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A motion parameter estimating method, an angle estimating
method and a determination method are provided. The meth-
ods are adapted for an electronic device. In the angle estimat-
ing method, a first frequency modulation continuous wave
signal is first transmitted, and at least one antenna receives a
second frequency modulation continuous wave signal
resulted by a target reflecting the first frequency modulation
continuous wave signal. Multiple motion parameters associ-
ated with the target are then obtained according to the first
frequency modulation continuous wave signal and the second
frequency modulation continuous wave signal. Multiple mea-
sured values corresponding to the at least one antenna are
obtained according to the motion parameters and configura-
tion parameters of the at least one antenna, respectively.
Afterwards, the measured values are substituted into a for-
mula to obtain an estimated angle between a preset direction
of the electronic device and the target.
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FIG. 1

transmitting a first frequency modulation continuous wave L_S210
signal

receiving a second frequency modulation continuous wave
signal resulted by a target reflecting the first frequency
modulation continuous wave signal by each of the at 5220
least one antenna

obtaining a first formula and a second formula according
to the second frequency modulation continuous wave signal (~S230
received by each of the at least one antenna

estimating multiple motion parameters associated with the
target according to the first formula and the second — 5240
formula

FIG. 2
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transmitting a first frequency modulation continuous wave signal | _S410

receiving a second frequency modulation continuous wave signal
resulted by a target reflecting the first frequency modulation
continuous wave signal by each of the at least one antenna

~5420

obtaining multiple motion parameters associated with the target
according to the first frequency modulation continuous wave signal 5430
and the second frequency modulation continuous wave signal

obtaining multiple measured values corresponding to the at least
one antenna cccording to the motion parameters and configuration 5440
parameters of the at least one antenna, respectively

substituting the measured values into a formula to obtain an
estimated angle between a preset direction of the electronic device [~5490
and the target

FIG. 4
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transmitting a first frequency modulation continuous wave signal  ~S510

receiving a second frequency modulation continuous wave signal
resulted by a target reflecting the first frequency modulation 5920
continuous wave signal by each of the at least one antenna

obtaining multiple motion parameters associated with the target
according to the first frequency modulation continuous wave signal ~5930
and the second frequency modulation continuous wave signal

obtaining multiple measured values corresponding to the at least
one antenna according to the motion parameters and confiquration [~S540
parameters of the at least one antenna, respectively

obtaining an estimated angle between a preset direction of the 9550
electronic device and the target according to the measured values

designing a first filter and a second filter L_S560

caleulating a first calculation value of the measured values L_S570
corresponding to the first filter

caleulating o second calculation value of the measured values | _g5g0
corresponding to the second filter

determining reliability of the estimated angle according to a ratio | _g5qq
between the first calculation value and the second calculation value

FIG. 3
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MOTION PARAMETER ESTIMATING
METHOD, ANGLE ESTIMATING METHOD
AND DETERMINATION METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the priority benefit of Tai-
wan application serial no. 101127474, filed on Jul. 30, 2012.
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] Thepresent invention relates to a parameter estimat-
ing method, and more particularly, to a method for estimating
motion parameters and angle of a target.

[0004] 2. Description of Related Art

[0005] Following the rapid increase of population and
gradual recovery of world economy, disposable personal
income and consumption power have increased year by year,
which, accordingly, has made the world car sales increase
continuously. Statistics show that car sales in most countries
increase in 2010 and, in particular, car sales in China main-
land hit 18.06 million units, which ranks first, followed by the
United States and Japan, with 12 million units and 5 million
units, respectively.

[0006] With the continuous growth in car sales, the car
electronics industry has been in vigorous development which
covers six major aspects including car safety system, body
systemny, driver information system, suspension & chassis sys-
tem, engine transmission system, and security system.
Among these aspects, the car safety system has the highest
compound annual growth rate.

[0007] With the number of cars ever-increasing, the possi-
bilities of road traffic accidents also increase. A European
study shows that an extra 0.5 second early warning can pre-
vent at least 60% of rear-end collisions, 30% of head-on
collisions and 50% ofroad-related accidents, and 1.5 seconds
will prevent 90% of them. Therefore, the car safety system is
critically important.

[0008] The car safety system can be classified, in terms of
function and types, into active and passive types. Prior to year
2000, the passive safety systems, for example, safe belts or
various types of air-bags, were mainly used in the market.
Following the development of semiconductor technology and
advancement of high frequency electronic circuit technology,
the active safety systems have been rapidly developed since
year 2000. At the same time, people’s demand for safety is
continuously rising, which transits from the original passive
damage reduction to active damage avoidance. During driv-
ing on the road, if the active safety systems can provide the
early warning function prior to the occurrence of danger,
reminding the driver or even actively manipulating the
vehicle to avoid danger to thereby provide protection for the
drivers, they can play a better role than the passive safety
systems.

[0009] Accordingly, current active safety systems have
undergone a significant development, which dominate the
overall car safety system market. The current active safety
systems include, for example, adaptive cruise control (ACC),
Stop & Go, lane departure warning system, environment rec-
ognition, collision avoidance, advanced driver aid system
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(ADAS). Developments of the active safety systems in the
world generally lie in three major aspects: 1. basic collision-
avoidance warning technology—adaptive cruise control, rear
end collision-avoidance, frontal pedestrian and obstacle
detection; 2. advanced collision-avoidance technology—im-
proper lane change avoidance, avoidance of collision-acci-
dents at the crossroad, and vehicle diagnosis; 3. basic driver
information equipment—road guide, instant traffic, driver
information and navigation.

[0010] Current European governments’ study plan focuses
on the development of driver monitoring system, road condi-
tion detection system and smart steering control. US govern-
ment is cooperating with General Motor to develop and test a
rear view collision avoidance system. Japan is conducting a
large amount of on-road verification of Smartway, which
employs various sub-systems including a forward radar and a
lane departure warning indicator to perform various advanced
functions such as cruise, collision avoidance and lane track-
ing that are expected to be widely implemented in year 2015.
In addition, Korea has also planned to complete the road
vehicle automation before 2020.

[0011] The adaptive cruise control (ACC) of the active
safety system is developed mainly toward the trend of fixed
speed cruise function, the application of which includes high
speed, low speed and all-speed cruise control. The principle
of the adapted cruise control is that, during a fixed speed
cruise of the vehicle, a radar system installed in the front of
the vehicle is used to detect the traffic condition in front of the
vehicle to maintain a safe distance. When another vehicle
enters the lane such that there is not a sufficient safe distance,
the vehicle automatically reduces its speed. When there is a
sufficient safe distance in front of the vehicle, the vehicle
automatically increases its speed back to the driver-set speed.
So far, car manufactures, such as NISSAN, BMW, Mercedes
Benz, Lexus, Infiniti or the like, have equipped the adaptive
cruise control system in their high-level car models. The Stop
& Go system is an advanced version of the adaptive cruise
control system, the improvement of which is that it can
optionally reduce the speed to stop the car rather than shut off
the system function at a specific speed. In addition, the Stop &
Gosystem can also automatically accelerate the car to a preset
speed and maintain the car distance when the vehicle ahead
moves again, and the preset speed can be automatically
adjusted according to the traffic, which is suitable for the
congested urban roads.

[0012] From the above it can be seen that, in the adaptive
cruise control and Stop & Go systems, the forefront collision-
avoidance radar is a key part. Once the radar misjudges and
provides false information, it will cause the entire system to
correspondingly generate an incorrect control manner.
[0013] However, the signal processing technology of the
common adaptive cruise control usually requires high com-
putational load and long observation time to achieve a certain
detection accuracy, which makes the practical application of
the adaptive cruise control still unsatisfactory.

SUMMARY OF THE INVENTION

[0014] Accordingly, the present invention is directed to a
motion parameter estimating method, an angle estimating
method and a determination method. In the motion parameter
estimating method, the corrected formula as mentioned can
make the estimated motion parameters match the moving
conditions of the target more accurately. In the angle estimat-
ing method, an estimated angle between the electronic device
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and the target can be obtained according to a derived closed-
form solution. In addition, the derived closed-form solution
can make the operations of the angle estimation have the
characteristics of low computational load and high accuracy.
In the determination method, whether the estimated angle is
reliable can be determined through simple operations.

[0015] The present invention provides a motion parameter
estimating method adapted for an electronic device. The elec-
tronic device includes at least one antenna. In this method, a
first frequency modulation continuous wave (FMCW) signal
is first transmitted, and each of the at least one antenna
receives a second frequency modulation continuous wave
signal resulted by a target reflecting the first frequency modu-
lation continuous wave signal. A first formula and a second
formula are then obtained according to the second frequency
modulation continuous wave signal received by each of the at
least one antenna. Afterwards, multiple motion parameters
associated with the target are estimated according to the first
formula and the second formula. The first formula is

2-forv
¢ Tramp c

fiFw=

and the second formula is

2 B-R+v-Tymp) 2 foov
+

¢ Tramp c

le,dn =

where, B is a frequency bandwidth of the first frequency
modulation continuous wave signal, R is a relative distance
between the electronic device and the target, f. is a carrier
frequency of the first frequency modulation continuous wave
signal, v is a relative speed between the electronic device and
the target, T,,,,, is a measuring time associated with the
measured values, and c is the speed of light.

[0016] The present invention also provides an angle esti-
mating method adapted for an electronic device. The elec-
tronic device includes at least one antenna. In this method, a
first frequency modulation continuous wave signal is first
transmitted, and each of the at least one antenna receives a
second frequency modulation continuous wave signal
resulted by a target reflecting the first frequency modulation
continuous wave signal. Multiple motion parameters associ-
ated with the target are then obtained according to the first
frequency modulation continuous wave signal and the second
frequency modulation continuous wave signal, and multiple
measured values corresponding to the at least one antenna are
obtained according to the motion parameters and configura-
tion parameters of the at least one antenna, respectively.
Afterwards, the measured values are substituted into a for-
mula to obtain an estimated angle between a preset direction
of the electronic device and the target. The formula is:

N-1

N
Z (j-)-ARGUT - 1))
A A =L il
¢=-sin nd NINS
L X

i=1 j=1
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where, ¢ is the estimated angle, N is the number of the at least
one antenna, d is the spacing between the at least one antenna,
A 1s the wavelength of the first frequency modulation continu-
ous wave signal, 1; is the i-th one of the measured values, 1, is
the j-th one of the measured values, ARG(r,*)) is the prin-
ciple argument of the value resulted from the Hermitian

operation of r, and .
[0017] In one embodiment, the second formula is:

2-B-(R+v-Tmp) +2-fc-v
¢ Tramp 4

JiFan =

[0018] In one embodiment, the second formula is:

[0019] The present invention further provides a determina-
tion method adapted for an electronic device. The electronic
device includes at least one antenna. In this method, a first
frequency modulation continuous wave signal is first trans-
mitted, and each of the at least one antenna receives a second
frequency modulation continuous wave signal resulted by a
target reflecting the first frequency modulation continuous
wave signal. Multiple motion parameters associated with the
target are obtained according to the first frequency modula-
tion continuous wave signal and the second frequency modu-
lation continuous wave signal, and multiple measured values
corresponding to the at least one antenna are obtained accord-
ing to the motion parameters and configuration parameters of
the at least one antenna, respectively. Afterwards, an esti-
mated angle between a preset direction of the electronic
device and the target according to the measured values is
obtained according to multiple measured values, and a first
filter and a second filter are designed, wherein the first filter
has a zero point outside the scope of the field of view of the
electronic device, and the second filter has a zero point at the
estimated angle. A first calculation value and a second calcu-
lation value of the measured values according to the first filter
and the second filter are calculated, respectively, and reliabil-
ity of the estimated angle is determined according to a ratio
between the first calculation value and the second calculation
value.

[0020] Inoneembodiment, after the step of substituting the
measured values into the formula to obtain the estimated
angle between the preset direction of the electronic device
and the target, the method further includes substituting the
estimated angle into a third formula to obtain at least one
angle within the scope of a field of view of the electronic
device, wherein no corresponding angle effects occur at the at
least one angle, and wherein the third formula is:

5

0, = sinl[sin(%) +p- (%)[

Vsl =
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-continued

where,

N Brov
p=40,%1,... ,il_[ . A
[

()

i=

+ 1]
where, 0., 1s the field of view.
[0021] In one embodiment, the first frequency modulation
continuous wave signal includes a first signal and a second
signal, and the second frequency modulation continuous
wave signal includes a third signal and a fourth signal. The
step of obtaining the first formula and the second formula
according to the first frequency modulation continuous wave
signal and the second frequency modulation continuous wave
signal includes obtaining the first formula according to a
relative relationship between the first signal and the third
signal and then obtaining the second formula according to a
relative relationship between the second signal and the fourth
signal.
[0022] In one embodiment, the motion parameters include
the relative distance and the relative speed.
[0023] In one embodiment, the frequency bandwidth is
determined based on a measuring distance resolution associ-
ated with the relative distance.
[0024] In one embodiment, the measuring time is deter-
mined based on a measuring speed resolution associated with
the relative speed.
[0025] 1In one embodiment, the first calculation value is
[w,7t]l,2, where w, includes the coefficients of the first filter,
r is a vector comprised of the measured values, (@) is a
Hermitian operator, and || @), is a 2-norm operator.
[0026] In one embodiment, the second calculation value is
[w57t]l,2, where w, includes the coefficients of the second
filter, r is a vector comprised of the measured values, (@) is
a Hermitian operator, and ||@)|, is a 2-norm operator.
[0027] In view of the foregoing, embodiments of the
present invention provide a motion parameter estimating
method, an angle estimating method and a determination
method. In the motion parameter estimating method, motion
parameters that substantially reflect the actual movement of
the target can be obtained according to the first formula and
second formula. In the angle estimating method, the esti-
mated angle between the electronic device and the target can
be obtained according to the derived closed-form solution. In
addition, the closed-form solution has the characteristics of
low computational load and high accuracy, which makes the
angle estimating method of the embodiments of the present
invention more suitable for practical application. On the other
hand, after the estimated angle is obtained using the angle
estimating method, the determination method can determine
whether the estimated angle is reliable.
[0028] Other objectives, features and advantages of the
present invention will be further understood from the further
technological features disclosed by the embodiments of the
present invention wherein there are shown and described
preferred embodiments of this invention, simply by way of
illustration of modes best suited to carry out the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 illustrates a schematic diagram of using an
electronic device to estimate motion parameters of a target
according to one embodiment of the present invention.
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[0030] FIG. 2 illustrates a flow chart of a motion parameter
estimating method according to one embodiment of the
present invention.

[0031] FIG. 3 illustrates a relationship between a first fre-
quency modulation continuous wave signal and a second
frequency modulation continuous wave signal according to
one embodiment of the present invention.

[0032] FIG. 4illustrates a flow chart of an angle estimating
method according to one embodiment of the present inven-
tion.

[0033] FIG. 5 illustrates a flow chart of a determination
method according to one embodiment of the present inven-
tion.

[0034] FIG. 6 illustrates a schematic diagram of using the
electronic device to estimate relative motion parameters and
angles between vehicles according to one embodiment of the
present invention.

DESCRIPTION OF THE EMBODIMENTS

[0035] Descriptions of the invention are given with refer-
ence to the exemplary embodiments illustrated with accom-
panied drawings. In addition, whenever possible, identical or
similar reference numbers refer identical or similar elements
in the figures and the embodiments.

[0036] FIG. 1 illustrates a schematic diagram of using an
electronic device to estimate motion parameters of a target
according to one embodiment of the present invention. In the
present embodiment, the electronic device 100 includes sig-
nal processing units 110_1 to 110_N (N is a positive integer),
antennas 120_1 to 120_N, and an angle estimating unit 130.
The antennas 120_1 to 120_N are connected to the angle
estimating unit 130 through the signal processing units 110_1
to 110_N, respectively. The signal processing units 110_1 to
110_N may be hardware devices such as communication
signal processing chips, processors or computer systems, or
software devices with communication signal processing
function (e.g., application program capable of communica-
tion signal demodulation). In addition, the signal processing
units 110_1 to 110_N may be a combination of hardware and
software devices. The antennas 120_1 to 120_N may be dis-
posed on the electronic device 100 in an array, with a spacing
d between adjacent antennas.

[0037] Theelectronic device 100 can detect motion param-
eters of the target 140 (e.g., relative speed and relative dis-
tance between the target 140 and the electronic device 100)
using, for example, an antenna array and wireless communi-
cation signal processing technology. For example, the elec-
tronic device 100 may transmit a measuring signal through a
transmitting antenna (not shown). When the measuring signal
contacts an object, such as the target 140, and is reflected, the
electronic device 100 can receive the reflected measuring
signal through the antennas 120_1 to 120_N;, and the motion
parameters associated with the target 140 are obtained by the
signal processing units 110_1 to 110_N according to charac-
teristics of the signals received by the respective antennas
corresponding to the signal processing units.

[0038] FIG. 2 illustrates a flow chart of a motion parameter
estimating method according to one embodiment of the
present invention. FIG. 3 illustrates a relationship between a
first frequency modulation continuous wave (FMCW) signal
and a second FMCW signal according to one embodiment of
the present invention. Referring to FIG. 1, FIG. 2 and FIG. 3,
detailed steps of estimating motion parameters of, for
example, the target 140 by the electronic device 100 are
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discussed below in conjunction with the elements of FIG. 1.
At step S210, the electronic device 100 transmits the first
FMCW signal (i.e., a measuring signal for measuring whether
there is another object around the electronic device 100)
using, for example, a transmitting antenna.

[0039] In one embodiment, the frequency of the first
FMCW signal during modulation may vary according to, for
example, a first signal T1 shown in FIG. 3. In accordance with
various parameters of FIG. 3, the first signal T1 may be
expressed as:

-1,

B
i =fo+

Tromp

0 <1< Thamp

where, frequency bandwidth B is the frequency bandwidth of
the first FMCW signal, carrier frequency f, is the carrier
frequency of the first FMCW signal, and measuring time
T, is the time that the first FMCW signal needs to ramp

from the carrier frequency f_ to carrier frequency (f +B).

[0040] Inanother embodiment, the frequency bandwidth B
may be determined according to the resolution of the mea-
suring distance (e.g., the relative distance between the elec-
tronic device 100 and the target 140) 1o be detected. For
example, B=¢/(2-AR), where ¢ is the speed of light, and AR is
the resolution of the measuring distance. In addition, the
measuring time T,,,,,, may be determined according to the
resolution of the measuring speed (e.g., the relative speed
between the electronic device 100 and the target 140) to be
detected. Forexample, T, =c/(2f Av), where Av is the reso-
lution of the measuring speed. In other words, the frequency
bandwidth B increases as the measurement of the relative
distance is desired to have a higher accuracy; the measuring
time T,,,,, also increases as the measurement of the relative

ramp

speed is desired to have a higher accuracy.

[0041] Then, at step S220, when the first FMCW signal
contacts an object, such as the target 140, and is reflected, the
electronic device 100 may receive the second FMCW signal
(i.e., the reflected first FMCW signal) through the antennas
120_1t0120_N. The second FMCW signal may propagate in
the form of plane waves and, therefore, the second FMCW
signal received by each of the antennas 120_1 to 120_N may
be essentially different (e.g., in phase or power).

[0042] Taking the antenna 120_1 as an example, the fre-
quency variation of the second FMCW signal received by the
antenna 120_1 may be, for example, in accordance with the
third signal R1 shown in FIG. 3, which, in accordance with
various parameters of FIG. 3, may be expressed as:

B 2)
fri(0) = fe+ @

Tramp

H(1-7),

T <1< Tamp

where, time difference T is the time difference between the
time point when the first FMCW signal is transmitted and the
time point when the second FMCW signal is received, beat
frequency f, is the frequency difference between the first
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signal T1 and the third signal R1 at a same time point (i.e.,
7, ()T, (). In addition, when a relative movement exists
between the electronic device 100 and the target 140, a Dop-
pler frequency offset due to Doppler effect may exist between
the first signal T1 and the third signal R1.

[0043] Therefore, at step S230, according to the formula (1)
and formula (2), the beat frequency f, may be expressed as:

B 2R 2f-v 3)

Jo = fr(T) = fru(m) =

Tramp 4 4

where, relative distance R is the relative distance between the
electronic device 100 and the target 140, relative speed v is the
relative speed between the electronic device 100 and the
target 140.

[0044] Based on the above teachings, people skilled in the
art should be able to express the beat frequency f,' as the
following formula (4) according to the relationship between
the second signal T2 and the fourth signal R2:

B IR 2f- 4
o B R e @

Toamp € c

[0045] In one embodiment, the beat frequency f, and f,'
may be respectively obtained by the signal processing unit
110_1 by frequency-mixing the first FMCW signal and the
second FMCW signal corresponding to the signal processing
unit 110_1 and passing the frequency-mixed signal through,
for example, a low-pass filter (not shown) and a fast Fourier
transform unit (not shown). However, the present invention is
not intended to be limited to this particular manner.

[0046] Therefore, once the beat frequencies f, and f,' are
known, the signal processing unit 110_1 may estimate the
relative distance R and relative speed v between the electronic
device 100 and the target 140 according to the formula (3) and
formula (4).

[0047] However, in practice, when measuring time T, ,,, , is
a little long, the relative distance R between the electronic
device 100 and the object 140 may vary. Therefore, in order
for the estimation of the relative distance R and the relative
speed v to better reflect the actual movement between the
electronic device 100 and the target 140, the formula (4) may
be modified as follows in another embodiment:

B 2R+vV-Tump) 2fc-v )
= —_—
b Tramp 4 4

[0048] Then, at step S240, the signal processing unit 110_1
can obtain the relative distance R and the relative speed v
between the electronic device 100 and the target 140 (i.e., the
motion parameters associated with the target 140) according
to the formula (3) and formula (5).

[0049] Astoantennas 120_2 to 120_N, although the second
FMCW signal received by each of the antennas 120_2 to
120_Nis different from the second FMCW signal received by
the antenna 120_1 (e.g., in phase or power), the second
FMCW signal received by the antennas 120_2 to 120_N can
each be used to obtain motion parameters associated with the
target 140 according to the above teachings.
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[0050] In another embodiment, when there are multiple
targets reflecting the first FMCW signal such that the anten-
nas 120_1 to 120_N each receive multiple second FMCW
signals, the signal processing units 120_1 to 120_N can still
each obtain the motion parameters associated with the target
according to the above teachings. Taking the signal process-
ing unit 110_1 and antenna 120_1 as an example, when the
antenna 120_1 receives multiple second FMCW signals cor-
responding to the multiple targets, the signal processing unit
110_1 may frequency-mix the first FMCW signal and the
received multiple second FMCW signals, process the fre-
quency-mixed signal using, for example, a low-pass filter and
a fast Fourier transform unit to obtain the beat frequency
corresponding to each target, and then proceed with subse-
quent motion parameter estimation operations.

[0051] FIG. 4 illustrates a flow chart of an angle estimating
method according to one embodiment of the present inven-
tion. The description of the embodiment of FIG. 2 may be
referenced for an understanding of steps S410 to S430 of the
present embodiment, which are not repeated herein. It is
noted that either formulas (3) and (5) or formulas (3) and (4)
can be used in estimating the motion parameters associated
with the target 140 (i.e., the relative distance R and relative
speed v between the electronic device 100 and the target 140).
However, people skilled in the art would appreciate that using
the formulas (3) and (5) to calculate the motion parameters
associated with the target 140 can result in a higher estimation
accuracy because it better reflects the actual situation.

[0052] Referring to FIG. 1 and FIG. 4, after step S430, the
motion parameters associated with the target 140 (i.e., the
relative distance R and the relative speed v between the elec-
tronic device 100 and the target 140) can then be obtained.
Then, at step S440, the signal processing units 110_1 to
110_N can then obtain corresponding measured values r,~r
according to the second FMCW signals received by the
respective antennas 120_1 to 120_N and antenna configura-
tion parameters, respectively, where the measured values
r,~I, may be expressed in vector form as follows:

r=| ) |=aa)-gd)s+n

v

where, o is the complex amplitude of the signal received by
the antennas 120_1 to 120_N corresponding to the target 140,
a(p) is the steering vector of the antennas 120_1 to 120_N;
2(9) is the gain response of the antennas 120_1 to 120_N
corresponding to angle ¢, s is the signal obtained by demodu-
lating the second FMCW signal received by the antennas
120_1 to 120_N (which is a function of the relative distance
R and the relative speed v), and nis a complex white Gaussian
noise vector.

[0053] Then, in the field of view (FOV) of the electronic
device 100, the real angle 0 between a predetermined direc-
tion of the electronic device 100 and the target 140 (e.g., the
predetermined direction DI1 and DI2) may be estimated
using a maximum likelihood estimator. For example, the esti-
mated angle ¢ for the real angle 6 may be expressed as:
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_ o - 1)d sing
¢ = argmax e’

geFov

i=1

Where, antenna number N is the number of the antennas
120_1 to 120_N, distance d is the spacing between adjacent
antennas 120_1 to 120_N, A is the wavelength of the first
FMCW signal, (@) is the Hermitian operator. After a mum-
ber of operations, the formula (7) may be simplified as a
closed-form solution as follows:

N-loN @®)

> > (- ARGYT 1)
A A =l j=Iel
¢ =-sin 2nd N-IN-i
X
=1 j=1

where, ARG(r,*r)) is the principle argument of the result of
the Hermitian operation of r; and r,.

[0054] At step S450, the angle estimating unit 130 can then
substitute the measured values r,~r,, into the formula (8) to
obtain the estimated angle ¢ between the preset direction DI1
of the electronic device 100 and the target 140.

[0055] In another embodiment, because ARG(r,* 1)) only
considers the principle argument, which will result in an
incorrect estimated angle ¢ when there are corresponding
angle effects. Accordingly, in order to avoid the incorrect
estimated angle ¢ due to the corresponding angle effects, the
field of view 8,,,-0f the electronic device 100 needs to satisfy
the following inequality:

A
» A
<sinlrov) < 5514

A
T2N-Dd

[0056] Ingeneral,awider field of view 0, represents that
the electronic device 100 has a greater observation range. On
the other hand, a greater distance d is required for the antennas
120_1 to 120_N to have sufficient antenna gain and low
sidelobe. However, there is a tradeoff between the field of
view B and the distance d, which makes it not easy to
satisfy the formula (9). For example, when the antennas
120_1to 120_N are disposed with a large distance d (i.e., the
antennas 120_1 to 120_N occupy a large space), which cor-
respondingly narrows the field of view 6, the observation
range of the electronic device 100 will be reduced. Therefore,
when the formula (9) is not satisfied, the estimation of the
estimated angle ¢ may be incorrect.

[0057] Therefore, in order to obtain the ARG(r,*r) in the
event of corresponding angle effects, the estimated angle ¢
may be substituted into the following formula:

(=T EaAN 10
6, = sin~!|sin() + p- (3)[2 Z j2] }

-1 =
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-continued

brov

N-L (1D
p= O,il,...,tﬂ[ +1]

. A
s (575)

=1

where, | @] is the Gaussian integer operator. In other words,
after any field of view 0 .;-and distance d are determined, the
all possible value of the parameter p yielding the estimated
angle ¢ in (8) can be fully obtained according to (11). Then,
the estimated angle ¢ and the all possible values of the param-
eter p are then sequentially substituted into formula (10) to
obtain a complete set of the angle 6. Next, each value within
the complete set of the angle 0, may be respectively substi-
tuted into

v
~ 27 .
$ = argmax g rel Tt 1) sing

o<ltp) |53

2} 12

for finding the actual solution of the real angle 6 between the
electronic apparatus 100 and the target 140. Specifically, the
angle yielding the maximum value of the objective functionin
formula (12) is the actual ML solution. By doing so, the
correct target angle information can be determined using (12)
without any ambiguity.

[0058] Therefore, after the angle 8, at which no corre-
sponding angle effects occur is found according to formulas
(10) and (11), the correct estimated angle ¢' can be obtained
according to formula (12).

[0059] Taking N=3 for example, formula (8) can be con-
verted as follows:

[ A ARGET 1) + 2 ARG(] - 13) + ARG(r3 - 13) (13)
3nd 4

¢ = —sin”

[0060] However, operation of ARG(r,*r;) may have the
issue of corresponding angle effects. In this case, the angle 0,
at which no corresponding angle effects occur can be found
from the scope of the field of view 6 ;-according to formulas
(10).1e.,

By = sin”![sind) + 27p- (%)] "
where,

Orov 'l Orov ‘1 ()
o A

[0061] Afterwards, the angle 0, obtained according to for-
mula (14) is substituted into formula (12), which can result in
the corresponding estimated angle ¢

[0062] FIG. 5 illustrates a flow chart of a determination
method according to one embodiment of the present inven-
tion. Referring to FIG. 1 and FIG. 5, the description of the
embodiment of FIG. 2 and FIG. 4 may be referenced for an
understanding of steps S510 to S550 of the present embodi-
ment, which is not repeated herein. In addition, the electronic
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device 100 may further include a determination unit (not
shown) for determining whether the estimated angle ¢' is
reliable.

[0063] For example, if, when the electronic device 100 is
estimating motion parameters of, for example, the target 140,
there is another target (not shown) appearing within the field
of view 0;-0f the electronic device 100, which is moving at
arelative distance R and a relative speed v, this may cause the
estimated angle ¢' to be unreliable. In this case, after obtain-
ing, for example, the measured values r,~r,, and estimated
angle ¢' through step S$550, at step $560, a first filter and a
second filter may be designed in the determination unit and
whether the estimated angle §' is reliable can be determined
according to the relationship between the outputs of the first
filter and the second filter and the measured values r,~r,. For
example, a zero point of the first filter may be designed to be
outside the field of view 8., while the zero point of the
second filter may be designed to be approximately at the
estimated angle ¢'.

[0064] Atstep 8570, the determination unit may calculate a
first calculation value P, according to, for example, a first
filter coefficient w, and the measured values r,~r,. At step
S580, the determination unit may calculate a second calcula-
tion value P, according to, for example, a second filter coef-
ficient w, and the measured values r,~ry.

[0065] At step S590. the determination unit may calculate a
ratio P between the first calculation value P, and the second
calculation value P, and determine the reliability of the esti-
mated angle ¢' according to the calculated ratio P.

[0066] In one embodiment, the ratio P may be obtained
according to, for example, the following formula (16):

TR (16)

- p " 2
Prowiin

where, ||@||, is 2-norm operator. In this case, if the estimated
angle ¢' is reliable, the second calculation value P, should be
small because the second filter has filtered a large part of the
power of the measured values r,~r,. Therefore, when the
ratio P is higher than a preset threshold, the determination unit
can then recognize that the measured values r,~r,, are made
up by signals reflected by multiple targets (having the same
relative distance R and the same relative speed with respect to
the electronic device 100) and thereby determine that the
estimated angle ' is unreliable. In another embodiment, the
preset threshold can be inferred according to, for example,
Bayesian law, under the condition of a predetermined false
alarm rate. However, this should not be regarded as limiting.

[0067] FIG. 6 illustrates a schematic diagram of using the
electronic device to estimate relative motion parameters and
angles between vehicles according to one embodiment of the
present invention. In the present embodiment, the electronic
device 100 may be installed, for example, at a front end of a
vehicle 610. However, this should not be regarded as limiting.
The electronic device 100 may use the method of the embodi-
ment of FIG. 2 to measure the relative distance R, between
the vehicles 610 and 620 and the relative distance R
between the vehicles 610 and 630 at the same time. In addi-
tion, the electronic device 100 may also use the method of the
embodiment of FIG. 4 to estimate the angle 6, , between, for
example, a preset direction DI1' and the vehicle 620 and the
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angle 0, between, for example, the preset direction DI1' and
the vehicle 620, at the same time.

[0068] In summary, embodiments of the present invention
provide a motion parameter estimating method, an angle esti-
mating method and a determination method. In the motion
parameter estimating method, motion parameters that reflect
the actual movement of the target can be obtained according
to the first formula and second formula. In the angle estimat-
ing method, the estimated angle between the electronic
device and the target can be obtained according to the derived
closed-form solution. In addition, the closed-form solution
has the characteristics of low computational load and high
accuracy, which makes the angle estimating method of the
embodiments of the present invention more suitable for prac-
tical application. On the other hand, after the estimated angle
is obtained using the angle estimating method, the determi-
nation method can determine whether the estimated angle is
reliable.

[0069] 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
variations of this invention provided they fall within the scope
of the following claims and their equivalents.

What is claimed is:

1. A motion parameter estimating method adapted for an
electronic device, the electronic device comprising at least
one antenna, the method comprising:

transmitting a first frequency modulation continuous wave

signal;

receiving, by each of the at least one antenna, a second

frequency modulation continuous wave signal resulted
by a target reflecting the first frequency modulation con-
tinuous wave signal;
obtaining a first formula and a second formula according to
the second frequency modulation continuous wave sig-
nal received by each of the at least one antenna; and

estimating multiple motion parameters associated with the
target according to the first formula and the second for-
mula,

wherein the first formula is

2:B-R 2 fiv

¢ Tramp c

fiFw=
and the second formula is

2-B-(R+v-Tromp) N 2-forv
¢ Trgmp ¢

JiF_dn =

where, B is a frequency bandwidth of the first frequency
modulation continuous wave signal, R is a relative dis-
tance between the electronic device and the target, f.is a
carrier frequency of the first frequency modulation con-
tinuous wave signal, v is a relative speed between the
electronic device and the target, T, is a measuring
time associated with the measured values, and ¢ is the
speed of light.
2. The motion parameter estimating method according to
claim 1, wherein the first frequency modulation continuous
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wave signal comprises a first signal and a second signal, the
second frequency modulation continuous wave signal com-
prises a third signal and a fourth signal, and the step of
obtaining the first formula and the second formula according
to the first frequency modulation continuous wave signal and
the second frequency modulation continuous wave signal
comprises:

obtaining the first formula according to a relationship
between the first signal and the third signal; and

obtaining the second formula according to a relationship
between the second signal and the fourth signal.

3. The motion parameter estimating method according to
claim 1, wherein the motion parameters comprise the relative
distance and the relative speed.

4. The motion parameter estimating method according to
claim 1, wherein the frequency bandwidth is determined
based on a measuring distance resolution associated with the
relative distance.

5. The motion parameter estimating method according to
claim 1, wherein the measuring time is determined based on
a measuring speed resolution associated with the relative
speed.

6. The motion parameter estimating method according to
claim 1, wherein, after the step of estimating the motion
parameters associated with the target according to the first
formula and the second formula, the method further com-
prises:

obtaining multiple measured values corresponding to the at
least one antenna according to the motion parameters
and configuration parameters of the at least one antenna,
respectively; and

substituting the measured values into a formula to obtain an
estimated angle between a preset direction of the elec-
tronic device and the target,

wherein the formula is:

N-1 N
>0 > (= ARG 1)

=y =
1

p=—sinti 5 NN

where, § is the estimated angle, N is the number of the at least
one antenna, d is the spacing between the at least one antenna,
}.1s the wavelength of the first frequency modulation continu-
ous wave signal, r; is the i-th one of the measured values, 1, is
the j-th one of the measured values, ARG(r;* 1)) is the prin-
ciple argument of the value resulted from the Hermitian
operation of r, and .

7. The motion parameter estimating method according to
claim 6, wherein, after the step of substituting the measured
values into the formula to obtain the estimated angle between
the preset direction of the electronic device and the target, the
method further comprises:

substituting the estimated angle into a third formula to
obtain at least one angle within the scope of a field of
view of the electronic device, wherein no corresponding
angle effects occur at the at least one angle, and wherein
the third formula is:
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_1N—i
6, = sinl[sin(ﬁ) +p- (%:[NE]I VZ] j2] }

-1 j=
where,
+ 1]

V-1
iﬂ Orov
M=

where, 0,1 the field of view.

8. The motion parameter estimating method according to
claim 6, wherein, after the step of substituting the measured
values into the formula to obtain the estimated angle between
the preset direction of the electronic device and the target, the
method further comprises:

designing a first filter with a zero point outside the scope of
the field of view of the electronic device;

designing a second filter with a zero point at the estimated
angle;

calculating a first calculation value of the measured values
corresponding to the first filter;

calculating a second calculation value of the measured
values corresponding to the second filter; and

determining reliability of'the estimated angle according to
aratio between the first calculation value and the second
calculation value.

9. The motion parameter estimating method according to
claim 8, wherein the first calculation value is [w,”r]),%, where
w, comprises the coefficients of the first filter, r is a vector
comprised of the measured values, (@) is a Hermitian opera-
tor, and ||@||, is a 2-norm operator.

10. The motion parameter estimating method according to
claim 8, wherein the second calculation value is |fw,1,%,
where w, comprises the coefficients of the second filter, ris a
vector comprised of the measured values, (@) is a Hermitian
operator, and ||@®||, is a 2-norm operator.

11. An angle estimating method adapted for an electronic
device, the electronic device comprising at least one antenna,
the method comprising:

transmitting a first frequency modulation continuous wave
signal;

receiving, by each of the at least one antenna, a second
frequency modulation continuous wave signal resulted
by a target reflecting the first frequency modulation con-
tinuous wave signal;

obtaining multiple motion parameters associated with the
target according to the first frequency modulation con-
tinuous wave signal and the second frequency modula-
tion continuous wave signal;

obtaining multiple measured values corresponding to the at
least one antenna according to the motion parameters
and configuration parameters of the at least one antenna,
respectively; and

substituting the measured values into a formula to obtainan
estimated angle between a preset direction of the elec-
tronic device and the target,
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wherein the formula is:
N-1 N
D3 -0 ARG 1)
A A EL sl
$ = —sin 2nd N_IN<
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i=1 j=1

where, ¢ is the estimated angle, N is the number of the at least
one antenna, d is the spacing between the at least one antenna,
}.1s the wavelength of the first frequency modulation continu-
ous wave signal, r, is the i-th one of the measured values, r is
the j-th one of the measured values, ARG(r,* 1)) is the prin-
ciple argument of the value resulted from the Hermitian
operation of r, and .

12. The angle estimating method according to claim 11,
wherein the step of obtaining multiple motion parameters
associated with the target according to the first frequency
modulation continuous wave signal and the second frequency
modulation continuous wave signal comprises:
obtaining a first formula and a second formula according to
the second frequency modulation continuous wave sig-
nal received by each of the at least one antenna; and

estimating the multiple motion parameters associated with
the target according to the first formula and the second
formula,

wherein the first formula is

2BR 2fv

IF_up =
f - (o Tramp 4

where, B is a frequency bandwidth of the first frequency
modulation continuous wave signal, R is a relative dis-
tance between the electronic device and the target, f. is a
carrier frequency of the first frequency modulation con-
tinuous wave signal, v is a relative speed between the
electronic device and the target, T,,,,, is a measuring
time associated with the measured values, and ¢ is the
speed of light.

13. The angle estimating method according to claim 12,
wherein the first frequency modulation continuous wave sig-
nal comprises a first signal and a second signal, the second
frequency modulation continuous wave signal comprises a
third signal and a fourth signal, and the step of obtaining the
first formula and the second formula according to the first
frequency modulation continuous wave signal and the second
frequency modulation continuous wave signal comprises:

obtaining the first formula according to a relationship
between the first signal and the third signal; and

obtaining the second formula according to a relationship
between the second signal and the fourth signal.

14. The angle estimating method according to claim 12,
wherein the second formula is:

2-B-(R+v-Trqmp) 2-fo-v
+

¢ Tramp ¢

fIF,dn =
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15. The angle estimating method according to claim 12,
wherein the second formula is:

16. The angle estimating method according to claim 12,
wherein the motion parameters comprise the relative distance
and the relative speed.

17. The angle estimating method according to claim 12,
wherein the frequency bandwidth is determined based on a
measuring distance resolution associated with the relative
distance.

18. The angle estimating method according to claim 12,
wherein the measuring time is determined based on a mea-
suring speed resolution associated with the relative speed.

19. The angle estimating method according to claim 11,
wherein, after the step of substituting the measured values
into the formula to obtain the estimated angle between the
preset direction of the electronic device and the target, the
method further comprises:

substituting the estimated angle into a first formula to

obtain at least one angle within the scope of a field of
view of the electronic device, wherein no corresponding
angle effects occur at the at least one angle, wherein the
first formula is:

6 S PP A ISRy 2 )
, = sin SlM@*’P'(E;ZZ/
P

Py
+ 1]

where, 0., 1s the field of view.

20. The angle estimating method according to claim 11,
wherein, after the step of substituting the measured values
into the formula to obtain the estimated angle between the
preset direction of the electronic device and the target, the
method further comprises:

designing a first filter with a zero point outside the scope of

the field of view of the electronic device;

designing a second filter with a zero point at the estimated

angle;

calculating a first calculation value of the measured values

corresponding to the first filter;
calculating a second calculation value of the measured
values corresponding to the second filter; and

determining a reliability of the estimated angle according
to a ratio between the first calculation value and the
second calculation value.

21. The angle estimating method according to claim 20,
wherein the first calculation value is |[w,“t],%, where w,
comprises the coefficients of the first filter, r is a vector com-
prised of the measured values, (@) is a Hermitian operator,
and ||@||, is a 2-norm operator.

22. The angle estimating method according to claim 20,
wherein the second calculation value is [w,r|,>, where w,
comprises the coefficients of the second filter, r is a vector

where,

N-1

9
p=40, %1, ... ,i| | oy
4,1(/1

= || sin

)
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comprised of the measured values, (@) is a Hermitian opera-
tor, and ||@||, is a 2-norm operator.

23. A determination method adapted for an electronic
device, the electronic device comprising at least one antenna,
the method comprising:

transmitting a first frequency modulation continuous wave

signal,

receiving, by each of the at least one antenna, a second

frequency modulation continuous wave signal resulted
by atarget reflecting the first frequency modulation con-
tinuous wave signal;

obtaining multiple motion parameters associated with the

target according to the first frequency modulation con-
tinuous wave signal and the second frequency modula-
tion continuous wave signal;

obtaining multiple measured values corresponding to the at

least one antenna according to the motion parameters
and configuration parameters of the at least one antenna,
respectively; and

obtaining an estimated angle between a preset direction of

the electronic device and the target according to the
measured values;

designing a first filter with a zero point outside the scope of

the field of view of the electronic device;

designing a second filter with a zero point at the estimated

angle;

calculating a first calculation value of the measured values

corresponding to the first filter;
calculating a second calculation value of the measured
values corresponding to the second filter; and

determining a reliability of the estimated angle according
to a ratio between the first calculation value and the
second calculation value.
24. The determination method according to claim 23,
wherein the first calculation value is |jw,1,, where w,
comprises the coefficients of the first filter, r is a vector com-
prised of the measured values, (@) is a Hermitian operator,
and | @, is a 2-norm operator.
25. The determination method according to claim 23,
wherein the second calculation value is [w,™t]],%, where w,
comprises the coefficients of the second filter, r is a vector
comprised of the measured values, (@) is a Hermitian opera-
tor, and ||@||, is a 2-norm operator.
26. The determination method according to claim 23,
wherein the step of obtaining the multiple motion parameters
associated with the target according to the first frequency
modulation continuous wave signal and the second frequency
modulation continuous wave signal comprises:
obtaining a first formula and a second formula according to
the second frequency modulation continuous wave sig-
nal received by each of the at least one antenna; and

estimating the multiple motion parameters associated with
the target according to the first formula and the second
formula,

wherein the first formula is

where, B is a frequency bandwidth of the first frequency
modulation continuous wave signal, R is a relative dis-
tance between the electronic device and the target, f.is a
carrier frequency of the first frequency modulation con-
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tinuous wave signal, v is a relative speed between the
electronic device and the target, T,,,,,, is a measuring
time associated with the measured values, and c is the
speed of light.

27. The determination method according to claim 26,
wherein the first frequency modulation continuous wave sig-
nal comprises a first signal and a second signal, the second
frequency modulation continuous wave signal comprises a
third signal and a fourth signal, and the step of obtaining the
first formula and the second formula according to the first
frequency modulation continuous wave signal and the second
frequency modulation continuous wave signal comprises:

obtaining the first formula according to a relationship

between the first signal and the third signal; and
obtaining the second formula according to a relationship
between the second signal and the fourth signal.

28. The determination method according to claim 26,
wherein the second formula is

2:B-(R+v Trgmp) 2:fcrv
+ .

¢ Tramp c

fiFan =

29. The determination method according to claim 26,
wherein the second formula is:

fiF an =

30. The determination method according to claim 26,
wherein the motion parameters comprise the relative distance
and the relative speed.

31. The determination method according to claim 26,
wherein the frequency bandwidth is determined based on a
measuring distance resolution associated with the relative
distance.

32. The determination method according to claim 26,
wherein the measuring time is determined based on a mea-
suring speed resolution associated with the relative speed.

33. The determination method according to claim 23,
wherein the step of obtaining the estimated angle between a
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preset direction of the electronic device and the target accord-
ing to the measured values comprises:
substituting the measured values into a formula to obtain
the estimated angle between a preset direction of the
electronic device and the target,
wherein the formula is:

N-1 N

> D (- ARGE -ry)
” | A EL R
p=-sint 5 NN
Y7
=l =l

where, § is the estimated angle, N is the number of the at least
one antenna, d is the spacing between the at least one antenna,
}.1s the wavelength of the first frequency modulation continu-
ous wave signal, r, is the i-th one of the measured values, r, is
the j-th one of the measured values, ARG(r,*r)) is the prin-
ciple argument of the value resulted from the Hermitian
operation of r; and r;.

34. The determination method according to claim 33,
wherein, after the step of substituting the measured values
into the formula to obtain the estimated angle between the
preset direction of the electronic device and the target, the
method further comprises:

substituting the estimated angle into a first formula to

obtain at least one angle within the scope of a field of
view of the electronic device, wherein no corresponding
angle effects occur at the at least one angle, and wherein
the first formula is:

i=l j=1

6, = Sin-l[sin@ e (%)[NZl AZ jzﬂ

N-1

p=140, %1, ... ,iﬂ brov |,
i1 sin‘l(i)
= 2d

where, 0, is the field of view.
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