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(57) ABSTRACT

A method for determining a DOA (Direction of Arrival) com-
prises the following steps: (a) providing at least two antennas
arranged with a squint angle; (b) producing at least two base
beams between two adjacent base beams; (c) every two vir-
tual beams of the multiple virtual beams which cross together
at a specific angle are define to a virtual beam set; (d) synthe-
sizing the two virtual beams of each one of the virtual beam
sets to be a monopulse; and (e) determining the DOA of the
object according to comparison between magnitude of
demodulated signals corresponding to the monopulses. A
device for estimating a DOA is also disclosed.
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METHOD AND DEVICE FOR ESTIMATING
DIRECTION OF ARRIVAL

BACKGROUND OF THE INVENTION

[0001] 1, Field of the Invention

[0002] Thepresent invention relates to a method and device
for estimating DOA, and more particularly to a method and a
device of vehicle radar for estimating DOA.

2. Description of the Prior Art

[0003] Nowadays, radar has been widely applied to the
field of tracking or searching targets. In order to increase
accuracy of target tracking, detection errors of radar needs to
be reduced. To achieve this goal, industrial and academic
circles propose different solutions to improve the accuracy of
radar detection.

[0004] There are many DOA methods proposed such as
conventional digital beamforming, Capon’s beamforming
and Multiple Signal Classification (MUSIC) algorithm. In
general, the Capon algorithm uses Minimum Variance Dis-
tortion Less Response (MVDR) to estimate DOA of the
reflected signals. The MUSIC algorithm utilizes an antenna
array. The basic concept of MUSIC algorithm is: the autocor-
relation matrix of the reflected signal is decomposed to signal
sub-space and noise sub-space, and it uses the feature of
orthogonality between these two sub-spaces to estimate the
DOA of the reflected signal.

[0005] However, the known Capon’s beamforming and
conventional digital beamforming algorithm needs more
antennas to achieve better resolution in detecting more tar-
gets. In addition, the MUSIC algorithm can distinguish many
targets with high angular resolution, but the number of the
targets detected is limited due to the characteristics of the
methodology. As a result, more antennas need to be applied
for detecting more targets under this method. Therefore, these
above-mentioned algorithms need to be improved in practi-
cal.

SUMMARY OF THE INVENTION

[0006] The present invention proposes a method and a
device for DOA, which utilizes digital beamforming and
monopulse technique to increase angular resolution without
adding extra antennas.

[0007] In one embodiment of the present invention, the
proposed method is for estimating DOA of an object, which
comprises the following steps: (a) providing at least two
antennas arranged with a squint angle, and the antennas pro-
duce at least two base beams; (b) producing multiple virtual
beams between every two adjacent base beams; (¢) every two
virtual beams of the multiple virtual beams which cross
together at a specific angle are defined to a virtual beam set,
wherein the two virtual beams are at an interval of one virtual
beam; (d) synthesizing the two virtual beams of each one of
the virtual beam sets to be a monopulse; and (e) determining
the DOA of the object according to comparison between
amplitudes of demodulated signals corresponding to the
monopulses.

[0008] Inanother embodiment of the present invention, the
device for estimating a DOA of an object, which comprises at
least two antennas, a digital beamforming module, a
monopulse synthesizer and a processing unit. The antennas
are arranged with a squint angle, which produce at least two
base beams. The digital beamforming module is for produc-
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ing multiple virtual beams between every two adjacent base
beams, every two virtual beams of the multiple virtual beams
which cross together at a specific angle are defined to a virtual
beam set, wherein the two virtual beams are at an interval of
one virtual beam. The monopulse synthesizer is for synthe-
sizing the two virtual beams of each virtual beam set to create
amonopulse. The processing unit is for determining the DOA
of the object according to comparison of magnitude of
demodulated signals corresponding to the monopulses.
[0009] The objective, technologies, features and advan-
tages of the present invention will become apparent from the
following description in conjunction with the accompanying
drawings wherein certain embodiments of the present inven-
tion are set forth by way of illustration and example.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing conceptions and their accompanying
advantages of this invention will become more readily appre-
ciated after being better understood by referring to the fol-
lowing detailed description, in conjunction with the accom-
panying drawings, wherein:

[0011] FIG. 1 is a flow diagram schematically illustrating
the steps according to an embodiment of the present inven-
tion;

[0012] FIG. 2a is a diagram schematically illustrating
antennas according to an embodiment of the present inven-
tion;

[0013] FIG. 25 is a diagram schematically illustrating vir-
tual beams produced between every two adjacent antennas
according to an embodiment of the present invention:

[0014] FIG.2¢1s adiagram schematically illustrating a sum
pattern and a difference pattern according to an embodiment
of the present invention;

[0015] FIG. 3 is a diagram schematically illustrating a
radiation pattern according to an embodiment of the present
invention;

[0016] FIG. 4 is a diagram schematically illustrating a
radiation pattern of 9 monopulses according to an embodi-
ment of the present invention,

[0017] FIG. 5a is a diagram schematically illustrating an
antenna and its two base beams according to an embodiment
of the present invention;

[0018] FIG. 5b is a diagram schematically illustrating
radiation pattern of 11 virtual beams according to an embodi-
ment of the present invention; and

[0019] FIG. 6 is a block diagram illustrating a device for
estimating DOA according to another embodiment of the
present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0020] The detailed explanation of the present invention is
described as follows. The described preferred embodiments
are presented for purposes of illustrations and description,
and they are not intended to limit the scope of the present
invention.

[0021] Referring FIG. 1, it shows the flow diagram of an
embodiment of the present invention. A method for estimat-
ing direction of arrival (hereinafter abbreviated as DOA)
according to an embodiment of the present invention com-
prises the following steps:

Step 10: providing at least two antennas arranged with a
squint angle;
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Step 20: producing at least two base beams between two
adjacent base beams;

Step 30: every two virtual beams of the multiple virtual beams
which cross together at a specific angle are define to a virtual
beam set;

Step 40: synthesizing the two virtual beams of each virtual
beam set to create a monopulse; and

Step 50: determining the DOA of the objects according to
comparison of the magnitudes of the demodulated signals
corresponding to the monopulses.

[0022] Continue the above description, for ease of presen-
tation, steps 10 and 20 are depicted with FIGS. 2a, 2b. As
shown in FIG. 2a, the embodiment of the present invention
has N antennas, for example N=3, then the 3 antennas pro-
duce 3 base beams (such as Bw1, Bw2 and Bw3). Next, as
shown in FIG. 2b, producing M virtual beams between the
two adjacent base beams (such as betweenB,,, andB, ,. B, ,
and B, ;) by utilizing concept of beamforming. The variable
M which is a positive integer determines the number of the
virtual beams. The variable M can be designed based on these
configurations (such as the squint angle between the anten-
nas, the number of antennas, and desired better angular reso-
lution). For example, a greater squint angle between the
antennas can cover a wider detection range, thus larger vari-
able M is used for achieving better angular resolution under
the wider detection range. In this embodiment shown in FIG.
2b, the variable M=3 represents that there are 3 virtual beams
shifting equidistantly between the two adjacent base beams
B, B,,andB, ., B, .).

[0023] Continue the above description, in one embodiment
of the invention, multiple virtual beams are formed according
to beamwidth and the squint angle of the two adjacent base
beams (B, B,, and B, ,, B, ;). Different weightings are
applied to the base beams to form the multiple virtual beams
according to the above characteristics, wherein the beam-
width of base beam means the base beam’s half-power beam-
width (HPBW). As shown in FIG. 3, antenna radiation pattern
ofthe base beam has a main beam (MB) and several sidelobes
(SL), the angle of two half-power point X X2 is defined as
the beamwidth 6. In principle, the angular resolution is
decided by beamwith 6, that is, the smaller beamwith 6 is, the
better angular resolution is achieved for detecting and distin-
guishing the targets. Therefore, the different weightings are
applied to the base beams to form M virtual beams according
to the characteristics such as beamwidth 6 and the squint
angle of the two adjacent base beams. In one embodiment, the
weighting refers to a weighting table which is composed of a
plurality of weighting factors. The weighting factors can be
calculated in advance or be a certain value computed by
previous or similar base beams, thereby shortening comput-
ing time in calculating weighting factors.

[0024] An example is given to illustrate a number of the
virtual beams in the step 10, if the number of antennas is N
and the variable number of the multiple virtual beams pro-
duced between two adjacent base beams is M. The total
number of the multiple virtual beams is K, wherein K=(N-
1)xM where N, M and K are positive and N=2, N represents
the number of the base beams and M represents the variable
number of the multiple virtual beams produced between two
adjacent base beams. As shown in FIG. 25, 3 antennas pro-
duce 3 base beams, thus there are 2 sets of adjacent base
beams (B,,;, B, , and B, ,, B,,3). If 3 virtual beams are pro-
duced by each set of two adjacent base beams, there will be 6
virtual beams[M=3, N=3, and K=(3-1)x3=0]
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[0025] With continuing reference to FIG. 1, K virtual
beams need to be calibrated to make each virtual beam has
equal peak gain. Next, choose every two virtual beams of the
multiple virtual beams which cross together at a specific
angle as a virtual beam set. For example, the k* and (k+2)”
virtual beams cross together at a specific angle [k is from 1 to
(K-2), such as first virtual beam and third virtual beam will
cross together at specific angle. Second and fourth beam will
also cross at another angle, and so on]. The k* and (k+2)”
virtual beams are defined to a virtual beam set (step 30), thus
there are (K-2) virtual beam sets are produced. In step 40,
after K virtual beams have been defined to (K-2) virtual beam
sets, two virtual beams of each virtual beam set are synthe-
sized to a sum pattern () and difference pattern (A). Antenna
radiation pattern as shown in FIG. 2¢, the solid line represents
sum pattern (2) and the dotted line represents difference
pattern (A). Then, utilizing the quasi-monopulse technique to
get (K-2) pairs of sum pattern () and difference pattern (A),
synthesizing (K-2) monopulses by calculating the magnitude
ratio of (K-2) pairs of sum pattern (Z) to difference pattern
@A).

[0026] Itis noted in step 20, among in K virtual beams, the
k” and (k+2)” virtual beams are used for synthesizing
monopulses. With regard to radiation of virtual beam, it is not
limed to kth and (k+2)™ virtual beams can be synthesized to
monopulse. If the monopulse is synthesized by kth and (k+1)
™ virtual beam, it will cause mutual interference especially
with greater beamwidth 6 thereof. On the contrary, if the
monopulse is synthesized by kK™ and (k+n, n=3)" virtual
beam, the number of the nomopulse will be less, thus more
virtual beams between the two adjacent base beams have to be
produced to achieve better angular resolution. For example,
kth and (k+2)™ virtual beams can be used for synthesizing K
monopulses, kth and (k+3)” only can beused for synthesizing
(K-3) monopulses. The number of the monopulse determines
the angular resolution. Therefore, more virtual beams have to
be produced to achieve better angular resolution, which
results in more computation. The DOA method of the inven-
tion select k” and (k+2)” virtual beams, which achieves bet-
ter angular resolution and less computation.

[0027] Referring FIG. 4, it represents 11 virtual beams
(K=11) can be defined to 9 virtual beam sets (K-2=9). As
shown in central area of FIG. 4, the 9 monopulses are synthe-
sized by calculating the ratio of the sum pattern to the differ-
ence pattern (2/A). As shown in two sides of FIG. 4, side
beams with lower level are produced by the ratio (t/A) of 9
sidelobes of the 9 virtual beam sets. By utilizing monopulse
technique, the ratio of sum pattern to difference pattern (2/A),
it can dramatically reduce sidelobe level (SLL). When SLL is
over 20 dB below than monopulse level, it can suppress noise
disturbance which is not within detection region thereby
ensuring the capability of detection. In the FIG. 4, SSL is over
than 30 dB below monopulse level.

[0028] Continue the above description, if anyone of the
(K-2) synthesized monopulses detects an object, the
monopulse corresponding to its demodulated signals will
have maximum power ratio. That is, the monopulse points
toward the DOA of the object.

[0029] Another embodiment of the present invention illus-
trates above steps, referring FIG. 5a, FIG. 56 and FIG. 4. As
shown in FIG. 8a, providing at two antennas arranged with a
squint angle, one antenna pointing at +5 degree, the other
pointing at -5 degree, the coverage between the two antennas
is 9 degree. In this embodiment, to achieve 1° angular reso-
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lution, 11 virtual beams are required. As shown in FI1G. 5,
designed weighting applied to these virtual beams, which
makes each virtual beam is symmetric with the same distance
10 one another. Each virtual beam is calibrated to have equal
peak gain. The 11 virtual beams are produced between the
two adjacent base beams, wherein the first virtual and the
third virtual beams, the second and the fourth virtual beams,
.. .the 9" and 117 virtual beams, every two virtual beams will
also cross at specific angle to form 9 virtual beam sets. And
then, using qusai-monopulse technique, the 9 virtual beam
sets constitute 9 pairs of sum patterns (X) and difference
patterns (A) by computing the ratio of sum pattern to differ-
ence pattern (2/A). The 9 monopulses pointing at the detec-
tion region from +4° to —4° to provide 1° angular resolution
capability.

[0030] Referring FIG. 6, adevice for estimating DOA 10 of
another embodiment is for detecting an angle of an object in
front. The device for estimating DOA 10 comprises at least
wo antennas 20, digital beam forming module 30,
monopulse synthesizer 40, and processing unit 50. The device
for estimating DOA 10 is for implementing above method to
estimate DOA of the object. The multiple antennas 20 are
arranged with a squint angle, and the antennas 20 produce at
least two base beams. The digital beamforming module 30 is
for producing multiple virtual beams between the two adja-
cent base beams. Two base beams and multiple virtual beams
are shifting equidistantly at the same time because of the
squint angle between multiple antennas 20.

[0031] In one embodiment, digital beamforming module
30 applies a different weighting to the two base beams
according to beamwidth 6 and the squint angle of the two base
beams, wherein the weighting refers to a weighting table
which is composed of a plurality of weighting factors. The
weighting table is the same as the embodiment described
above, not repeat it again here.

[0032] Continue the above description, multiple virtual
beams are produced between two adjacent base beams, every
two virtual beams of the multiple virtual beams which cross
together at a specific angle are defined to a virtual beam set. If
number of antenna 20 is N, the variable number of the mul-
tiple virtual beams produced between two adjacent base
beams is M. The total number of the multiple virtual beams
produced by digital beamforming module 30 is K, wherein
K=(N-1)xM where N, M and K are positive. Among K vir-
tual beams produced by digital beamforming module 30,
every two virtual beams of the multiple virtual beams which
cross together at a specific angle. For example, The k" and
(k3™ virtual beams which cross together at a specific angle
are defined to a virtual beam set [k=1~(K-2), thereby pro-
ducing (K-2) virtual beam sets.

[0033] After K virtual beams are define to (K-2) virtual
beam sets, the monopulse synthesizer 40 synthesizes each of
(K-2) virtual beam sets to a sum pattern (%) and difference
pattern (A). And then, using quasi-monopulse technique,
monopulse synthesizer 40 synthesizes the (K-2) pairs of sum
pattern (Z) and difference pattern (A) to be (K-2) monopulses
by computing ratio of Z/A. The (K-2) monopulses will point
toward specific angle within the detection region. If one of
(K-2) monopulses detects the object, the demodulated signal
corresponding to the reflected monopulse has maximum
amplitude. The processing unit 50 can be a digital signal
processing unit. It compares (K-2) demodulated signals of
the (K-2) monopulses, wherein the one with maximum mag-
nitude determines the DOA of the object.
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[0034] Inone embodiment, the device for estimating DOA
uses multiple-beam antenna system, wherein the radiation
pattern is produced by Microstrip antenna. The advantage of
Microstrip antenna is: it is a flat structure and easy to be
integrated to RF transceiver circuit and other elements so as to
reduce influence appearance. The type of antenna is not lim-
ited to microstrip antenna, any antenna which can produce
appropriate radiation pattern are practical for estimating
DOA in the present invention.

[0035] Accordingly, the method and device for estimating
DOA utilizes digital beam forming and quasi-monopulse
technique to estimate DOA of an object. By the characteristic
of monopulse’s narrow beamwidth and lower side-lobe level,
the invention can achieve better angular resolution. In addi-
tion, using less antennas can reduce circuit area to reduce cost
and overall volume thereof. It is noted, necessary elements
such as power module, filter unit, signal amplifier are known
to one skilled in the art, and are not discussed here.

[0036] While the invention is susceptible to various modi-
fications and alternative forms, a specific example thereofhas
been shown in the drawings and is herein described in detail.
It should be understood, however, that the invention is not to
be limited to the particular form disclosed, but to the contrary,
the invention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the appended
claims.

What is claimed is:

1. A method for estimating a DOA of an object, compris-
ing:

providing at least two antennas arranged with a squint

angle to produce at least two base beams;

producing multiple virtual beams between every two adja-

cent base beams of the base beams; every two virtual
beams of the multiple virtnal beams which cross
together at a specific angle are defined to a virtual beam
set, wherein the two virtual beams is at an interval of one
virtual beam;

synthesizing the two virtual beams of each one of the

virtual beam sets to be a monopulse; and

determining the DOA of the object according to compari-

son between magnitude of demodulated signals corre-
sponding to the monopulses.

2. The method for estimating a DOA according to claim 1
further comprising:

applying a specific weighting to the two base beams

according to the beamwidth and the squint angle of the
two base beams to produce multiple virtual beams.

3. The method for estimating a DOA according to claim 2,
wherein the specific weighting refers to a weighting table
which is composed of a plurality of weighting factors.

4. The method for estimating a DOA according to claim 1,
wherein the multiple virtual beams are produced with posi-
tion shift between the two adjacent base beams.

5. The method for estimating a DOA according to claim 1,
wherein the number of the multiple virtual beams is define as
K, and K=(N-1)xM, wherein N, M and K are positive inte-
gers and N22, and N represents the number of the base beams;
M is a variable representing the number of the multiple virtual
beams produced between two adjacent base beams.

6. The method for estimating a DOA according to claim 5,
wherein (K-2) virtual beam sets are produced.

7. The method for estimating a DOA according to claim 1
further comprising:
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producing a sum pattern and a difference pattern by the two
virtual beams of each of the virtual beam sets; and

synthesizing the monopulse by computing a magnitude
ratio of the sum pattern and the difference pattern.

8. A device for estimating a DOA of an object, comprising:

at least two antennas arranged with a squint angle to pro-
duce at least two base beams;

a digital beamforming module, for producing multiple vir-
tual beams between every two adjacent base beams of
the base beams, every two virtual beams of the multiple
virtual beams which cross together at a specific angle are
defined to a virtual beam set, wherein the two virtual
beams are at an interval of one virtual beam;

a monopulse synthesizer, for synthesizing the two virtual
beams of each one of the virtual beam sets to be a
monopulse; and

a processing unit, for determining the DOA of the object
according to comparison between magnitude of
demodulated signals corresponding to the monopulses.

9. The device for estimating a DOA according to claim 8§,
wherein the antenna is a multi-beam antenna.

10. The device for estimating a DOA according to claim §,
wherein the digital beamforming module applies a specific
weighting to the two base beams according to beamwidth and
the squint angle of the two base beams.
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11. The device for estimating a DOA according to claim 10,
wherein the specific weighting refers to a weighting table
which is composed of a plurality of weighting factors.

12. The device for estimating a DOA according to claim 8,
wherein the multiple virtual beams are produced with posi-
tion shift between the two adjacent base beams.

13. The device for estimating a DOA according to claim 8,
wherein the number of the multiple virtual beams formed by
the digital beamforming module is define as K. and K=(N-
1)xM, wherein N, M and K are positive integers and N=2, and
N represents the number of the base beams; M is a variable
representing the number of the multiple virtual beams pro-
duced between two adjacent base beams.

14. The device for estimating a DOA according to claim 8,
wherein (K-2) beam sets are produced by the digital beam-
forming module.

15. The device for estimating a DOA according to claim 8,
wherein the method of synthesizing the monopulse by the
monopulse synthesizer comprising:

producing a sum pattern and a difference pattern by the two

virtual beams of each of the virtual beam sets; and
synthesizing the monopulse by computing magnitude ratio
of the sum pattern and the difference pattern.
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