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Vehicle Interior.

A polarimetric radar system (10) for detecting and
classifying objects (66) positioned in an interior (68)
comprises a radar transmitter unit (12) for transmitting
radar waves of at least two different polarizations, a radar

receiving unit (22) for receiving radar waves of at least two

different polarizations, a radar signal generating unit (32)
for generating and providing radar waves to be
transmitted by the at least one radar transmitter unit (12),
a signal processing circuitry (38) for processing the
generated radar waves to be transmitted and the received
radar waves and a ssignal evaluation unit (56). The signal
evaluation unit (56) is configured to receive processed
signals from the signal processing circuitry (38), to
estimate values for a set of predetermined object
parameters on the basis of the received processed signals,
and to select an object classification from a plurality of
predetermined object classifications upon detecting a
match of the estimated values for the set of object
parameters with one out of a plurality of predetermined
sets of object parameters.
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Polarimetric Radar System and Method for Detecting and Classifying
Vehicle Occupants and Other Objects in a Vehicle Interior

Technical field

[0001] The invention relates to a polarimetric radar system for detecting and
classifying objects positioned in a vehicle interior, a method for classifying at least
one object positioned in a vehicle interior by using such polarimetric radar system,

and a software module for controlling automatic execution of the method.

Background of the Invention

[0002] Vehicle interior occupant sensing technologies are nowadays widely used,
for instance for detection of left-behind pets and/or children, vital sign monitoring,
vehicle seat occupancy detection for seat belt reminder (SBR) systems, or anti-

theft alarm.

[0003] An example for employing an optically based sensing technology is
disclosed in patent US 7,983,817 B2, which describes an arrangement and a
method for obtaining information about a vehicle occupant in a compartment of the
vehicle in which a light source is mounted in the vehicle. Structured light, for
instance formed by a pattern of infrared beams or formed by polarizing the rays of
light from the light source, is projected into an area of interest in the compartment.
The structured light originating from the light source and being reflected is
detected at an image sensor at a position different than the position from which the
structured light is projected. The reflected light is analyzed relative to the projected
structured light to obtain information about the area of interest. The structured light
is designed to appear as if it comes from a source of light (virtual or actual) which
is at a position different than the position of the image sensor. A classification is
described to be executed by a neural network using a pattern recognition
algorithm, and is thus based on a 3D profile of the vehicle occupant. Classification
is described to be more difficult under ambient light condition because the
background is illuminated by sunlight, and sometimes the bright sunlight projects
sharp shadows onto the seat, which creates pattern in feature vectors used for

pattern recognition.
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[0004] Patent application publication US 2012/0232749 A1 describes a system
for providing remote notice that a child is in a car seat. The system comprises a
child detector, for example a pressure sensor, placed in a vehicle, the child
detector detecting the presence of a child in a vehicle; a motion sensor, the motion
sensor detecting that the vehicle is in motion; a computer processor obtaining the
output of the child detector and the motion sensor and determining if a child is in
the vehicle when the vehicle is not in motion; and a communication device for
transmitting the determination of the processor {o a receiver, the receiver
displaying to a user a result of the determination. One child detector is required for

each seat.

[0005] International application WO 2015/140333 A1 describes a method and
system for ascertaining whether an unattended child is present within an
automotive vehicle. The method uses a radar sensor system comprising a
fransmitter, and at least one sensor and processing circuitry. The method
comprises: illuminating at least one occupiable position within the vehicle with
radiation, the radiation exhibiting multiple frequencies; generating radar sensor
signals from radiation reflected as a result of the transmitted radiation, a plurality of
the radar sensor signals corresponding to different frequencies; operating the
processing circuitry for generating, based on the radar sensor signals, a first
indicator value, the first indicator value indicating a degree of motion associated
with the occupiable position; determining whether the first indicator value satisfies
a first predetermined criteria; if the first indicator value satisfies the first
predetermined criteria, generating, based on radar sensor signals, a second
indicator value, the second indicator value indicating a degree of repetitive pattern
within the radar sensor signals; and determining that an unattended child is
present within the automotive vehicle if the second indicator value satisfies a

second predetermined criteria.

Description of the Invention

[0006] Radar polarimetry deals with measuring the polarization state of a radar
frequency electromagnetic wave when the electromagnetic wave is re-polarized
after it hits a radar target or a scattering surface, and is reflected. In radar
polarimetry, the polarization state of radar waves under scattering conditions is

usually described by formalisms including complex matrices.
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[0007] Formally, the incident radar wave can be described by a two-component

vector, wherein the vector components represent complex electric fields in a
horizontal (E‘h) and a vertical direction (E'V) respectively. The reflected or
scattered radar wave can be described by another two-component vector with

vector components representing complex electric fields in the horizontal (E:) and
the vertical direction (Ej), In this formalism, each scattering object is considered a
polarization transformer, and the transformation from a transmitted wave vector to
a received wave vector can be described as applying a matrix called scattering
matrix to the vector representing the incident radar wave.

I—EZ} _ [Sh}z'shv] ) [E,:}

e LS8, ) L
[0008] The diagonal matrix elements are usually called copolarized, the non-
diagonal elements are called cross-polarized. This matrix contains all the
information about the scattering process and the scatterer itself. Elements of the
scattering matrix or an equivalent matrix, for instance the known Covariance
matrix and the Coherency matrix, are observable power terms. Different relevant
matrix formalisms exist and are used in radar polarimetry, such as Jones Matrix,
S-matrix, Muller M-matrix and Kennaugh K-matrix. By measuring the scattering
matrix or an equivalent, the strength and polarization of the scattered radar wave
for an arbitrary polarization of the incident wave can be computed.

[0009] An outline of mathematical methods of treating scattering matrices and of
extracting the information contained in a measured scattering matrix of observed
power terms can be found, for instance, in Wolfgang-Martin Boerner, “Basic
Concepts in Radar Polarimetry”, PolSARpro v3.0 - Lecture Notes (available at
http://earth.esa.int/landtraining07/polsar_basic_ concepts.pdf). This document
shall hereby be incorporated by reference in its entirety with effect for the
jurisdictions permitting incorporation by reference.

Object of the invention

[0010] Itis an object of the invention to provide a radar system that is capable of

reliably and effectively detecting and classifying objects (human beings, animals,
inanimate objects) positioned in an interior of a vehicle, generating a low number
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of false positive or false negative classifications on any alleged presence of an

object in the interior of the vehicle.

General Description of the Invention

[0011] In one aspect of the present invention, the object is achieved by a
polarimetric radar system that is configured for detecting and classifying objects

positioned in an interior of a vehicle.

[0012] The phrase “being configured 10", as used in this application, shall in
particular be understood as being specifically programmed, laid out, furnished or
arranged. The term “vehicle”, as used in this application, shall particularly be

understood to encompass passenger cars, trucks and buses.

[0013] The polarimetric radar system comprises at least one radar transmitter
unit, at least one radar receiving unit, a radar signal generating unit, a signal

processing circuitry and a signal evaluation unit.

[0014] The at least one radar transmitter unit is configured for transmitting radar
waves of at least two different polarizations. The at least one radar receiving unit is
configured for receiving radar waves of at least two different polarizations. The
radar signal generating unit is configured to generate and to provide radar waves
to be transmitted by the at least one radar transmitter unit. The signal processing
circuitry is configured for processing the generated radar waves to be transmitted
and the received radar waves. The signal evaluation unit is configured to receive
processed signals from the signal processing circuitry and to estimate values for a
set of predetermined object parameters on the basis of the received processed
signals. The signal evaluation unit is further configured to select an object
classification that corresponds to a specific predetermined set of obiject
parameters out of a plurality of predetermined sets of object parameters from a
plurality of predetermined object classifications upon detecting a match of the
estimated values for the set of object parameters with the specific predetermined

set of object parameters.

[0015] Moreover, the signal evaluation unit is configured to provide an information

that is indicative of the at least one classified object.
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[0016] The term “received radar waves’, as used in this application, shall
particularly be understood as radar waves that are generated from transmitted
radar waves by being reflected or scattered by objects located in the interior of the
vehicle. This can, for instance, be ensured by an appropriate arrangement of the
at least one radar transmitter unit and the at least one radar receiving unit within

the interior of the vehicle.

[0017] The term “object parameter”, as used in this application, shall particularly
be understood as a parameter that is characteristic for a specific object, and by
that, can serve to distinguish the specific object from other objects. Examples of
object parameters include, but are not limited to, size, distance, position with
respect to vehicle interior, mutual position between at least two objects, relative
velocity, vital signs (breathing, heart rate etc.), and electric properties such as e.g.
permittivity.

[0018] The transmitted radar waves are understood to be transmitted to at least
partially cover the interior of the vehicle, where abjects under consideration are to

be expected.

[0018] In this way, a radar system for automotive applications with a low number
of false negative classification results and a low number of false positive

classification results can be provided.

[0020] The information that is indicative of the at least one classified object can
be provided to an electronic control of the vehicle and/or to a call center and/or to
a central emergency center and/or to a remote telecommunication means, such as
a smartphone, wherein the term “remote telecommunication means”, as used in
this application, shall in particular encompass any telecommunication means that
is located outside the interior of the vehicle.

[0021] The provision of the classification information can depend on a fulfillment

of one or more predetermined conditions.
[0022] The classifying may comprise a group of classes that includes, but is not
limited to, “child”, “adulf’, “pet” and “inanimale object’.

[0023] Preferably, a predetermined set of object parameters comprises a
predetermined range for each parameter of the set of object parameters. The term
“match”, as used in this application, shall particularly be understood such that each
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estimated value for an object parameter of the set of predetermined object
parameters shall lie within the predetermined range for the parameter, for all

parameters of the set of object parameters.

[0024] Also preferably, the at least one radar fransmitter unit is capable of

providing continuous-wave (CW) radar energy.

[0025] In preferred embadiments, the polarimetric radar system further comprises
modulation means for generating frequency-modulated (FM) radar waves {more
preferred: frequency-modulated continuous-wave (FMCW)) to be transmitted by
the at least one radar transmitter unit, and moreover comprises demodulation

means for demodulating the received radar waves.

[0026] By that, absolute velocity and distance can be added as characteristic and
important object parameters to the set of object parameters, thus facilitating

improved classifying performance.

[0027] Preferably, the generated frequency-modulated radar waves to be
transmitied are modulated linear in time. The radar frequency of the at least one
radar transmitter unit may, for instance, slew up or down as a sawtooth wave or a

triangle wave.

[0028] In some embodiments of the polarimetric radar system, the signal
evaluation unit includes a microcontroller having at least one processor unit and at
least one digital data memory unit to which the processor unit has data access. In
this way, an automated measurement procedure of classifying objects ahead of a
vehicle with the polarimetric radar system can be enabled.

[0029] A fast and undisturbed digital signal processing can be accomplished if the
microcontroller further includes analog-to-digital converters that are electrically
connected to the radar receiving unif. Such equipped microcontrollers are

commercially available nowadays in many variations and at econamic prices.

[0030] In some embodiments of the polarimetric radar system, the at least one
radar transmitter unit comprises at least one transmilting antenna that is
arrangeable in the interior of the vehicle, and the at least one radar receiving unit
comprises at least one receiving antenna that is arrangeable in the interior of the
vehicle. In this way, transmission of radar waves towards objects that are

potentially located in the interior of the vehicle and receiving radar waves that are
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generated from transmitted radar waves by being reflected or scattered by such

objects can readily be accomplished.

[0031] Preferably, the at least one fransmitting antenna and the at least one
receiving antenna are arranged apart from each other in a spaced manner (bi-
static arrangement), but a mono-static arrangement, in which the at least one
transmitting antenna and the at least one receiving antenna are located nearby is

also contemplated.

[0032] Preferably, the signal evaluation unit is configured to select an object
classification from a plurality of predetermined object classifications in real time.
The phrase “in real time”, as used in this application, shall particularly be
understood as a response within specified and predetermined fime constraints,
which are appropriate for the specific application, such that an optimized reaction,
for instance by the electronic control unit of the vehicle or by an emergency team

can be facilitated.

[0033] In some embodiments of the polarimetric radar system, the at least one
radar transmitter unit comprises a plurality of transmitting antennas and/or the at
least one radar receiving unit comprises a plurality of receiving antennas. In this
way, shadow effects with regard to transmitting radar waves towards objects that
are potentially located in the interior of the vehicle and with regard to receiving
radar waves that are generated from transmitted radar waves by being reflected or

scattered by such objects can be avoided.

[0034] In some embodiments of the polarimetric radar systems, wherein the at
least one radar fransmitter unit comprises a plurality of transmitting antennas
and/or the at least one radar receiving unit comprises a plurality of receiving
antennas, at least one of the plurality of transmitting and the plurality of receiving

antennas is formed as a phased-array of antennas.

[0035] This allows for applying one of the commonly known digital beam forming
techniques to enable distinguishing of and classifying more than one object within
the interior of the vehicle. In a suitable embodiment of the polarimetric radar
system, the phased-array of antennas can be used in combination with an
appropriate digital beam forming technique to generate a real-time image of the

copolarized ratio of the received radar power (copolarized: transmitted and

93324



P-IEE-456/LU 8

received polarizations are the same) derived from the measurement of the radar

waves reflected or scattered by an object, of a footprint in the field of view.

[0036] In another aspect of the invention, a method of classifying at least one
object positioned in an interior of a vehicle by using a polarimetric radar system as

disclosed herein is provided. The method comprises the following steps:

- illuminating the interior of the vehicle with radar waves having at least two
different polarizations,

- receiving radar waves of at least two different polarizations that are reflected
by the at least one object to be classified,

- estimating values for a set of predetermined object parameters on the basis
of the received radar waves,

- comparing the estimated values for a set of predetermined object parameters
with a plurality of predetermined sets of abject parameters,

- upon detecting a match of the estimated values for the set of object
parameters with a specific predetermined set out of the plurality of
predetermined sets of object parameters, assigning the classification
corresponding to the specific predetermined set to the at least one object,
and

. providing an information that is indicative of the at least one classified object.

[0037] The benefits described in context with the disclosed polarimetric radar

system apply to the method to the full extent.

[0038] Again, the information can be provided to an electronic control unit of the
vehicle and/or to a call center and/or to a central emergency center and/or to a

remote telecommunication means, such as a smartphone.

[0039] Preferably, the step of illuminating the interior of the vehicle comprises
illuminating the vehicle interior with frequency-modulated continuous radar waves
(FMCW). This allows for adding absolute velocity, particularly perpendicular to the
line of sight, and distance to the set of object parameters for facilitating improved

classifying performance.

{00401 Thus, in some embodiments of the method, the step of estimating values
for a set of predetermined object parameters includes estimating a position of the
at least one object with respect to the interior of the vehicle. For instance, this can
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be achieved by exploiting a frequency content of the received radar waves. The
term “position” as used in this application, shall in particular be understood to

encompass direction and distance relative to the at least one receiving antenna.

[0041] In some embodiments of the method, the step of estimating values for a
set of predetermined object parameters includes estimating a permittivity of the at
least one object from a copolarized ratio of radar power (copolarized: transmitted
and received polarizations are the same) derived from the measurement of the

radar waves reflected or scattered by the at least one object.

[0042] The permittivity of an object is a complex number. The permittivity is
estimated for the specific frequency of the transmitted incident radar wave. In this
way, the permittivity can be added to the set of predetermined object parameters,
which allows classifying of and distinguishing between human beings or animals

and inanimate objects.

[0043] An especially beneficial solution can be accomplished if the step of
estimating values for a set of predetermined object parameters includes estimating
a permittivity of the object from a copolarized ratio of radar power derived from the
measurement of the radar waves reflected by an object in the specular direction.
In this direction an incidence angle is equal fo a scattering angle, and for all
surface scattering models (smooth, medium rough and rough), the copolarized
ratio of the scattering coefficients is independent of the target roughness. The
independency of the copolarized ratio of the scattering coefficients can further

improve the effectiveness and reliability of the disclosed method.

[0044] In some embodiments of the method, the step of estimating values for a
set of predetermined object parameters includes steps of performing a polarimetric
decomposition of a matrix formed by making use of the received radar waves, and

identifying at least one object from the polarimetric decomposition.

[0045] The polarimetric decomposition is a presentation of the matrix that
describes the reflection or scattering of the incident radar waves as a linear sum of
basis matrices multiplied with corresponding coefficients to express the matrix as a

linear sum of scattering mechanisms.

[0046] Many schemes of performing a polarimetric decomposition of a scatiering
matrix are known in the art and are described in relevant textbooks, and also in the
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cited reference of Woligang-Martin Boemer, “Basic Concepts in Radar
Polarimetry”. Some polarimetric decompositions are model-based and require a
priori knowledge about the nature of the scattering object as an input, and some
polarimetric decomposition schemes are not model-based. Both types of
polarimetric decomposition schemes are contemplated for use in the method

disclosed herein.

[0047] In yet another aspect of the invention, a software module for controlling

automatic execution of steps of an embodiment of the method disclosed herein is

provided.

[0048] The method steps to be conducted are converted into a program code of
the software module, wherein the program code is implementable in a digital
memory unit of the polarimetric radar system and is executable by a processor unit
of the polarimetric radar system. Preferably, the digital memory unit andl/or
processor unit may be a digital memory unit and/or a processing unit of the signal
evaluation unit of the polarimetric radar system. The processor unit may,
alternatively or supplementary, be another processor unit that is especially

assigned to execute at least some of the method steps.

[0049] The software module can enable a robust and reliable execution of the
method in an automatic manner and can allow for a fast modification of method

steps.

[0050] These and other aspects of the invention will be apparent from and

elucidated with reference to the embodiments described hereinafter.

Brief Description of the Drawings

[0051] 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. 1 is a schematic circuit diagram of an embodiment of the polarimetric radar

system in accordance with the invention,

Fig. 2 is a schematic illustration of the embodiment of the polarimetric radar

system pursuant to Fig. 1 installed in a vehicle, in a top view,
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Fig. 3 is a schematic illustration of an alternative embodiment of the polarimetric
radar system in accordance with the invention installed in the vehicle pursuant to
Fig. 2, in a top view,

Fig. 4 schematically shows a transmitting footprint and a receiving footprint of the
polarimetric radar system pursuant to Fig. 3 in an installation in the vehicle, in a
fop view,

Fig. 5 is a flowchart of an embodiment of a method in accordance with the
invention, and

Fig. 6 schematically shows a diagram of evaluating radar waves received by the

radar receiving unit of the polarimetric radar system pursuant to Fig. 1.

Description of Preferred Embodiments

[0052] Fig. 1 is a schematic circuit diagram of an embodiment of the polarimetric
radar system 10 in accordance with the invention, for detecting and classifying
objects pasitioned in an interior of a vehicle. Fig. 2 is a schematic illustration of the
embodiment of the polarimetric radar system 10 in a state of being installed in the
vehicle 66 in a top view. The vehicle 66 is designed as a passenger car, namely a
minivan (large multi-purpose vehicle). An interior 68 of the vehicle 66 comprises
two juxtaposed separate front seats 70, 72, a middie seat row 74 with two seats
plus an auxiliary seat in juxtaposed position between the two seats, and a rear

seat row 76 of two juxtaposed separate seats.

[0053] The polarimetric radar system 10 includes

- a radar transmitter unit 12,

- aradar receiving unit 22,

- a radar signal generating unit 32,

- a signal processing circuitry 38, and
- a signal evaluation unit 56.

[0054] The radar transmitter unit 12 comprises a first amplifier 14 and a second
amplifier 16, which are identically designed, and two transmitting antennas 18, 20
that are designed as patch antennas. A first one 18 of the two fransmitting
antennas 18, 20 is configured io transmit radar waves with a horizontal

polarization. A second one 20 of the two transmitting antennas 18, 20 is
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configured to transmit radar waves with a vertical polarization. Each one of the
amplifiers 14, 16 is electrically connected with an output port to one of the
transmitting antennas 18, 20. The two transmitting antennas 18, 20 are arranged
at a roof of the interior 68 of the vehicle 66 at a center position above the front
seats 70, 72 of the vehicle 66, and are directed opposite to a normal driving
direction 86 in an orientation that is somewhat tilted towards a floor of the
interior 68. The radar transmitter unit 12 is therefore configured for transmitting
radar waves of horizontal and vertical polarization to partially cover the interior 68
of the vehicle 86, namely the middle seat row 74 and the rear seat row 76, where
objects 78, 80, 82, 84 under consideration are to be expected. Examples of
potential objects 78, 80, 82, 84 are shown in Fig. 2 as an adult 78, a child 80, a
pet 82 and an inanimate object 84 formed by a box.

[0055] It is noted herewith that the terms “first”, “second”, etc. are used in this
application for distinction purposes only, and are not meant to indicate or

anticipate a sequence or a priority in any way.

[0056] Although in this specific embodiment the radar transmitter unit 12
comprises two transmitting antennas 18, 20, it is also contemplated for other
embodiments that the radar transmitter unit can comprise a plurality of more than
two transmitting antennas forming a phased-array of antennas. Additional
hardware needs to be provided in this case, for instance for adjusting a phase

relationship between the various antennas, as is well known in the art.

[0057] Referring again to Fig. 1, the radar receiving unit 22 comprises a first low-
noise amplifier 24 and a second low-noise amplifier26 and two receiving
antennas 28, 30 that are designed as patch antennas. A first one 28 of the
receiving antennas 28, 30 is configured to receive radar waves having a horizontal
polarization. A second one 30 of the two receiving antennas 28, 30 is configured to
receive radar waves with a vertical polarization. Each one of the receiving
antennas 28, 30 is electrically connected to an input port of one of the low-noise
amplifiers 24, 26. The two receiving antennas 28, 30 are arranged at the roof of
the interior 68 of the vehicle 66 (Fig. 2) at a center position above the seats of the
rear seat row 76 with their main sensitivity lobes pointing in the normal driving
direction 86. The two receiving antennas 28, 30 are suitably tilted towards the floor
of the interior 68 so as to avoid to directly receive radar waves transmitted by the
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two transmitting antennas 18, 20, and are arranged in a spaced manner with
respect to the two transmitting antennas 18, 20. The radar receiving unit 22 is
therefore configured for receiving radar waves of horizontal and vertical
polarization that are generated from radar waves transmitted by the radar
transmitting antennas 18, 20 and reflected or scattered by objects 78, 80, 82, 84
jocated in the interior 68 of the vehicle 66.

[0058] As an alternative to the tilting of the transmitting antennas 18, 20 and the
receiving antennas 28, 30 towards the floor, an appropriate radar screen can be
located at the transmitting antennas 18, 20 to avoid direct transmission of radar

waves to the receiving antennas 28, 30.

[0058] Although in this specific embodiment the radar receiving unit 22 comprises
two receiving antennas 28, 30, it is also contemplated for other embodiments that
the radar receiving unit can comprise a plurality of more than two receiving
antennas forming a phased-array of antennas. Additional hardware needs to be
provided in this case, for instance for adjusting a phase relationship between the

various anfennas, as is well known in the art.

[00680] With reference to Fig. 1, the radar signal generating unit 32 comprises a
radar local oscillator 34 and a sweep generator 36. The radar local oscillator 34 is
configured to generate radar waves at a radar frequency of, for instance, about
24.0 GHz, and is capable of operating in a continuous wave-mode. The sweep
generator 36 is configured to generate a sinusoidal signal of constant amplitude
with a linearly varying frequency with a bandwidth of e.g. 200 MHz at a radar
frequency of 24 GHz.

[0061] The radar signal generating unit 32 is configured to generate and to
provide radar waves to be transmitted by the radar transmitting antennas 18, 20 of

the radar transmitter unit 12.

[0062] The signal processing circuitry 38 is configured for processing the
generated radar waves to be transmitted. To this end, the signal processing
circuitry 38 comprises a first40 and a second electronic multiplying frequency
mixer 42 that serve as modulation means. The signal from the sweep generator 36
and the signal from the radar local oscillator 34 are electrically connected to the

first frequency mixer 40 and to the second frequency mixer 42. An output signal of
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the first frequency mixer 40 is fed to the first amplifier 14 of the two amplifiers 14,
16, which serves to supply the first transmitting antenna 18 with radar power. An
output signal of the second frequency mixer42 is conveyed to the second
amplifier 16 of the two amplifiers 14, 16, which serves to supply the second

transmitting antenna 20 with radar power.

[0063] The output signals of the first40 and the second frequency mixer 42
include a sum and a difference of the frequency of the radar local oscillator 34 and
the frequency of the sweep generator 36. The difference frequency signal is

eliminated by an appropriate filter (not shown).

[0064] In this way, frequency-modulated continuous radar waves can be
generated that are to be transmitted via the first transmitling antenna 18 and the

second transmitting antenna 20 of the radar transmitter unit 12.

[0065] The signal processing circuitry 38 is further configured for processing the
received radar waves. To this end, the signal processing circuitry 38 comprises a
third 44 and a fourth electronic multiplying frequency mixer 46 that serve as
demodulation means. An output port of the first low-noise amplifier 24, which
carries a signal of received radar waves with horizontal polarization, and the radar
local oscillator 34 are electrically connected to the third frequency mixer 44 of the
signal processing circuitry 38. An output port of the second low-noise amplifier 26,
which carries a signal of received radar waves with vertical polarization, and the
radar local oscillator 34 are electrically connected to the fourth frequency mixer 46

of the sighal processing circuitry 38.

[0066] The output signals of the third 44 and the fourth frequency mixer 46
include a sum and a difference of the frequency of the radar waves transmitted by
the transmitting antennas 18, 20 and the frequency of the radar local oscillator 34,
The sum frequency signal is eliminated from the output signal of the third
frequency mixer 44 by a subsequent low-pass filter 48 of the signal processing
circuitry 38, and only the difference signal is digitally converted by an analog-to-
digital converter (ADC) 50. The output signal of the fourth frequency mixer 46 is
processed by another low-pass filter 52 and digitally converted by another ADC 54

in the same manner.

93324



P-IEE-456/LU 15

[0067] The filtered and digitally converted output signals are fed to input ports of
the signal evaluation unit 56 that is configured to receive processed signals from
the signal processing circuitry 38. The signal evaluation unit56 includes a
microcontroller 58 having a processor unit 60 and a digital data memory unit 62 to
which the processor unit 60 has data access. In Fig. 1, the signal evaluation
unit 56 and the ADCs 50, 54 are shown as separate units. Actually, the ADCs 50,
54 may be integral parts of the microcontroller 58.

[0068] As will be described in more detail hereinafter, the signal evaluation
unit 56 is configured to estimate values for a set of predetermined object
parameters on the basis of the received processed signhals. The signal evaluation
unit 56 is further configured to select an object classification that corresponds to a
specific predetermined set of object parameters out of a plurality of predetermined
sets of object parameters from a plurality of predetermined object classifications
upon detecting a match of the estimated values for the set of object parameters
with the specific predetermined set of object parameters out of the plurality of
predetermined sets of object parameters. The microcontroller 58 is configured to
select the object classification in real-time.

[0069] Fig. 3 is a schematic illustration of an alternative embodiment of the
polarimetric radar system in accordance with the invention installed in the
vehicle 66 pursuant to Fig. 2, in a top view. In order to avoid repetition, only
differences with respect to the first embodiment will be described. For features that

are not described, reference is made to the description of the first embodiment.

[0070] In contrast to the first embodiment 10 of the polarimetric radar system, the
alternative embodiment of the polarimetric radar system comprises two radar
transmitter units, wherein each of the radar transmitter units is designed identically
to the radar transmitter unit 12 of the first embodiment 10 of the polarimetric radar
system, and two radar receiving units, wherein each of the radar receiving units is
designed identically to the radar receiving unit 22 of the first embodiment 10 of the

polarimetric radar system.

[0071] The transmitting antennas 18, 20, 18', 20" of the two radar transmitter units
are arranged at the roof of the interior 68 of the vehicle 66 at a center position
above the seats of the middle seat row 74. The two transmitting antennas 18, 20

of a first one of the two radar transmitter units are directed in the normal driving
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direction 86 in an orientation that is somewhat tilted towards the floor of the
interior 68. The first radar transmitter unit is thus configured for transmitting radar
waves of horizontal and vertical polarization to partially cover the interior 68 of the
vehicle 66, namely the middle seat row 74. The two transmitting antennas 18', 20’
of a second one of the two radar transmitter units are directed opposite to the
normal driving direction 86 in an orientation that is somewhat tilted towards the
floor of the interior 68. The second radar transmitter unit is thus configured for
transmitting radar waves of horizontal and vertical polarization to partially cover
the interior 68 of the vehicle 66, namely the rear seat row 76.

[0072] The receiving antennas 28, 30 of a first one of the two radar receiving
units are arranged at the roof of the interior 68 of the vehicle 66 at a center
position above the front seats 70, 72, with their main sensitivity lobes pointing
mainly opposite to the normal driving direction 86, and suitably tilted towards the
floor of the interior 68. The first one of the two radar receiving units is therefore
configured for receiving radar waves of horizontal and vertical polarization that are
generated from radar waves transmitted by the first one of the two radar
transmitting units and reflected or scattered by objects 78, 84 located in the middle

seat row 74 of the vehicle 66.

[0073] The receiving antennas 28', 30' of a second one of the two radar receiving
units are arranged at the roof of the interior 68 of the vehicle 66 at a center
position above the seats of the rear seat row 76, with their main sensitivity lobes
pointing mainly in the normal driving direction 86, and suitably tilted towards the
floor of the interior 68. The second one of the two radar receiving units is therefore
configured for receiving radar waves of horizontal and vertical polarization that are
generated from radar waves transmitted by the second one of the two radar
transmitting units and reflected or scattered by objects 80, 82 located in the rear

seat row 76 of the vehicle 66.

[0074] By this arrangement of two pairs of radar transmitting antennas 18, 20,
18, 20' and two pairs of radar receiving antennas 28, 30, 28', 30", shadow effects

can effectively be avoided.

[0075] Fig. 4 schematically shows a transmitting footprint 88 generated by the
first radar transmitting unit and a receiving footprint 90 of the first radar receiving
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unit of the polarimetric radar system pursuant to Fig. 3 in an installation in the

vehicle 66 in a top view.

[0076] In the following, an embodiment of a method of classifying objects 78, 80,
82, 84 positioned in the interior 68 of the vehicle 66 by using the polarimetric radar
system 10 pursuant to Fig. 1 will be described with reference to Figs. 5 and 6.
Fig. 5 provides a flowchart of the method as a whole, whereas a detailed diagram
of signal evaluating and object classifying as part of the method is given in Fig. 6.
in preparation of operating the polarimetric radar system 10, it shall be understood
that all involved units and devices are in an operational state and configured as

ilustrated in Figs. 1 and 2.

[0077] In order to be able to carry out the method automatically and in a
controlled way, the microcontroller 58 comprises a software module 64 (Fig. 1).
The method steps to be conducted are converted into a program code of the
software module 64. The program code is implemented in the digital data memory
unit 62 of the microcontroller 58 and is executable by the processor unit 60 of the
microcontraller 58. The software module 64 also includes a subroutine for
performing a polarimetric decomposition of a scattering matrix. Execution of the

method may be initiated by starting the vehicle engine.

[0078] Referring now to Fig. 5, as a first step 92 of the method, illuminating a
portion of the interior 68 of the vehicle 66 with frequency-modulated radar waves
having horizontal polarization and with frequency~modulated radar waves having
vertical polarization by simultaneously providing continuous-wave radar power to

the two transmitting antennas 18, 20 commences.

[0079] Radar waves having horizontal polarization and radar waves having
vertical polarization that are reflected by an object 78, 80, 82, 84 to be classified
are received by the radar receiving unit 22 in another step 94, and the generated
signals are amplified and signal-processed by the signal processing circuitry 38 as

described above, in the following step 96.

[0080] In the next step 98 of the method, values for a set of predetermined object
parameters are estimated on the basis of the received radar waves. The set of
predetermined object parameters comprises a distance between the object 78, 80,
82, 84 and the radar receiving antennas 28, 30 (range), the velocity of the
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object 78, 80, 82, 84 relative to the radar receiving antennas 28, 30 and an angle
of arrival of the radar waves reflected by the object 78, 80, 82, 84 to be classified.

[0081] In another step 100 of the method, elements of a scattering matrix are
calculated on the basis of the received radar waves. The matrix contains all the
information about the reflection process and the objects 78, 80, 82, 84 and
comprises elements of copolarized radar power {(co-polarized: transmitted and
received polarizations are the same) derived from the measurement of the radar
waves reflected by the objects 78, 80, 82, 84.

[0082] In another step 102 of estimating values for a set of predetermined object
parameters, the subroutine for performing a polarimetric decomposition is applied
to the calculated matrix, and the objects 78, 80, 82, 84 are identified from the

polarimetric decompasition.

[0083] From a ratio of the elements of copolarized radar power reflected by the
objects 78, 80, 82, 84, a permittivity of the objects 78, 80, 82, 84 is estimated as a
value for another parameter that forms part of the set of predetermined object

parameters in another step 104 of estimating values.

[0084] In the next step 106 of the method, the estimated values for the set of
predetermined object parameters are compared with a plurality of predetermined
sets of object parameters. For each object parameter of the set of object
parameters, a predetermined range resides in the digital data memory unit 62. The
step 106 of comparing includes to check if the estimated value for an object
parameter lies within the predetermined range for the object parameter, for all
parameters of the set of object parameters. If this condition is fulfilled for a specific
predetermined set of object parameters, the estimated values are said to match

the specific predetermined set of object parameters.

[0085] Upon detecting a match of the estimated values for the set of object
parameters with a specific predetermined set out of the plurality of predetermined
sets of object parameters, the classification corresponding to the specific
predetermined set is assigned to the identified object 66 in another step 108.

[0086] Then, in a further step 110 of the method, an information that is indicative
of the classified objects 78, 80, 82, 84 is provided to an electronic control unit ECU
of the vehicle 66 if the vehicle engine is in operation, or may be provided,
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depending on a fulfilment of additional conditions, to a remote telecommunication
means if the vehicle engine is not in operation. In the former case, the information
is used for the purpose of a seat belt reminder (SBR) system or an activation
control for an auxiliary restraint system (ARS) such as an air bag system. In the
latter case, the information can be used to confirm a presence of the classified
object 78, 80, 82, 84 in the interior 68 of the vehicle 66, or may serve to alert help

in case of a left-behind pet or child.

[0087] While the invention has been illustrated and described in detail in the
drawings and foregoing description, such illustration and description are to be
considered illustrative or exemplary and not restrictive; the invention is not limited

to the disclosed embodiments.

[0088] Other variations to be disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed invention, from a study
of the drawings, the disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and the indefinite article
*a” or “an” does not exclude a plurality, which is meant to express a quantity of at
least two. The mere fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of these measures cannot

be used to advantage. Any reference signs in the claims should not be construed

as limiting scope.
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List of Reference Symbols

10 polarimetric radar system 52 low-pass filter

12 radar transmitter unit 54 ADC

14 1st amplifier 56 signal evaluation unit
16 2nd amplifier 58 microcontroller

18 1st transmitting antenna 60 processor unit

20 2nd transmitting antenna 62 digital data memory unit
22 radar receiving unit 64 software module

24 1st low-noise amplifier 66 vehicle

26 2nd low-noise amplifier 68 interior

28 1st receiving antenna 70 front seat

30 2nd receiving antenna 72 front seat

32 radar signal generating unit 74 middle seat row

34 radar local oscillator 76 rear seat row

36 sweep generator 78 adult

38 signal processing circuitry 80 child

40 1st frequency mixer 82 pet

42 2nd frequency mixer 84 inanimate object

44 3rd frequency mixer 86 driving direction

46 Ath frequency mixer 88 transmitting footprint
48 low-pass filter 90 receiving footprint

50 ADC ECU electronic control unit
Method steps:

92 transmit FM radar waves in CW-mode into interior of vehicle

94 receive radar waves reflected by an object

96 amplify/process signals from radar receiving unit

a8 estimate values for set of predetermined object parameters

100 calculate scattering matrix elements

102  identify abject by performing polarimetric decomposition

104  estimate object permittivity

106 compare estimated values with predetermined sets of object parameters

108  assign classification to identified object
110  provide classification information to driver information system
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PATENTANSPRUCHE

1. Polarimetrisches Radarsystem (10) zum Erkennen und Klassifizieren von
Objekten (78, 80, 82, 84), die sich in einem Innenraum (B68) eines
Fahrzeugs (66) befinden, wobei das Radarsystem (10) Folgendes

aufweist:

- mindestens eine Radarsendereinheit (12), die dafiir ausgelegt
ist, Radarwellen von mindestens zwei verschiedenen

Polarisationen zu senden,

- mindestens eine Radarempfangseinheit (22), die daftr
ausgelegt ist, Radarwellen von mindestens zwei

verschiedenen Polarisationen zu empfangen,

- eine Radarsignal-Erzeugungseinheit (32), die dafur ausgelegt
ist, Radarwellen zum Senden durch die mindestens eine

Radarsendereinheit (12) zu erzeugen und bereitzustellen,

- gine Signhalverarbeitungsschaltung (38), die dafiir ausgelegt ist,
die erzeugten und zu sendenden Radarwellen und die

empfangenen Radarwellen zu verarbeiten, und
- eine Signalauswerteeinheit (56), die daflir ausgelegt ist

- verarbeitele Signale von der Signalverarbeitungsschaltung
(38) zu empfangen,

- Werte fur einen Satz von vorbestimmten Objektparametem
auf Grundlage der empfangenen verarbeiteten Signale zu
schatzen,

- bei Erkennen einer Ubereinstimmung der geschatzten Werte
fur den Satz von Objekiparametern mit dem spezifischen
vorbestimmten Satz von Objektparametern eine
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Objektklassifizierung, die einem spezifischen vorbestimmten
Satz von Objektparametern entspricht, aus einer Vielzahl von
vorbestimmten Sétzen von Objektparametern von einer
Vielzahl  von  vorbestimmten  Objektklassifizierungen

auszuwahlen, und

- Informationen bereitzustellen, die das mindestens eine
klassifizierte Objekt anzeigen.

). Polarimetrisches Radarsystem (10) nach Anspruch 1, ferner aufweisend

Modulationsmittel (40, 42) zum Erzeugen von frequenzmodulierten
Radarwellen zum Senden durch die mindestens eine Radarsendereinheit
(12) und aufweisend Demodulationsmittel (44, 46) zur Demodulierung

der empfangenen Radarwellen.

3. Polarimetrisches Radarsystem (10) nach Anspruch 1 oder 2, wobei die

Signalauswerteeinheit (56) einen Mikrokentroller (58) mit mindestens
einer Prozessoreinheit (60) und mindestens einer digitalen
Datenspeichereinheit (62), auf die die Prozessoreinheit (60) Datenzugriff

hat, umfasst.

. Polarimetrisches Radarsystem (10) nach einem der vorhergehenden

Anspriche, wobei die mindestens eine Radarsendereinheit (12)
mindestens eine Sendeantenne (18, 20) aufweist, die im Innenraum (68)
des Fahrzeugs (66) angeordnet werden kann, und wobei die mindestens
eine Radarempfangseinheit (22) mindestens eine Empfangsantenne (28,
30) aufweist, die im Innenbereich (68) des Fahrzeugs (66) angeordnet

werden kann.

. Polarimetrisches Radarsystem (10) nach einem der vorhergehenden

Anspriche, wobei die Signalauswerteeinheit (56) dafur ausgelegt ist,
eine Objektklassifizierung von einer Vielzahl von vorbestimmten
Objektklassifizierungen in Echtzeit auszuwahlen.
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6. Polarimetrisches Radarsystem (10) nach einem der vorhergehenden
Anspriiche, wobei die mindestens eine Radarsendereinheit (12) eine
Vielzahl von Sendeantennen aufweist und/oder die mindestens eine
Radarempfangseinheit (22) eine Vielzahl von Empfangsantennen

aufweist.

7. Verfahren zur Klassifizierung mindestens eines Objekis, das sich in
einem Innenraum (68) eines Fahrzeugs (66) befindet, unter Verwendung
gines polarimetrischen Radarsystems (10) nach einem der Anspriiche 1
bis 6, wobei das Verfahren folgende Schritte umfasst:

- Beleuchten (92) des Innenraums (68) des Fahrzeugs (76) mit
Radarwellen  von  mindestens zwei  verschiedenen

Polarisationen,

- Empfangen (20) von Radarwellen von mindestens zwei
verschiedenen Polarisationen, die von dem mindestens einen

zu klassifizierenden Objekt (66) reflektiert werden,

- Schatzen (94) von Werten fir einen Satz von vorbestimmten
Objektparametern auf Grundlage der empfangenen

Radarwellen,

- Vergleichen (102) der geschatzten Werte fiir einen Satz von
vorbestimmten Objekiparametern mit einer Vielzahl von

vorbestimmten Satzen von Objekiparametem,

- bei Erkennen einer Ubereinstimmung der geschatzten Werte
fur den Satz von Objektparametern mit einem spezifischen
vorbestimmten Satz aus der Vielzahl von vorbestimmten
Sétzen von Objekiparametern, Zuweisen (104) der
Klassifizierung entsprechend dem spezifischen vorbestimmten
Satz zu dem mindestens einen Objekt (66), und

- Bereitstellen (106) von Informationen, die das mindestens eine
klassifizierte Objekt anzeigen.
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Verfahren nach Anspruch 7, wobei der Schritt des Beleuchtens (88) des
Fahrzeuginnenraums (76) das Beleuchten des Fahrzeuginhenraums (76)
mit frequenzmodulierten kontinuierlichen Radarwellen umfasst.

Verfahren nach Anspruch 7 oder 8, wobei der Schritt des Schatzens (94)
von Werten fir einen Satz von vorbestimmten Objekiparametern das
Schatzen einer Position des mindestens einen Objekts (66) in Bezug auf

den Fahrzeuginnenraum (76) umfasst.

10.Verfahren nach einem der Anspriiche 7 bis 9, wobei der Schrift des

11

Schatzens (94) von Werten flr einen Satz von vorbestimmten
Objekiparametern das Schétzen (100) einer Permittivitat des Objekts
(66) von einem kopolarisierten Verhdltnis von Radarleistung, hergeleitet
von der Messung der Radarwellen, die von dem mindestens einen
Objekt (66) reflektiert oder gestreut werden, umfasst.

.Verfahren nach Anspruch 10, wobei der Schritt des Schatzens (94) von

Werten fir einen Satz von vorbestimmten Objektparametern das
Schatzen (100) einer Permittivitdit des Objekts (66) von einem
kopolarisierten Verhaltnis von Radarleistung, hergeleitet von der
Messung der Radarwellen, die wvon dem Objekt (66) in
Spiegelungsrichtung reflektiert werden, umfasst.

12.Verfahren nach einem der Anspriche 7 bis 11, wobei der Schritt des

Schétzens (94) von Werten fUr einen Satz von vorbestimmten
Objektparametern einen  Schritt (98) des Ausfihrens einer
polarimetrischen Auflésung einer Matrix, gebildet durch Nutzung der
empfangenen Radarwellen, und das Erkennen mindestens eines Objekts
(66) anhand der polarimetrischen Aufldsung umfasst.

13. Softwaremodul (64) zum Steuern einer automatischen Ausfiihrung des

Verfahrens nach einem der Anspriiche 7 bis 12, wobei auszufihrende
Verfahrensschritte (98 bis 110) in einen Programmcode des
Softwaremoduls (64) umgewandelt werden, wobei der Programmcode in
einer digitalen Datenspeichereinheit (62) des polarimetrischen
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Radarsystems (10) oder einer separaten Steuereinheit implementierbar
und durch eine Prozessoreinheit (80) des polarimetrischen
Radarsystems (10) oder eine separate Steuereinheit ausfithrbar ist.
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Abstract

A polarimetric radar system (10) for detecting and classifying objects (66) positioned

in an interior (68) of a vehicle (66) comprises a radar transmitter unit (12) for
transmitting radar waves of at least two different polarizations, a radar receiving

unit (22) for receiving radar waves of at least two different polarizations, a radar
signal generating unit (32) for generating and providing radar waves to be transmitted
by the at least one radar transmitter unit (12), a signal processing circuitry (38) for
processing the generated radar waves to be transmitted and the received radar

waves and a signal evaluation unit (56). The signal evaluation unit (56) is configured
to receive processed signals from the signal processing circuitry (38), fo estimate

values for a set of predetermined object parameters on the basis of the received
processed signals, and to select an object classification from a plurality of
predetermined object classifications upon detecting a match of the estimated values
for the set of object parameters with one out of a plurality of predetermined sets of

object parameters.

(Fig. 2)
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Re.iltem. V

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

1

2.1

Heferences

Reference is made to the following documents:

21

D2

D3

D4

WG 2015/086346 A1 (IEE SARL [LU)) 18 June 2015
(2015-06-18)

WO 2015/022358 A1 (IEE SARL [LUY) 19 February 2015
(2015-02-19)

DE 10 2015 200939 A1 (BOSCH GMBH ROBERT [DE}]) 21 Jduly
2016 (2016-07-21)

US 2016/025839 A1 (TRUMMER STEFAN [DE]) 28 January
2016 (2016-01-28)

independent claims 1, 7-and {3

Further to the lack of clarity discussed below, the present application does not
meet the criteria of patentability, because the subject-matter of claims 1, 7
and 13 is not inventive.

Document D1 is regarded as being the prior art closest to the subject-matter
of claim 1, and insofar as this claim can be understood, this document shows
the following features thereof:

a pelarimetrs radar system for defecting and classifying objects
positioned in an interior of a vehicle (abs.}, the radar system comprising:

7

a) ableastone radar transmitte

runit (par.6) thatis-conrfigured-for

O CHIta A 54 LS

© SE O A v 1 e dpe'o 0 o i v B8 Beo'™ ¢ ogp A v 0% 15 X 3

b) at least one radar receiving unit (par.6) datk

o XLE I atn o WA - o N F o hwoaittara

¢} aradar signal generating unit that is configured to generale
and 1o provide radar waves to be transmitted by the at least one
radar transmitter unit {par.s6),
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d) asignal processing circuitry that is configured for processing
the generated radar waves {0 be transmitted and the received
radar waves (abs.), and

€) asignal evaluation unit (abs.) that is configured

e_1) 1o receive processed signals from the signal
processing circuitry (par7),

e_2) to estimate values for a set of predetermined object
parameters on the basis of the received processed signals

{(par.7. 31},

e 3) o select an object dassification that corresponds to a
specific predetermined set of object parameters ocut of a
pturality of predetermined sets of object parameters from a
plurality of predetermined object dassifications upon detecting
a match of the estimated values for the set of object
parameters with the specific predetermined set of object
paramelers {abs.}, and

e_4) to provide an information that is indicative of the at
least one classified object {abs.).

For the sake of completeness it is mentioned that also document D2
discloses said features of claim 1 (see search report for precise references;.

The subject-matter of claim 1 therefore differs from this known system in that
it refers to:

a polarimetric radar system.

The problem to be solved by the present invention may therefore be regarded
as:

how to improve the classification of the target identified inside the

vehicle.
The solution proposed in claim 1 of the present application cannot be
considered as involving an inventive step because the use of the
complementary information provided by the complete set of electro-magnstic
wave descriptors (all potarization companents avaitable when using a fully
polarimetric radar) is a common practice in the field of radar data |
classification and suggested, £.9., by D3 {(D3: abs.) and D4 (D4: abs.).
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Therefore, the skilled person would arrive to this solution, and implement a
polarimetric radar as seat occupancy sensor, without exercising an inventive
activity.

2.2 The subject-matter of claims 7 and 13 corresponds in terms of method
features and of features of a software module implementing the method,
respectively, to that of claim 1. The objections raised in respect of this claim,
therefore, also apply. mutatis mutandis, to claims 7 and 13.

The subject-matter of claims 7 and 13 is therefore also not inventive.

£y

Dependent claims 2-8 and 8-12

Further to the the lack of clarity discussed below, dependent claims 2-6 and
8-12 do not contain any features which, in combination with the features of
any claim to which they refer, meet the regquirements of inventive step.

Certain observations on the application
4 Claims 1 and 5 are not clear,

4.1 The expression "object classification”, introduced in claim 1, is unclear since it
may refer both to a "classification method/algorithm" or to a "class".
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