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METHOD AND ELECTRONIC APPARATUS
FOR ANGLE ESTIMATION VERIFICATION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the priority benefit of Tai-
wan application serial no. 102136235, filed on Oct. 7, 2013.
The entirety of the above-mentioned patent application is
hereby incorporated by reference herein and made a part of
this specification.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] The present invention generally relates to a method
and an electronic apparatus for verification, in particular, to a
method and an electronic apparatus for angle estimation veri-
fication.

[0004] 2. Description of Related Art

[0005] Following the rapid increase in population and
gradual recovery on the global economy, disposable personal
income and consumption ability have been increased year by
year and lead to continuously increasing global vehicle sales.
With the continuous growth in vehicle sales, the automobile
electronic industry has been dramatically developed which
covers six major aspects including an automobile safety sys-
tem, an automobile body system, a driver information system,
a suspension & chassis system, an engine transmission sys-
tem, and a security system, where the automobile safety sys-
tem hold the highest compound annual growth rate among
these aspects.

[0006] With an ever-increasing number of vehicles, the
probability of road traffic accidents has consequently gone
up. A European study shows that 0.5 seconds of early warning
time may prevent at least 60% of rear-end collisions, 30% of
head-on collisions, and 50% of road-related accidents; 1 sec-
ond of early warning time may prevent 90% of accidents.
Therefore, the vehicle safety system is crucially important.
[0007] In terms of functionality and category, the vehicle
safety system may be classified into an active type and a
passive type. Prior to year 2000, the active safety system such
as seat belts or safety airbags dominates the market. With the
advancement of semiconductor technology and high fre-
quency electronic circuit technology since year 2000, elec-
tronic systems with a high computation performance have
been able to be manufactured. Moreover, due to people’s high
demand on the safety, the safety system has been transited
from passive reduction in accidents to active avoidance from
accidents. Thus, the active safety system has been rapidly
developed. In an actual driving situation, the active safety
system may provide an early warning prior to any accident
occurring by reminding the driver or actively controlling the
vehicle to avoid from a dangerous situation to protect the
driver, and thus the active safety system may be more impor-
tant than the passive safety system.

[0008] Accordingly, the current active safety system has
undergone a significant progress, which dominates the over-
all automobile safety system market. The current active safety
system includes an adaptive cruise control (ACC) system, a
Stop & Go system, a lane departure warning system, an
environment recognition system, a collision avoidance sys-
tem, and an advanced driver aid system (ADAS). The major
development on the active safety system lies in the following
three categories: basic collision-avoidance warning technol-
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ogy, advanced collision-avoidance technology, and basic
driver information equipment. The basic collision-avoidance
warning technology involves adaptive cruise control, rear end
collision-avoidance, frontal pedestrian and obstacle detec-
tion. The advanced collision-avoidance technology involves
avoidance from improper lane change and collision-accidents
at crossroads. The basic driver information equipment
includes road guide, real-time traffic, driver information and
navigation.

[0009] The European governments are focusing on devel-
oping a driver monitoring system, a road condition detection
system, and a smart steering control. The U.S. government is
cooperating with General Motors to develop and test a rear
view collision avoidance system. Japan is conducting a large
amount of on-road verification test on Smartway which
employs various sub-systems such as a front radar and a lane
departure warning indicator to perform various advanced
functions such as cruise control, collision avoidance, and lane
tracking.

[0010] The adaptive cruise control in the active system has
been extended toward a constant-speed cruise control, the
application of which includes a high-speed, low-speed, and
all-speed cruise controls. The principle of the adapted cruise
controlis that, during a constant-speed driving, a radar system
installed in the front of the vehicle is utilized for detecting the
traffic situation in the front of the vehicle to maintain a safe
driving distance. When another vehicle enters the lane and
results in an insufficient safe driving distance, the driving
speed of the vehicle may be automatically reduced. When
there is a sufficient safe driving distance, the driving speed of
the vehicle may be automatically increased to the speed set by
the driver. Such adaptive cruse control system is provided in
most of the high-end vehicles. On the other hand, the Stop &
Go system is an advanced version of the adaptive cruise
control system, where the improvement of which is that it
may optionally reduce the speed to stop the vehicle rather
than shut down the system function at a specific speed. Addi-
tionally, the Stop & Go system may automatically accelerate
the vehicle to a preset speed and maintain the vehicle distance
once the vehicle ahead moves again, where the preset speed
may be automatically adjusted based on the traffic. Hence, the
Stop & Go system is suitable for handling traffic congestion
in urban areas.

[0011] Inview ofthe foregoing, in the adaptive cruise con-
trol and Stop & Go systems, the front collision-avoidance
radar is a crucial component. Once the radar misjudges and
provides false information, it will cause the entire system to
respond incorrectly. Target detection is an important aspect in
a vehicle radar system, which not only provides a relative
position of the target so as to enhance the driving safety but
also estimates a lane change and an actual traffic condition
through the motion trajectory of the target in the front.
[0012] However, when the radar system is in an environ-
ment where multiple targets exist, referred to as an ovetlap-
ping event, the targets may correspond to exactor close values
in the frequency spectrum. If no suitable determination
mechanism is provided in the radar system, it may result in an
incorrect estimation on the target.

SUMMARY OF THE INVENTION

[0013] Accordingly, the present invention is directed to a
method and an electronic apparatus for angle estimation veri-
fication, which may verify an estimated angle calculated by
the apparatus.
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[0014] The present invention is directed to a method for
verifying an estimated angle calculated by an electronic appa-
ratus having an angle estimator and at least three antennas.
The method includes the following steps. The estimated angle
is extracted from the angle estimator. An autocorrelation
matrix is generated according to a signal vector formed by a
plurality of measurements of a received signal received by
each of the antennas so as to obtain a plurality of eigenvalues.
A plurality of possible estimated angles corresponding to first
phase difference data among phase difference data generated
by a plurality of antenna groups are calculated. The antenna
groups are formed by all different combinations of two of the
antennas. Each of the phase difference data is a phase differ-
ence of the received signal received by each of the antenna
groups. Each of the first phase difference data is the phase
difference data not caused by a coteminal angle effect. Next,
whether the received signal corresponds to a single target or
multiple targets is determined according to the eigenvalues
and the possible estimated angles so as to verify the reliability
of the estimate angle.

[0015] According to an embodiment of the present inven-
tion, the steps of generating the autocorrelation matrix
according to the signal vector formed by the measurements of
the received signal received by each of the antennas so as to
obtain the eigenvalues are included as follows. A backward
conjugate signal vector is generated according to the signal
vector, where the backward conjugate signal vector is a back-
ward conjugate vector of the signal vector. The autocorrela-
tion matrix is generated according to the signal vector and the
backward conjugate signal vector. A singular value decom-
position is performed on the autocorrelation matrix so as to
obtain the eigenvalues.

[0016] According to an embodiment of the present inven-
tion, the formulas for generating the autocorrelation matrix
according to the signal vector formed by the measurements of
the received signal received by each of the antennas so as to
obtain the eigenvalues include Eq.(1)-Eq.(3):

r=[n rn .. ry ]T Eg. (1)
=l o3 Al Eg. (2)

1 Eq. (3)

R= 50" +nf) = UV 3 6
where N is the number of the antennas; r,, t,, . . . , ry-are the

measurements of the received signal received by the 1-st,
2-nd, .. ., N-th antennas respectively; ris the signal vector; 1,
is the backward conjugate signal vector; R is the autocorre-
lation matrix, U and V are NxN unitary matrices; (@)* is a
conjugate operator; (@) is a Hermitian operator; (@) is a
transpose operator; 2 is a diagonal matrix and written as
Eq.(4):

A0 0 Eg. 4
0 A 0
0 0 ... M

where A, A,. .. ., and A, are the eigenvalues and A, zh,= . .

c2hg
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[0017] According to an embodiment of the present inven-
tion, the steps of calculating the possible estimated angles
corresponding to the first phase difference data among the
phase difference data generated by the antenna groups are
included as follows. A plurality of first antenna groups within
a range of a field of view of the electronic apparatus are
obtained according to an antenna spacing between each of the
adjacent antennas and a wavelength of the received signal,
where each of the first antenna groups corresponds to each of
the first phase difference data respectively. Each of the pos-
sible estimated angles is calculated according to each of the
first phase data respectively.

[0018] According to an embodiment of the present inven-
tion, the formula for obtaining the first antenna groups within
the range of the field of view of the electronic apparatus
according to the antenna spacing and the wavelength of the
received signal includes Ineq.(5):

A Ineq. (5)

e < |
sin(froy) < IX(p_gxd

where 0, 1s the field of view of the electronic apparatus; A
is the wavelength of the received signal; d is the antenna
spacing; p and q are reference numbers of two of the antennas.
[0019] According to an embodiment of the present inven-
tion, the steps of determining whether the received signal
corresponds to a single target or multiple targets according to
the eigenvalues and the possible estimated angles so as to
verify the reliability of the estimate angle are included as
follows. The eigenvalues are sorted from greatest to least so as
to generate an eigenvalue series. A scaling ratio is generated
according to the ratio of the eigenvalue at the first of the
eigenvalue series to the eigenvalue at the second of the eigen-
value series. A standard deviation of the possible estimated
angles is calculated. The scaling ratio and the standard devia-
tion of the possible estimated angles are compared with a first
threshold value and a second threshold value respectively.
Whether or not the scaling ratio is greater than the first thresh-
old value and the standard deviation of the possible estimated
angles is less than the second threshold value are determined.
If yes, it is determined that the received signal corresponds to
a single target and the estimated angle is reliable. If not, it is
determined that the received signal corresponds to multiple
targets and the estimated angle is unreliable.

[0020] According to an embodiment of the present inven-
tion, after the step of determining whether the received signal
corresponds to a single target or multiple targets according to
the eigenvalues and the possible estimated angles so as to
verify the reliability of the estimate angle, the method further
includes the following step. When the estimated angle is
determined unreliable, the angle estimator is notified to recal-
culate the estimated angle.

[0021] The present invention is further directed to an elec-
tronic apparatus including at least three antennas, at least
three signal processing units, an angle estimator, and an angle
verification unit. The signal processing units are coupled to
each of the antennas respectively. The angle estimator is
coupled to the signal processing units. The verification unitis
coupled to the signal processing units and the angle estimator.
The antennas are configured to receive a received signal,
where a plurality of antenna groups are formed by all different
combinations of two of the antennas. The signal processing
units are configured to calculate a plurality of measurements
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ofthe received signal received by each of the antennas so as to
generate a signal vector as well as calculate a phase difference
of the received signal received by each of the antenna groups
so as to generate phase difference data. The angle estimator is
configured to calculate an estimated angle according to the
measurements of the received signal received by each of the
antennas. The angle verification unit includes an eigenvalue
calculating unit, a phase difference analyzing unit, and a
comparison unit. The eigenvalue calculating unit generates an
autocorrelation matrix according to a signal vector formed by
the measurements of the received signal so as to obtain a
plurality of eigenvalues. The phase difference analyzing unit
calculates a plurality of possible estimated angles corre-
sponding to a plurality of first phase difference data, wherein
each of the first phase difference data is the phase difference
data not caused by a coteminal angle effect. The comparison
unit determines whether the received signal corresponds to a
single target or multiple targets according to the eigenvalues
and the possible estimated angles so as to verify the reliability
of the estimated angle.

[0022] According to an embodiment of the present inven-
tion, the eigenvalue calculating unit generates a backward
conjugate signal vector according to the signal vector, gener-
ates the autocorrelation matrix according to the signal vector
and the backward conjugate signal vector, and performs a
singular value decomposition on the autocorrelation matrix
so as to obtain the eigenvalues, where the backward conjugate
signal vector is a backward conjugate vector of the signal
vector.

[0023] According to an embodiment of the present inven-
tion, the formulas used by the eigenvalue calculating unit for
obtaining the eigenvalues include Eq.(1)-Eq.(3):

r=[r rn ..o’ Eq. (1)
m=lry .o oA Eq. (2)

1 Eq. (3)

R= E(rrT +rl)=UzvY @
where N is the number of the antennas; r;, r,, . . . , r are the

measurements of the received signals received by the 1-st,
2-nd, ..., N-th antennas respectively; ris the signal vector; r,,
is the backward conjugate signal vector; R is the autocorre-
lation matrix; U and V are NxN unitary matrices; (@)* is a
conjugate operator; (@Y7 is a Hermitian operator; (@) is a
transpose operator; X is a diagonal matrix and written as
Eq.(4):

A0 0 Eg. 4
0 A 0
L= .
0 0 .. Ay
where A, A,. . . ., and A, are the eigenvalues and A,zh,=> . .
=\
- 2h

[0024] According to an embodiment of the present inven-
tion, the phase difference analyzing unit obtains a plurality of
first antenna groups within a range of a field of view of the
electronic apparatus according to an antenna spacing between
each of the adjacent antennas and a wavelength of the
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received signal, and calculates each of the possible estimated
angles according to each of the first phase data respectively,
where each of the first antenna groups corresponds to each of
the first phase difference data respectively.

[0025] According to an embodiment of the present inven-
tion, the formula used by the phase difference analyzing unit
forobtaining the first antenna groups according to the antenna
spacing and the wavelength of the received signal comprises
Ineq.(5):

A Ineq. (3)

sin(@roy) < | m

where 8, 1s the field of view of the electronic apparatus; A
is the wavelength of the received signal; d is the antenna
spacing; p and q are reference numbers of two of the antennas.

[0026] According to an embodiment of the present inven-
tion, the eigenvalue analyzing unit sorts the eigenvalues from
greatest to least so as to generate an eigenvalue series as well
as generates a scaling ratio according to the ratio of the
eigenvalue at the first of the eigenvalue series to the eigen-
value at the second of the eigenvalue series. The phase dif-
ference analyzing unit calculates a standard deviation of the
possible estimated angles. The comparison unit compares the
scaling ratio and the standard deviation of the possible esti-
mated angles with a first threshold value and a second thresh-
old value respectively as well as determines whether or not
the scaling ratio is greater than the first threshold value and
the standard deviation of the possible estimated angles is less
than the second threshold value. If the determination is yes,
the comparison unit determines that the received signal cor-
responds to a single target and accordingly determines that
the estimated angle 1s reliable. If the determination is not, the
comparison unit determines that the received signal corre-
sponds to multiple targets and accordingly determines that
the estimated angle is unreliable.

[0027] According to an embodiment of the present inven-
tion, when the estimated angle is determined unreliable, the
verification unit notifies the angle estimator to recalculate the
estimated angle.

[0028] In summary, in the method for angle estimation
verification provided in the present invention, an electronic
apparatus having at least three antennas is able to calculate
eigenvalues and possible estimated angles according to a
plurality of measurements of a received signal and further
determine whether the received signal corresponds to a single
target or multiple target so as to verify an estimated angle
calculated by an angle estimator. The method may quickly
and accurately detect whether or not an overlapping event
occurs in the frequency spectrum so that the electronic appa-
ratus may obtain the information of'a real target with accuracy
and further reduce the computation such as target tracking in
a follow-up process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The accompanying drawings are included to pro-
vide a further understanding of the invention, and are incor-
porated in and constitute a part of this specification. The
drawings illustrate embodiments of the invention and,
together with the description, serve to explain the principles
of the invention.
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[0030] FIG.1is ablock diagram of an electronic apparatus
according to an embodiment of the present invention.
[0031] FIG. 2 is a flow chart of a method for angle estima-
tion verification according to an embodiment of the present
invention.

[0032] FIG. 3 illustrates simulated K-value distributions
for a single target and multiple targets.

[0033] FIG. 4illustrates distributions of simulated standard
deviations for a single target and multiple targets.

DESCRIPTION OF THE EMBODIMENTS

[0034] Reference will now be made in detail to the present
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. Wherever possible, the
same reference numbers are used in the drawings and the
description to refer to the same or like parts. In addition, the
specifications and the like shown in the drawing figures are
intended to be illustrative, and not restrictive. Therefore, spe-
cific structural and functional detail disclosed herein are not
10 be interpreted as limiting, but merely as a representative
basis for teaching one skilled in the art to variously employ
the present invention.

[0035] In a frequency modulation continuous wave
(FMCW) radar device, a measuring signal may be transmitted
through a transmitting antenna. When such measuring signal
hits on a target and generates a reflected signal, the radar
device may utilize a plurality of receiving antennas for receiv-
ing the reflected signal and calculate the information such as
the distance and the angle between the target and the radar
device according to measurements of the reflected signal
received by all of the receiving antennas. However, in a situ-
ation where multiple targets exist, if an overlapping event of
the targets occurs in the frequency spectrum, an error may
occur between an actual angle and an estimated angle calcu-
lated by the radar device according to all of the measure-
ments. If more information on the angle is needed, an addi-
tional array antenna signal processing procedure is required.
[0036] However, taking the computation and reliability into
consideration, a hardware acceleration design with higher
cost for real-time processing or a processor with high com-
putation performance for executing algorithms needs to be
employed for additional signal processing on all detection
results in the frequency spectrum. Hence, a procedure is
designed in the present invention for determining whether or
not the overlapping event occurs so as to verify the reliability
ofthe aforementioned estimated angle. If the estimated angle
is reliable, the radar device is not required to perform addi-
tional signal processing. The overall computation in the radar
device may be reduced through this filtration mechanism.
[0037] FIG.1is ablock diagram of an electronic apparatus
according to an embodiment of the present invention. It
should, however, be noted that this is merely an illustrative
example and the present invention is not limited in this regard.
All components of the electronic apparatus and their configu-
rations are first introduced in FIG. 1. The detailed function-
alities of the components are disclosed along with FIG. 2.
[0038] Referring to FIG. 1, an electronic apparatus 100 in
the present embodiment includes a plurality of antennas 110_
1-110_N, a plurality of signal processing units 120_1-120_N,
an angle estimator 130, and a verification unit 140, where N is
a positive integer greater than or equal to 3. The signal pro-
cessing units 120_1-120_N are coupled to the antennas 110_
1-110_N respectively; the angle estimator 130 is coupled to
the signal processing units 120_1-120_N; the verification
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unit 140 is coupled to the signal processing units 120_1-
120_N and the angle estimator 130.

[0039] The antennas 110_1-110_N may be arranged in an
array on the electronic apparatus 100, where an antenna spac-
ing between each of the adjacent antennas is d. After the
electronic apparatus 100 transmits a measuring signal
through a transmitting antenna (not shown), when such mea-
suring signal hits on a target and generates a reflected signal,
the antennas 110_1-110_N are configured to receive the
reflected signal. Here, such reflected signal is defined as a
“received signal”.

[0040] The signal processing units 120_1-120_N may be
hardware such as communication signal processing units,
processors, or computer systems, or software with commu-
nication signal processing capability (e.g. application pro-
gram capable of communication signal demodulation). In
addition, the signal processing units 120_1-120_N may be a
combination of hardware and software. The signal processing
units 120_1-120_N are configured to process the received
signal received by the antennas 110_1-110_N and calculate
measurements ry, r,, . . . , and r, of the received signal
received by each of the antennas 110_1-110_N respectively.
[0041] The angle estimator 130 and the verification unit
140 may be software, firmware, or implemented as one or a
plurality of integrated circuits. The angle estimator 130 is
configured to calculate the angle between the electronic appa-
ratus 100 and the target according to the measurements r , r,,
..., and ry. The angle mentioned herein is defined as an
“estimated angle”. The verification unit 140, including an
eigenvalue calculating unit 142, a phase difference analyzing
unit 144, and a comparison unit 146, is configured to verify
the reliability of the estimated angle calculated by the angle
estimator 130.

[0042] FIG. 2 is a flow chart of a method for angle estima-
tion verification according to an embodiment of the present
invention. Referring to FIG. 2, the verification unit 140
extracts an estimated angle from the angle estimator 130
(Step S201). To be specific, the angle estimator 130 calculates
the estimated angle between the electronic apparatus 100 and
atargetaccording to all measurements r,, r,, . .., and ry. Inan
embodiment, the angle estimator 130 may calculate the esti-
mated angle by the maximum likelihood estimation method
according to all of the measurements r, t,, . .., and r,. The
verification unit 140 may extract the estimated angle and
verify its reliability in the follow-up steps.

[0043] Next, the eigenvalue calculating unit 142 of the veri-
fication unit 140 generates an autocorrelation matrix accord-
ing to a signal vector formed by the measurements r,, t,, . . .
,andryof thereceived signal received by each ofthe antennas
so as to obtain a plurality of eigenvalues (Step S203). To be
specific, after the eigenvalue calculating unit 142 obtains the
measurements r;, t,, . . ., and r,, from the signal processing
units 120_1-120_N; it may record the measurements r,, t,, . .
., and 1, in a form of Eq.(1):

r={rirs. . ] Eq.(1)

where r is the signal vector, and (@)7 is a transpose operator.
Then, the eigenvalue calculating unit 142 calculates the back-
ward conjugate vector ofthe signal vector, which is defined as
a “backward conjugate signal vector” herein and may be
written as Eq.(2):
Fe=frwt .t Eq.(2)
where 1, is the backward conjugate signal vector, and (@)* is
a conjugate operator. Next, the eigenvalue calculating unit
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142 generates the autocorrelation matrix of the received sig-
nal according to the signal vector and the backward conjugate
signal vector and then performs a singular value decomposi-
tion (SVD) on the autocorrelation matrix so as to obtain the
aforementioned eignevalues.

[0044] The aforementioned autocorrelation matrix may be
written as Eq.(3):

1 By (3)
R=3507 4 ) = UEV™ + 0

where R is the autocorrelation matrix; U and V are NxN
unitary matrices; (@)™ 1is a Hermitian operator; X is a diagonal
matrix and may be written as follows:

A0 0 B (4
0 A ... 0
0 0 .. Ay

where h|, A, ..., and A, are the aforementioned eigenvalues,
and A =h,z ... 2h,,.

[0045] When an overlapping event occurs, the value of A,
becomes larger, i.e. A, is more approximate to A, . When there
only exists a single target, the value of A, becomes smaller, i.e.
A, is further away from A . Accordingly, after the eigenvalue
calculating unit 142 obtains the aforementioned eigenvalues,
it may sort the eigenvalues from greatest to least so as to
generate an eigenvalue series and further generate a scaling
ratio according to the ratio of the eigenvalue at the first of the
eigenvalue series to the eigenvalue at the second of the eigen-
value series.

[0046] In the present embodiment, the aforementioned
scaling ratio may be written as follows:

K= 101og10(%]

The eigenvalue calculating unit 142 may pre-obtain a thresh-
old value, defined as a “first threshold value” herein, for
distinguishing a single target from multiple targets according
to the distribution of K values in a simulation process. For
example, FIG. 3 illustrates simulated K-value distributions
for a single target and multiple targets. A curve 302 represents
the distribution of multiple targets; a curve 304 represents the
distribution of a single target. In an embodiment, the first
threshold value may be preset to the intersection of the curve
302 and the curve 304, e.g. 0.2. In other embodiments, the
first threshold value may be calculated with more accuracy
according to the probability distribution models of the curve
302 and the curve 304 as well as practical considerations.

[0047] However, in terms of FIG. 3, there exists an overlap
region of the curve 302 and the curve 304, and therefore it
may be insufficient to determine the occurrence of an over-
lapping event merely based on the eigenvalues. In the present
invention, the verification unit 140 may use the phase differ-
ence between any two of the antennas 110_1-110_N for addi-
tionally verifying the reliability of the estimated angle.
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[0048] Taking the antennas 110_1-110_N as an example,
any two of the antennas may form

NN -1)
2

combinations of antenna groups, where each of the antenna
group corresponds to apiece of phase difference data. In other
words, each of the phase difference data is the phase differ-
ence between the received signal of each of the two antennas
among the antennas 110_1-110_N. The phase difference ana-
lyzing unit 144 of the verification unit 140 calculates a plu-
rality of possible estimated angles corresponding to the phase
difference data not caused by a coterminal angle effect (Step
S205). Here, the phase difference data not caused by the
coterminal angle effect is defined as “first phase difference
data”, where the first phase difference data is generated from
first antenna groups among the aforementioned antenna
groups.

[0049] To be specific, given that the antenna 110_1 is a
reference point. If no overlapping event occurs, the measure-
ments of the received signal of each of the antennas 110_1-
110_N may be rewritten as follows:

r=[r Fr o T =1 &% .. VT Eq. (4.9)

~ 8

where ¢ = —dsin(6);

A is the wavelength of the received signal; d is the antenna
spacing; 0 is the angle between the electronic apparatus 100
and the target. If an overlapping event occurs, the measure-
ment of the receive signal of each of the antenna 110_1-
110_N may not be written in any structural form (e.g. Eq.(4.
5)), and the possible estimated angles corresponding to the
phase difference calculated by the measurements may result
in a large variation.

[0050] Hence, in order to prevent estimate error caused by
the coterminal effect, before the phase difference analyzing
unit 144 calculates the possible estimated angles, a field of
view of the electronic apparatus 100 needs to satisfy Ineq.(5)
or Ineq.(6):

A Ineq. (5)

sin@roy ) < | W

2rd .
P SE’J*}f(P’q)Sm\QFOV] <" Ineq. (6)

where Ineq.(5) is derived from the domain of the phase (i.e.
Ineq.(6)); 0.,-is the field of view of the electronic apparatus;
A 1s the wavelength of the received signal; d is the antenna
spacing; p and q are reference numbers of two of the antennas.
Next, the phase difference analyzing unit 144 may obtain the
antenna groups which satisfy Ineq.(5) or Ineq.(6), i.e. the first
antenna groups, and calculate the possible estimated values
corresponding to first antenna groups according to the phase
difference data thereof.

[0051] Next, the phase difference analyzing unit 144 may
calculate the standard deviation of the possible estimated
angles corresponding to all of the first antenna groups. The
phase difference analyzing unit 144 may pre-obtain another



US 2015/0097717 Al

threshold value, defined as a “second threshold value” herein,
for distinguishing a single target from multiple targets
according to the distribution of standard deviations in a simu-
lation process. For example, FIG. 4 illustrates distributions of
simulated standard deviations for a single target and multiple
targets. If an overlapping event occurs, i.e. there exist mul-
tiple targets, the standard deviations of the possible estimated
angles from every simulation may be distributed in a wider
range and the values may be smaller; that is, the curve 402. If
no overlapping event occurs, i.e. there only exists a single
target, the standard deviations of the possible estimated
angles from every simulation may be clustered in a smaller
range and the values may be larger; that is, the curve 404. In
an embodiment, the second threshold value may be preset to
the intersection of the curve 402 and the curve 404, e.g. 1.0.In
other embodiments, the second threshold value may be cal-
culated with more accuracy according to the probability dis-
tribution models of the curve 402 and the curve 404 as well as
practical considerations.

[0052] Next, the comparison unit 150 determines whether
the received signal corresponds to a single target or multiple
targets according to the eigenvalues and the possible esti-
mated angles so as to verify the reliability of the estimated
angle (Step S207). In other words, the comparison unit 150
compares the aforementioned scaling ratio and the standard
deviation of the possible estimated angles with the first
threshold value and the second threshold value respectively.

[0053] To be specific, if the scaling ratio is greater than the
first threshold value and the standard deviation of the possible
estimated angles is less than the second threshold value, the
comparison unit 150 may determine that no overlapping
event occurs. That is, the received signal corresponds to a
single target, and it means that the estimated angle calculated
by the angle estimator 130 is reliable. By contrast, if any or
both of the scaling ratio and the standard deviation of the
possible estimated angles do not satisfy the above conditions,
the comparison unit 146 may determine that an overlapping
event occurs. That is, the received signal corresponds to mul-
tiple targets, and it means that the estimated angle calculated
by the angle estimator 130 is unreliable.

[0054] Inan embodiment, when the estimated angle calcu-
lated by the angle estimator 130 is unreliable, the comparison
unit 146 may notify the electronic apparatus 100 for addi-
tional signal processing, and the angle estimator 130 may
recalculate a more accurate estimated angle.

[0055] In summary, in the method for angle estimation
verification provided in the present invention, an electronic
apparatus having at least three antennas is able to calculate
eigenvalues and possible estimated angles according to a
plurality of measurements of a received signal and further
determine whether the received signal corresponds to a single
target or multiple target so as to verify an estimated angle
calculated by an angle estimator. The method may quickly
and accurately detect whether or not an overlapping event
occurs in the frequency spectrum so that the electronic appa-
ratus may obtain the information of a real target withaccuracy
and further reduce the computation such as target tracking in
a follow-up process.

[0056] It will be apparent to those skilled in the art that
various modifications and variations can be made to the struc-
ture of the present invention without departing from the scope
or spirit of the invention. In view of the foregoing, it is
intended that the present invention cover modifications and
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variations of this invention provided they fall within the scope
of the following claims and their equivalents.

What is claimed is:

1. A method for angle estimation verification, adapted for
verifying an estimated angle calculated by an electronic appa-
ratus having an angle estimator and at least three antennas,
comprising;

extracting the estimated angle from the angle estimator;

generating an autocorrelation matrix according to a signal
vector formed by a plurality of measurements of a
received signal received by each of the antennas so as to
obtain a plurality of eigenvalues;

calculating a plurality of possible estimated angles corre-
sponding to first phase difference data among phase
difference data generated by a plurality of antenna
groups, wherein the antenna groups are formed by all
different combinations of two of the antennas, wherein
each of the phase difference data is a phase difference of
the received signal received by each of the antenna
groups, wherein each of the first phase difference data is
the phase difference data not caused by a coteminal
angle effect; and

determining whether the received signal corresponds to a
single target or multiple targets according to the eigen-
values and the possible estimated angles so as to verify
the reliability of the estimate angle.

2. The method according to claim 1, wherein the steps of
generating the autocorrelation matrix according to the signal
vector formed by the measurements of the received signal
received by each of the antennas so as to obtain the eigenval-
ues comprise:

generating a backward conjugate signal vector according

to the signal vector, wherein the backward conjugate
signal vector is a backward conjugate vector of the sig-
nal vector;

generating the autocorrelation matrix according to the sig-

nal vector and the backward conjugate signal vector; and
performing a singular value decomposition on the autocor-
relation matrix so as to obtain the eigenvalues.

3. The method according to claim 2, wherein the formulas
for generating the autocorrelation matrix according to the
signal vector formed by the measurements of the received
signal received by each of the antennas so as to obtain the
eigenvalues comprise Eq.(1)-Eq.(3):

r=[r rn .. rN]T Eq. (1)

o=y .o K1’ Eq. 2)

1 Eq (3
R =307 4] = UEV ¢ )

wherein N is the number of the antennas, whereinr,, t,, . .
., Iy are the measurements of the received signal
received by the 1-st, 2-nd, . . ., N-th antennas respec-
tively, wherein r is the signal vector, r, is the backward
conjugate signal vector, R is the autocorrelation matrix,
U and V are NxN unitary matrices, (@)* is a conjugate
operator, (@)% is a Hermitian operator, (@) is a trans-
pose operator, 2 is a diagonal matrix and written as

Eq.(4):
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A0 ... 0 Eg (@)
0 A ... 0
00 .. Ay

Eq.(4)
wherein A, A,, . . ., and A, are the eigenvalues, and
wherein A zh,=. . . 2\,
4. The method according to claim 3, wherein the steps of
calculating the possible estimated angles corresponding to
the first phase difference data among the phase difference
data generated by the antenna groups comprise:
obtaining a plurality of first antenna groups within a range
ofa field of view of the electronic apparatus according to
an antenna spacing between each of the adjacent anten-
nas and a wavelength of the received signal, wherein
each of the first antenna groups corresponds to each of
the first phase difference data respectively; and

calculating each ofthe possible estimated angles according
to each of the first phase data respectively.

5. The method according to claim 4, wherein the formula
for obtaining the first antenna groups within the range of the
field of view of the electronic apparatus according to the
antenna spacing and the wavelength of the received signal
comprises Ineq.(5):

sinlfron) < Ineq. (5)

2><(p—q)><d|

wherein 0, 1s the field of view of the electronic appara-
tus, A is the wavelength of the received signal, d is the
antenna spacing, and p and q are reference numbers of
two of the antennas.

6. The method according to claim 1, wherein the steps of
determining whether the received signal corresponds to a
single target or multiple targets according to the eigenvalues
and the possible estimated angles so as to verify the reliability
of the estimate angle comprise:

sorting the eigenvalues from greatest to least so as to gen-

erate an eigenvalue series;
generating a scaling ratio according to the ratio of the
eigenvalue at the first of the eigenvalue series to the
eigenvalue at the second of the eigenvalue series;

calculating a standard deviation of the possible estimated
angles;

comparing the scaling ratio and the standard deviation of

the possible estimated angles with a first threshold value
and a second threshold value respectively;

determining whether or not the scaling ratio is greater than

the first threshold value and the standard deviation of the
possible estimated angles is less than the second thresh-
old value;

if'yes, determining that the received signal corresponds to

asingle target and accordingly determining that the esti-
mated angle is reliable; and

if not, determining that the received signal corresponds to

nmultiple targets and accordingly determining that the
estimated angle is unreliable.

7. The method according to claim 1, wherein after the step
of determining whether the received signal corresponds to a
single target or multiple targets according to the eigenvalues
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and the possible estimated angles so as to verify the reliability
of the estimate angle, the method further comprises:

when the estimated angle is determined unreliable, notify-
ing the angle estimator to recalculate the estimated
angle.

8. An electronic apparatus comprising:

at least three antennas, receiving a received signal, wherein
a plurality of antenna groups are formed by all different
combinations of two of the antennas;

at least three signal processing units, respectively coupled
to each of the antennas, calculating a plurality of mea-
surements of the received signal received by each of the
antennas so as to generate a signal vector, and calculat-
ing a phase difference of the received signal received by
each of the antenna groups so as to generate phase dif-
ference data;

an angle estimator, coupled to the signal processing unit,
calculating an estimated angle according to the measure-
ments of the received signal received by each of the
antennas; and

an angle verification unit, coupled to the signal processing
units and the angle estimator, comprising:

an eigenvalue calculating unit, generating an autocorre-
lation matrix according to a signal vector formed by
the measurements of the received signal so as to
obtain a plurality of eigenvalues;

a phase difference analyzing unit, calculating a plurality
of possible estimated angles corresponding to a plu-
rality of first phase difference data, wherein each of
the first phase difference data is the phase difference
data not caused by a coteminal angle effect; and

a comparison unit, determining whether the received
signal corresponds to a single target or multiple tar-
gets according to the eigenvalues and the possible
estimated angles so as to verify the reliability of the
estimated angle.

9. The electronic apparatus according to claim 8, wherein
the eigenvalue calculating unit generates a backward conju-
gate signal vector according to the signal vector, generates the
autocorrelation matrix according to the signal vector and the
backward conjugate signal vector, and performs a singular
value decomposition on the autocorrelation matrix so as to
obtain the eigenvalues, wherein the backward conjugate sig-
nal vector is a backward conjugate vector of the signal vector.

10. The electronic apparatus according to claim 9, wherein
the formulas used by the eigenvalue calculating unit for
obtaining the eigenvalues comprise Eq.(1)-Eq.(3):

r=[r r .. rN]T Eq. (1)

re=l(ry .. 1’ Eq. )

1 Eg (3
R= 3077 4r]) = UEV ¢ )

wherein N is the number of the antennas, whereinr,, 15, . .
., I, are the measurements of the received signals
received by the 1-st, 2-nd, . . . , N-th antennas respec-
tively, wherein r is the signal vector, r,, is the backward
conjugate signal vector, R is the autocorrelation matrix,
U and V are NxN unitary matrices, (@)* is a conjugate
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operator, (@)7 is a Hermitian operator, (@)” is a trans-
pose operator, = is a diagonal matrix and written as

Eq.(4):

A0 0 Eg (4
0 A 0
0 0 Ay

wherein A, A,, . . ., and A, are the eigenvalues, and

wherein A zh,= . . . zA,,

11. The electronic apparatus according to claim 10,
wherein the phase difference analyzing unit obtains a plural-
ity of first antenna groups within a range of a field of view of
the electronic apparatus according to an antenna spacing
between each of the adjacent antennas and a wavelength of
the received signal, and calculates each of the possible esti-
mated angles according to each of the first phase data respec-
tively, wherein each of the first antenna groups corresponds to
each of the first phase difference data respectively.

12. The electronic apparatus according to claim 11,
wherein the formula used by the phase difference analyzing
unit for obtaining the first antenna groups according to the
antenna spacing and the wavelength of the received signal
comprises Ineq.(5):

A Ineg. (5)
2x(p-g)xd

sinfroy) <
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wherein 0, 1s the field of view of the electronic appara-
tus, A is the wavelength of the received signal, d is the
antenna spacing, and p and q are reference numbers of
two of the antennas.

13. The electronic apparatus according to claim 8, wherein

the eigenvalue analyzing unit sorts the eigenvalues from

greatest to least so as to generate an eigenvalue series
and generates a scaling ratio according to the ratio of the
eigenvalue at the first of the eigenvalue series to the
eigenvalue at the second of the eigenvalue series,

the phase difference analyzing unit calculates a standard

deviation of the possible estimated angles,

the comparison unit compares the scaling ratio and the

standard deviation of the possible estimated angles with

a first threshold value and a second threshold value

respectively as well as determines whether or not the

scaling ratio is greater than the first threshold value and

the standard deviation of the possible estimated angles is

less than the second threshold value,

wherein if yes, the comparison unit determines that the
received signal corresponds to a single target and
accordingly determines that the estimated angle is
reliable, and

wherein if not, the comparison unit determines that the
received signal corresponds to multiple targets and
accordingly determines that the estimated angle is
unreliable.

14. The electronic apparatus according to claim 13,
wherein when the estimated angle is determined unreliable,
the verification unit notifies the angle estimator to recalculate
the estimated angle.



