration
example of a radar apparatus according to Embodiment 2 of
the disclosure;

FIG. 7 1s a diagram 1llustrating an example of a computer
simulation result of an output of a Doppler analyzer accord-
ing to the Embodiment 2 of the disclosure; and

FIG. 8 1s a block diagram illustrating a configuration
example of a radar apparatus according to Embodiment 3 of
the disclosure.

DETAILED DESCRIPTION

Circuit errors that can occur 1n a radar apparatus are: 1Q
mismatch, DC offsets, and the like 1n a quadrature modulator
and a quadrature demodulator; phase noise in a frequency
converter; and quantization noise in AD and DA converters.

When the DC offset 1s included as a circuit error, a
phenomenon generating a noise level higher than a case free
of the circuit error occurs. For this reason, when a wave
reflected from the target 1s lower than the noise level, the
radar apparatus 1s unable to detect the target. This leads to
drop of the detection ratio and deterioration of radar detec-
tion performance.

To solve the problem, methods of removing the DC offset
by a circuit configuration including a radar transmitter or a
radar receiver have been proposed conventionally. Specifi-
cally, Japanese Patent Application Publication No. 2-243022
discloses a configuration with a bypass filter arranged for
discrete data outputted from an AD converter to remove the
DC offset. Japanese Patent Application Publication No.
2000-338226 discloses a configuration with a bandpass filter
arranged 1n an 1nput stage of an AD converter to remove the
DC offset. Moreover, a circuit configuration to correct an IQ
imbalance circuit error 1s disclosed in Egashira, et al., “A
novel I(QQ imbalance compensation method with pilot-signals
for OFDM system,” IEICE transaction B, Vol. J91-B, No. 3,
pp- 358-563, 2008.

However, the related arts disclosed by Japanese Patent
Application Publication Nos. 2-243022 and 2000-338226
need 1nstallation of a DC offset removal circuit or a correc-
tion circuit for the I(QQ 1mbalance circuit error, which com-
plicates the circuit configuration. Also, 1n a case where a
bypass filter or bandpass filter 1s provided for DC offset
removal, a desired radar reflected wave component other
than the DC offset component may be weakened or a filter
response may cause an amplitude distortion or a phase
distortion, and thereby radar detection performance deterio-
rates.

Even 1n a configuration with the DC offset removal
circuit, if the DC offset component or the IQQ i1mbalance
component 1s not removed completely and thereby a circuit
error component remains, the circuit error component 1s also
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4

integrated by a coherent integration processing in a radar
reception processing, and this results 1n deteriorating radar
detection performance. For example, 1f even a small amount
of the residual circuit error component 1s included, the
residual component increases to 30 to 40 dB due to inte-
gration effects. This necessitates a high precision error
detection mechanism, which complicates a hardware con-
figuration of the radar apparatus.

Meanwhile, a radar apparatus that cancels the reception
DC offset component by transmitting a code including a
combination of phase modulations 1n a plurality of pulse
transmission cycles to subject the reflected wave to the
coherent integration processing 1s disclosed in E. Spano and
O. Ghebrebrhan, “Sequences of complementary codes for
the optimum decoding of truncated ranges and high sidelobe
suppression factors for ST/MST radar systems,” IEEE
Transactions on Geoscience and Remote Sensing, Vol. 34,
No. 2, pp. 330-345, 1996.

As an example, a principle of canceling the reception DC
offset component i1s 1llustrated hereinafter. In the principle,
a code A=[a,, a,, . . ., a,] used for pulse compression and
a code —A=[-a,;, —a,, . . . , —a;) phase-inverted at 180
degrees from the code A are transmitted from a transmission
side of a radar apparatus, and a reception side of the radar
apparatus cancels the reception DC offset by the coherent
integration.

Hereinafter, description 1s given on a case where there 1s
no noise component and the sum of elements of the code A
1s not zero as shown 1n the following expression (4).

(4)

L
Zaﬁ¢0

=1

Example 1: When Reception Signal of the Radar
Reflection Wave Includes Reception DC Offset
Component

(1-1) When transmitting the code A, reception signal
(YA+0, ) of the code A including the reception DC offset
component O, and autocorrelation value obtained by auto-
correlation operation with the code A are expressed by the
following expression (3).

H L L (5)
RA (T) — Z(?’ﬂn + @Hx)a;+f — }’Zﬂn a;+f + wﬁxza:;
n=1 n=1 n=1

In the expression (5), ¥ indicates a complex reception
signal, and asterisk (*) indicates the complex conjugate
operator.

(1-2) When transmitting the code —A, reception signal
(—YA+0., ) of the code —A including the reception DC offset
component O, and the autocorrelation value obtained by
autocorrelation operation with the code —A are expressed by
the following expression (6).

L L L (6)
Regp(r) = Z(—}’ﬂn + gy ) (8, ) = }’Zﬂnﬁ;ﬁw - Gfﬁxza:;
n=1 n=1

n=1

When the autocorrelation value (expression (3)) obtained
in the above (1-1) only 1s subjected to the coherent integra-
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tion processing on the reception side, two terms including
the reception DC offset component O, _are integrated even
when Y 1s zero (or even when radar reflection wave does not
exists). For this reason, noise level (floor level) increases
across entire distance range, and thereby radar detection
performance deteriorates.

On the other hand, when autocorrelation values (expres-
sions (5) and (6)) obtained 1n the above (1-1) and (1-2) are
subjected to the coherent integration processing on the

reception side, the reception DC offset component 05, may
be canceled as shown 1n the expression (7).

(7)
RA (T) + R(_A)(T) = 2’}’2 aﬁa’?‘:—l—’r
n=1

This 1nhibits increase of the noise level and suppresses
deterioration of radar detection performance of the radar
apparatus. In the same manner, the reception DC offset
component O, 1n a reception signal of the radar reflection
wave 1ncluding Doppler fluctuation may be canceled, and
thereby increase of the noise level (floor level) may be
inhibited and deterioration of radar detection performance
may be suppressed.

Example 2: When Reception Signal of the Radar
Reflection Wave not Including Doppler Fluctuation
Includes Transmission DC Offset Component o,

(2-1) When transmitting the code A, a reception signal
(YA+0+ ) including the transmission DC offset component
0. and an autocorrelation value obtained by autocorrelation
operation with the code A are expressed by the following
expression (8).

(3)

*
aﬂ

-
”Mh
[

R 4 (7) = Zy(aﬂ T wa)a:+T = ?’Zﬂnﬂ;w T Y&,

(2-2) When transmitting the code —A, a reception signal
(—YA+0. ) including the transmission DC offset component
0.~ and an autocorrelation value obtained by autocorrelation
operation with the code —A are expressed by the following

expression (9).

9)

*
H?

d

-
IIML"-*
[

I I
Ry = Z?’(—ﬂn +or)(—a, ) = ?’Zﬁna;w — YTy

When autocorrelation values (expressions (8) and (9))
obtained 1n the above (2-1) and (2-2) are subjected to the
coherent mtegratlon processing on the receptlon side, the
transmission DC offset component 0(Rx 1s canceled 1n the
same manner as the <example 1> where the reception DC
oRx 1s 1ncluded, and thereby increase of the noise level
(floor level) may be inhibited and deterioration of radar
detection performance may be suppressed.

As described in <Example 1> and <Example 2>, dete-
rioration of radar detection performance may be suppressed
by canceling the transmission DC offset component or the
reception DC offset component.

However, even 1n the above method, when a transmission
DC offset component (including a carrier leak component)
exists 1n the radar transmitter and there 1s a Doppler fluc-
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tnation in the radar reflection wave, the transmission DC
offset component remains. This 1s because, in the above
method, a cancellation error occurs due to Doppler fluctua-
tion of the transmission DC offset component. Thus, noise
level of the Doppler component included 1n a residual
transmission DC offset component may increase, and

thereby radar detection performance may deteriorate.
Hereinafter, a case where the Doppler fluctuation 1s

included 1n the radar reflection wave 1s described.

Example 3: When Reception Signal of the Radar
Reflection Wave Including Doppler Fluctuation
Includes Transmission DC Offset Component O,

Here, the Doppler fluctuation included in the radar reflec-
tion wave 1s “exp()2nt XT )=exp(JP,)” (I, Doppler fre-
quency, T : radar transmission cycle, provided that Doppler
fluctuation in the code 1s deemed constant).

(3-1) When transmitting the code A, a reception signal
V(A+0 ) including the transmission DC offset component
0., and an autocorrelation value obtained by autocorrelation
operation with the code A are expressed by the following
expression (10).

(10)
a*

Mm

R,(7) = Zy(a Faray, = ?’Zﬂ s = YOT

I
[a—

i

(3-2) When transmitting the code —A, a reception signal
V(—A+o, ) exp(JP,) including the transmission DC offset
component O~ and an autocorrelation value obtained by
autocorrelation operation with the code —A are expressed by
the following expression (11).

L (11)
Rep(@D = ) [y(=a, + ar)exp()](=a;..) =

n=1

L L
Yexp(iWia) ) Butlyr — YT eXDitha) ) 8
n=1 n=1

On the reception side, when autocorrelation values (ex-
pressions (10) and (11) obtained 1n the above (3-1) and (3-2)
are subjected to the coherent integration processing, two
items 1ncluding the transmission DC offset component o
are integrated depending on Y.

L L

Ry(D)+ R gpn(m) =yl + eKPU%)}ZHnH—LT + vy 41 — ﬂXPU%’)}Z a,

=1

(12)

n=1

In general, a coherent integration processing using the
Doppler frequency analysis 1s applied to the reception
processing of the radar reflection wave including the Dop-
pler fluctuation. Thus, noise level (floor level) of a Doppler
frequency component corresponding to two terms of the
expression (12) increases, and thereby radar detection per-
formance deteriorates. Reception power of the transmission
DC offset component o, is proportionate with Yo, |
Thus, larger the reception power of the radar reflection
wave, higher the noise level (floor level) and more deterio-
rating the radar detection performance.

Next, description 1s given on a method of inhibiting
increase of the noise level (floor level) and suppressing
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deterioration of radar detection performance without adding
a high precision correction circuit for circuit error correction
even when a pulse compression radar includes a transmis-

.

sion DC offset (carrier leak) and a reception DC offset.

In the above method of transmitting pulse compression
codes to which phase modulation 1s applied 1n a plurality of
pulse transmission cycles, when a transmission DC offset
component (1including a carrier leak component) exists 1n the
radar transmitter, Doppler fluctuation in the radar reflection
wave causes the transmission DC offset component to
remain and thereby noise level of a specific Doppler com-
ponent increases. In this case, the transmission DC offset
component may be reduced by a method described below.

Specifically, this 1s a method in which the radar apparatus
transmits codes A, —A, —A, and A 1n four radar transmission
cycles respectlvely using the code A="a,, a,, ..., a,’ used
for pulse compression and the code —A="-a,, —a,,...,—a,”
phase-inverted from the code A from the transmission side,
and the reception side correlates the codes to each other to
perform coherent 1ntegration.

Hereinafter, this method 1s described specifically. In the
same manner as the above, description 1s given on the case
where there 1s no noise component and the sum of elements
of the code A 1s not zero (see the expression (4)).

Example 4: When Reception Signal of the Radar
Reflection Wave Including Doppler Fluctuation
Includes Transmission DC Offset Component o,

Here, the Doppler fluctuation included in the radar reflec-
tion wave 1s “exp()2ni XT,)=exp(P,) (I, Doppler fre-
quency, T : radar transmission interval, provided that Dop-
pler fluctuation in the code 1s deemed constant).

(4-1) When transmitting the code A, a reception signal
Y(A+0. ) 1including the transmission DC offset component
o, and an autocorrelation value obtained by autocorrelation
operation with the code A are expressed by the following
expression (13).

I (13)
R( )(T) Z?’(an + Qs ), = }’Zﬂn dn+t +}}{1{sz :

=1

(4-2) When transmitting the code —A, a reception signal
Y(—A+0, )exp(JP ) of the code —A 1ncluding the transmis-
sion DC offset component o, and an autocorrelation value
obtained by autocorrelation operation with the code —A are
expressed by the following expression (14).

L (14)
R, (@) = D yl(-a, + rdexp(ya)l(-ay..) =
n=1

L L
}"Et}{p(j wa’) Z dy EL:; +r — YTy exp@tﬁd) Z EL:;
n=1 n=1

(4-3) When transmitting the code —A, a reception signal
V(—A+0+ )exp(j2P ) including the transmission DC offset
component O~ and an autocorrelation value obtained by
autocorrelation operation with the code —A are expressed by
the following expression (13).
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15
" ) (15)
Ri&p(7) = Eﬂ’( &, + Or)eXp()2¢g)](—a,, ) =

L L
Yexp(20a) ) Anthyr — YT exp(20a) ) 25
n=1 n=1

(4-4) When transmitting the code A, a reception signal
V(A+0+ )exp(j3P ) of the code A including the transmission
DC offset component o, and an autocorrelation value
obtained by autocorrelation operation with the code A are
expressed by the following expression (16).

(16)

L
RY (@)= ) yl@, +ordexp(3va)lay, . =
n=1

L L
Yexp(i3¥a) ) andhir + yarzexp(3ya) ) an
n=1 n=1

On the reception side, when autocorrelation values (ex-
pressions (13) to (16)) obtained in the above (4-1) to (4-4)
are subjected to the coherent integration processing, two
items 1ncluding the transmission DC offset component O
are integrated as shown in the following expression (17)
depending on Y.

(17)
RY @ +RE, @0 +RE, (0 +RP (1) =

L
(1 + exp(ira) + exp(2jiha) + expBiura)ly ) 8ty +

n=1

I
ar il —exp(rgz) —exp(2jfry) + 6XP(3de)}?’Zﬂ; =
n=1

I
{1 +exp(¥ra) + exp(2ifry) + ﬂKP@]W)}}’Z 8y 8y y

n=1

L
@7l - exp(pra) 1 — expQRivra)ly ) ay

n=1

In the expression (17), Doppler phase fluctuation® , in a
range smaller than T6 1s “@1-exp(j2P )I<1”. Thus, the
residual component of the transmission DC offset may be
reduced more than the case shown in <Example 3> (see the
expression (12)). However, even 1n the case of <Example
4>, the residual component of the transmission DC offset
may not be canceled completely.

As described above, the coherent integration processing
using the Doppler frequency analysis 1s applied to the
reception processing of the radar reflection wave included 1n
the Doppler fluctuation. This increases noise level (floor
level) of the Doppler frequency component including a
residual transmission DC offset component (two terms of
expression (17)), and thereby radar detection function dete-
riorates. For example, as described in <Example 4>, the
transmission side transmits codes A, —A, —A, and A 1n each
of four radar transmission cycles, and the reception side
performs correlation reception processing of the radar
reflection wave by the transmission codes, subjects each pair
of transmission codes (A, —A) canceling the reception DC
offset to the coherent integration processing in each of two
radar transmission cycles, and performs Doppler frequency
analysis of the output thereof. In this case, noise level (floor

level) of the Doppler frequency component included in the
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residual transmission DC oflset component increases, and
thereby radar detection function deteriorates.

Here, 1n the Doppler frequency analysis, the residual
transmission DC oflset component increases noise level
(floor level) of a specific frequency component since output 5
of the coherent integration processing has a fixed phase
fluctuation.

To solve this problem, according to one aspect of the
disclosure, the reception side applies a random phase fluc-
tuation to the output of the coherent integration processing 10
for a pair of transmission codes (A, —A) that cancel the
reception DC offset such that output of the coherent inte-
gration processing does not have a fixed phase fluctuation.

Specifically, when performing the coherent integration
processing using the Doppler frequency analysis on the 15
reception side, the radar apparatus according to one aspect
of the disclosure randomly changes over to a phase-inverted
code (code with the phase changed by ) for each pair of a
plurality of transmaission codes that cancels the reception DC
ofIset (1in the cases of above <Example 1> to <Example 4>, 20
codes corresponding to A and —A which are transmitted 1n
two radar transmission cycles) such that the Doppler fre-
quency fluctuation does not become a stationary phase shiit
amount (phase change amount).

This varies the phase fluctuation of the output of coherent 25
integration processing to the radar reflection wave for each
of the pair of transmission codes, and thereby the residual
transmission DC offset component may be whitened 1n the
Doppler frequency region. This inhibits increase ol noise
level of a specific Doppler frequency component and sup- 30
presses deterioration of radar detection function.

Hereinafter, a description 1s given ol embodiments
according to an aspect of the disclosure in detail with
reference to the drawings. In the embodiments, the same
constituent elements are given the same reference numerals, 35
and the description thereof 1s redundant and omatted.

Embodiment 1

|Configuration of Radar Apparatus] 40

FIG. 1 1s a block diagram 1illustrating the configuration of
a radar apparatus 10 according to Embodiment 1.

The radar apparatus 10 includes a radar transmitter 100
and a radar receiver 200.

The radar transmitter 100 generates a high frequency 45
(radio frequency) radar signals (radar transmission signals).
The radar transmitter 100 transmits the radar transmission
signals 1n each predetermined transmission cycle.

The radar receiver 200 recerves a reflection wave signal
which 1s a retlection of the radar transmission signal on the 50
measurement target. The radar receiver 200 performs pro-
cessing in synchronization with the radar transmaitter 100
using a reference signal (not illustrated), for example. The
radar receirver 200 processes the received reflection wave
signal for detection of the presence of the target, direction 55
estimation, and the like, for example. The measurement
target 1s an object to be detected by the radar apparatus 10
and includes vehicles (including four or two wheel vehicles)
or human beings, for example.

[Configuration of Radar Transmitter 100] 60

The radar transmitter 100 includes a radar transmission
signal generator 101, a transmission radio unit 106, and a
transmission antenna 107.

The radar transmission signal generator 101 modulates a
code of a code length L to generate a baseband radar 65
transmission signal (a pulse compression signal) every radar
transmission cycle (Ir).

10

The radar transmission signal generator 101 operates
based on transmission reference clocks, the frequency of
which 1s a predetermined multiple of the frequency of the
reference signal (not 1illustrated). Hereinafter, the transmis-
s1on reference clock frequency is indicated by 1, ,. Herein,
the radar transmission cycle (T,=N x(1/1,,,)) 1s an integer
Nr times a discrete time interval (1/1,, , ) which 1s determined
by the transmission reference clock frequency 1., as the
predetermined multiple of the reference signal frequency.

The radar transmission signal generator 101 includes a
code generator 102 a phase rotation controller 103, a trans-
mission phase rotator 104, and a modulator 105.

Specifically, the code generator 102 generates a transmis-
sion code of the code length L every radar transmission
cycle (T,). More specifically, the code generator 102 gen-
erates a transmission code Code(m) of the code length L 1n
the m-th radar transmission cycle.

Hereinaftter, each element of the transmission code(m) 1s
represented as C (m). Specifically, the transmission code
Code(m) is composed of L elements {C,(m), C,(m), . . .,
C,(m)}. The transmission code element C, (m) composes of
two values such as {-1, 1} and four values such as {1, -1,
—i, j}. Herein, j indicates the imaginary unit. Moreover, n=1,
2,...,L,and m=1, 2, . .., Q. Q indicates the number of
radar transmission cycles taken by the radar apparatus 10 to
measure the range, the Doppler frequency, the direction of
arrival, and the like.

The transmission codes can be Barker codes, complemen-
tary codes, M-sequence codes, Gold codes, and the like, that
contribute to low range sidelobe characteristics, {for
example. The transmission codes can be a combination of
plural types of codes. The transmission code in each radar
transmission cycle may be an identical code or a diflerent
code. Alternatively, a plurality of transmission codes may be
changed over in each transmission cycle.

For unit period defined by a plurality (N)) of radar
transmission cycles (=N _xT ), the phase rotation controller
103 outputs phase rotation amounts signal to the transmis-
sion phase rotator 104 and a radar receiver 200 (reception
phase rotator 206) 1n order to assign a phase rotation of an
integral multiple of 2x (2aN,) to the transmission codes
within the plurality (N ) of radar transmission cycles. Here,
N_ 1s an mteger larger than 1, and N_ 1s an integer larger than
1.

For the period of the plurality (N ) of radar transmission
cycles (=N_xT ), the phase rotation controller 103 outputs
the phase rotation amount signals such that a predetermined
phase shift amount (phase change amount) 1s achieved
between the radar transmission cycles. For example, the
phase rotation controller 103 outputs the phase rotation
amount signal that cyclically assigns phase rotation amounts
¢x0, @l, ¢x2, . . ., or @(N_-1) to the respective radar
transmission cycles (1,). Here, ¢=2nN_/N_. For example,
when N_=4 and N =1, the phase shift amount ¢ in each of
radar transmission cycles (1)) 1s ®2. In this case, phase
rotation amounts outputted 1n the respective 4 (=N_) radar
transmission cycles (T,) are, for example, 0, /2, m, and
3m/2.

When a complementary code 1s used as the transmission
code (including a case where a plurality of complementary
codes are transmitted 1n combination like a Spano code), the
phase shift amount to a pair of codes constituting the
complementary code 1s zero. More specifically, the same
phase rotation 1s assigned to a pair of codes constituting the
complementary code. This provides an eflect ol maintaining
high sidelobe suppression characteristics of the complemen-
tary code.
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For example, when using the complementary code, the
phase rotation controller 103 outputs the phase rotation
amount signal that cyclically assigns a phase rotation
amount @x0, @x0, ex1 , ex1 , ex2, ¢x2, ..., (N _—-1),
¢(N_—1) to every even number (N_) of radar transmission
cycles (T,). Here, =2nN_/(N_/2)=4aN _/N_. For example,
when N_=8 and N =1, the phase shift amount ¢ 1s 7v/2. In this
case, a phase rotation amount outputted in every 8 (=N )
radar transmission cycles (1)) 1s, for example, 0, O, 7t/2, /2,
7, m, 3m/2, 3m/2.

When the phase shiit amount @ 1s /2, phase rotation may
be implemented by replacing signal components 1 and Q)
with each other (with conversion of positive and negative
codes to each other). Thus, the transmission phase rotator
104 needs no multiplier.

Also, when N /N >2 (in the case of the complementary
code, N,/N_>4) 1s set, an effect of canceling even DC offset
component including signal components 1 and Q may be
obtained.

Further, for unit period defined by a plurality (N_) of radar
transmission cycles (=N _xT ), the phase rotation controller
103 outputs phase rotation amount change signals control-
ling the phase rotation amount 1n accordance with a prede-
termined phase change pattern to the transmission phase
rotator 104 and the radar receiver 200 (reception phase
rotator 206). In other words, every period (N_xT ), the phase
rotation controller 103 changes a pattern of a phase rotation
amount to be applied to the radar transmission signal within
the period (=N_xT,) corresponding to a plurality (N_) of
radar transmission cycles.

Here, a random pattern fluctuating phase rotation may be
used as a phase change pattern. For example, the phase
rotation controller 103 controls the phase rotation amount
using a pseudo random code (PN code), a M-sequence code,
a gold code as a phase change pattern in accordance with the
code polarity of respective codes of the phase change
pattern.

By way of example, the phase change pattern comprises
N_, pieces of elements, and each of the elements comprises
two values such as {-1, 1}. Hereinafter, elements of the
phase change pattern are represented by PP(q). Here, g=1,
2, ..., N, . The phase rotation controller 103 sequentially
reads elements PP(q) of the phase change pattern and
repeatedly outputs a value of the same element over the N
radar transmission cycles (=N _xT)). More specifically, a
phase rotation amount change signal PC(m) outputted by the
phase rotation controller 103 1n an m-th radar transmission
cycle 1s represented by the following expression (18).

PC(m)=PP(tloor[(m—-1)/N_]+1 (18)

Here, m=1, ..., N_xN . N, 1s a parameter defined by the
Doppler analyzer 208 described later. When the number of
elements N,  of the phase change pattern 1s less than Q radar
transmission cycles (=N_xN ,), the phase rotation controller
103 cyclically reads the phase change pattern i1n the Q radar
transmission cycles.

More specifically, the phase change pattern 1s set such that
cach element PP(q) 1s randomly changed for each of a
plurality (N_) of radar transmission cycles (T)).

The transmission phase rotator 104 assigns phase rotation
to a transmission code outputted from a code generator 102
based on the phase rotation amount signal and the phase
rotation amount change signal mstructed by the phase rota-
tion controller 103. The transmission phase rotator 104
outputs the transmission code assigned with phase rotation
to the modulator 105. For example, as shown 1n the follow-
ing expression (19), the transmission phase rotator 104

10

15

20

25

30

35

40

45

50

55

60

65

12

outputs a signal GP(m) obtained by assigning phase rotation
to the transmission code Code(m) outputted from the code
generator 102 1n an m-th radar transmission cycle.

GP(m)=PC(m)exp[j{(m-1)mod N_}¢]Code(m) (19)

Thus, the transmission phase rotator 104 assigns phase
rotation to the transmission code (radar transmission signal)
in accordance with the phase change pattern (PC(m)).

As described above, when the transmission code 1s a
complementary code, the phase 1s not shifted (that 1is,
assigning the same phase rotation) between codes constitut-
ing a pair of complementary codes to provide an effect of
maintaining a characteristic (high sidelobe suppression char-
acteristics) of canceling the distance sidelobe between codes
constituting the pair of complementary codes. More specifi-
cally, as shown 1n the following expression (20), when the
transmission code 1s a complementary code, the transmis-
s10n phase rotator 104 outputs the signal GP(m) obtained by
assigning phase rotation to the transmission code Code(m)
such that the phase shift between two transmission cycles 1n
which codes constituting a pair of complementary codes are
transmitted becomes zero.

GP(m)=PC(m)exp[j{(floor({m-1)/2)-1)mod N_}¢]

Code(m) (20)

The modulator 105 performs pulse modulation (amplitude
modulation (ASK: amplitude shift keying) or phase modu-
lation (PSK: phase shift keying) to the transmission code
outputted from the transmission phase rotator 104, and
outputs the modulation signal (radar transmission signal) to
a transmission radio unit 106.

For example, when the modulator 1035 uses phase modu-
lation (PSK), phase modulation of the transmission code
compose of two values such as {-1, 1} is BPSK, phase
modulation of the transmission code compose of four values
such as {1, -1, -, j} is four-phase PSK, and a predetermined
modulation symbol on the IQ phase plane 1s allocated.

The modulator 105 outputs modulation signal limaited
within a predetermined band by passing a modulation signal
of the modulated transmission code through a band limiting
filter (not illustrated).

The modulated signal G(n,) 1s represented as the follow-
ing expression (21) where I(n, ) 1s the In-phase component of
the modulated signal G(n.) and Q(n.) 1s the quadrature
component.

G(n)=I(ng)+Q(n,)

Herein, n_ 1s a natural number and represents a discrete
time. The discrete time interval 1s 1/1,,, and 1., 1s a
transmission reference clock frequency which 1s a predeter-
mined multiple of the reference signal frequency.

The modulator 105 modulates the transmission codes
outputted from the transmission phase rotator 104 using
samples corresponding to N_ transmission reference clocks
per code element. For each transmission code of the code
length L., Nw (=N_xL) samples are included 1n a radar signal
slot Tw. The no-signal slot (T,-Tw) 1n each radar transmis-
sion cycle (T)) includes samples corresponding to N, (=N -
Nw) transmission reference clocks (see FIG. 2, for
example). The modulated signal in the m-th radar transmis-
sion cycle 1s represented as the following expression (22).

(21)

G(N,.(m-1)+n)=I(N,.(m-1)+n)+Q(N,(m-1)+n) (22)

The transmission radio umt 106 performs quadrature-
modulation and frequency conversion for the signals out-
putted from the modulator 1035 to generate the radar trans-
mission signals 1n a carrier frequency band (radio frequency
(RF) band. The transmission radio unit 106 then amplifies
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the radar transmission signals to a predetermined transmis-
sion power through a transmission amplifier and outputs the
amplified radar transmission signals to the transmission
antenna 107. The transmission antenna 107 radiates the
radar transmission signals outputted from the transmission
radio unit 106 nto space.

To local oscillators included 1n the transmission radio unit
106 and a later-described reception radio unit 202, the
common reference signal 1s added. The local oscillators of
the transmission radio unit 106 and reception radio unit 202
are thereby synchronized.

The radar transmitter 100 may include a radar transmis-
sion signal generator 101a (1llustrated 1n FIG. 3) instead of
the radar transmission signal generator 101. The radar
transmission signal generator 101la does not include the
phase rotation controller 103, the transmission phase rotator
104, and the modulator 105 1illustrated in FIG. 1 but includes
a code storage 111 and a DA converter 112 instead. The code
storage 111 previously stores a code sequence generated in
the code generator 102 (FIG. 1) and sequentially and cycli-
cally reads the stored code sequence. The DA converter 112
converts the code sequence (digital signal) outputted from
the code storage 111, to an analogue signal.
[Configuration of Radar Receiver 200]

In FIG. 1, the radar receiver 200 includes a reception
antenna 201, the reception radio unit 202, and a signal
processor 203.

The reception antenna 201 receives a signal (a reflection
wave signal) which 1s a reflection of a RF radar transmission
signal transmitted from the radar transmitter 100 on a
reflective object including a measurement target. The recep-
tion antenna 201 outputs the received reflection wave signal
to the reception radio unit 202 as a reception signal.

The reception radio unit 202 amplifies the reception signal
outputted from the reception antenna 201 to a predetermined
level and performs frequency conversion for the high-
frequency reception signal into a baseband reception signal.
The 202 converts the baseband reception signal to a base-
band reception signal including an I signal (an In-phase
signal component) and a Q signal (a quadrature signal
component).

The signal processor 203 includes an AD converter 204,
a correlation calculator 205, an reception phase rotator 206,
a coherent integrator 207, and a Doppler analyzer 208.

Each component of the signal processor 203 operates
based on the reception reference clocks of a frequency
which 1s a predetermined multiple of the frequency of the
reference signal (not 1illustrated). The reception reference
clock frequency 1s indicated by f, .. below. Herein, each
radar transmission cycle (T ) 1s an integer N times a discrete
time 1nterval (1/15 _pp) which 1s determined by the reception
reference clock frequency 1, pp as the predetermined mul-
tiple of the reference signal frequency (T =N X(1/f5 55)). In
the followings, the transmission reference clock frequency
f- . has a relationship of f, {5 XN » (an integer N,
times the reception reference clock frequency f,_ »z).

The AD converter 204 samples the baseband signal
including the I signal and Q signal outputted from the
reception radio unit 202 at discrete times (1/15, ) based on
the reception reference clock frequency {5 5, for conversion
of the I signal and Q signal to digital data.

In the following description, the baseband reception sig-
nal including the I and Q signals at a discrete time k 1s
represented as complex signal x(k)=I (k)+jQ (k). In the
following description, the discrete time k 1s set to 1 at the
fime when the m-th radar transmission cycle (T)) starts
(k=1). The signal processor 203 cyclically performs mea-
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surement until the radar transmission cycle T, ends. In this
case, k=1, ..., N . Herein, j 1s the imaginary number.

The output signal from the AD converter 204 1n the m-th
radar transmission cycle 1s represented by the following
expression (23). Hereinafter X(k) 1s called a complex base-
band signal.

X(N,(m—1+)=L (N (m=1+H)HQ, (N, (m—1)+k) (23)

The correlation calculator 205 calculates the correlation
between the complex baseband signal X(N (m—1)+k) out-
putted from the AD converter 204 and the transmission code
C_(m) transmitted by the radar transmitter 100 every radar
transmission cycle T,. Herein, n=1, . . ., L. For example, the
correlation value AC(k, m) of sliding correlation operation
at the discrete time k 1n the m-th radar transmission cycle 1s
calculated based on the following expression (24).

L (24)
AC(Kk, m) = ) XN, (m — 1)+ No(n — 1)/ Nrg +k)C,,(m)’

n=1

In the expression (24), asterisk (*) indicates the complex
conjugate operator. Herein, k=1, . . . , N_.

The measurement range (the range of k) of the correlation
operation performed by the correlation calculator 205 1s not
only k=1, . ., N_ but also may be limited in accordance with
the range where the target as an object to be measured by the
radar apparatus 10 can exist. This can reduce the processing
amount by the correlation calculator 205 1n the radar appa-
ratus 10. For example, the correlation calculator 205 may
limit the measurement range to k—Nw/N_+1, . . . , (Nu—
Nw)/N_ 5. In this case, the radar apparatus 10 does not
perform measurement in a time slot corresponding to the
code transmission slot Tw.

The process by the correlation calculator 205 1s therefore
not performed during the period when the radar transmission
signal can directly enter the radar receiver 200. Even if radar
transmission signals directly enter the radar receiver 200,
therefore, the radar apparatus 10 1s able to perform mea-
surement without being influenced by the directly received
radar transmission signals. In the case of limiting the mea-
surement range (the range of k), the limited measurement
range (the range of k) 1s also applied to the processes in the
reception phase rotator 206, coherent integrator 207, and
Doppler analyzer 208. This can reduce the processing
amount of each constituent components, thus reducing the
power consumption in the radar receiver 200.

The reception phase rotator 206 assigns a phase rotation
PC(m)exp[—j{m—1)modN_}®] in the direction opposite to
(that cancels) a phase rotation assigned by the transmission
phase rotator 104 of the radar transmitter 100 to a signal
(correlation operation value) outputted from a correlation
calculator 205 in each of radar transmission cycles (T)).
More specifically, as shown in the following expression
(25), the reception phase rotator 206 outputs a signal ACP(k,
m) of an output AC(k, m) of the correlation calculator 205
assigned with a phase rotation, 1n an m-th radar transmission
cycle (T)).

ACP(k,m)=PC{m)exp[—{(m—1)mod N_}0]AC(k,m)

(25)

More specifically, the reception phase rotator 206 assigns
a phase rotation 1n the direction opposite to a phase rotation
of the transmission phase rotator 104 to the output AC(k, m)
(reflection wave signal) of the correlation calculator 205 in
accordance with the phase change pattern (PC(m)).

For example, when N_=4, N =1, and PC(m)=1, the phase
shift amount —® 1n each of radar transmission cycles (T),) 1s
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—7t/2. In this case, phase rotation amounts outputted 1n the
respective 4 (=N_) radar transmission cycles (T)) are, for
example, 0, —n/2, —x, and —37/2. When N =4, N =—1, and
PC(m)=—1, the phase shift amount —@ 1n each of radar
transmission cycles (T,) 1s —1/2. However, when PC(m)=—
1,from the relation of exp(jmw)=—1, phase rotation amounts
outputted 1n the respective 4 (=N_) radar transmission cycles
(T),) are, for example, T, /2, 0, and —1t/2. In other words, the
difference between each pair of the phase rotation amounts
—@ (here, {0, —1/2, —x, —37/2} and {7m, /2, 0, —/2} 1n
different phase change patterns (PC(m)=1, —1) 1s T.

When a complementary code 1s used as the transmission
code, a pair of codes constituting the complementary code
has the same phase. Thus, as shown in the following
expression (26), the reception phase rotator 206 outputs the
signal ACP(k, m) obtained by assigning a phase rotation to
the output AC(k, m) of the correlation calculator 205 such
that the phase shift within the transmission cycle of two
codes constituting the complementary code becomes zero.

ACP(k,m)=PC{m)exp[—j{(floor({m—1)/2)—1)mod
N JOJAC(k,m) (26)

For example, when N_=8, N =1, and PC(m)=1, the phase
shift amount —@ 1s —/2. Phase rotation amounts outputted in
the respective 8 (=N ) radar transmission cycles (T,) are, for
example, 0, 0, —1t/2, —1t/2, —1t, —, —37/2, and —31/2. When
N _=8, N =1, and PC(m)=—1, the phase shift amount — 1s
—7t/2. However, when PC(m)=—1, from the relation of exp
(j)=—1, phase rotation amounts outputted 1n the respective
8 (=N ) radar transmission cycles (T)) are, for example, T,
T, /2, w/2, 0, 0. —m/2, and —T/2.

Using the correlation value ACP(k, m) outputted from the
reception phase rotator 206 at each discrete time k in the
m-th radar transmission cycle (Tr), the coherent integrator
207 adds the correlation value ACP(k, m) at each discrete
time k (coherent integration) in a predetermined number N
of radar transmission cycles, thereby calculating a coherent
integral value ACC(k, v) at each discrete time k. Herein,
k=1,...,N..

Specifically, the v-th coherent integral value ACC(k, v) 1s
calculated by the following expression (27).

Ne (27)
ACC(k, v) = Z ACP(k, N,(v—1) +m)

m=1

Here, when the period of the radar transmission cycles 1n
which the coherent integrator 207 adds the correlation
operation value ACP(k, v) at discrete times k (or an 1nte-
gration period of the coherent integrator 207) 1s set to a
predetermined number N_, the reception DC offset compo-
nent may be canceled by a principle described below even
when the reception DC offset 1s included in the correlation
operation value ACP(k, v), and thereby noise components
may be suppressed, and deterioration of radar detection
performance by the reception DC offset may be inhibited.

More specifically, when the reception DC offset compo-
nent O, and the transmission DC offset component ol exp
(j2rf - XT ) 1ncluding the Doppler frequency fluctuation
f . are included, the output AC(k, m) of the correlation
calculator 205 1ncludes components shown in the following
expression (28) urrespective of k and m.

L (28)
{QTX exp(jQ:rdeIT,ﬂ) T Qpy }ZC?‘I (Hl)$
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The output ACP(k, m) of the reception phase rotator 206
includes components shown 1n the following expression (29)
irrespective of k.

L 1 (29)
PC(I‘II)E:XP[—_]{(H] _ 1)mﬂdNe}¢] {waeXpuzﬂdexTr) T wﬁx}zcn (Hl)*

n=1

Therefore, the output ACC(k, v) of the coherent integrator
207 includes components shown 1n the following expression
(30) 1rrespective of k.

Ne (30)
> PC(N.(v = 1) + mexp[—j{(m — 1)modN, }¢]

m=1

{waeXp(jzﬂ(Ne (V _ 1) +Mm— 1)dexTr) + a’ﬁ'x}

L
> Cy(Ne(v = 1)+ my
n=1

Ne
PC(N,(v—1)+m) ) exp[=j{(m - )modN,}¢]

m=1

{arexp(J2n(Ne(v — 1) + m— Dy T,) + gy}

L
> C(No(v = 1) + my
n=1

As shown 1n the expression (30), in the integration period
of the coherent integrator 207, if the following expression
(31) 1s constant, the following expression (32) 1s satisiied.

(31)

L
> Cumy’
n=1

Ne

> exp[-j{(m - HmodN,}¢] = 0

m=1

(32)

Thus, the reception DC offset component (component
including o5 ) shown in the expression (30) 1s canceled. In
the expression (30), when the Doppler frequency fluctuation
{ . 1s zero, the transmission DC offset component (compo-
nent including o ) 1s canceled in the same manner as the
reception DC offset component.

On the other hand, when the Doppler frequency fluctua-
tion f - 1s not zero or when the reflection wave signal
includes the Doppler frequency fluctuation, the output ACC
(k, v) of the coherent integrator 207 includes the transmis-
sion DC offset component shown 1n the following expres-
sion (33) 1rrespective of k.

Ne (33)
PC(N.(v— 1)+ m) ) exp[—j{(m— )modN,}¢]
m=1

L
{QTIE:XPGQH(NE(V — 1) +m — 1)dexTr)}ZCH(NE(V — 1) + II'I)*
n=1

The phase rotation controller 103 performs control to
randomly change the phase change pattern PC(N_(v—1)+m)
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of the phase rotation to 1 or —1 for every predetermined
number N_ of times (or every integration period of the
coherent integrator 207). Thus, 1n the output of the Doppler
analyzer 208, a residual transmission DC offset component
included 1n the output ACC (k, v) of the coherent integrator
shown 1n the expression (33) 1s whitened in the Doppler
frequency region. Thus, increase of noise level (floor level)
of a specific Doppler frequency component may be inhib-
ited, and deterioration of radar detection function may be
suppressed.

The Doppler analyzer 208 performs a Doppler frequency
analysis for the output signal from the coherent integrator

207. Specifically, the Doppler analyzer 208 performs the
Doppler frequency analysis on a basis of the N, outputs
ACC(k, 1) to ACC(k, N ) of the coherent integrator 207 as
a unit, which are obtained at each discrete time k, with the
discrete time k 1n synchronization. As described above, the
residual transmission DC offset component included 1n each
of N, outputs ACC(k, 1) to ACC(k, N_,) of the coherent
integrator 207 1s whitened 1n the Doppler frequency region.
Thus, Doppler frequency analysis by the Doppler analyzer
208 may suppress increase in the noise level (floor level) of
a speciiic frequency component caused by the transmission
DC offset component.

More specifically, as shown 1n the following expression
(34), the Doppler analyzer 208 performs coherent integra-
tion after correcting phase variations W(f )=2mf (T, XN AW
in accordance with 2N different Doppler frequencies f AY.

Ny-1 (34)
FT_CI(k, f) = ) ACCK, q+ Dexp[—j¥(f:)q] =
g=0
N, -1
Z ACC(k, q + Dexp[—ij2nf,T,N,qA¢]
g=0

Herein, FT_CI(k, f ) indicates a result of coherent inte-
gration of Doppler frequencies f AW at the discrete time k by
the Doppler analyzer 208. Herein, fsz—Nf+1, 0,000 Ny
and k=1, ..., (N +N )N /N . A¥ is a unit of phase rotation.

The signal processor 203 thereby obtains the results of
coherent integration corresponding to the 2N, Doppler fre-
quency components at each discrete time k, FT_CI(k, —N 30
1), ..., FT_Clk, N~1), for each period corresponding to
plural numbers N_XN , of the radar transmission cycles T,
(T XN _XN =T xQ). Herein, j 1s the imaginary unit.

When AW=I1/N ,, the processing of the Doppler analyzer
208 1s equivalent to discrete Fourier transform (DFT) for the
outputs of the coherent integrator 207 with a sampling
interval of T XN _, or a sampling frequency of 1/(T XIN ).

Moreover, when N 1s set to a power of 2, fast Fourier
transform (FFT) can be applied in the Doppler analyzer 208,
thus reducing the processing amount. When N>N_, FFT can
be applied 1n a similar manner by performing zero padding
in the region of @>N, as ACC(k, N _(w—1Hq+1)=0, reducing
the processing amount.

Based on the outputs FT_Cl(k, 1) of the Doppler analyzer
208, the radar apparatus 10 estimates the range/Doppler
frequency (relative velocity) of the radar measurement tar-
get.

The square IFT_Cl(k, f)I* of the absolute value of the
output FT_Cl(k, { ) from the Doppler analyzer 208 corre-
sponds to the reception level of reflection waves from the
target at each Doppler frequency f_ and each discrete time k.
The radar apparatus 10 estimates the range R(k) to the target
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based on the discrete time k and Doppler frequency 1 at
which the power increases from the noise level to a prede-
termined peak level or higher and estimates the relative
velocity v (1) based on the Doppler frequency in the fol-
lowing manner. Herein, fsz—Nf+1, oL, 0,0, Nf., and
k=1, ..., (NAN ) N/N .

To translate the time information k to the range informa-
tion R(k), the following expression (33) 1s used. Herein, Tw
1s the code transmission slot; L 1s the pulse code length; and
C, 1s the velocity of light.

T,,Co
2L

R(k) = k 53)

To translate the Doppler frequency information f_ to the
relative velocity component V _(f,), the following expression
(36) is used. Herein, A is the wavelength of the carrier
frequency of the RF radar transmission signal outputted
from the transmission radio unit 106.

A (36)
Vd(fs) — Efs&w

The effects of the operations of the phase rotation con-
troller 103, the transmission phase rotator 104, and the
reception phase rotator 206 described above are confirmed
using computer simulations. The results thereof are shown
below.

FIGS. 4A and 4B 1llustrate outputs (reception levels) from
the Doppler analyzer 208 under the conditions where one
measurement target moves away from the radar apparatus 10
at a distance of 5 m and a velocity of 20 km/h.

In FIGS. 4A and 4B, the transmission DC offset compo-
nent (the carrier leak component) exists in the transmission
radio unit 106 as the condition FIGS. 4A and 4B illustrate
the results of computer simulations performed under the
following conditions: the radar transmission codes are
Spano codes (code length 1.=64); the number N of additions
by the coherent integrator 207 1s 32; and the number N , of
samples 1n the Doppler analyzer 208 1s 512.

FIG. 4A illustrates a result when the phase 1nversion
(PC(m)) 1s not randomly changed over as 1in a conventional
radar apparatus, but unlike operations of the radar apparatus
10 according to the present embodiment. On the other hand,
FIG. 4B illustrates a result of random change-over of the
phase inversion by the phase change pattern PC(m) in the
phase rotation controller 103 as described above.

In both FIGS. 4A and 4B, a sharp peak appears at
coordinates of a distance of 5 meters and a speed per hour
of 20 km/h. This indicates that a desired measurement target
1s detected.

However, in FIG. 4A, peaks of the weak reception level
appear evenly across entire distance range (0 to 200 meters)
in the Doppler frequency component of the speed per hour
of 20 km/h 1n addition to the peak of the desired measure-
ment target at coordinates of the distance of 5 meters and the
speed per hour of 20 km/h. These peaks of the weak
reception level are frequency components that do not exist
intrinsically, and cause error detection.

Meanwhile, 1n FIG. 4B illustrating a result based on
operations according to the embodiment, peaks of the weak
reception level such as detected in FIG. 4A do not appear
evenly across entire distance range in a specific Doppler
frequency component, in addition to the peak of a desired
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measurement target at the distance of 5 meters and the speed
per hour of 20 km/h. In other words, according to the

embodiment, no deterioration of radar performance causing
an error detection may be verified even under the condition
that the transmission DC offset (carrier leak) exists in the
transmission radio umt 106.

As described above, the radar apparatus 10 includes a
phase rotation controller 103 which changes the phase
change pattern PC(m) of the phase rotation amount every
pertod (N_xT ) corresponding to a plurality (N_) of radar
transmission cycles (T,), the phase change pattern PC(m)
being to be applied to a radar transmission signal (transmis-
sion code) within the period (N_xT)), a transmission phase
rotator 104 which assigns a phase rotation (first phase
rotation) to the radar transmission signal 1n accordance with
the phase change pattern, and a reception phase rotator 206
configured to assign a phase rotation 1n the direction oppo-
site to the first phase rotation to a retlection wave signal (1n
FIG. 1, correlation operation value ACC(k, m)) 1n accor-
dance with the phase change pattern.

More specifically, with operations of the phase rotation
controller 103, the transmission phase rotator 104, and the
reception phase rotator 206, the radar apparatus 10 randomly
switches whether not to set each unit of transmission codes
to a code added with a phase 1nversion (code added with a
phase change of i), where one unit of transmission codes are
those that cancel the reception DC offset within the period
(N_XT ).

Thus, 1n the coherent integrator 207 of the radar apparatus
10, the output subjected to the coherent integration process-
ing does not have a fixed phase fluctuation, and thereby the
residual transmission DC oflset component 1s whitened in
the Doppler frequency region. Thus, increase of noise level
(tloor level) of a specific Doppler frequency component at
the output of the Doppler analyzer 208 may be inhibited, and
deterioration of radar detection function may be suppressed.

Thus, according to the embodiment, deterioration of radar
detection performance caused by a circuit error may be
suppressed.

According to the embodiment, the radar apparatus 10 may
inhibit deterioration of radar detection performance caused
by a transmission DC oflset without a circuit configuration
for correcting the transmission DC offset (carrier leak) with
high accuracy. Thus, configuration of the radar apparatus 10
may be simplified.

In FIG. 1, the reception phase rotator 206 of the radar
apparatus 10 1s provided after the correlation calculator 205.
As 1llustrated in FIG. 5, the reception phase rotator 206 may
be provided before the correlation calculator 2035. This
configuration provides the same eflects as that of Embodi-
ment 1.

Embodiment 2

Since a radar apparatus according to the Embodiment 2
has a basic configuration common to the radar apparatus 10
according to the Embodiment 1, description 1s given with
reference to FIG. 1.

As 1llustrated 1n FIG. 6, a configuration including two or
more radar apparatuses (FIG. 1) according to the Embodi-
ment 1 1s described 1n the Embodiment 2. Hereinafter, a
configuration including two radar apparatuses A and B
illustrated in FIG. 6 1s described as an example.

In the Embodiment 2, a plurality of radar apparatuses 10
differentiate, from each other, the phase change pattern
controlled by the phase rotation controller 104 of each radar
apparatus 10. For example, a phase change pattern PP’(q)
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(however, g=1, 2, ..., N _ ) 1s set to the radar apparatus A
illustrated in FIG. 6, and a phase change pattern PP*)(q)
(however, g=1, 2, ..., N_ ) 1s set to the radar apparatus B.

As an example, the phase rotation controller 103 of each
radar apparatus 10 may set a diflerent phase change pattern
by shifting the transmission timing of the same M-sequence
code. For example, the phase change pattern PPY(q) of the
radar apparatus A 1s a pattern using a M-sequence code of a
code length of 511 (however, g=1, . . ., 311). In this case,
the phase change pattern PP*¥(q) of the radar apparatus B
may be a pattern with the transmission timing shifted by
N5 0t the M-sequence code used in the radar apparatus A.
More specifically, PP(Z)(q)ZPP(l)(q+N5hm).

For example, FIG. 6 shows an example where a radar
receiver 200 of the radar apparatus A receives a reception
signal (desired signal) that 1s a reflected wave of the radar
transmission signal transmitted by the radar apparatus A,
and a reflected wave (interference signal) of the radar
transmission signal transmitted by the radar apparatus B.

In this case, transmission DC oflset components residing
in the reception signals from radar apparatuses A and B are
whitened in the Doppler frequency region in the same
manner as in the Embodiment 1 by differentiating phase
change patterns between radar apparatuses A and B, as
described above. Thus, increase of the noise level (floor
level) of a specific Doppler frequency component may be
inhibited, and deterioration of radar detection function of the
radar apparatus A may be suppressed. In other words, this
provides an eflect of reducing mutual interference between
a plurality of radar apparatuses 10 using the same frequency
band or some of frequency bands overlapping each other.

FIG. 7 illustrates a result of evaluations by a computer
simulation on the mutual interference amount when radar
apparatuses A and B transmit radar transmission signals
using phase change patterns different from each other.

In FIG. 7, radar apparatuses A and B use complementary
codes as transmission codes, and phase shifts 1n the phase
rotation controller 103 are N_=16 and N =2. N =512 1s used
in the Doppler analyzer 208 in the radar apparatuses A and
B.

In FIG. 7, the horizontal axis shows the time shift amount
in the transmission timing of the phase change pattern by a
umit of the radar transmission cycle (T,), and the vertical axis
shows reception power (desired power) of the radar appa-
ratus A, reception power (undesired power (plotted with x))
of the radar apparatus B, and the signal to interference power
ratio (SIR (plotted with white circle)) of the radar apparatus
A.

From the simulation result shown 1in FIG. 7, improvement
of the SIR of the radar apparatus A by about 20 dB may be
verified when there 1s a time shiit of the transmission timing
by more than 16 (=N_) radar transmission cycles 1n the
transmission timing of the M-sequence code as a phase
change pattern of the radar apparatuses A and B.

The phase rotation controller 103 sequentially reads ele-
ments PP(q) of the phase change pattern and repeatedly
outputs a value of the same element across N radar trans-
mission cycles (=N_xT,). This indicates that when N, s<1,
there are time shifts of the transmission timing more than 16
(=N_) radar transmission cycles between different phase
change patterns, and thereby interference suppression eflect
may be enhanced. Improvement amount of the SIR depends
on the code length N of the code used in the phase change
pattern, and the pattern N, (for example, N =512) used by
the Doppler analyzer 208. For this reason, as longer N, and
N , are used in an allowable measurement time, the SIR 1s
improved more.
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As described above, in the Embodiment 2, the phase
change pattern 1s different between two or more radar
apparatuses 10. For example, the transmission timing of the
same M-sequence code used in the phase change patterns of
the radar apparatuses 10 1s shifted. This reduces mutual
interference between the plurality of radar apparatuses 10.

In the above case, transmission timings of the plurality of
radar apparatuses 10 may match each other incidentally.
Thus, there 1s a possibility stochastically that interference
may not be suppressed. Meanwhile, mutual interference may
be reduced stochastically by a method descried below.

Specifically, in a plurality of radar apparatuses 10, a
preferred pair of low mutual correlation out of M-sequence
codes ot a code length of N are used in each phase change
pattern.

Alternatively, 1t 1s known that NP,, pieces of different
ogold codes may be generated from a preferred pair of low
mutual correlation out of M-sequence codes of a code length
of N,.. Thus, mn a plurality of radar apparatuses 10, gold
codes generated from a preferred pair of low mutual corre-
lation may be used in each phase change pattern.

Alternatively, mutual interference may be reduced sto-
chastically by randomly varying each phase change pattern

every radar measurement or every predetermined number of
radar measurements 1n a plurality of radar apparatuses 10.

Embodiment 3

In the Embodiment 2, a method of reducing mutual
interference between a plurality of radar apparatuses 10 by
differentiating the phase change pattern between the plural-
ity of radar apparatuses 10 1s described. Meanwhile, 1n the
Embodiment 3, a configuration of a multiple input multiple
output (MIMO) radar using a plurality of transmission and
reception antennas 1n place of a plurality of radar appara-
tuses 10 1s described.

In other words, 1n the Embodiment 3, the phase change
pattern 1s different between a plurality of transmission
antennas (or between streams of the MIMQO).

FIG. 8 1s a block diagram illustrating a configuration
example of a radar apparatus 20 according to Embodiment
3. In FIG. 8, the same components as those of Embodiment
1 (FIG. 1) are given the same reference numerals, and the
description thereof 1s omatted.

The radar apparatus 20 1illustrated in FIG. 8 has a time-
division MIMO radar configuration which transmits time-
division multiplexed different radar transmission signals
switching to one of the plural transmission antennas 1n a
time-division manner and separates each radar transmission
signal for reception processing. The configuration of the
radar apparatus 1s not limited thereto. The radar apparatus 20
may be configured to transmit different frequency-division
multiplexed or code-division multiplexed transmission sig-
nals through plural transmission antennas and separates each
transmission signal for reception processing.
|Configuration of Radar Transmitter 300]

A radar transmitter 300 of the radar apparatus 20 includes
the radar transmission signal generators 101-1 to 101-Nt, a
switching controller 301, a transmission switch 302, and a
transmitting array antenna unit 303.

The transmitting array antenna unit 303 includes Nt
transmitting antennas (Ix#1 to Tx#Nt).

Radar transmission signal generators 101-1 to 101-Nt are
provided 1n Nt transmission antennas ( 1x#1 to Tx#Nt) so as
to correspond respectively. Each radar transmission signal
generator 101 operates in the same manner as 1n the Embodi-
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ment 1 (FIG. 1). However, the phase change pattern set in
cach radar transmission signal generator 101 1s difierent
from each other.

For example, the phase change pattern 1n each of Nt radar
transmission signal generators 101 1s set by shifting the
transmission timing of the same M-sequence code by more
than one code elements.

Specifically, the phase change pattern in the radar trans-
mission signal generator 101-1 is PP*(q) (however, q=1,
N,-). In this case, the phase change pattern in the radar
transmission signal generator 101-2 may be PP(Z)(q+NSkI.ﬁ),,
and the phase change pattern in the radar transmission signal
generator 101-3 may be PP® )(q+2N5hIﬁ). In the same man-
ner, the phase change pattern in a radar transmission signal
generator 101-Nt may be PPY?(q+(Nt-1) N,u.5). However,
Ny.azl.

A preferred pair of low mutual correlation out of M-se-
quence codes ot a code length of N, may be used as a phase
change pattern in each of the Nt radar transmission signal
generators 101. Alternatively, 1t 1s known that N, ditterent
gold codes may be generated from a preferred pair of low
mutual correlation out of M-sequence codes of a code length
of N . Thus, gold codes generated trom a preterred pair ot
low mutual correlation may be used as a phase change
pattern 1 each of Nt radar transmission signal generators
101. Alternatively, mutual interference may be reduced
stochastically by randomly varying the phase change pattern
in each of Nt units of radar transmission signal generators
101 every radar measurement (or for every predetermined
number ol measurements).

The switching controller 301 outputs a control signal
(heremaftter, referred to as a switching control signal) indi-
cating a time to change the transmitting antennas (1x#1 to
Tx#Nt) of the transmitting array antenna unit 303 (or
instructing selection of the output of the radar transmission
signal) to the transmission switch 302 and a radar receiver
400 (the correlation calculator 205 and an output switch
403).

The transmission switch 302 selects one of the Nt trans-
mitting antennas of the transmitting array antenna unit 303
based on the switching control signal from the switching
controller 301 to imnput the output signal from the radar
transmission signal generator 101 corresponding to the
selected transmitting antenna among the output signal from
the Nt radar transmission signal generator 101, to the
selected transmitting antenna. The transmission switch 302
applies frequency conversion to the output signal (baseband
radar transmission signal) from the selected radar transmis-
sion signal generator 101, into a predetermine radio fre-
quency and outputs the radio frequency signal to the selected
(connected) transmitting antenna.

The transmitting array antenna unit 303 radiates the radar
transmission signal outputted from the transmission switch
302 from the transmitting antenna selected by (connected to)
the transmission switch 302 into space.

Hereinatter, a description 1s given of an operation of the
switching controller 301 to control the transmission switch
302. The operation of the switching controller 301 to control
the radar receiver 400 1s described later 1n the description of
the operation of the radar receiver 400.

The switching controller 301 outputs to the transmission
switch 302, the switching control signal to sequentially
switch to one of the transmitting antennas and radar trans-
mission signal generator 101 every N_ radar transmission
cycles.

For example, the switching controller 301 causes the
transmission switch 302 to input the output signal from the
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radar transmission signal generator 101-1 and the transmit-
ting antenna (Ix#1) of the transmitting array antenna unit
303 to output the converted high-irequency signal 1n the first
N_ radar transmission cycles (N _xT)).

The switching controller 301 causes the transmission
switch 302 to input the output signal from the radar trans-
mission signal generator 101-2 and the transmitting antenna
(Tx#2) of the transmitting array antenna unit 303 to output
the converted high-frequency signal in the next N radar
transmission cycles (N_xT ).

The switching controller 301 repeats the same operation
and causes the transmission switch 302 to input the output
signal from the radar transmission signal generator 101-Nt
and the transmitting antenna (Tx#Nt) of the transmitting
array antenna unit 303 to output the converted high-ire-
quency signal.

The switching controller 301 again causes the transmis-
sion switch 302 to input the output signal from the radar
transmission signal generator 101-1 and the transmitting
antenna (I'x#1) of the transmitting array antenna unit 303 to
output the converted high-frequency signal in the next N
radar transmission cycles (N_xT ).

The switching controller 301 repeats the atorementioned
operation for a predetermined number of times (N _xN ).

In the above operations, the radar transmitter 300 operates
so as to sequentially read GP(m) (for example, see the
expression (19) or (20)) described 1n the Embodiment 1 as
a signal generated by each radar transmission signal gen-
crator 101. Here, m=1, . . ., N_xN .

[Configuration of Radar Receiver 400]

The radar recerver 400 of the radar apparatus 20 includes
a receiving array antenna unit 401, an antenna system
processor 402, and a direction estimator 404.

The receiving array antenna unit 401 includes Na receiv-
ing antennas (Rx#1 to Rx#Na). The Na receiving antennas
individually receive signals (reflection wave signals) which
are reflections of the radar transmission signal transmitted
from the radar transmitter 300 on retlective objects including
a radar measurement target. The signals received by the Na
receiving antennas are mputted to the respective antenna
system processors 402 corresponding to the receiving anten-
nas (Rx#1 to Rx#Na) as reception signals.

Each of the antenna system processors 402 includes the
reception radio unit 202 and the signal processor 203.

The reception radio unit 202 of the z-th antenna system
processor 402-z amplifies the reception signal from the z-th
receiving antenna (Rx#z) to a predetermined level and
performs Irequency-conversion for the high-frequency
reception signal into a baseband reception signal. The z-th
reception radio unit 202 then converts the baseband recep-
tion signal to the baseband reception signal including I and
Q signals. Hereimn, z=1, . . . , Na.

The signal processor 203 of the z-th antenna system
processor 402-z includes the AD converter 204, the corre-
lation calculator 205, the reception phase rotator 206, an
output switch 403, the coherent integrators 207, and the
Doppler analyzers 208. The signal processor 203 includes Nt
coherent integrators 207 and Nt Doppler analyzers 208
corresponding to the transmitting antennas (1x#1 to Tx#Nt).

Hereinafter, a description 1s given of each component of
the signal processor 203 of the z-th antenna system proces-
sor 402-z, mainly operations different from those of
Embodiment 1.

The correlation calculator 2035 calculates correlation
between the complex baseband signals X(N, (m-1)+k) out-
putted from the AD converter 204 (see the expression (23),
for example) and the transmission codes generated by the
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radar transmission signal generator 101 every N_ radar
transmission cycles (N_xT)) selected by the switching con-
troller 301.

The reception phase rotator 206 assigns, to a signal
(correlation operation value) outputted from the correlation
calculator 203, a phase rotation 1n the direction opposite to
(1n a canceling direction) a phase rotation assigned by the
transmission phase rotator 103 of the radar transmission
signal generator 101 selected by the switching controller 301
every N radar transmission cycles (N_xT ).

The output switch 403 switches to one of the coherent
integrators 207-1 to 207-Nt corresponding to the transmis-
sion antenna number (#1 to #Nt) selected every N_ radar
transmission cycles (N _xT ) by the switching controller 301.

When the transmitting antenna (Ix#1) 1s selected by the
switching controller 301, for example, the output switch 403
outputs the signal from the reception phase rotator 206 to the
coherent integrator 207-1 corresponding to the transmitting
antenna (Tx#1).

When the transmitting antenna (1x#2) 1s selected by the
switching controller 301, the output switch 403 outputs the
signal from the reception phase rotator 206 to the coherent
integrator 207-2 corresponding to the transmitting antenna
(Tx#2).

The output switch 403 repeats the same operation and,
when the transmitting antenna (Tx#Nt) 1s selected by the
switching controller 301, outputs the signal from the recep-
tion phase rotator 206 to the coherent integrator 207-Nt
corresponding to the transmitting antenna (Tx#Nt).

For unit period defined by a plurality (N)) of radar
transmission cycles (=N_xT ), the N,-th coherent integrator
207-N, performs coherent integration for the outputs of the
reception phase rotator 206 selected by the switching con-
troller 301 every N_ radar transmission cycle (N_xT)).
Herein, N =1, . . . , Nt.

Each of the Doppler analyzers 208 performs a Doppler
frequency analysis for the output signals from the corre-
sponding coherent integrator 207. The Doppler analyzer 208
performs a Doppler frequency analysis using the N, outputs
from the coherent integrator 207 obtained at each discrete
time k, with of the discrete time k 1n synchronization.

As described above, 1n the radar apparatus 20, transmis-
sion antennas are changed over by the switching controller
301 every predetermined number N of times (or, an inte-
gration period of the coherent integrator 207), and a phase
change pattern PC(m) different between transmission anten-
nas 1s set. Thus, 1n the output of the Doppler analyzer 208
corresponding to respective ftransmission antennas, a
residual transmission DC oflset component included 1n the
output ACC (k, v) (see the expression (31)) of the coherent
integrator 207 to the radar transmission signal transmitted
from respective transmission antennas 1s whitened in the
Doppler frequency region in the same manner as the
Embodiment 1. Thus, increase of the noise level (tloor level)
of a specific Doppler frequency component may be inhib-
ited, and deterioration of radar detection function may be
suppressed. Further, since phase change patterns different
between transmission antennas are set, mutual interference
between radar transmission signals transmitted by respective
transmission antennas may be reduced.

In the following description, w-th outputs FT_CI(E)(”(k,,
s, w), ..., FT_CI(E)(N (K, fs, w) from the Doppler analyzers
208 at each discrete time k, which are obtained by the same
processing 1n the antenna system processors 402-1 to 402-
Na, are collectively represented as a virtual reception array
correlation vector h(k, 1s, w) shown 1n the following expres-
sions (37) and (38). The virtual reception array correlation
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vector h(k, fs, w) includes NtxNa (a product of the number
Nt of transmitting antennas and the number Na of receiving
antennas) elements. The virtual reception array correlation
vector h(k, f, w) 1s used to describe the process to perform
direction estimation based on phase differences in reflection
wave signals from the target between the receiving antennas.
Herein, z=1, ..., Nt, and N,=1, ..., Na. { = AL

0,...,N,

FT_CI{V(k, fs, w) (37)

FT CI"(k, fs, w)

FT_CI{ (k, fs, w)
FT CIP(k, fs, w)

FT CI?(k, fs, w)
hik, fs, w) = : =

FT CIY (k, fs, w)

" hl(k, fs, w)
h?(k, fs, w)

hY(k, fs, W)

FT CI{"(k, fs, w)
FT CIY"(k, fs, w)

FT_CIV?(k, fs, w)

FT_CL "Dk, fs, w) (38)

(Np)
WD (k. Ts. w) = FT_CI, .(k, fs, w)

FT_CINP(k, fs, w)

Hereinabove, the processing in each component of the
signal processor 203 of the antenna system processor 402-z
1s described.

The direction estimator 404 multiplies the w-th virtual
array correlation vector h(k, fs, w) at each discrete time k
from the Doppler analyzers 208 of the antenna system
processors 402-1 to 402-Na, by array correction values
h_cal[b] to correct phase and amplitude deviations between
the transmitting antennas of the transmitting array antenna
unit 503 and between the receiving antennas of the receiving
array antenna unit 401, to calculate a virtual receiving array
correlation vectorh_ . .., (k, fs, w) with the inter-antenna
deviations corrected. The virtual receiving array correlation

vector h__.., .., (K, fs, w) 1s represented by the following
expression (39). b=1, . .., (NtxNa).
hy (k, fs, w) (39)

ha(k, T
hﬂﬁ‘er ot (K, 18, w) = CAh(k, Is, w) = 2 : W)

" hNH}{NF(k: fs: W) -

I h_Cﬂl[l] 0 - 0
0 h cal .
CA = . -l
' 0
0 - 0 h_Cal[NI}{NH] ]

The virtual receiving array correlation vector h__. . ..,
(k, s, w) with the inter-antenna deviations corrected 1s a
column vector composed of NaxN _elements. Hereinafter,
each element of the virtual receiving array correlation vector
h_ per car (G 1S, W) 1s represented as h(k, fs, w), . . .,
h,, .. (K, Is, w) to be used in description of the direction
estimation process.

The direction estimator 404 uses the virtual receiving

array correlation vector h__. . .., (K, s, w) to perform the
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direction estimation process based on the phase difference 1n
reflection wave signals between the receilving antennas.

The direction estimator 404 calculates a spatial profile by
varying the azimuth direction O within a predetermined
angular range 1n a direction estimation evaluation function
value P9, k, fs, w). The direction estimator 404 extracts a
predetermined number of the largest local peaks in the
calculated spatial profile and determines the azimuth direc-
tions of the extracted local peaks as the direction-of-arrival
estimation values.

The evaluation function value P,(9, k, {s, w) depends on
the DOA estimation algorithm. For example, the evaluation
function value P.(0, k, fs, w) may be based on the estima-
tion method using an array antenna disclosed in “Direction-
of-arrival estimation using signal subspace modeling
Cadzow, J. A.; Aerospace and Electronic Systems, IEEE
Transactions on Volume: 28, Issue: 1 Publication Year: 1992,
Page(s): 64-79).

For example, the beam former algorithm 1s represented by
the following expressions (40) and (41). Other algorithms,
such as Capon and MUSIC, are also applicable.

Pr B> ks 15, W) = |ag(B)" hyam(k, fs, w) |* (40)

1 ] (41)

— j2ndgrsing, /A
a1 (0,) = eXpi—] H(%Hglﬂgu/ }

Lexpl—j2n(Ny4z — D)dgsing, / A}

Herein, the superscript H 1s the Hermitian transpose
operator. a, (0 ) indicates the direction vector of the virtual
recelving array with respect to the arriving waves in the
azimuth direction 9,,. O, 1s varied at a predetermined azimuth
interval B, within the range of azimuth for the direction-of-
arrival estimation. For example, 0 1s set as follows.

0 _=O9min+uP,, u=0, . .. NU

NU=floor[(@max—0min)/p]+1

Herein, the floor(x) 1s a function to return the greatest
integer not exceeding a real value x.

Hereinabove, the configuration of the radar receiver 400
1s described.

As above, since the variable pattern to the radar trans-
mission signal transmitted by respective transmission anten-
nas 1s differentiated by the radar apparatus 20 that 1s the
MIMO radar, mutunal interference between radar transmis-
sion signals transmitted by changing over a plurality of
fransmission antennas may be reduced.

In the Embodiment 3, time intervals of changing over a
plurality of transmission antennas may be narrowed to an
extent of the reduction of mutual interference between radar
transmission signals transmitted by changing over a plurality
of transmission antennas, and thereby detection time may be
reduced.

Hereinabove, the embodiments according to an aspect of
the disclosure are described.

The operations of the aforementioned embodiments and
variations thereof may be combined properly.

Other Embodiments

(1) In the above embodiments, radar apparatuses 10 and
20 may include a circmit configuration that corrects the
transmission DC offset 1n a simplified manner. Thus, when
concurrently using a configuration of controlling the phase
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change pattern described above and a configuration of
correcting the transmission DC oflset, radar apparatuses 10

and 20 may further suppress increase ol the noise level
caused by the transmission DC offset.

(2) In the above embodiments, a coding pulse radar is
used. However, the disclosure may be also applied to a radar
scheme using a frequency-modulated pulse wave, such as a
chirp and a pulse radar.

(3) In the radar apparatuses 10 and 20 1llustrated 1n FIGS.
1, 5, 6, and 8, the radar transmitters 100 and 300 may be
individually provided physically apart {from the radar receiv-
ers 200 and 400 respectively.

(4) The radar apparatuses 10 and 20 may include a central
processing unit (CPU), a storage medium such as a read only
storage (ROM) storing control programs, and working
memories such as a random access storage, which are not
illustrated, for example. In this case, the function of each
component 1s implemented by execution of a control pro-
gram by the CPU.

Hereinabove, the various types of embodiments are
described with reference to the drawings. However, 1t 1s
obvious that the disclosure 1s not limited to the aforemen-
tioned examples. It 1s obvious that those skilled in the art can
arrive at various modifications and changes within the scope
of the matters described in the claims, and 1t 1s certainly
understood that such changes and modifications are within
the technical scope of the disclosure. Moreover, the con-
stituent components of the aforementioned embodiments
may be arbitrarily combined without departing from the
scope of the disclosure.

In the above description of each embodiment, the disclo-
sure 1s 1implemented by hardware by way of example. The
disclosure can be implemented by software 1n cooperation
with hardware.

Each functional block used in the description of the above
embodiments 1s typically implemented as an LSI, which 1s
an integrated circuit. The integrated circuit controls each
functional block used in the description of the above
embodiments and may include input and output terminals.
These functional blocks may be implemented as individual
chups, or all or some of the functional blocks may be
implemented together as a chip. In the above description,
L.SIs may be replaced with 1Cs, system LSIs, super LSIs, or
ultra-LSIs depending on the degree of integration.

The integration 1s not limited to the way of using LSIs and
may be implemented using a dedicated circuit or a general
purpose processor. Alternatively, the integration may be
implemented using a field programmable gate array (FPGA)
which can be programmed after manufactured as an LSI or
a reconfigurable processor 1n which connections or settings
of circuit cells of the LSI are reconfigurable.

Moreover, if another integration technique which can be
replaced for LSIs appears by progresses in semiconductor
techniques or other derived techmiques, it 1s certain that the
functional blocks can be integrated using the integration
technique. The likely applications include biological tech-
nologies and the like.

SUMMARY OF DISCLOSURE

A radar apparatus of the disclosure 1s the radar apparatus
including a radar transmitter which transmits a radar signal
in a predetermined transmission cycle; and a radar receiver
which receives a retlection wave signal being a reflection of
the radar signal on a target. The radar transmitter includes a
phase rotation controller which randomly varies a pattern of
a phase rotation amount every period corresponding to a
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plurality of transmission cycles, the pattern being to be
applied to the radar signal within a period; and a transmis-
s10n phase rotator which assigns a first phase rotation to the
radar signal in accordance with the pattern. The radar
receiver 1includes a reception phase rotator which assigns a
second phase rotation 1n a direction opposite to a direction
of the first phase rotation to the reflection wave signal 1n
accordance with the pattern.

In the radar apparatus of the disclosure, a difference

between phase rotation amounts in patterns different from
cach other 1s 0 or .

In the radar apparatus of the disclosure, the pattern 1s
based on a pseudo random code.

In the radar apparatus of the disclosure, the phase rotation
controller further assigns a phase rotation such that a pre-
determined phase shift within the plurality of transmission
cycles 1s an integral multiple of 2.

In the radar apparatus of the disclosure, when a comple-
mentary code 1s used to generate the radar signal, the phase
rotation controller assigns phase rotations such that a phase
shift 1s not made within every two transmission cycles where
a pair of codes constituting the complementary code are
transmitted, but a predetermined phase shift 1s made
between two transmission cycles.

In the radar apparatus of the disclosure, patterns are
different between a plurality of radar apparatuses.

In the radar apparatus of the disclosure, the radar trans-
mitter includes a plurality of transmission antennas, and
patterns are different between the transmission antennas.

A radar method of the disclosure 1s the radar method
including transmitting a radar signal 1n a predetermined
transmission cycle; and recerving a reflection wave signal
being a reflection of the radar signal on a target. In the
method, a pattern of a phase rotation amount 1s randomly
varied every period corresponding to a plurality of the radar
transmission cycles, the pattern being to be applied to the
radar signal within a period; a first phase rotation 1s assigned
to the radar signal in accordance with the pattern; and a
second phase rotation 1n a direction opposite to a direction
of the first phase rotation 1s assigned to the reflection wave
signal 1n accordance with the pattern.

The disclosure 1s applicable to radar apparatuses detecting,
a wide range of angle.

What 1s claimed 1s:
1. A radar apparatus, comprising:
a radar transmitter which, in operation, transmits radar
signals 1n a plurality of transmission cycles; and
a radar receiver which, 1n operation, receives reflection
wave signals, the reflection wave signals being reflec-
tions of the radar signals on a target,
wherein
the radar transmitter includes
a phase rotation controller which, 1n operation, assigns
a unit phase rotation amount every N_ transmission
cycles of the plurality of transmission cycles, and
generates a phase rotation amount change signal that
controls a phase rotation amount,
N, being an integer greater than one,
the phase rotation amount of the phase rotation
amount change signal being constant within each
of the plurality of transmission cycles,
the phase rotation amount of the phase rotation
amount change signal being changed within the
N transmission cycles according to the unit phase
rotation amount and a predetermined pattern, and
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a ftransmission phase rotator which, i1n operation,
assigns lirst phase rotations to the radar signals 1n
accordance with the phase rotation amount change
signal, and

the radar receirver includes a reception phase rotator

which, 1n operation, assigns second phase rotations,

which are 1n directions opposite to directions of the ﬁrst
phase rotations, to the reflection wave signals 1n accor-
dance with the phase rotation amount change signal.

2. The radar apparatus according to claim 1, wherein a
difference between phase rotation amounts 1n patterns dii-
ferent from each other 1s O or m.

3. The radar apparatus according to claim 1, wherein the
predetermined pattern 1s based on a pseudo random code.

4. The radar apparatus according to claim 1, wherein a
total phase shiit amount of the phase rotation amount change
signal within N_ transmission cycles 1s an integral multiple
of 2m.

5. The radar apparatus according to claim 4, wherein,

a complementary code 1s used to generate the radar

signals, and

the phase rotation controller, 1n operation, assigns phase
rotations such that a phase shift 1s not made within
every two transmission cycles where a pair of codes
constituting the complementary code are transmitted,
and a predetermined phase shift 1s made between two
transmission cycles.

6. The radar apparatus according to claim 1, wherein
predetermined pattern 1s different between a plurality of
radar apparatuses.

7. The radar apparatus according to claim 1, wherein

the radar transmitter includes a plurality of transmission
antennas, and

the predetermined pattern 1s different between the trans-
mission antennas.

8. A radar method, comprising:

transmitting radar signals in a plurality of transmission
cycles; and

receiving reflection wave signals, the reflection wave
signals being retlections of the radar signals on a target,
wherein

transmitting the radar signals includes:
assigning a unit phase rotation amount every N trans-

mission cycles of the plurality of transmission

cycles, and
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generating a phase rotation amount change signal that
controls a phase rotation amount, and
assigning lirst phase rotations to the radar signals 1n
accordance with the phase rotation amount change
signal,
N, being an integer greater than one,
the phase rotation amount of the phase rotation
amount change signal being constant within each
of the plurality of transmission cycles,
the phase rotation amount of the phase rotation
amount change signal being changed within the
N_ transmission cycles according to the unit phase
rotation amount and a predetermined pattern, and
receiving the reflection wave signals 1includes:
assigning second phase rotations, which are 1n direc-
tions opposite to directions of the first phase

rotations, to the reflection wave signals 1n accor-
dance with the phase rotation amount change

signal.
9. The radar apparatus according to claim 1, wherein the

phase rotation controller, in operation, changes the prede-
termined pattern every N_ transmission cycles.

10. A radar apparatus, comprising:

a phase rotation controller which, in operation, assigns a
unit phase rotation amount every N_ transmission
cvcles of a plurality of transmission cycles, and gen-
erates a phase rotation amount change signal that
controls a phase rotation amount,

N_ being an integer greater than one,

the phase votation amount of the phase rotation amount
change signal being constant within each of the
plurality of transmission cycles,

the phase votation amount of the phase rotation amount
change signal being changed within the N_ trans-
mission cycles according to the unit phase votation
amount and a predetermined pattern;

a transmission phase rotator which, in operation, assigns
first phase votations to vadar signals in accovdance
with the phase rotation amount change signal; and

a radar transmitter which, in operation, transmits the
radar signals assigned the first phase rotations in the
plurality of transmission cycles.

G o e = x
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