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(57) Abstract: A method for occupancy detection for at least one vehicle seat (31-33), using at least one transmit antenna (Tx) and
a plurality of receive antennas (Rx), comprises: - emitting (100, 200, 300) a detection signal with each transmit antenna (Tx) onto at
least one vehicle seat (31-33), which detection signal 1s a frequency-modulated continuous-wave radar signal, and receiving with each
recerve antenna (Rx) a reflected signal; - recording (105, 2035, 305) sample data representing the reflected signal, the sample data having
M channels, with A/ = N1 - N2, where N/ 1s the number of transmit antennas (Tx) and N2 1s the number of receive antennas (Rx); - for
cach channel, removing (110, 210, 310) a component from the sample data that corresponds to a reflection from a static object; and -
applying (130, 230, 330) a frequency estimation method to the sample data to at least implicitly determine at least one angle of arrival
6. corresponding to a position of an occupant (20) on a vehicle seat (31-33).
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METHOD FOR SEAT OCCUPANCY DETECTION

Technical field

[0001] The Invention generally relates to a method for occupancy detection.

Background of the Invention

[0002] Reliable occupancy detection of vehicle seats in a vehicle like a car can be
required due to a variety of reasons. Depending on the occupancy of a seat, seat
belt reminders can be triggered or the air bag function can be adapted. Occupancy
detection and classification systems known in the art are often foil-based sensors,
which are Integrated In every single seat and are adapted for detecting pressure.
More recently, occupancy detection systems have also been implemented with a
radar sensor which 1s mounted at the ceilling of the car. There are several
advantages of using radar sensors for occupancy detection. They do not require
iInstallation into the individual seat, thereby also eliminating any cables running into
the seats. This greatly simplifies interior car designs where seats can be folded
down, rotated or adjusted In a wide range. Additionally, radar sensors which
measure Doppler frequency shifts can provide information on the movement of the
target, thus enabling an inanimate object to be distinguished from a person. This
also enables detection of barely visible motion like the chest movement during
respiration. Apart from seat belt reminder functions, it i1s therefore also possible to

e.g. detect an Iinfant or newborn left behind In the vehicle and trigger an alarm.

[0003] If several seats are surveyed with a single radar system, a MIMO (muiltiple
iInput multiple output) radar system can be used, which comprises several transmit
antennas and several receive antennas. For instance, a frequency-modulated
continuous-wave (FMCW) signal is emitted by each transmit antenna and the
reflected signal Is received by each receive antenna. The data samples can be
processed by Fast Fourier Transform (FFT) to gain information on target range,
velocity and angle. Information on the angle of Incidence I1s essential for
distinguishing occupation of different seats which are disposed at a similar
distance from the radar system. However, a common MIMO system normally
comprises 4 to 6 receive antennas and up to 3 transmit antennas and reaches
only a poor angular resolution when applying standard signal processing methods

ike FFT. This does not allow for a good separation of targets especially If these
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are close together as it I1s the case for people sitting on the rear bench shoulder to

shoulder.

[0004] Another problem arises when static objects are exposed to vibrations and
other movements when the vehicle is running. Since the currently known systems
are based on differentiating between humans and inanimate objects with the help

of occupant movements, moving objects can lead to misclassifications.

Object of the invention

[0005] It 1s thus an object of the present invention to provide efficient means for

accurate radar-based occupancy detection in a vehicle.

[0006] This problem Is solved by a method according to claim 1.

General Description of the Invention

[000/] The Invention provides a method for occupancy detection for at least one
vehicle seat. The vehicle seat is normally a seat in a road vehicle like a passenger
car or a truck. It may be a rear seat or a front seat and the term “"seat” includes
separate seats as well as rear bench seats. In case of several vehicle seats, these
may be front seats and/or rear seats. According to the method it I1s at least
determined whether or not the respective vehicle seat Is occupied, either by an
object or by a person. Preferably, a person can be distinguished from an inanimate

object.

[0008] The method uses at least one transmit antenna and a plurality of receive
antennas. Each antenna may also be referred to as a radar antenna and Is
configured to emit or receive an electromagnetic signal having a radar frequency
or radio frequency. In the context of this invention a “radio frequency” may In
particular be between 300 MHz and 200 GHz. All antennas may be part of a
detection system. Without being limited to this configuration, the system may at

least partially be disposed in or underneath a ceiling of the vehicle.

[0009] It should be noted that the sequence In which the steps are mentioned
hereinafter may differ from the sequence In which they are performed. Unless
explicitly mentioned or one step requires the result of another step, the sequence

could be changed or some steps could be performed simultaneously.
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[0010] The method comprises emitting a detection signal with each transmit
antenna onto at least one vehicle seat, which detection signal I1s a frequency-
modulated continuous-wave radar signal, and receiving a reflected signal with
each recelve antenna. The detection signal I1s a frequency-modulated continuous-
wave signal, 1.e. it IS a continuous wave having a frequency that is modulated. For
INnstance, the detection signal may be chirped so that the frequency increases or
decreases over one period. It normally changes in a linear manner as a function of
time, starting from a base frequency and rising to a maximum frequency. Then, at
the start of the next period or chirp, the signal starts again at the base frequency.
The difference between the base frequency and the upper frequency Is the
pandwidth of the signal. The detection signal has a radio frequency, or more

specifically, it comprises a plurality of radio frequencies. In particular, these may
be from the W band (75 — 110 GHz).

[0011] A reflected signal Is received with each receive antenna. It Is understood
that the reflected signal is at least partially occurring in response to the detection
signal, 1.e. a portion of the detection signal Is reflected by at least one target and
received by the receive antennas. VWhile reference Is made here to "a” detection
signal and “a” response signal, this is to be understood as referring to at least one
signal, 1.e. If the antenna arrangement comprises a plurality of transmit antennas,
different detection signals could be transmitted by different transmit antennas and
generally different reflected signals can be received by different antennas. Each
transmit antenna transmits a detection signal onto at least one vehicle seat.
Normally, the method Is intended for occupancy detection on a plurality of vehicle
seats, In which case each transmit antenna transmits the detection signal onto a
plurality of vehicle seats. At least a portion of the transmit signal is either reflected

by the vehicle seat(s) or an occupant or an inanimate object placed on a seat.

[0012] Another step of the method comprises recording sample data representing
the reflected signal, the sample data having M channels, with M = N1- N2, where
N7 1s the number of transmit antennas and N2 is the number of recelve antennas.
Normally, the sample data correspond to numeric values representing an output of
a mixer which mixes the signal received at a receive antenna with the detection
signal. It I1Is understood that the sample data are recorded at a certain sample rate,

wherefore they represent the reflected signal at certain, discrete points in time.
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The sample data have a channel for each combination of a transmit antenna and a
recelve antenna. Although certain parts of the sample data can be assigned to one
of the channels, this does not imply that all sample data belonging to one channel
are stored as a single, coherent group of data in a memory. If several transmit
antennas are employed, there are also several channels for each receive antenna,
namely one for each combination of a transmit antenna with this receive antenna.
In this case, measures can be taken to ensure that only sample data
corresponding to one combination of a transmit antenna and a receive antenna
are assigned to one channel. The sample data can be visualised as a radar data
cube, where one dimension corresponds to the channel number. Another
dimension corresponds to the number of sample points during one block (e.g. one
chirp for a single transmit antenna or N7 chirps sequentially transmitted by N7
transmit antennas in case of time division multiplexing). Generally, a block
comprises one modulation period for each transmit antenna. A third dimension
corresponds to the number of blocks that have been sampled. A block Is also
referred to as “fast time”, while the total number of blocks Is referred to as “slow

time”.

[0013] Further, the method comprises, for each channel, removing a component
from the sample data that corresponds to a reflection from a static object. This
component can also be referred to as a static background, which can be
disregarded for occupancy detection, because an occupant will never be
completely motionless. The simplest way to do this would be to calculate the
average of a certain sample point (e.g. the first sample point) over all blocks and
then subtract this average from the respective sample point in all blocks. In other
words, a constant background that I1s present In all frames Is removed. More

generally, a high pass filter could be applied.

[0014] Then, a frequency estimation method Is applied to the sample data to at
least Implicitly determine at least one angle of arrival corresponding to a position of
an occupant on a vehicle seat. The angle of arrival iIs an angle with respect to the
orientation of the transmit antennas and represents at least an approximation of
the direction In which an occupant 1s located. In other words, while prior art
normally uses an FFT over the channels (also referred to as angle FFT) to

determine the angle of arrival, the present invention uses a frequency estimation
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method. At least some frequency estimation methods can also be referred to as
peamforming methods. In this context, "beamforming” only refers to signal
reception, not signal transmission. At least some of these are adaptive
beamforming methods. In general, standard beamforming in the receive channels
refers to connecting the outputs of receive antennas analoguely or digitally (with
phase shifts) In order observe only one single angle and to suppress all other
angles of arrival. FFT, which Is a frequency determination method and not a
frequency estimation method, allows to observe all angles of incidence separately
IN the digital beamforming. Although it 1s deterministically correct, it has a lower
resolution than a frequency estimation method by the same bandwidth (which only
"estimates” the frequency). As will become apparent in the following, application of
a frequency estimation method to determine at least one angle of arrival increases
the angular resolution, which is particularly advantageous if two or more reflecting
targets are relatively close together. In other words, to angles of arrival can be
distinguished and determined with increased accuracy, which enables to separate
two objects even In cases where this I1s Impossible using angle FFT. The angle of
arrival 1s determined at least implicitly, 1.e. it i1s either determined explicitly (directly)
or a quantity 1s determined from which the angle of arrival can be calculated

unambiguously.

[0015] Preferably, before applying the frequency estimation method, a range
gating Is performed for each channel. "Range gating” means that not all sample
data are taken into account, but only those corresponding to a certain range or
certain ranges. In a first step, the sample data are transformed into a range
representation. This is normally done by performing an FFT over each block of the
transmitted signal, e.g. each chirp or each sequence of chirps transmitted by
multiple transmit antennas. After the FFT, the transformed data can be stored as
data samples, each of which corresponds to a certain range or distance from the
antenna array. Then, only a portion of the sample data corresponding to a
predefined range Interval I1s considered, which range Interval includes a potential
position of an occupant. Since the occupant, if present, is seated on a seat, and
the distance of the seat does not change In the case of a rear bench, it iIs possible
to predict the distance of the occupant at least approximately. A range interval can

be defined accordingly and any sample data corresponding to a position outside
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this Interval can be disregarded. The disregarded data can be deleted or not be
stored In the first place. It Is understood that the boundaries of the range interval
depend on the position of the antennas with respect to the at least one seat. The
length of the range Interval may e.g. be between O cm and 150 cm, In particular
pbetween 30 cm and 60 cm. Normally, the range interval corresponds to a plurality

of samples, but it could also correspond to a single sample.

[0016] In general, various configurations can be used for the receiving antennas.
It IS preferred, though, that the receiving antennas are arranged as a uniform linear
array. In a linear array, the antennas are arranged along a straight line. In a
uniform linear array, the distance d between two neighboring antennas is the same
for all antennas. Although other configurations can be used Iin context with the
present invention, the use of a uniform linear array (ULA) simplifies the analysis of

the reflected signal and the application of the frequency estimation method.

[001/7] According to one embodiment, only one transmit antenna i1s employed, so
that the radar system i1s a SIMO (single input multiple output) system, alternatively
a plurality of transmit antennas can be used. Thus, the number of antennas for a
certain number of channels can be reduced. E.g. a system of 2 transmit antennas
and 4 receive antennas (total: 6 antennas) has the same number of channels as a
system of 1 transmit antenna and 8 receive antennas (total: 9 antennas). For
Instance, If a ULA of 4 recelve antennas spaced apart by a distance d is combined
with two transmit antennas spaced by a distance 4d, this gives rise to the same

phase shifts as with 1 transmit antenna and 8 receive antennas.

[0018] If several transmit antennas are useq, it is preferred that transmit signals
from different transmit antennas are separated by time division multiplexing. In
other words, only one antenna is active (1.e. sends a nonzero signal) at a time and
the antennas are active alternatingly. However, other forms of multiplexing could

also be applied, e.g. frequency division multiplexing or space division multiplexing.

[0019] Various frequency estimation methods can be applied according to the
iInvention. For instance, a Bartlett method or Bartlett beamforming could be used,
pbut other methods are preferred In order to provide better angular resolution.
According to one embodiment, the frequency estimation method i1s a Capon

method. The Capon method is also known as the Minimum Variance Distortionless
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contributed by noise and any signals coming from other directions than a scanning

angle 6, while maintaining a constant gain for the input signal. In a first step, the

Capon method comprises calculating a sample covariance matrix R with

wherein x[k] 1s an M-dimensional output vector representing the sample data In
each channel In range representation and K 1s the number of data samples
considered. As mentioned above, range gating may be applied before the
frequency estimation 1s performed, so that the number of data samples that are
considered can be smaller than the number of data samples originally recorded.
The output vector x[k] has a dimension M x 1, with M corresponding to the
number of channels. Each data sample k can be associated with a specific range.

Thus, the sum In the above equation can be regarded as a sum along a range

interval. The elements of the covariance matrix R show the correlation (or lack of

correlation) between the output In different channels.

[0020] In another step, an inverse sample covariance matrix R~! is calculated.

This Is of course the Inverse matrix of the above-mentioned sample covariance

matrix.

[0021] In yet another step, a steering vector a(8) for each of a plurality of
scanning angles 6 is generated. The steering vector a(8) of dimensions M x 1
corresponding to a scanning angle @ i1s given by a column vector and for a uniform

linear array with M elements it Is defined as

' i

i

g T ."' 'f T i ® E 3 A Pr-e 74 s mep. . .i'

A H 1)
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wherein A 1s the wavelength of the reflected signal and d Is the distance between
two recelving antennas. It 1s understood that the scanning angles may be selected

from an Interval that comprises all possible positions of an occupant while
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excluding angles were no occupant can be expected. It will be understood that the
above definition of the steering vector is valid for a SIMO ULA with M receive
antennas as well as fora MIMO ULA with M = N1- N2 channels.

[0022] When the covariance matrix and the steering vector have been

determined, a Capon power spectrum Pc,,(8) Is calculated with

. ' e K
.
> o oy
¥
e
.

The at least one angle of arrival 8, can then be deduced by examining the peaks

of the Capon power spectrum P¢,, (). It can be shown that the angular resolution

can be significantly improved with the Capon method with respect to e.g. the
Bartlett method.

[0023] According to another embodiment, the frequency estimation method Is a
MUSIC (multiple signal classification) method. It uses the orthogonality of the

underlying signal and noise subspaces to estimate the angle of arrival. The

sample covariance matrix R can be divided into a signal subspace and a noise

subspace by eigendecomposition. In a first step, this method also comprises

calculating the sample covariance matrix R as described above with respect to the
Capon method. However, the inverse sample covariance matrix is not needed In

this case.

[0024] Instead, the eigenvalues and eigenvectors of the sample covariance

matrix R are calculated. Suitable numerical methods for determining eigenvalues

and eigenvectors of a matrix are known In the art and therefore will not be

discussed here. Assuming that all columns of R are linearly independent, there will
be M eigenvectors with corresponding eigenvalues, some of which eigenvalues

could possibly be identical.

[0025] Then, the eigenvalues are sorted In descending order and, with D being a
number of targets, M-D smallest eigenvalues and corresponding eigenvectors are
selected to determine a noise subspace G. In other words, the M-D eigenvectors
with the smallest eigenvalues span the noise subspace G. The remaining D

elgenvectors span a signal subspace.
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[0026] Further steps depend on the type of MUSIC method that is employed.
According to one embodiment, which can be referred to as a spectral MUSIC
method, the method further comprises, after determining the noise subspace,

generating a steering vector a(8) for each of a plurality of scanning angles 6.

These terms have already been explained above with reference to the Capon

method.

[0027] Then, a MUSIC power spectrum Pyys;0(08) 1S calculated with

The at least one angle of arrival 8; can then be deduced by examining the peaks
of the MUSIC power spectrum Pyugc(8). In general, the angular resolution can

still be Improved compared to the Capon method.

[0028] A different embodiment can be referred to as a root-MUSIC method. Here,
the method comprises, after determining the noise subspace, calculating the roots

z; of a root-MUSIC polynomial J(z) with

0
Z
Herein, p(z) = l : ] “i.e. it is a column vector with elements 1,z,---,z"~1 and
M-1
VA

each root z; corresponds to an angle of arrival ;. Algorithms for determining the
roots (1.e. the zeros) of a polynomial are known In the art and therefore will not be

discussed here.

[0029] When the roots have been determined, an angle of arrival 8, can be
(explicitly) determined for at least one root z;, normally for a plurality of roots or

even for all roots. For a linear uniform array, the angle of arrival 8; 1s determined

dS
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wherein A 1s the wavelength of the reflected signal and d Is the distance between
two receiving antennas. Some of the roots, however, can be disregarded as will be

explained below.

[0030] According to one embodiment, only D roots z; located inside a unit circle In
the complex plane and closest to the unit circle are considered. In other words,
only roots with an absolute value |z;| < 1 are considered and among these only D
roots (corresponding to the number of targets) with the largest absolute values are
used. Generally, J(z) is a polynomial with an order of 2(M -1). The roots occur In
mirrored pairs in relation to the unit circle. Of the M-1 roots within the unit circle,
exactly D closest to the unit circle are selected. ldeally, in absence of noise, the

roots would lie exactly on the unit circle.

[0031] In order to facilitate detection of an occupant, further information about the
possible positions of an occupant can be used to exclude certain roots. For each
vehicle seat, an angle interval can be defined and only roots z; corresponding to
an angle of arrival 8; within an angle interval can be considered. Each angle
Interval and has a lower [Imit and an upper limit. For example, for the three seats
of a rear bench, the angle intervals could be [-75%; -18°], [-12°; 12°] and [18°; 793].
Any angle of arrival 8; outside any of these Intervals can be discarded as not
representing an occupant. Accordingly, any root z; that corresponds to such an

angle of arrival does not need to be taken into account.

[0032] As mentioned above, In the absence of noise the roots would lie exactly
on the unit circle. Even when noise Is present, the roots that are closest to the unit
circle have the highest probability of representing an occupant. Apart from simply
choosing D roots z; closest to the unit circle, irrespective of how close they are to
the unit circle, a lower boundary for the absolute value of the roots can be defined.
According to such an embodiment, an inner circle having a radius of less than 1 Is
defined and only roots z; outside the Inner circle and inside the unit circle are

considered. The radius of the Inner circle may be e.g. between 0.5 and 0.8, or
between 0.65 and 0.75.
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[0033] As mentioned above with respect to range gating, the number of samples
used for the covariance matrix can be reduced, even significantly. This mostly

applies for the various MUSIC methods described above. It is even possible that

-

between 1 and 5 samples are considered for calculating the covariance matrix R,
wherein each sample represents a range value In range representation. In the
extreme case of only one sample, the range interval has effectively been reduced
to a single range value. However, If this range value Is chosen properly, and
effective determination of an angle of arrival 1s possible. The single sample should
correspond to a range value that Is characteristic for an occupant, but e.g. non-
characteristic for the vehicle seat itself or a small object like a bag placed on the

vehicle seat.

[0034] The detection of an occupant 1s usually performed framewise, 1.e. for each
frame of a measurement, wherein each frame comprises a plurality of blocks.
Each block In turn corresponds to at least one modulation period (normally one for
each transmit antenna). Depending on various factors, an accurate detection of an
occupant Is normally not possible for each frame of the sample data. However, it Is
reasonable to assume that an occupant will be detected In a relatively high
number of frames, while false detections occur In a lower number of frames.
According to one embodiment of the method, for each seat, an associated area In
the complex plane Is defined and for each frame, which corresponds to a plurality
of modulation periods of the detection signal, a counter for this associated area Is
Increased If at least one root z; 1s located In this associated area and decreased If
there Is no root z; In this associated area and the seat Is identified as occupied If
the counter exceeds a predefined threshold. The associated area in the complex
plane may be defined using the above-mentioned angle Interval (which
corresponds to a normally different angle interval in the complex plane) and the
above-mentioned Inner circle and unity circle. For each frame, the roots inside
each associated area are counted. If the number of roots Iin an associated area Is
nonzero, the counter for this seat Is Increased, e.g. by the number of roots. If the
number of routes In an associated area I1s O, the counter for this seat I1s decreased,
e.g. by 1. The counter can be checked after each frame or when all frames have

been processed. If the counter for one seat has exceeded a predefined threshold,
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the seat Is identified as occupied. If the counter Is below this threshold after all

frames have been processed, the seat Is identified as empty.

Brief Description of the Drawings

[0035] Further details and advantages of the present invention will be apparent

from the following detailed description of not limiting embodiments with reference

to the attached drawing, wherein:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1

10

11

12

13

IS @ schematic front view of a vehicle interior with a system for performing

embodiments of the inventive method for occupancy detection;

IS a schematic representation of two possible antenna arrays for the

system from fig. 1;

shows a time evolution of the frequency of a detection signal from the

antenna array from fig. 2;
llustrates the construction of a radar data cube;

IS a first comparative diagram of power spectra derived from different

methods according to the invention;

IS a second comparative diagram of power spectra derived from different

methods according to the invention;

IS a first diagram showing positions of roots of a MUSIC polynomial in the

complex plane;
IS a first diagram showing associated areas in the complex plane;
IS a second diagram showing associated areas In the complex plane;

IS a diagram corresponding to fig. 9 which also shows positions of roots

of a MUSIC polynomial;
IS dilagram showing a power spectrum as a function of range;

IS a diagram showing a power spectrum derived from a method

according to the invention;

IS @ never diagram showing associated areas and positions of roots of a

MUSIC polynomial in the complex plane;



WO 2021/122603 PCT/EP2020/086227
13

Fig. 14 Is a third comparative diagram of power spectra derived from different

methods according to the invention;

Fig. 15 Is a flowchart illustrating a first embodiment of a method according to the

iInvention;

Fig. 16 Is a flowchart illustrating a second embodiment of a method according to

the Invention; and

Fig. 17 1s a flowchart illustrating a third embodiment of a method according to the

Invention.

Description of Preferred Embodiments

[0036] Figs.1 schematically shows the interior of the vehicle 30 with a rear bench
comprising a left seat 31, a middle seat 32 and a right seat 33. A system 1 for
occupancy detection I1s Installed In a celling above the rear seat region of the
venicle 30. It can e.g. be mounted behind the headliner in order to Hlluminate all
rear seats 31, 32, 33 In the best possible way. The system 1 i1s adapted for
occupancy detection, which may also include detection of unattended children that

are left behind in the vehicle 30.

[0037] Fig. 2 schematically shows two versions of an antenna array that can be
employed In the system 1. In each case, a plurality of receive antennas Rx are
arranged as a uniform linear array (ULA) with a distance d between two receive
antennas Rx. According to a first option, shown under letter a), the antenna array
and is a SIMO system with a single transmit antenna Tx and eight receive

antennas Rx. According to a second option, shown under letter b), the antenna

array 1s a MIMO system with two transmit antennas Tx separated by a distance 4d
and four receive antennas Rx. As illustrated in fig. 2, in each case, eight different

relative phase shifts from 0 to 7o occur between the transmit antenna(s) Tx and

the receive antennas Rx, with o = 4d-sin6. Each combination of a recelve antenna

Rx and a transmit antenna Tx corresponds to one (virtual) channel. The system 1

IS configured to transmit an FMCW radar signal, which is herein referred to as a

detection signal. If the MIMO configuration is used, it is important that the receive
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Each of the transmit antennas Ix generates a series of alternating chirps, 1.e.
when one transmit antenna Tx generates a chirp, the other transmit antenna Ix is
inactive. A pair of chirps forms a block of the transmit signal, and a frame
comprises a plurality of blocks (e.g. 16 blocks, 1.e. 16 chirps from each transmit
antenna). During operation, a series of frames are emitted. In this example, the

operating frequency is from 79 GHz to 109 GHz, corresponding to a base
wavelength A of 3.8 mm. The frequency slope of each chirp is 70 MHz/us. The
period of a frame 1s 62.5ms, corresponding to 16 frames/sec. The distance dis 1.9
mm (1.e. 4/2).

[0038] The detection signal 1s at least partially reflected by the interior of the
vehicle 30 and, apart from the vehicle seats 31, 32, 33, it may be reflected in by an
occupant 20 or an In animate object like a backpack 21 disposed on one of the
vehicle seats 31, 32, 33. At least a portion of the reflected signal is received by the
receive antennas Rx. This Is recorded as sample data, the structure of which may
be Illustrated In form of a radar data cube and as shown In fig. 4. The radar data
cube Intuitively illustrates the processing data of the radar. It can be described as
a three-dimensional arrangement of sample bins. One dimension of the cube
corresponds to a number M of channels, In this case M=8. A second dimension
corresponds to the number K of data samples (or data snapshots) recorded during
one block of the signal, In this case K=256. The third dimension corresponds to
total number of blocks of the recording. One could also say that the second
dimension corresponds to fast time, while the third dimension corresponds to slow
time. During the transmission of two chirps, one column of the cube is filled for all
M channels. Over the duration of one frame, the remaining columns are filled. It is
possible, though, that the recording comprises a plurality of frames, each of which

comprises a certain number of blocks.

[0039] Performing an FFT over all channels would result in an angle information
of the scene (Angle FFT). This iIs normally done according to prior art, but yields
unsatisfactory angular resolution. Performing an FFT over all columns
(corresponding to slow time) would yield velocity information (Doppler FFT).

Performing an FFT over a single column yields range information (Range FFT).

[0040] Embodiments of the iInventive method will now be explained with reference

to the flowcharts In fig. 15 to 17. It should be noted that the sequence of the steps
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IN each flowchart could be changed or that some steps that are shown to happen

sequentially could be performed simultaneously.

[0041] According to a first embodiment, which I1s explained with reference to the
flowchart In fig. 15, a Capon method (also known as the Minimum Variance
Distortionless Response (MVDR) algorithm) i1s used. In a first step, at 100, the
detection signal 1s emitted and the reflected signal is received. At 105, the sample
data Is recorded. Then, at 110, a portion of the sample data corresponding to
reflections by static objects Is removed. This may be done by taking the average of
a specific sample bin (e.g. the first sample bin In each column) over all columns
and subtracting this average from every sample bin. At 115, a range FFT Is

performed to transfer the sample data into range representation.

[0042] At 120, a range gating Is performed, which means that all sample data not
corresponding to a certain range interval are discarded. The reason for this can be

seen In fig. 11, which illustrates a typical power spectrum of the reflected signal In

from 30cm to 110cm, wherefore the range interval may be chosen accordingly.

Also, In this example, any object further away than 110 cm would be located inside

number of (relevant) sample bins in each column, e.g. from 256 to 21.

[0043] Afterwards, the Capon method is performed (at 130). At 135, a sample

covariance matrix R is calculated as:
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wherein x[k] I1Is an M-dimensional output vector representing the sample data In
each channel In range representation and K 1s the number of data samples

considered (e.g. K=21 after range gating). At 140, an inverse sample covariance

matrix R~1 is calculated.

Then, at 145, a steering vector a(8) for each of a plurality of scanning angles 6 Is
generated. The steering vector a(0) corresponding to a scanning angle @ is given

by a column vector and for a uniform linear array with M channels it is defined as



WO 2021/122603 PCT/EP2020/086227

A el M — E;&gﬁ iad f%ﬁ@

;é RNV N??WM”"?W

" Wffers:

wherein A 1s the wavelength of the reflected signal and d Is the distance between

two recelving antennas.

[0044] When the covariance matrix and the steering vector have been

determined, a Capon power spectrum Pc,,(8) is calculated (at 150) with

*Cm{ﬁ}

Then, at 155, at least one angle of arrival 8; can be determined by examining the

peaks of the Capon power spectrum P¢,,(0). In fig. 5 and fig. 6, which respectively

show the power spectrum for the Bartlett method and the Capon method, it can be
seen that the latter shows an improved signal-to-noise ratio. Also, In fig. 5, which
represents a simulation based on two targets disposed at 0° and 10°, respectively,
the Bartlett method is unable to resolve two separate peaks, while the Capon
method shows these peaks clearly. In fig. 6, which represents the situation
llustrated in fig. 1 with the occupant 20 on the left seat 31 and the backpack 21 on
the right seat 33, the peak resulting from the backpack 21 at around 25° has about
half the height of the peak from the occupant 20 at about -15°. With the Bartlett
method, the respective peaks have a similar height, making it nearly impossible to

distinguish between an occupant 20 and an inanimate object 21.

[0045] According to another embodiment, which will nhow be explained with
reference to fig. 16, a MUSIC (multiple signal classification) method is employed.
In a first step, at 200, the detection signal Is emitted and the reflected signal Is
received. At 205, the sample data are recorded. Then, at 210, a portion of the
sample data corresponding to reflections by static objects Is removed. At 215, a
range FFT 1s performed to transfer the sample data into range representation. At

220, range gating Is performed.
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[0046] At 230, the MUSIC method starts. At 235, the sample covariance matrix R

IS calculated as described above with respect to the Capon method. At 240, the
eigenvalues and eigenvectors of the sample covariance matrix R are calculated.
Assuming that all columns of Rare linearly independent, there will be M

eigenvectors with corresponding eigenvalues, some of which eigenvalues could

possibly be identical.

[004/] Then, at 245, the eigenvalues are sorted In descending order and the
eigenvectors are adjusted. With D being a number of targets, M-D smallest

eigenvalues and corresponding eigenvectors are selected to determine a noise
subspace G (at 250). At 255, the product GG is calculated.

[0048] At 260, a steering vector a(8) for each of a plurality of scanning angles 6

IS generated as explained above with reference to the Capon method. Then, at

265, a MUSIC power spectrum Pyy50(0) Is calculated with

a (B)a(6)
(0)GGH a(f)

Puusic(f) = —5

If a(8) 1s normalized, this can be simplified as:

[0049] At 270, at least one angle of arrival 8; can be deduced by examining the
peaks of the MUSIC power spectrum Pyysic(8). As can be seen from both fig. 5
and 6, results can still be improved compared to the Capon method. In the
scenario of fig. 5, the signal-to-noise ratio Is improved by about 1/ dB as
compared to Capon. The two peaks are more clearly separable. In fig. 6, a single
peak (at -15°) representing the occupant 20 i1Is much more pronounced than in the
Capon power spectrum, with a side peak at about -40° being reduced and the
peak at about 25° corresponding to the backpack 21 being even lower. It should
be noted that the diagram In fig.6 corresponds to a variant where no range gating
has been performed as indicated by the dotted arrow In fig. 15-17, I.e. steps 120
and 220, respectively, have been omitted. Fig.12 shows a MUSIC power spectrum

Puvusic(€) where range gating has been performed. Although the difference
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between the main peak at -15° and the side peak at -40° is not as pronounced as

IN f1g.6, the peak corresponding to the backpack 21 has almost disappeared.

[0050] According to a third embodiment, which will be described with reference to
flg. 17, a different method is used which can be referred to as a root-MUSIC
method, which starts at 330. The steps 300 to 355 are identical to the steps 200 to
255 described above. After determining the noise subspace, the roots z; of a root-
MUSIC polynomial J(z) with

are determined at 360, where p(z) =

M-1

] . F1g. 7 1s a diagram Illustrating the
Z

positions of the roots z; In relation to a unit circle C1 Iin the complex plane.
Generally, the polynomial J(z) has a total of 2(M-7) roots, i.e. in this case 14 roots
z; . As can be seen In fig. 7, the roots occur pairwise with 7 roots z; inside the unit
circle C1 and 7 roots z; outside the unit circle C1. At 365, the M-1 roots z; inside
the unit circle are selected. Furthermore, at 370, an inner radius for an inner circle
C2 is defined. This inner radius is smaller than 1 and may e.g. be 0.7. Also, an
angle Interval Is defined for each of the seats 31, 32, 33. For example, the angle
iIntervals could be [-75°; -18%] for the left seat 31, [-12°; 12°] for the middle seat 32
and [18°; /5] for the right seat 33. With the boundaries defined by the unit circle
C1, the inner circle C2 and the angle intervals, an associated area A1, A2, A3 can
be defined for each of the vehicle seat 31, 32, 33, as Illustrated In fig. 9. In a
simpler version of the method, the inner circle C2 could be omitted as a criterion,
as lllustrated in fig. 8. Now, at 375, only roots z; inside the respective associated
area A1, A2, A3 are considered. In the example Illustrated in fig. 13, two roots z,,
z= are located in the associated area A1 of the left seat 31. Therefore, a counter of
pbuffer for the left seat 31 Is Increased by 2. In corresponding buffers for the middle
seat 32 and the right seat 33 are decreased by 1, because no roots are located In
their respective associated area A2, A3. At 380, each buffer Is compared to a
threshold, In this case 40, and when the threshold Is exceeded, the corresponding
seat 31, 32, 33 Is considered occupled. In this case, some safety-relevant system

like a seatbelt reminder for the respective seat 31, 32, 33 can be triggered.
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[0051] When the roots z; In have been determined, an angle of arrival 8, can also

be determined explicitly for each root z;, as
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[0052] Fi1g. 13 and 14 refer to an embodiment where the range gating has been
restricted so that only a single sample, corresponding to a single range value, has
been used. In this case, the sample corresponds to a range value of /0 cm. As
can be seen In fig. 13, using the root-MUSIC method, the occupant 20 can be
successfully 1dentified by the two roots z,, z- that are located In the associated
area A1 of the left seat 31. Using the spectral MUSIC method, the result of which
IS shown as the black line in fig.14, a single peak can be identified at -15°, leading
to a successful identification of the occupant 20. Using a single sample for the
Capon method, on the other hand, yields a power spectrum that does not allow for
any identification, as shown by the grey line In fig.14. The spectrum contains a
large number of peaks which are spread over the entire angle range. The reason

for this can be seen in that the Capon method requires calculation of the inverse
covariance matrix R to calculate the spectrum. With a single sample, however, the
columns of the covariance matrix R become correlated. wherefore the inverse
covariance matrix R~ cannot be successfully calculated. Accordingly, the Capon

algorithm cannot be used if the columns of the covariance matrix R are correlated.
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List of Reference Symbols

1 system
20 occupant
2 pbackpack
30 vehicle
31, 32, 33 seat

A1-A3 assoclated area
C1 unit circle
C2 inner circle
RX recelve antenna
TX transmit antenna

Z root
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Claims

1. A method for occupancy detection for at least one vehicle seat (31-33), using
at least one transmit antenna (Ix) and a plurality of receive antennas (Rx), the

method comprising:

S - emitting (100, 200, 300) a detection signal with each transmit antenna (1Tx)
onto at least one vehicle seat (31-33), which detection signal I1s a
frequency-modulated continuous-wave radar signal, and receiving with
each recelve antenna (Rx) a reflected signal;

- recording (105, 205, 305) sample data representing the reflected signal, the
10 sample data having M channels, with M = N1- N2, where N7 Is the number
of transmit antennas (Tx) and N2 is the number of recelve antennas (Rx);
- for each channel, removing (110, 210, 310) a component from the sample
data that corresponds to a reflection from a static object; ana
- applying (130, 230, 330) a frequency estimation method to the sample data
15 to at least implicitly determine at least one angle of arrival 8; corresponding
to a position of an occupant (20) on a vehicle seat (31-33).
characterized in that the frequency estimation method is a MUSIC method and

COMPrises:

- calculating (235, 335) the sample covariance matrix R

20 - calculating (240, 340) the eigenvalues and eigenvectors of the sample

covariance matrix R ;

- sorting (245, 345) the eigenvalues In descending order and, with D being a
number of targets, selecting M-D smallest eigenvalues and corresponding
elgenvectors to determine (250, 350) a noise subspace G; and

25 - calculating (360) the roots z; of a root-MUSIC polynomial J(z) with
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wherein p(z) = I ] and each root z; corresponds to an angle of arrival
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A method according to claim 1, characterised Iin that only D roots z; located
inside a unit circle (C1) in the complex plane and closest to the unit circle (C1)

are considered (369).

A method according to claim 1 or 2, characterised In that for each vehicle seat
(31-33), an angle interval Is defined and only roots z; corresponding to an

angle of arrival 8;within an angle interval are considered.

A method according to any of claims 1 to 3, characterised In that an inner
circle (C2) having a radius of less than 1 is defined (370) and only roots z;

outside the inner circle (C2) and inside the unit circle (C1) are considered.

A method according to any of claims 1 to 4, characterised In that for

calculating the covariance matrix R between 1 and 5 samples are considered.

A method according to any of claims 1 to 5, characterised in that for each seat
(31-33), an associated area (A1-A3) In the complex plane Is defined (370) and
for each frame, which corresponds to a plurality of modulation periods of the
detection signal, a counter for this associated area (A1-A3) Is Increased (37/9)
If at least one root z; Is located In this associated area (A1-A3) and decreased
If there 1s no root z; In this associated area (A1-A3) and the seat (31-33) Is

iIdentifled (380) as occupled If the counter exceeds a predefined threshold.

A method according to any one of the preceding claims, characterised Iin t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>