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(57) Abstract: The invention relates to an evaluation arrangement for a thermal gas sensor having at least one heater and at least one
detector. The evaluation arrangement is designed to obtain information relating to the amplitude of a detector signal of a first detector
and information relating to a first phase difference between a heater signal and the detector signal of the first detector. Furthermore, the
evaluation arrangement is designed to form a combination signal as an intermediate variable dependent on a function of the information
relating to the amplitude of the detector signal and depending on the information relating to the first phase difference, and in order
to determine information about a gas concentration or information about a temperature conductivity of a fluid on the basis of the
combination signal.
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(57) Zusammenfassung: Auswerteanordnung fiir einen thermischen Gassensor mit zumindest einem Heizer und zumindest einem
Detektor. Die Auswerteanordnung ist ausgelegt, um eine Information tiber eine Amplitude eines Detektorsignals eines ersten Detektors
und eine Information iiber eine erste Phasendifferenz zwischen einem Heizer-Signal und dem Detektorsignal des ersten Detektors zu
erhalten. Ferner ist die Auswerteanordnung ausgelegt, um als Zwischengréfe abhingig von der Information tiber die Amplitude des
Detektorsignals und abhidngig von der Information iiber die erste Phasendifferenz ein Kombinationssignal zu bilden, und um eine In-
formation tiber eine Gaskonzentration oder eine Information iiber eine Temperaturleitfihigkeit eines Fluids basierend auf dem Kom-
binationssignal zu bestimmen.
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Evaluation arrangement for a thermal gas sensor, methods and computer programs

Description

Technical field

Embodiments according to the invention relate to evaluation arrangements for a thermal

gas sensor, methods and computer programs.

Background

Currently, gases may be analyzed with respect to their properties using different sensors.
Today, there are different systems for patient ventilation on the market. They are
distinguished according to their utilization in the clinical area and in the home care area
(e.g. systems of the companies Heinen + Lowenstein, Drager and Stephan Medizintechnik).
The systems of these providers contain only in their top variations all necessary measuring
means for determining pressure, expiratory/inspiratory flow, and breathing gas analysis. To
this end, several devices that overwhelmingly measure remotely from the patient have to
be combined.

In light of the aforementioned, there is a need for a concept that enables a better
compromise between a reduction of an installation space and a reduction of a system weight
of a gas measuring system, and provides an exact flow measurement as well as a quick

gas analysis.

Any discussion of documents, acts, materials, devices, articles or the like which has been
included in the present specification is not to be taken as an admission that any or all of
these matters form part of the prior art base or were common general knowledge in the field
relevant to the present disclosure as it existed before the priority date of each of the

appended claims.

Summary

Throughout this specification the word "comprise", or variations such as "comprises" or
"comprising", will be understood to imply the inclusion of a stated element, integer or step,



or group of elements, integers or steps, but not the exclusion of any other element, integer

or step, or group of elements, integers or steps.

In a first aspect, the present invention provides an evaluation arrangement for a thermal
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gas sensor with at least one heater and at least one detector,

wherein the evaluation arrangement is configured to control a heating power applied
to the heater dependent on at least one sensor signal from at least one detector in
order to bring the at least one sensor signal into a predetermined value range; and

wherein the evaluation arrangement is configured to consider information about the
heating power when deriving information about a gas concentration from the at least

one sensor signal.

A related aspect provides an evaluation arrangement for a thermal gas sensor with at least

one heater and at least one detector,

wherein the evaluation arrangement is configured to control, dependent on at least
one sensor signal from at least one detector, a heating power applied to the heater in

order to bring the at least one sensor signal into a predetermined value range; and

wherein the evaluation arrangement is configured to consider information about the
heating power when deriving information about a gas concentration from the at least

one sensor signal,

wherein the evaluation arrangement is configured to use a phase difference and/or
an amplitude difference and/or an offset difference between the at least one sensor
signal and a signal of the heater for deriving the information about the gas

concentration.

A further related aspect of the invention provides a method for operating an evaluation

arrangement for a thermal gas sensor with at least one heater and at least one

detector,
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wherein the method includes controlling a heating power applied to the heater
dependent on at least one sensor signal from at least one detector in order to bring a

sensor signal into a predetermined value range; and

wherein the method includes considering information about the heating power when

deriving information about a gas concentration from the at least one sensor signal.

A yet further aspect provides a method for operating an evaluation arrangement for a
thermal gas sensor with at least one heater and at least one detector,

wherein the method includes controlling, dependent on at least one sensor signal from
at least one detector, a heating power applied to the heater in order to bring the at

least one sensor signal into a predetermined value range; and

wherein the method includes considering information about the heating power when

deriving information about a gas concentration from the at least one sensor signal,

wherein a phase difference and/or an amplitude difference and/or an offset difference
between the at least one sensor signal and a signal of the heater is used for deriving

the information about the gas concentration.

An embodiment concerns an evaluation arrangement for a thermal gas sensor with at least
one heater (e.g. a heating element) and at least one detector (e.g. a “thermopile structure”,
temperature-variable resistors or thermistors). For example, the evaluation arrangement is
configured to obtain information about an amplitude of a detector signal of a first detector
(e.g. D1.Uss) and information about a first phase difference between a heater signal and
the detector signal of the first detector (e.g. (D1-Hz).phi). In addition, the evaluation
arrangement may be configured to form as an intermediate quantity, dependent on the
information about the amplitude of the detector signal (e.g. D1.Uss and/or D2.Uss) and
dependent on the information about the first phase difference, a combination signal that
may combine amplitude information and phase information. In addition, the evaluation
arrangement is configured to determine, e.g., information about a gas concentration or
information about a thermal diffusivity of a fluid (e.g. a gas or gas mixture) on the basis of
the combination signal (e.g., without separately considering individual information
incorporated into the combination signal in the further process of the calculations).
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According to an embodiment, the heater and the at least one detector may be cyclically
swapped in order to minimize possibly occurring (synchronization) errors. In other words,
at afirst point in time, the detector may act as a heater and the heater may act as a detector,
and, at a second point in time, the detector may be used as a detector and the heater may
be used as a heater.

According to an embodiment, the evaluation arrangement includes two detectors, wherein
these two detector comprise a same distance to the heater. In this case, for example, a sum
of the information about the amplitudes of the two detector signals (e.g. D1.Uss and D2.Uss)
from the two detectors as well as a sum of the information about the two phase differences
((D1-Hz).phi and (D2-Hz).phi) of the two detectors may be incorporated into the combination

signal.

An embodiment concerns an evaluation arrangement for a thermal gas sensor with at least
one heater (e.g. a heating element) and two detectors (e.g. a first thermal element structure
and a second thermal element structure, or temperature-variable resistors, or thermistors)
arranged in different distances to the heater, wherein the evaluation arrangement is
configured to obtain information about an amplitude of a detector signal of a first detector
(e.g. D1.Uss), information about an amplitude of a detector signal of a second detector (e.g.
D2.Uss), information about a first phase difference between a heater signal and the detector
signal of the first detector (e.g. (D1-Hz).phi), and information about a second phase
difference between the heater signal and the detector signal of the second detector (e.g.
(D2-Hz).phi). The evaluation arrangement may be configured to form as an intermediate
quantity, dependent on the information about the amplitudes of the detector signals (e.g.
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phase difference, constitutes a very stable signal that may be very quickly processed by the
evaluation arrangement in order to determine, for example, a gas concentration or
information about a thermal diffusivity of the fluid. Thus, the evaluation arrangement enables

a quick gas analysis.

According to an embodiment, the evaluation arrangement may be configured to obtain
information about a heater amplitude. In addition, the evaluation arrangement may be
configured to form a linear combination of the information about the heater amplitude, the
information about amplitudes of the detector signals, the information about the first phase
difference, and the information about the second phase difference, in order to determine
the combination signal (sigX). For example, the information about the heater amplitude may
be information about a heating power. Here, the information about a heater amplitude may
also be referred to as Hz.Uss. For example, the evaluation arrangement may obtain the
information about the heater amplitude directly from the thermal gas sensor, or obtain the
same from a heater signal transmitted from the thermal gas sensor to the evaluation
arrangement, for example. For example, the linear combination may comprise a first term
having a first linear combination of the information about the heater amplitude and the
information about amplitudes of the detector signals, and a second term having a second
linear combination of the information about the first phase difference and the information
about the second phase difference. In this case, for example, the first term and the second
term may be weighted with different constants in the linear combination in order to
determine the combination signal. Due to the fact that the evaluation arrangement considers
the heater amplitude when determining the combination signal, the heater signal (e.g. a
signal of periodic temperature waves emitted by the heater) may be compared with the
detector signal of the first detector and/or the second detector (a received signal of periodic
temperature waves), as a result of which a heat transfer from the heater to the two detectors
via the gas to be analyzed may be determined very precisely. This enables a very precise

and quick gas analysis with the evaluation arrangement.

According to an embodiment, the evaluation arrangement may be configured to obtain the

combination signal sigX according to:

sigX=sigUss*Ka+sigPhi*Kp

Here, sigUss may be amplitude information or an amplitude signal that may depend on the

information about the amplitude of the detector signal of the first detector and on the
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information about the amplitude of the detector signal of the second detector. The term
sigPhi may be phase information or an added phase signal that may depend on the
information about the first phase difference and on the information about the second phase
difference, and the factors Ka and Kp may be constants. In this case, the constants Ka and
Kp may separately weigh the amplitude information and the phase information, respectively,
so that the evaluation arrangement may obtain the combination signal sigX. The amplitude
information sigUss may be a linear combination of the information about the amplitude of
the detector signal of the first detector and the information about the amplitude of the
detector signal of the second detector. The phase information sigPhi may be a linear
information of the information about the first phase difference and the information about the
second phase difference. For example, the constants Ka and Kp may be conversion factors.
According to an embodiment, Ka and Kp are weighting factors for an optimized combination
signal, wherein the factors Ka and Kp may be unitless quantities (e.g., this is not necessary
for an embedded system as is used herein, e.g., providing a CO2 concentration). According
to an embodiment, for example, the embedded system provides AD digits for the amplitude,
and phase information is determined, e.g., from the timing unit of the embedded system,
e.g. which measures the times until the comparator tilts. Thus, for example, a conversion to
an amplitude and a time/angle is specified by the technical data of a circuit and the
embedded system (microcontroller) of the evaluation arrangement. For example, the factors
are selected such that both signal components (amplitude and phase) are introduced into
the combination signal sigX approximately with the same proportion across the measuring
range of the CO2 calibration so that, e.g., the largest measuring resolution may be obtained
in sigX. For example, the factors Ka and Kp are empirically determined in order to obtain,
e.g., the best signal for sigX. For example, the constants Ka and Kp may depend on a
concentration, a temperature, or a pressure of a gas to be analyzed. Thus, the amplitude
information sigUss may be matched to the phase information SigPhi. It is possible that the
evaluation arrangement may further process amplitude information and phase information
together with the combination signal, for example, as a result of which the evaluation
arrangement may very quickly, efficiently, and very precisely analyze the gas detected by

the gas sensor.

According to an embodiment, the evaluation arrangement is configured to obtain the
amplitude information sigUss according to sigUss=2*Hz.Uss-(D1.Uss+D2.Uss). The term
Hz.Uss may be information about a heater amplitude, the term D1.Uss may be the
information about the amplitude of the detector signal of the first detector, and D2.Uss may

be the information about the amplitude of the detector signal of the second detector. Thus,
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the amplitude information sigUss may constitute a relative amplitude signal. In other words,
the amplitude information may be a difference of twice the heater amplitude and of a sum
of the information about the amplitude of the detector signal of the first detector and the
information about the amplitude of the detector signal of the second detector. This particular
calculation of the amplitude information sigUss may achieve that the amplitude information
sigUss essentially depends on a heat transfer by the fluid, and that unknown heat transfers,
e.g., from the at least one heater into the gas to be analyzed and from the gas to be analyzed
into the first and/or second detector are not, or only slightly, considered. Thus, the
combination signal sigX, which may depend on the amplitude information sigUss, is not, or
only slightly, affected by unknown heat transfers, as a result of which the evaluation
arrangement may very precisely determine properties of the gas to be analyzed such as the
information about the gas concentration or the information about the thermal diffusivity of
the fluid.

According to an embodiment, the evaluation arrangement may be configured to calculate a
polynomial (e.g. of a first degree, e.g. A.y(sigX)) of the combination signal in order to obtain
the information about the gas concentration or the information about the thermal diffusivity
of the fluid. Through the polynomial formation of the combination signal by the the evaluation
arrangement, a drift correction of the combination signal may be performed. Thus, for
example, a concentration drift, a pressure drift, and a temperature drift may be corrected by
the polynomial formation. Thus, for example, the evaluation arrangement may calculated
three polynomials of the combination signal, wherein a first polynomial may represent a
relationship between the gas concentration and the combination signal, a second
polynomial may represent a relationship between a pressure and a signal shift (pressure
drift of the combination signal), and a third polynomial may represent a relationship between
a temperature and a pressure drift. Thus, through this feature, possible inaccuracies may
be corrected, and the evaluation arrangement may therefore be configured to analyze the

fluid very precisely with a reduction of possible errors.

According to an embodiment, the evaluation arrangement may be configured to multiply a
polynomial of the combination signal with a correction term in order to obtain the information
about the gas concentration or the information about the thermal diffusivity. The correction
term may depend on the combination signal, on information about a pressure (p), and on
information about a temperature (T). Thus, for example, the correction term may
compensate for a pressure/temperature dependence of the combination signal. Thus, for

example, a polynomial representing a relationship between a gas concentration and the
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and temperature drift. Thus, by multiplying the correction term with the polynomial of the
combination signal, a reduction of possible influences of errors may be performed by the
evaluation arrangement, as a result of which the evaluation arrangement may be configured
to very precisely obtain information about the gas concentration or information about the
thermal diffusivity. For example, this may minimize pressure-dependent and temperature-
dependent errors created in the detection of a detector signal by the first detector and/or

the second detector of the gas sensor, for example.

According to an embodiment, the evaluation arrangement may be configured to perform a

calculation according to C = pol(sigX) - (1 - [L] -(1 - [&]D in order to

sigX—const1 p—const2

obtain information C about the gas concentration. The term sigX may be the combination
signal, the term pol(sigX) may be a polynomial of the combination signal sigX, f(p) may be
a function of the pressure p (or of a pressure p measured in a surrounding area of the
thermal gas sensor), const1 may be a first constant, f(T) may be a function of the
temperature (or a temperature T measured in a surrounding area of the thermal gas sensor),
and const2 may be a second constant. For example, the function f(p) may be a polynomial
that may represent a relationship between a pressure and a signal shift, and f(T) may be a
polynomial that may represent a relationship between a temperature and a signal shift. With
this feature, the polynomial of the combination signal may be corrected with respect to
pressure-dependent and/or temperature-dependent errors caused by the gas sensor, or
these may be reduced, as a result of which a very precise gas analysis by the evaluation

arrangement is made possible.

According to an embodiment, the evaluation arrangement may be configured to perform a

calculation according to Clvol%] = A.y(sigX) - (1 - [ig}’?_—ir‘?] . (1 - [%})) in
order to obtain the information C about the gas concentration. The term sigX may be the
combination signal, A.y(sigX) may be a polynomial (e.g. of the first order) of the combination
signal sigX, B.y(p) may be a function of the pressure p (or of a pressure p measured in a
surrounding area of the thermal gas sensor), B.ref may be a constant, C.y(T) may be a
function of the temperature T (or of a temperature T measured in a surrounding area of the
thermal gas sensor), and C.ref may be a second constant. Here, for example, B.y (p) may
be a polynomial function (e.g. of the second order) that may represent a relationship

between the pressure p and a signal shift (e.g. of the combination signal sigX). For example,
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the function C.y(T) is a polynomial function (e.g. of the second order) that may represent a
relationship between the temperature T and a pressure shift, for example. Thus, the
evaluation arrangement is configured to, e.g., very precise determine information about the
gas concentration of a fluid to be analyzed, since the function B.y(p) of the pressure p and
the function C.y(T) of the temperature T may form a correction term that may correct the

combination signal sigX.

According to an embodiment, the evaluation arrangement may be configured to consider a
pressure and/or a temperature in a surrounding area of the thermal gas sensor when
determining the information about the gas concentration. To this end, for example, the
evaluation arrangement may obtain information about the pressure and/or the temperature
in the surrounding area of the gas sensor. For example, the pressure in the surrounding
area of the thermal gas sensor is determined by a pressure sensor and the temperature in
the surrounding area of the thermal gas sensor is determined by a temperature sensor, and
they are transmitted to the evaluation arrangement, for example. The pressure sensor
and/or the temperature sensor may be arranged in the surrounding area of the thermal gas
sensor. Thus, it is possible that the evaluation arrangement performs corrections dependent
on the pressure and/or the temperature, and may therefore very precisely analyze the fluid,
and may therefore very precisely obtain information about the gas concentration and/or a

thermal conductivity of the fluid, for example.

According to an embodiment, the evaluation arrangement may be configured, when
determining the information about the gas concentration, to use as input quantities of a drift
correction the combination signal, information about the temperature in a surrounding area
of the thermal gas sensor, and information about a pressure in a surrounding area of the
thermal gas sensor, and to obtain the information about the gas concentration as a result
of the drift correction. Apart from the three mentioned input variables, for example, the drift
correction does not obtain further variables, but only uses constants, for example, (e.g.
additionally) obtained previously — for example in the context of a calibration. Thus, the
evaluation arrangement may be configured to calculate out possible errors in the calculation
of the gas concentration, caused by a drift, and to therefore perform a drift correction. The
drift may be created at different temperatures and pressures and may therefore falsify a
determination of the gas concentration, which may be avoided or suppressed with this
feature. Thus, it is possible to very precisely determine information about the gas

concentration with the evaluation arrangement.
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According to an embodiment, the evaluation arrangement is configured to obtain the
combination signal, or a further combination signal, on the basis of a quotient between
amplitude information that depends on the information about the amplitude of the detector
signal at least of the first detector and optionally also on the information about the amplitude
of the detector signal of the second detector, and phase information that depends on the
information about the first phase difference and optionally also on the information about the
second phase difference. In addition, the evaluation arrangement may be configured to
determine, dependent on the combination signal, information about a concentration of a
gas, e.g. a third gas of a gas mixture. In other words, the quotient is a ratio between the
information about the amplitude and the phase information. According to an embodiment,
the third gas shifts this ratio, as a result of which the evaluation arrangement may be

configured to infer the concentration of the third gas component on the basis of this ratio.

According to an embodiment, the evaluation arrangement is configured to obtain the

combination signal sigV according to

sigV=sigUss*Kav/(sigPhi*Kpv)

In the equation, sigUss may be amplitude information that depends on the information about
the amplitude of the detector signal of the first detector and optionally on the information
about the amplitude of the detector signal of the second detector. In addition, sigPhi may
be phase information that depends on the information about the first phase difference and
optionally on the information about the second phase difference. In addition, Kav and Kpv
represent constants. For example, the combination signal sigV represents the ratio between
the information about the amplitude and the phase information. In other words, the
evaluation arrangement is configured to determine, by means of the ratio sigV, from an
amplitude signal and a phase signal a further physical gas parameter that may be used to
infer, by means of the evaluation arrangement, e.g. by correlation, the unknown
concentration of a known third gas in the gas mixture to be analyzed. Kav and Kpv are new

weighting factors that amplify changes in the ratio of the amplitudes and phases.

According to an embodiment, the evaluation arrangement is configured to obtain
information as to how much heat is dissipated by the heater during a heating period, and to
determine, dependent on the information as to how much energy is dissipated by the heater
during the heating period, information about a concentration of a gas, e.g. a third gas of a

gas mixture. A heating period may be understood to be a duration from a first zero crossing
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of a heating voltage to a second zero crossing of the heating voltage. Alternatively, the
heating period may also be understood to be a duration starting from a first point in time at
which the heating voltage changes from zero volts to more than or less than zero volts, up
to a second point in time at which the heating voltage changes from more than or less than
zero volts to zero volts. For example, the heating signal may be a sinusoidal signal, a cosine
signal, a square-wave signal, a triangular wave signal or a sawtooth signal. The heat is
dissipated to the gas mixture surrounding the heater during the heating period. The amount
of heat that is dissipated by the heater to the surrounding gas depends on, e.g., a thermal
conductivity of the surrounding gas, or a thermal conductivity of gas components of the
surrounding gas. Thus, the evaluation arrangement may be configured to determine, by
means of the heat dissipated by the heater, a thermal conductivity of the unknown gas or

gas mixture.

According to an embodiment, the evaluation arrangement is configured to obtain the
information as to how much heat is dissipated by the heater during a heating period on the
basis of a measurement of a current flow through the heater at a specified heating voltage.
In other words, the heating voltage applied at the heater is specified during the heating
period, and the current flow changes according to how much heat is dissipated to the gas
or gas mixture. The larger the amount of heat that is dissipated, the weaker the increase of
the temperature of the heater and therefore, assuming a positive TCR (temperature
coefficient of resistance), the value of the heater resistance, as a result of which the current
flow decreases less. Thus, by determining the current flow through the heater by means of
the evaluation arrangement, a composition of the gas mixture to be analyzed may be
inferred, or the current flow may be used as additional information by the evaluation

arrangement to further improve an accuracy in the gas analysis.

According to an embodiment, the evaluation arrangement is configured to obtain the current
flow shortly after switching on the specified heating voltage and shortly before switching off
the specified heating voltage. The evaluation arrangement may determine a change of the
current flow during the heating period from a difference of both of these current flow data
pieces. The larger the difference, the lower the thermal conductivity of the gas or gas
mixture to be analyzed. Thus, the evaluation arrangement is configured to use the thermal
conductivity of the gas or gas mixture, e.g., as an additional parameter in an analysis of the
gas or gas mixture. In other words, the evaluation arrangement may be configured to use
the measurement of the thermal conductivity as a further physical parameter of the unknown

gas mixture, through the evaluation arrangement being configured to, for example, evaluate
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(per period) the difference of the heater current at a starting maximum shortly after switching
on the heating voltage and shortly before switching off the heating voltage. Shortly after
switching on the heating voltage may signify a point in time in a time span from 10 ps to

1 ms, 100 us to 800 ps, or 300 ps to 500 s, such as 400 us after the switch-on.

An embodiment provides a method for evaluating signals of a thermal gas sensor with at
least one heater and at least one detector. For example, heat may be transferred from the
heater to the detector via a gas to be analyzed. The method may include obtaining
information about an amplitude of a detector signal of a first detector (e.g. D1.Uss) and
information about a first phase difference between a heater signal and the detector signal
of the first detector (e.g. (D1-Hz).phi). A combination signal may be formed as an
intermediate quantity, dependent on the information about the amplitude of the detector
signal and dependent on the information about the first phase difference. For example, the
combination signal may combine amplitude information and phase information. Information
about a gas concentration or information about a thermal diffusivity of a fluid (e.g. a gas or
gas mixture) may be determined on the basis of the combination signal. For example, this
determination may be carried out without separately considering the individual information

incorporated into the combination signal in the further process of the calculations.

An embodiment provides a method for evaluating signals of a thermal gas sensor with at
least one heater and two detectors arranged in different distances or the same distance to
the heater. For example, heat may be transferred from the heater to the two detectors via
a gas to be analyzed. The method may include obtaining information about an amplitude of
a detector signal of a first detector (e.g. D1.Uss), information about an amplitude of a
detector signal of a second detector (e.g. D2.Uss), information about a first phase difference
between a heater signal and the detector signal of the first detector (e.g. (D1-Hz).phi), and
information about a second phase difference between the heater signal and the detector
signal of a second detector (e.g. (D2-Hz).phi). A combination signal may be formed as an
intermediate quantity, dependent on the information about the amplitude of the detector
signals and dependent on the information about the first phase difference and dependent
on the information about the second phase difference. For example, the combination signal
may combine amplitude information and phase information. Information about a gas
concentration or information about a thermal diffusivity of a fluid (e.g. a gas or gas mixture)
may be determined on the basis of the combination signal. For example, this determination
may be carried out without separately considering individual information incorporated into

the combination signal in the further process of the calculations.
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An embodiment concerns an evaluation arrangement for a thermal gas sensor with at least
one heater and at least one detector. For example, but not necessarily, the two detectors
may be arranged in different distances to the heater. The evaluation arrangement may be
configured to control, dependent on at least one sensor signal from at least one of the
detectors, a heating power applied to the heater in order to bring the at least one sensor
signal into a predetermined value range. In addition, the evaluation arrangement may be
configured to consider information about the heating power (e.g. Hz.Uss) when deriving

information about a gas concentration from the sensor signals.

This embodiment of the evaluation arrangement is based on the finding that the evaluation
arrangement may vary the heating power in order to maintain the at least one sensor signal
in the predetermined value range for different gases or gas mixtures. Due to the fact that
the at least one sensor signal is maintained in the predetermined value range, it may
analyze in an ideal manner, without having to accept large information losses. For example,
if the evaluation arrangement obtains information as to the fact that an amplitude of the
sensor signal is lower than the predetermined value range, the evaluation arrangement may
apply a heating power to the heater so as to increase the heating power of the heater and
to therefore lift the amplitude of the sensor signal into the predetermined value range.
However, if the evaluation arrangement obtains information as to the fact that the sensor
signal comprises an amplitude that is larger than the predetermined value range, the
evaluation arrangement may apply a heating power to the heater so as to reduce the heating
power of the heater and to therefore lower the amplitude of the sensor signal into the
predetermined value range. Thus, for example, the evaluation arrangement may constantly
maintain the at least one sensor signal in the predetermined value range by the fact that the
evaluation arrangement applies heating power to the heater, or readjusts the same,
dependent on the at least one sensor signal. Thus, the evaluation arrangement may derive
information about a gas concentration and/or a thermal diffusivity of a gas using a
combination of the information about the heating power and the information about the
sensor signals. In addition, the evaluation arrangement may therefore enable a precise flow

measurement and a quick gas analysis.

According to an embodiment, the evaluation arrangement may be configured to apply a
periodic signal to the heater. For example, the periodic signals defines a square-wave
signal, or an impulse with a defined power, or a sinusoidal signal. Optionally, the evaluation

arrangement comprises a processor that may generate the periodic signal. Here, it is to be
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noted that, due to the timer structures evaluable in the processor, a square-wave signal
may be generated temporally much more precisely than a synthetic sinusoidal signal that
would be output by the processor on its digital/analog (DA) port. By applying the periodic
signal to the heater, the two detectors each also detect a periodic sensor signal. However,
the periodic sensor signals achieved in such a way may also differ in amplitude, offset, and
phase position with respect to the periodic signal of the heater. From the information
achieved by the evaluation arrangement, the evaluation arrangement may determine a
thermal conductivity, thermal diffusivity, and — if the density of a gas (a gas to be analyzed
by the thermal gas sensor) is known — also a specific thermal capacity. Thus, for example,
information about a gas concentration and/or thermal conductivity/thermal diffusivity may
be derived from the variation of the heating power, which may represent information about
the heating power. Currently, if the heater of the thermal gas sensor comprises a low
thermal mass, the periodic signal applied to the heater may be modulated by the evaluation
arrangement with frequencies up to 300 Hz, since heat may be provided and dissipated

quickly. Thus, a periodic signal enables a precise, quick, and efficient gas analysis.

For example, if the periodic signal is an impulse with a defined power, the electric crosstalk
of the steep edges of the heater signal with respect to the detectors would be clearly
temporally distinguishable from the thermal wave that occurs later in time. With a duty cycle
of 50 %, it is possible that the switch-off edge at the heater may electrically crosstalk into
the sensor signal if the same simultaneously obtains the heat wave and the at least one
detector performs a measurement. By configuring the electronic system (R-C components),
the heater edges may be slightly rounded off, and the detector signals may be pushed
outside of the crosstalk interferences. On a powerful embedded platform, a heater operation
with a shorter duty cycle could become more important since the electric interference and
the signal may be clearly temporally distinguished. Obviously, the pulse should be wide
enough for the heater to dissipate enough power/heat so that the at least one detector may

perform a measurement, which may be a lower limit of the duty cycle of 5 %.

According to an embodiment, the evaluation arrangement may be configured to switch the
heating power applied to the heater between two values. Thus, for example, heating power
in the form of a periodic square-wave signal may be applied to the heater. For example, a
DA converter may specify the two values (e.g. in the form of heater voltages). One of two
voltages may alternately be applied to a heater amplifier with an analog switch. This feature
makes it possible that the heating power and phase position present at the heater may be

precisely determined at each point in time, as a result of which the at least one sensor signal
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may be compared very precisely to the heater signal, and the evaluation means may

therefore perform a very precise gas analysis.

According to an embodiment, the evaluation arrangement may be configured to adjust an
amplitude of the heating power such that a minimum value of the at least one sensor signal
and a maximum value of the at least one sensor signal are in the predetermined value
range. For example, this ensures that an amplitude of the at least one sensor signal is in
the predetermined value range for the entire at least one sensor signal (e.g. for the entire
time in which the thermal gas sensor has detected the at least one sensor signal via at least
one of the two detectors). For example, the minimum value may represent a minimum
amplitude of the at least one sensor signal, and the maximum value may represent a
maximum amplitude. Thus, the amplitude of the heating power may be controlled at least
twice, e.g. when verifying whether the minimum value of the at least one sensor signal is in
the predetermined value range, and when verifying whether the maximum value of the at
least one sensor signal is in the predetermined value range. Thus, the accuracy of the
evaluation arrangement may be improved, since, with this feature, at least two values (a
minimum value and the maximum value) of the at least one sensor signal may be
determined, and the amplitude of the heating power may be adjusted based thereon.
Accordingly, the evaluation arrangement may be configured to carry out a very precise gas

analysis.

Optionally, the predetermined value range may comprise a minimum value range and a
maximum value range. In this case, for example, the evaluation arrangement may be
configured to control the amplitude of the heating power such that the minimum value of at
least one sensor signal is in the minimum value range of the predetermined value range,
and the maximum value of the at least one sensor signal is in the maximum value range of
the predetermined value range. Thus, it is possible that the at least one sensor signal almost

fully covers the entire value range and that only few, or no, information is lost, for example.

According to an embodiment, the minimum value and/or the maximum value of the at least

one sensor signal may define a phase position or an offset of the at least one sensor signal.

For example, the predetermined value range may constitute an operating range of an
analog-digital converter. If the minimum value of the at least one sensor signal and/or a
maximum value of the at least one sensor signal is outside of the predetermined value

range, the analog-digital converter may not correctly convert the at least one sensor signal,
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as a result of which the evaluation arrangement, under certain circumstances, derives
incorrect information about the gas concentration or thermal diffusivity. This may be

prevented or reduced through the feature described herein.

According to an embodiment, the evaluation arrangement may be configured to set or adjust
an amplitude of the heating power such that an amplitude of the at least one sensor signal
is in a specified amplitude range. For example, the specified amplitude range (e.g. which
may be determined/defined by the predetermined value range) may constitute an operating
range of an analog-digital converter. The amplitude of the at least one sensor signal should
utilize at least 50 %, or at least 65 %, or at least 75 % of the specified amplitude range so
that a meaningful analysis of the at least one sensor signal may be carried out by the
evaluation arrangement. Optionally, the specified amplitude range may also define that the
amplitude of the at least one sensor signal utilizes at least 50 %, at least 65 %, or at least
75 % of the value range of the analog-digital converter. If the amplitude of the at least one
sensor signal is outside of the specified amplitude range, information may be lost, and an
incorrect derivation of information about the gas concentration or thermal diffusivity may be

obtained from the sensor signal, for example.

Similarly, there may be problems if the amplitude of the at least one sensor signal utilizes
only a very small range of the specified amplitude range. For example, since the analog-
digital converter may not be fully utilized in this case and the quality of the analysis by the
evaluation arrangement is reduced. A very high accuracy in an analysis of the at least one
sensor signal by means of the evaluation arrangement may be ensured through the feature
described. Thus, it is possible that the analog-digital converter may operate in optimized

conditions, and a very precise gas analysis by the evaluation arrangement is ensured.

According to an embodiment, the evaluation arrangement may be configured to set or adjust
sampling times at which a sensor signal is sampled. For example, the sensor signal may
be a sensor signal that is pre-processed and/or applied with a DC offset. Through this, for
example, the evaluation arrangement may set sampling times at which the evaluation
arrangement expects the sensor signal to be in the predetermined value range. If the sensor
signal is not in the predetermined value range, the evaluation arrangement may apply a
heating power to the heater in order to bring the sensor signal into the predetermined value
range at the sampling time. Thus, the evaluation arrangement is configured to set or adjust
optimized sampling times at which the evaluation arrangement may perform a very quick

and precise gas analysis of the gas detected by the thermal gas sensor.
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According to an embodiment, the evaluation arrangement is configured to set the sampling
times such that sampling is carried out at a point in time (e.g. a first sampling time) at which
the sensor signal reaches a maximum value, and such that sampling takes place at a point
in time (e.g. a second sampling time) at which the sensor signal reaches a minimum value.
For example, sampling may be carried out with a phase difference of up to +/- 0.5 %,
+/-1 %, +/- 2 %, or +/- 5 %. According to an embodiment, sampling may be carried out at
the point in time with a deviation of +/- 15 ps, +/- 100 ps, +/- 2.1 ms, +/- 4.2 ms, +/- 6.3 ms
or +/- 10 ms. Due to the fact that the evaluation means may set the sampling times with
such an accuracy, it is possible that the evaluation means may verify whether the minimum
value and/or the maximum value captured in such a way is/are within the predetermined
value range. In addition, the maximum value and the minimum value of the sensor signal
may be compared very precisely to maximum values and minimum values, respectively, of
the sensor signals of other gas types, as a result of which the evaluation arrangement is
configured to perform a very precise and efficient gas analysis through the sampling times

set in such a way.

According to an embodiment, the evaluation means may be configured to combine a sensor
signal from at least one of the detectors with an offset signal generated by a digital-analog
converter in order to obtain an input signal for the analog-digital converter. In addition, the
evaluation means may be configured to adjust the offset signal in order to achieve that the
input signal of the analog-digital converter remains within a specified range (e.g. the
predetermined value range) during an entire period of the sensor signal. For example, the
offset signal may be adjusted as a reaction to identifying that an input value of the analog-
digital converter exceeds a specified upper threshold value (e.g. 95 %, 90 %, or 85 % of a
maximum processable input value of the analog-digital converter), or as a reaction to
identifying that an input value of the analog-digital converter falls below a specified lower
threshold value (e.g. 5 %, 10 %, or 15 % of a maximum processable input value of the

analog-digital converter).

Thus, for example, the offset signal may change an offset of the sensor signal to bring the
sensor signal into the specified range. For example, it is to be noted that the offset signal
may be used by the evaluation means to generate the input signal that may constitute an
offset-shifted sensor signal. Thus, the evaluation arrangement may shift the sensor signal
into the specified range during the entire period by means of a combination of the at least

one sensor signal and the offset signal. For example, if the input signal still exceeds the
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specified range, the evaluation means may apply a heating power to the heater to bring the
at least one sensor signal within the specified range during the entire period. For example,
the specified range may constitute an operating range of an analog-digital converter. Thus,
through the feature described herein, it is possible that very precise information about the
gas concentration and/or the thermal diffusivity may be derived from the at least one sensor

signal by means of the evaluation means, which may include the analog-digital converter.

According to an embodiment, the evaluation means may be configured to control the
heating power only if the sampling times are set or adjusted in a steady state and if the
offset signal is adjusted in a steady state. For example, a steady state is understood to
mean that the evaluation means has determined the sampling times within possible
tolerances and that the sampling times do not have to be further set or adjusted. For
example, in the steady state, the sampling times are adjusted such that a maximum value
(within tolerances) and a minimum value (within tolerances) of the at least one sensor signal
are sampled. In addition, a steady state may define that the offset signal adjusted by the
evaluation means generates in combination with the at least one sensor signal an input
signal that remains within a specified range during the entire period of the sensor signal.
Thus, the steady state may signify that the evaluation means has precisely determined all
necessary output parameters (e.g. the sampling times (and the maximum value and the
minimum value of the sensor signals therefrom, for example) or the offset signal) in order
to very precisely analyze the at least one sensor signal and derive information about the
gas concentration and/or thermal diffusivity. From information about the heating power
adjusted by the evaluation means and the information derived from the at least one sensor
signal by means of the evaluation means, the evaluation means may very precisely
determine information about the gas concentration and/or thermal diffusivity of the gas

detected by the gas sensor.

According to an embodiment, the evaluation means may be configured to stop controlling
the heating power while the sampling times are being set or adjusted and/or while the offset
signal is being adjusted. Through this feature, errors when setting or adjusting the sampling
times and/or when adjusting the offset signal may be reduced, and a very quick and efficient
adjustment is possible, as a result of which the evaluation means may be configured to very
quickly and very precisely determine information about the gas concentration and the

thermal diffusivity.
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According to an embodiment, the evaluation arrangement may be configured to control a
mean heating power or a maximum heating power and an amplitude of the heating power.
For example, since a periodic excitation signal may be applied to the heater, the mean
heating power may be a power averaged over a time in which the excitation signal is applied
to the heater, for example. In a periodically excited heater, the amplitude of the heating
power may vary. Thus, for example, the maximum heating power may correspond to a
maximum amplitude of the heating power of the heater within a time span. Alternatively, the
amplitude of the heating power may also be approximately constant. Accordingly, for

example, an amplitude of the heating power may be controlled to vary over time.

An embodiment provides a method for operating an evaluation arrangement for a thermal
gas sensor with at least one heater and at least one detector or two detectors arranged in
different distances to the heater or two detectors arranged in the same distance to the
heater. The method may include controlling a heating power applied to the heater
dependent on at least one sensor signal from at least one of the detectors in order to bring
the at least one sensor signal into a predetermined value range. In addition, the method
may include considering information about the heating power (e.g. Hz.Uss) when deriving

information about a gas concentration from the sensor signals.

An embodiment concerns a computer program with a program code for performing a

method when the program runs on the computer.

An embodiment concerns an evaluation arrangement for a thermal gas sensor with at least
one heater and at least one detector or two detectors arranged in different distances to the
heater or two detectors arranged in the same distance to the heater. The evaluation
arrangement may be configured to apply to the heater a periodic signal with a specified
period duration. In addition, the evaluation arrangement may be configured to sample at
least one sensor signal from one of the detectors at three sampling times, wherein a second
sampling time is time shifted by 90°, with respect to the period duration, compared to a first
sampling time, and wherein a third sampling time is time shifted by 180°, with respect to the
period duration, compared to the first sampling time. In addition, the evaluation arrangement
may be configured to identify, on the basis of three sample values that are based on a
sampling of the sensor signal at the first sampling time, the second sampling time, and the
third sampling time, whether a first sample value or a third sample value constitute a
maximum value and a minimum value of the sensor signal. The sampling times (e.g. the

first sampling time, the second sampling time, and/or the third sampling time) may comprise
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a deviation of +/-0.5°, +/-1°, +/-2°, or +/-5° from the sampling time specified by the
evaluation arrangement. Thus, the second sampling time may be time shifted compared to
the first sampling time by a 1/4 period duration, a 5/4 period duration, or a 9/4 period
duration, and the third sampling time may be time shifted compared to the first sampling
time by a 1/2 period duration, by a 3/2 period duration, or by a 5/2 period duration, for

example.

This embodiment of the evaluation arrangement is based on the finding that an amplitude
of the at least one sensor signal, detected by one of the at least two detectors of the thermal
gas sensor that are arranged in different distances to the heater, may be measured very
precisely if an analog-digital conversion of the at least one sensor signal is carried out at
the right point in time. For example, this is the point in time at which the at least one sensor
signal comprises the maximum value or the minimum value. The evaluation arrangement
may be configured to identify that the first sampling time and the third sampling time are
selected incorrectly, by the evaluation arrangement sampling the at least one sensor signal
at the second sampling time at which a “zero crossing” of the at least one sensor signal is
expected. If the first sampling time, the second sampling time, and the third sampling time
are correct, the evaluation arrangement may identify whether the first sample value and the
third sample value constitute a maximum value and a minimum value of the sensor signal.

Thus, the second sampling time may ensure this verification for the evaluation arrangement.

In addition, it is possible to determine a value range (e.g. from the minimum value to the
maximum value) of the sensor signals and to verify whether the same is in an operating
range of the analog-digital converter so that the sensor signals may be analyzed in an
optimized manner and there is only little, or no, loss of information. If the evaluation means
asserts that the determined minimum value and maximum value are not within the value
range, the evaluation arrangement may be configured to adapt the periodic signal applied
to the heater in order to bring the sensor signals detected by the detectors into the value

range.

In addition, the sampling times, in the form of the minimum value and/or the maximum value,
constitute very precisely defined positions of the sensor signals, as a result of which phase
differences and/or amplitude differences between the periodic signal of the heater and the
at least one sensor signal from at least one of the detectors may be determined very

precisely, easily and efficiently by the evaluation means. For example, the evaluation means
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may perform a very precise gas analysis from the phase differences and amplitude

differences determined in such a way.

Thus, it is to be noted that the evaluation arrangement may perform a very precise, quick
and efficient gas analysis of the gas detected by the thermal gas sensor, due to the fact
that, for example, amplitudes (e.g. a minimum value, a maximum value) of the sensor signal
(a signal detected by at least one of the two detectors, transferred from the heater via the
gas) may be determined very precisely through the precise determination of the first

sampling time, the second sampling time, and the third sampling time.

According to an embodiment, the evaluation arrangement may be configured to change
sampling times dependent on identifying whether the first sample value and the third sample
value constitute a maximum value and a minimum value of the sensor signal. To this end,
the evaluation arrangement may identify whether the sampling times are selected
incorrectly. In this case, the first sample value and the third sample value constitute a
maximum value or a minimum value of the sensor signal, and if there is a deviation of the
sampling time of less than £0.5°, £0.7°, or £1° and/or less than £10 pus, £15 ps, or £20 ps,
for example, the evaluation means decides that a change of the sample values is not carried
out. Thus, it is possible to correct the sampling times and to set them by means of the
evaluation arrangement precisely enough that the evaluation arrangement may perform a

very precise, quick and efficient analysis.

According to an embodiment, the evaluation arrangement may be configured to set or adjust
the sampling times such that the first sample value constitutes an extreme value of the
sensor signal, e.g. a maximum value or a minimum value, and the third sample value
constitutes a second extreme value, e.g. the minimum value or the maximum value, of the
sensor signal. For example, the second sample value may constitutes a mean value or DC
component of the sensor signal (e.g. a zero crossing of the sensor signal). Thus, the
evaluation arrangement may be configured to sample the at least one sensor signal and to
verify whether the first sample value and the third sample value constitutes a maximum
value or a minimum value of the sensor signal until the first sample value constitutes the
first extreme value of the sensor signal and the third sample value constitutes the second
extreme value of the sensor signal. Thus, this may ensure that the evaluation arrangement
is adjusted such that an amplitude of the sensor signal may be determined very precisely.
Thus, for example, the evaluation arrangement performs a very precise gas analysis of the

gas detected by the thermal gas sensor.
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According to an embodiment, the evaluation arrangement may be configured to, when
setting or adjusting the sampling times, consider information about a point in time of a
crossing of the sensor signal through a specified threshold value. For example, the specified
threshold value may correspond to a DC component or a mean value of the sensor signal.
For example, the time of the crossing of the sensor signal through the specified threshold
value may correspond to the second sampling time. For example, the specified threshold
value may define a “zero crossing” of the sensor signal, wherein the “zero crossing” may be
provided with an offset. For example, if the evaluation arrangement combines the
information about the point in time of the crossing of the sensor signal through the specified
threshold value with the remaining two sampling times (e.g. the first sampling time and the
third sampling time), the evaluation arrangement may quickly and easily verify, or identify,
whether the first sample value and the third sample value correspond to the maximum value
and the minimum value of the sensor signal. Thus, the sampling times may be determined
very precisely and exactly by the evaluation arrangement, as a result of which a very precise

gas analysis by the evaluation arrangement is possible.

According to an embodiment, the evaluation arrangement may be configured to verify
whether a second sample value at the second sampling time is equal to a mean value of
the first sample value at the first sampling time and the third sample value at the third
sampling time, and to identify, dependent on the verification, whether the first sample value
and the third sample value constitute a maximum value and/or a minimum value of the
sample signal. According to an embodiment, the second sample value may deviate from
the mean value with a tolerance of up to £0.5%, +1%, or 5% of a difference between the
first sample value and the third sample value. This feature enables that the evaluation
arrangement identifies, with the help of the second sampling time, whether the first sample
value and the third sample value correspond to the maximum value or the minimum value
of the sensor signal. Thus, possible errors of the evaluation arrangement may be reduced
when determining the first sample value, the second sample value, and the third sample

value, and a very precise gas analysis may be performed.

According to an embodiment, the evaluation arrangement may be configured to apply to the
heater a periodic square-wave signal or an impulse with a defined power with a duty cycle
of preferably 50%. Alternatively, the duty cycle may be in a range from 5 to 50%. Here, for
example, a tolerance of the duty cycle of £1%, 2%, or +5% is possible. According to an

embodiment, the evaluation arrangement may be configured to change the duty cycle at a
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fixed operating voltage of the heater in order to adapt a heating power of the heater. This
makes it possible that the evaluation arrangement may determine a very precise heater
signal via the duty cycle, and that a gas may be very precisely measured by determining
the sampling times of the at least one sensor signal that corresponds to the heater signal
(hence, the heater signal is transported to the detectors via the gas and is detected by the

detector as a sensor signal, for example).

According to an embodiment, the evaluation arrangement may be configured to combine a
sensor signal from at least one of the detectors with an offset signal generated by a digital-
analog converter in order to obtain an input signal for an analog-digital converter and to
adjust the offset signal in order to achieve that the input signal of the analog-digital converter
remains within a specified range (e.g. a value range) during an entire period of the sensor
signal. In addition, the evaluation arrangement may be configured to adjust the sampling
times after adjusting the offset signal and, after a change of the sampling times, to again
perform a verification as to whether sample values obtained with the changed setting of the
sampling times are still within the specified range. For example, the analog-digital converter
digitizes signal values present at the sampling times and therefore samples the sensor
signal. For example, the evaluation means may adjust the offset signal as a reaction to
detecting that an input value of the analog-digital converter exceeds a specified upper
threshold value (e.g. 95%, 90%, or 85%) of a maximum processable input value of the
analog-digital converter), or as a reaction to detecting that an input value of the analog-
digital converter falls below a specified lower threshold value (e.g. 5%, 10%, or 15% of a
maximum processable input value of the analog-digital converter). For example, the
sampling times may be adjusted in the context of tracking the sampling times after adjusting
the offset signal. For example, using the offset signal may achieve that the input signal
combined of the sensor signal and the offset signal remains within the specified range, for
example, wherein the specified range may be defined as a limit of the analog-digital
converter that may be captured (e.g. an operating range of the analog-digital converter).
For example, the offset signal may amplify or reduce the sensor signal and therefore
continuously keep the same (e.g. during the entire period) in an optimum operating range

or operating window (e.g. in the specified range) of the analog-digital converter.

The specified range in which the input signal of the analog-digital converter is to remain
during the entire period of the sensor signal may define a specified range for an amplitude
of the sensor signal and for an offset of the sensor signal. Thus, for example, the offset

signal may not only bring an offset of the sensor signal into the specified range of the



24 Dec 2020

2019205103

10

15

20

25

30

35

-23-

analog-digital converter, but it may also control an amplitude of the sensor signal such that
the input signal comprises an amplitude adopting a large part of the specified range with
respect to the amplitude. If the evaluation arrangement has changed the sampling times,
the sampling times are again verified with the obtained sample values (or input values of
the analog/digital converter). For example, the specified range in which the obtained sample
values are to be located may be between the specified lower threshold value and the
specified upper threshold value. Optionally, the evaluation arrangement may be configured
to readjust, as necessary, the offset signal and/or the heating power of the heater after
again verifying the obtained sample values. Thus, the evaluation arrangement makes it
possible that the sensor signal may be very precisely analyzed by an analog-digital
converter since the sensor signal is converted with an offset signal into an input signal, for
example, that may adopt an optimum operating range of the analog-digital converter (the
specified range). This makes it possible to perform a very precise gas analysis with the

evaluation arrangement.

According to an embodiment, the evaluation arrangement may be configured to control a
heating power applied to the heater dependent on the at least one sensor signal from at
least one of the detectors in order to bring the at least one sensor signal into a
predetermined value range. In addition, the evaluation arrangement may be configured to
consider information about the heating power (e.g. Hz.Uss) when deriving information about
a gas concentration from the sensor signals. For example, the evaluation arrangement may
be configured to control a heating power so that an amplitude of the sensor signal may be
brought into the predetermined value range. Here, the amplitude may be the minimum value
and/or the maximum value of the sensor signal, or a difference of the maximum value and
the minimum value. For example, if the sensor signal has a very low amplitude, a heating
power may be applied to the heater by the evaluation arrangement so that the sensor signal
detected by a detector comprises an amplitude approximately covering at least the entire
predetermined value range. For example, the predetermined value range may constitute an
operating range of an analog-digital converter with which the sensor signal may be
processed by the evaluation arrangement. Accordingly, for example, the evaluation
arrangement may apply a heating power to the heater so that the at least one sensor signal
adopts at least 70%, 75%, or 80% of the operating range of the analog-digital converter.
The evaluation arrangement may be configured to determine, dependent on information
about the heating power and dependent on information about the sensor signal, information
about the gas concentration and/or the thermal diffusivity of the sensor signal. For example,

the information about the heating power may define an amplitude of the heating power, a
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phase of the heating power, and/or an offset of the heating power. For example, the
information about the sensor signal may define an amplitude of the sensor signal, a phase
of the sensor signal, and/or an offset of the sensor signal. Thus, a gas may be very precisely

analyzed with the evaluation arrangement.

An embodiment provides a method for operating a thermal gas sensor with at least one
heater and two detectors arranged in different distances to the heater. The method may
include applying to the heater a periodic signal with a specified period duration. At least one
sensor signal may be sampled by one of the detectors at three points in time, wherein a
second sampling time may be time-shifted by 90°, with respect to the period duration (e.g.
+/- 2% or +/- 2°), compared to a first sampling time (i.e. by a 1/4 period duration, a 5/4 period
duration, or by a 9/4 period duration), and wherein a third sampling time may be time-shifted
by 180°, with respect to the period duration (e.g. +/- 2% or +/- 2°), compared to the first
sampling time (i.e. by a 1/2 period duration, a 3/2 period duration, or by a 5/2 period
duration). On the basis of three sample values that are based on sampling the sensor signal
at the first sampling time, at the second sampling time, and at the third sampling time, it
may be identified (e.g. by an evaluation arrangement) whether a first sample value and a
third sample value constitute a maximum value or a minimum value of the sensor signal
(e.g. except for a DC offset). The first sample value and the third sample value constituting
a maximum value and a minimum value of the sensor signal may signify that the first sample
value constitutes a maximum value and the third sample value constitutes a minimum value,
for example, or that the first sample value constitutes a minimum value and the third sample

value constitutes a maximum value (this applies to all embodiments described herein).

An embodiment concerns a computer program with a program code for performing a

method when the program runs on a computer.

Short description of the drawings

Embodiments according to the present invention are subsequently described in more detail
with reference to the accompanying drawings. With respect to the illustrated schematic
drawings, it is to be noted that the illustrated functional blocks may be understood to be
elements or features of the inventive apparatus and corresponding method steps of the
inventive method, and such that corresponding method steps of the inventive method may

be derived therefrom. In the drawings:
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shows a schematic illustration of a gas sensor according to an embodiment of

the present invention;

shows a schematic illustration of an evaluation arrangement for a thermal gas

sensor according to an embodiment of the present invention;

shows a schematic illustration of an evaluation arrangement for a thermal gas
sensor with a control of a heating power, according to an embodiment of the

present invention;

shows a schematic illustration of an evaluation arrangement for a thermal gas
sensor with sampling a sensor signal at three points in time, according to an

embodiment of the present invention;

shows a schematic illustration of a gas sensor in the light microscope, according

to an embodiment of the present invention;

shows a schematic illustration of a gas sensor in the scanning electron

microscope, according to an embodiment of the present invention;

shows a schematic illustration of a section of a scanning electron microscope
image of micro bridge for a gas sensor according to an embodiment of the

present invention;

shows a schematic illustration of a gas sensor with a first discontinuation having
an expansion perpendicular to a heater that differs from an expansion
perpendicular to a heater of a second discontinuation, according to an

embodiment of the present invention;

shows a schematic illustration of a gas sensor with a first discontinuation area
and a second discontinuation area each having a plurality of discontinuations,

according to an embodiment of the present invention;

shows a schematic illustration of a gas sensor with an equal number of
discontinuations in the first discontinuation area and in the second

discontinuation area, according to an embodiment of the present invention;
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shows a schematic illustration of a gas sensor with a multitude of
discontinuations in a first discontinuation area and a single discontinuation in a
second discontinuation area, according to an embodiment of the present

invention;

shows a schematic illustration of a gas sensor, wherein a multitude of
discontinuations in a first discontinuation area comprise a different expansion
perpendicular to a heater than a multitude of discontinuations in a second

discontinuation area, according to an embodiment of the present invention;

shows a schematic illustration of a principle of a gas sensor according to an

embodiment of the present invention;

shows a schematic illustration of a heat transport at a gas sensor according to

an embodiment of the present invention;

shows a diagram of a heater signal, a first sensor signal, and a second sensor

signal of a gas sensor according to an embodiment of the present invention;

shows a schematic illustration of driving a heater for a gas sensor according to

an embodiment of the present invention;

shows a schematic illustration of a circuit for evaluating a sensor signal of a gas

sensor according to an embodiment of the present invention;

shows a schematic illustration of a control of a gas sensor according to an

embodiment of the present invention;

shows a block diagram of a method for analyzing a sensor signal of a gas sensor

according to an embodiment of the present invention;

shows a block diagram of a method for evaluating a sensor signal of a gas
sensor with tracking sampling times, according to an embodiment of the present

invention;
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shows a diagram of a phase shift between a heater signal and two sensor

signals of a gas sensor according to an embodiment of the present invention;

shows a diagram of amplitudes of at least one sensor signal of a gas sensor

according to an embodiment of the present invention;

shows a diagram of phase shifts between a first sensor signal and a second
sensor signal of a gas sensor as a function of a pressure, according to an

embodiment of the present invention;

shows a diagram of a phase shift of a sensor signal of a gas sensor as a function

of a frequency, according to an embodiment of the present invention;

shows a diagram of an amplitude of sensor signal of a gas sensor as a function

of a frequency, according to an embodiment of the present invention;

shows a diagram of phase shifts of a first sensor signal, a second sensor signal,
and a heater signal of a gas sensor as a function of a nitrogen concentration,

according to an embodiment of the present invention;

shows a diagram of an amplitude of a first sensor signal and a second sensor
signal of a gas sensor as a function of a nitrogen concentration, according to an

embodiment of the present invention;

shows a diagram of a combination signal of a gas sensor for different gas

mixtures, according to an embodiment of the present invention;

shows a diagram of a combination signal of a gas sensor as a function of a CO:

concentration, according to an embodiment of the present invention;

shows a diagram of a combination signal of a gas sensor as a function of a

pressure, according to an embodiment of the present invention;

shows a diagram of a relationship between a gas pressure and a gas
temperature for a gas sensor according to an embodiment of the present

invention;
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shows a block diagram of a method for generating a combination signal of a gas

sensor according to an embodiment of the present invention;

shows a diagram of a thermal diffusivity as a function of a combination signal of

a sensor according to an embodiment of the present invention;

shows a diagram of a current flow in a heater during a heating period for a first

gas mixture according to an embodiment of the present invention;

shows a diagram of a current flow in a heater during a heating period for second

gas mixture according to an embodiment of the present invention;

shows a diagram of a current flow in a heater during a heating period for a third

gas mixture according to an embodiment of the present invention;

shows a diagram of different phase information for different gas mixtures

according to an embodiment of the present invention;

shows a diagram of different amplitude information for different gas mixtures

according to an embodiment of the present invention; and

shows a diagram of a combination signal for different gas mixtures according to

an embodiment of the present invention.

Detailed description of the embodiments according to the figures

Before embodiments of the present invention are subsequently described in more detail

based on the drawings, it is to be noted that elements, objects, and/or structures that are

identical, functionally identical or have the same effect are provided in the different drawings

with the same or similar reference numerals so that the description of these elements

illustrated in different embodiments may be interchangeable or applicable to each other.

Fig. 1 shows a schematic illustration of a gas sensor 100 according to an embodiment of

the present invention. The gas sensor 100 may comprise a membrane 110 (e.g. a thin-layer

membrane), a heating element 120, a first thermal element structure 130, and a second
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thermal element structure 140. Optionally, the gas sensor may only comprise the first
thermal element structure 130 or the second thermal element structure 140. The membrane
110 may be spread out by a frame 150 and may comprise a first discontinuation area 160
and a second discontinuation area 170. The first discontinuation area 160 of the membrane
110 may comprise at least one discontinuation 162, and the second discontinuation area
170 of the membrane 110 may also comprise at least one discontinuation 172. For example,
the heating element 120 may be arranged as a self-supporting bridge structure on the
membrane 110 between the first discontinuation area 160 and the second discontinuation
area 170 of the membrane 110. The first thermal element structure 130 may comprise a hot
end 132 and a cold end 134. The hot end 132 of the first thermal element structure 130 may
be arranged on the membrane 110 on a side of the first discontinuation area 160 opposite
to the heating element 120. The second thermal element structure 140 may also comprise
a hot end 142 and a cold end 144. The hot end 142 may be arranged on the membrane

110 on a side of the second discontinuation area 170 opposite to the heating element 120.

The membrane 110 may be a thin-layer membrane with a thickness between 200 nm and
4000 nm, 300 nm and 3000 nm, 400 nm and 2000 nm, or 1 ym and 10 pm. According to an
embodiment, the thickness of the overall membrane is approximately 2 ym (e.g., it consists
of several membrane layers, sensor layers, and passivation layers). For example, the
membrane layer may comprise Si oxide and/or Si nitride. For example, an expansion of the
membrane 110 into the sheet plane, i.e. perpendicular to a surface of the membrane 110
on which the heating element 120, the first thermal element structure 130, and the second
thermal element structure 140 are arranged, may be defined as the thickness. The
membrane 110 may comprise a conducting material, an insulating material, or a
semiconductor material, wherein the material may comprise a very low thermal conductivity
of below 5 W/(m*K}), below 100 mW/(m*K), or below 50 mW/(m*K), for example. For
example, a semiconductor with adapted basic doping may serve as a cost-efficient

substrate for manufacturing the membrane 110 in a simple five mask MEMS process.

According to an embodiment, the heating element 120 (in the following, the heating element
120 may also be referred to as a heater) may form a self-supporting bridge structure and/or
may include a wire. According to an embodiment, the heating element 120 may be spread
out from one side of the frame 150 to an opposite side of the frame 150. For example, a
voltage may be applied to the heating element 120, as a result of which the heating element
120 may transmit a heating power to a gas to be analyzed, e.g., that is located in the first

discontinuation area 162 and/or in the second discontinuation area 172. For example, the
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voltage applied to the heating element 120 may be a periodic voltage signal such as a
sinusoidal signal or a periodic square-wave signal. Thus, for example, the heating element
120 may provide a periodic heater signal (e.g. the heating power). For example, the heater
signal may be transmitted to the first thermal element structure 130 and/or the second
thermal element structure 140 via the membrane 110 and/or via a gas located in the first

discontinuation 162 or the second discontinuation 172, for example.

For example, the first thermal element structure 130 and/or the second thermal element
structure 140 are configured to be meander-shaped, which may correspond to thermal
elements connected in series and forming a thermopile, for example. Thus, the first thermal
element structure 130 and/or the second thermal element structure 140 may serve as a
detector, wherein the first thermal element structure 130 and/or the second thermal element

structure 140 may detect the heater signal, for example.

According to an embodiment, the first thermal element structure 130 and/or the second
thermal element structure 140 may be arranged entirely on the membrane 110, or may be
arranged at least partially on the membrane 110 and at least partially on the frame 150.
Thus, for example, a temperature of the frame 150 may be used as a comparison
temperature (e.g. the cold ends 134 of the first thermal element structure 130 may be
arranged here and/or the cold ends 144 of the second thermal element structure 140 may
be arranged here), and the part of the thermal element structure arranged on the membrane
110 (e.g. the hot ends 132, 142) may detect a measurement temperature (e.g. the heater
signal). For example, the hot ends 132, 142 and the cold ends 134, 144 are connected via
conductor. Thus, for example, a conductor including a first material may connect a first cold
end to a first hot end, and a second conductor including a second material may connect the
first hot end to a second cold end. This connection of a first conductor and a second
conductor may constitute a thermal element, e.g., which may be connected in series to form
a thermopile and which therefore may constitute the first thermal element structure 130 or
the second thermal element structure 140, for example. Thus, for example, a temperature
difference (e.g. between the comparison temperature and the measurement temperature)
may occur along these conductors, as a result of which, e.g., an electric voltage may be
induced at the ends (e.g. the hot ends and/or the cold ends) of the metal conductors. Thus,
for example, the first thermal element structure 130 and/or the second thermal element
structure 140 may be configured to convert heat into electrical energy. According to an
embodiment, the first thermal element structure 130 and/or the second thermal element

structure 140 may be a wire or a self-supporting bridge structure.
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According to an embodiment, the membrane 110 may be spread out by the frame 150 made
of a carrier material that is implemented such that the coefficient of temperature expansion
and/or a thermal conductivity of a membrane material deviates from the coefficient of
thermal expansion and/or the thermal conductivity of the carrier material. The frame 150
may comprise a carrier material or a substrate material with which the membrane 110 may
be carried, for example, Thus, for example, a comparison temperature may be set at the
frame 150. According to an embodiment, the frame 150 and the membrane 110 may also

comprise the same coefficient of thermal expansion.

According to an embodiment, the membrane 110 may comprise a lower thermal
conductivity than the frame 150. In this case, for example, the membrane 110 should in
particular comprise a very low thermal conductivity so that the heater signal is transmitted
from the heating element 120 to the first thermal element structure 130 and/or to the second
thermal element structure 140 mainly via the gas to be analyzed (e.g. arranged in the first
discontinuation 162 and/or in the second discontinuation 172) instead of via the membrane
110. Thus, for example, a heat transport via the membrane 110 may be suppressed,

reduced, or slowed down.

Thus, the membrane 110 may be configured to suppress parasitic thermal conduction from
the heating element 120 to the first thermal element structure 130 and/or to the second
thermal element structure 140. Thus, for example, the thermal conductivity of the membrane
110 may be selected such that little to no heat is conducted from the heating element 120
to the first thermal element structure 130 and/or the second thermal element structure 140
via the membrane 110 and such that a majority of the heat, or the entire heat, is conducted

via the gas to be analyzed.

On the other hand, the thermal conductivity of the carrier material of the frame 150 holding
the membrane 110 may be very high. Thus, for example, silicon having a thermal
conductivity of 150 W/(m*K) may be used as the carrier material. Thus, the carrier material
may be used as a heat sink. Thus, for example, the first thermal element structure 130
and/or the second thermal element structure 140 is arranged partially, e.g. with the hot ends
132, 142, on the membrane and at least partially, e.g. with the cold ends 134, 144, on the
carrier material, as a result of which a temperature difference may occur within the first

thermal element structure 130 and/or the second thermal element structure 140, with the
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help of which the heat transport from the heating element 120 to the respective thermal

element structure 130, 140 may be detected.

Thus, according to an embodiment, the cold ends of the first thermal element structure 130
and the cold ends of the second thermal element structure 140 may be arranged on the
carrier material of the frame 150. For example, they are located where the membrane 110

is carried by the carrier material.

According to an embodiment, the first discontinuation area 160 of the membrane 110 may
comprise a continuous discontinuation 162 whose longitudinal expansion 164 is large
enough to fully cover the area between the first thermal element structure 130 and the
heating element 120. The second discontinuation area 170 of the membrane 110 may
comprise a continuous discontinuation 172 whose longitudinal expansion 174 is large
enough to fully cover the area between the second thermal element structure 140 and the
heating element 120. Thus, for example, the longitudinal expansion 164, 174 is as large as
the entire length of the heating element 120 and/or at least as large as the entire length of
the first thermal element structure 130 and/or the second thermal element structure 140.
Thus, this makes it possible to transmit as little heat as possible from the heating element
120 to the first thermal element structure 130 or the second thermal element structure 140
via the membrane 110, but a majority is transmitted via a gas in the first discontinuation 162
in the first discontinuation area 160 and/or in the second discontinuation 172 in the second

discontinuation area 170.

According to an embodiment, the lateral expansion 166 of the at least one discontinuation
162 of the first discontinuation area 160 may differ from the lateral expansion 176 of the at
least one discontinuation 172 of the second discontinuation area 170. For example, the
lateral expansion 166, 176 of the first discontinuation 162 and the second discontinuation
172, respectively, may be directed in a direction perpendicular to the a direction of a
maximum expansion of the heating element 120, or in a direction from the heating element
120 to the respective thermal element structure (e.g. the first thermal element structure 130
and/or the second thermal element structure 140). For example, according to Fig. 1a, the
first discontinuation 162 and the second discontinuation 172 comprise the same lateral

expansion 166, 176.

According to an embodiment, the first discontinuation 162 may comprise a longitudinal

expansion 164 and a lateral expansion 166 so that the first discontinuation 162 corresponds
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to the expansions of the first discontinuation area 160. Similarly, for example, the second
discontinuation 172 may comprise a longitudinal expansion 174 and a lateral expansion
176 so that the second discontinuation 172 corresponds to the expansions of the second
discontinuation area 170. Thus, for example, the entire first discontinuation area 160 may
constitute the first discontinuation 162, and the entire discontinuation area 170 may

constitute the discontinuation 172.

Optionally, on the side of the cold ends 134, 144 of the first thermal element structure 130
and/or the second thermal element structure 140, the membrane 110 may comprise a third
and/or a fourth discontinuation area. Thus, for example, the first thermal element structure
130 may be arranged in the form of a wire or as a self-supporting bridge structure between
the first discontinuation area 160 and a third discontinuation area, and/or the second
thermal element structure 140 may be arranged as a wire or as a self-supporting bridge
structure between the second discontinuation area 170 and the fourth discontinuation area,
for example. Thus, for example, the first thermal element structure 130 and/or the second

thermal element structure 140 may be surrounded from two sides by the gas to be analyzed.

According to an embodiment, the first thermal element structure 130 may comprise a
different distance to the heating element 120 than the second thermal element structure
140. For example, in Fig. 1a, the first thermal element structure 130 comprises the same
distance to the heating element 120 as the second thermal element structure 140. When
transmitting the heater signal from the heating element 120 to the first thermal element
structure 130 via the first discontinuation 162 and/or from the heating element 120 to the
second thermal element structure 140 via the second discontinuation 172, unknown heat
transfers may occur from the heating element into the gas to be analyzed that is arranged
in the first discontinuation 162 and/or in the second discontinuation 172, and from the gas
to the first thermal element structure 130 and/or the second thermal element structure 140.
For example, the heater signal from the heating element 120 that is detected by the first
thermal element structure 130 may be referred to as first sensor signal, and the heater
signal from the heating element 120 that is detected by the second thermal element

structure 140 may be referred as second sensor signal, for example.

For example, the first sensor signal and/or the second sensor signal may comprise the two
unknown heat transitions (e.g. heating element -> gas, gas -> thermal element structure)
and a heat transfer via the gas to be analyzed. If the first thermal element structure 130 is

spaced apart from the heating element 120 differently than the second thermal element
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structure 140, for example, the gas sensor may create a difference signal from the first
sensor signal and the second sensor signal, e.g., in which the unknown heat transitions (the
first sensor signal and the second sensor signal may comprise the same heat transitions)
may be subtracted out, and the difference signal therefore only, or to a large part, comprises
the heat transfer from the heating element 120 to the respective thermal element structure
130, 140 via the gas to be analyzed, but does not, or only to a very small part, comprise the

unknown heat transfers.

According to an embodiment, the first discontinuation area 160 and the second
discontinuation area 170 may comprise several discontinuations (e.g. the discontinuation
162 and the discontinuation 1624, or the discontinuation 172 and the discontinuation 1721)
that may be arranged such that (e.g. by the remaining membrane material 110) a grid
structure is created (e.g. in the first discontinuation area 160 or the second discontinuation
area 170) in which the discontinuations are arranged in rows in parallel to the heating
element 120, and the rows are arranged to be offset to each other. In this case, the
discontinuations in a discontinuation area 160, 170 may differ from each other with respect
to the longitudinal expansion 164, 174 and the lateral expansion 166, 176. For example,
according to Fig. 1a, the discontinuation 162 of the first discontinuation area 160 comprises
a smaller longitudinal expansion than the longitudinal expansion 164 of the discontinuation
162. Similarly, the discontinuation 1721 of the second discontinuation area 170 may
comprise a smaller longitudinal expansion than the longitudinal expansion 174 of the

discontinuation 172.

According to an embodiment, the first discontinuation area 160 and the second
discontinuation area 170 may comprise several discontinuations that may be arranged such
that a grid structure is created in which a path of a heat conduction by the membrane 110
is longer than a direct path 122a, 122b. For example, the direct path 122a, 122b may be a
straight path perpendicular to the heating element 120, from the heating element 120 to the
thermal element structure 130, 140. In this case, the direct path 122a, 122b may pass
through the discontinuations 162 and 162¢ and the discontinuations 172 and 1724,
respectively, as a result of which a heat conduction by the gas to be analyzed may be
sensed by the first thermal element structure 130 and/or the second thermal element
structure 140. If the direct path 122a, 122b were to take place only via the membrane 110
and not via the gas to be analyzed, the gas sensor 100 could not ensure a meaningful

analysis of the gas.
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According to an embodiment, the at least one discontinuation 162, 172 may form
rectangular cutouts with optionally rounded corners in the first discontinuation area 160 and
the second discontinuation area 170. In this case, for example, it is a longitudinal hole. For
example, it may also be an oval hole. Even though the discontinuation 162 of the first
discontinuation area 160 and the discontinuation 172 of the second discontinuation area
170 are illustrated as rectangular discontinuations (holes) in Fig. 1a, the discontinuations
may comprise any shapes (such as triangular, circular, square, polygon-shaped, etc.). The
shaping of the discontinuations 162, 172 may be adapted such that a heat path from the
heating element to the first thermal element structure 130 and/or to the second thermal
element structure 140 via the membrane 110 is as long as possible, and a path via the gas
to be analyzed constitutes a very long route. Thus, this makes it possible to transport as
much heat as possible via the gas to be analyzed and not via the membrane 110, as a result

of which the gas sensor 100 may very precisely analyze the gas.

According to an embodiment, the at least one discontinuation 162, 172 may be at least
three times longer than it is wide. Thus, for example, the longitudinal expansion 164 of the
discontinuation 162 may be three times longer than the lateral expansion 166, or the
longitudinal expansion 174 of the discontinuation 172 may be three times longer than the
lateral expansion 176. Thus, for example, the length constitutes the longitudinal expansion
164, 174, and the width constitutes the lateral expansion 166, 176, for example. For
example, the length may be defined as a direction in parallel to the heating element 120 (or
to a direction of maximum expansion of the heating element 120), and the width may be
defined as a direction perpendicular to the heating element 120 (or to a direction of

maximum expansion of the heating element 120).

According to an embodiment, a distance 168 between several discontinuations 162, 1624
in the first discontinuation area 160, and a distance 178 between several discontinuations
172,172 in the second discontinuation area 170 may correspond to the smallest realizable
structural width that results in a mechanically durable grid structure. The distance 168, 178
may define a width of ridges between two discontinuations, and consisting of membrane
material of the membrane 110. The smaller the distance 168, 178, the less heat is
transferred via the membrane 110 from the heating element 120 to the first thermal element
structure 130 and/or the second thermal element structure 140, and the more heat is

transferred via the gas to be analyzed.
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According to an embodiment, the first thermal element structure 130 and the second
thermal element structure 140 may be passivated with a protective layer. The protective
layer may protect the first thermal element structure 130 and the second thermal element
structure 140 against damages by the gas to be analyzed, and may therefore avoid possible
inaccuracies of the gas sensor in the gas analysis due to damages of the first thermal

element structure 130 and/or the second thermal element structure 140.

According to an embodiment, the hot end 132 of the first thermal element structure may
reach up to an edge of the first discontinuation area 160 of the membrane 110, and the hot
end 142 of the second thermal element structure 140 may reach up to an edge of the second
discontinuation area 170 of the membrane 110. For example, the distance between the hot
end 132 and the first discontinuation area 160, or the distance between the hot end 142
and the second discontinuation area 170, should not be larger than 0.5 mm, 100 nm, or
10 um. For example, if the discontinuation 162 or the discontinuation 142 reaches up to this
edge, the membrane 110 has only a very small distance between the respective hot ends
and the respective discontinuation. This makes it possible that the membrane material of
the membrane 110 does not or only slightly impair a detection of the heater signal by the
first thermal element structure 130 or the second thermal element structure 140, as a result

of which the gas sensor 100 may very precisely analyze the gas.

Fig. 1b shows a schematic illustration of an evaluation arrangement 200, which may also
be referred to as evaluation means herein, for a thermal gas sensor 100 with at least one
heater 120 and two detectors (a first detector 130 and a second detector 140) arranged in
different distances 1801 and 180, to the heater 120. The first detector 130 may be spaced
apart from the heater 120 with a distance 1804, and the second detector 140 may be spaced
apart from the heater 120 with a distance 180,. The evaluation arrangement 200 may be
implemented to obtain information 210 about an amplitude of a detector signal of a first
detector 130, information 220 about an amplitude of a detector signal of a second detector
140, information 210 about a first phase difference between a heater signal and the detector
signal of the first detector 130, and information 220 about a second phase difference

between the heater signal and the detector signal of the second detector 140.

According to an embodiment, the information 210 may include the amplitude of the detector
signal of the first detector 130 as well as the first phase difference between the heater signal
and the detector signal of the first detector 130, and the information 220 may include the

amplitude of the detector signal of the second detector 140 as well as the second phase
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difference between the heater signal and the detector signal of the second detector 140.
However, it is also possible that the amplitude of the detector signal of the respective
detector (the first detector 130 and/or the second detector 140} is transmitted separately
from the first phase difference and the second phase difference, respectively, from the
thermal gas sensor to the evaluation arrangement. According to an embodiment, it is also
possible that the information 210 and the information 220 are not transmitted via separate

lines to the evaluation arrangement 200, but via a mutual line or wireless, for example.

According to an embodiment, the evaluation arrangement 200 may be implemented to form
a combination signal 230 as an intermediate quantity dependent on the information 210,
220 about the amplitudes of the detector signals and dependent on the information 210,
220 about the first phase difference and the second phase difference. The combination
signal 230 may combine amplitude information and phase information of the detector signal
of the first detector 130 and of the detector signal of the second detector 140. The evaluation
arrangement 200 may be implemented to determine information 240 about a gas
concentration or a thermal diffusivity of a fluid, such as a gas or as a gas mixture, based on
the combination signal 230. For example, the evaluation arrangement 200 may perform this
determination without separately reconsidering the individual information 210, 220

incorporated into the combination signal 230 in the further process of the calculations.

For example, the amplitude of the detector signal may be directly provided as information
210, 220 by the respective detector 130, 140. The information 210, 220 about the first phase
difference and the second phase difference between the heater signal 122 and the detector
signal of the respective detector 130, 140 may be determined by the thermal gas sensor

100 and be transmitted to the evaluation arrangement 200, for example.

Alternatively, the detector signal of the first detector 130 and the detector signal of the
second detector 140 may be transmitted to the evaluation arrangement 200 via the
information 210 and the information 220, respectively, and the heater signal 122 may be
additionally transmitted directly to the evaluation arrangement 200. In this case, the
evaluation arrangement may be configured to determine the respective amplitude from the
detector signal of the first detector 130 and from the detector signal of the second detector
140, and to determine the first phase difference and the second phase difference in order

to form the combination signal 230 dependent on the information determined in such a way.
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Due to the fact that the evaluation arrangement 200 forms the combination signal 230, the
evaluation arrangement 200 may easily and much more quickly correct possible errors of
the thermal gas sensor 100 to obtain the information 240 about the gas concentration and
a thermal diffusivity, as would be the case if the evaluation arrangement 200 would
separately correct the information 210 about the amplitude of the detector signal of the first
detector 130 and the first phase difference as well as the information 220 about the
amplitude of the detector signal of the second detector 140 and the second phase
difference. Thus, the combination signal 230 may facilitate determining the information 240
about the gas concentration and the thermal diffusivity of the gas to be analyzed, and makes

it possible to suppress or reduce errors generated by the thermal gas sensor 100.

According to an embodiment, the evaluation arrangement 200 may be configured to obtain
information about a heater amplitude, such as information about a heating power, from the
heater signal 122 and to form a linear combination of the information about the heater
amplitude, the information 210 and the information 220 in order to obtain the combination

signal 230.

Alternatively, the evaluation arrangement 200 may not only obtain the information about the
heater amplitude from the heater signal 122 but may also, as described above, calculate
information about the first phase difference and the second phase difference, e.g., if the
information 210 includes the detector signal of the first detector 130 and the information 220

includes the detector signal of the second detector 140.

Thus, it is not only the phase of the heater signal that is incorporated into the combination
signal 230 in the form of the first phase difference and the second phase difference, but
also the heater amplitude, which makes it possible that the evaluation arrangement 200
may determine the information 240 about the gas concentration and the thermal diffusivity
of the gas to be analyzed dependent on the first distance 180, and the second distance
180, of the two detectors from the heater 120. Thus, for example, the detector signal of the
first detector 130 comprises a larger amplitude than the detector signal of the second
detector 140 since the distance 180, of the second detector 140 to the heater 120 is larger
than the distance 180, of the first detector 130 to the heater 120. With increasing distance
to the heater 120, the heater amplitude detected by the respective detector 130, 140 may
decrease. Due to the additional information about the heater amplitude, the evaluation
arrangement 200 may therefore determine the information 240 about the gas concentration

and the thermal diffusivity even more precisely since the heater amplitude of the heater
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signal 122 may be considered as a reference, and the combination signal 230 may therefore
comprise a relative amplitude signal. For example, a relative amplitude signal is less error-

prone than an absolute amplitude signal.

According to an embodiment, the evaluation arrangement 200 may be implemented to
obtain the combination signal sigX 230 according to sigX=sigUss*Ka+sigPhi*Kp. The term
sigUss may be amplitude information or an amplitude signal that may depend on the
information 210 about the amplitude of the detector signal of the first detector 130 and on
the information 220 about the amplitude of the detector signal of the second detector 140.
For example, sigUss may be linear combination of the information 210 about the amplitude
of the detector signal of the first detector 130 and the information 220 about the amplitude
of the detector signal of the second detector 140. sigPhi may be phase information or an
added phase signal that may depend on the information 210 about a first phase difference
and on the information 220 about the second phase difference. Thus, for example, sigPhi
may be an addition of the information 210 about the first phase difference and the
information 220 about the second phase difference. Ka and Kp may be constants. The
combination signal 230 determined in such a way may include amplitude information sigUss
and phase information sigPhi, as a result of which four pieces of information (e.g. the
information 210 about the amplitude of the detector signal of the first detector 130, the
information 220 about the amplitude of the detector signal of the second detector 140, the
information 210 about a first phase difference between the heater signal and the detector
signal of the first detector 130, and the information 220 about the second phase difference
between the heater signal and the detector signal of the second detector 140) may be
combined in the combination signal 230, as a result of which the evaluation arrangement
200 may use less power for processing the information 210, 220. Thus, the evaluation
arrangement 200 may be configured to determine information 240 about the gas

concentration and thermal diffusivity very efficiently, quickly and precisely.

According to an embodiment, the evaluation arrangement 200 may be configured to obtain
the amplitude information sigUss according to sigUss=2*Hz.Uss-(D1.Uss+D2.Uss). Hz.Uss
may be information about the heater amplitude that may be obtained from the heater signal
122. D1.Uss may be information 210 about the amplitude of the detector signal of the first
detector 130, and D2.Uss may be information 220 about the amplitude of the detector signal
of the second detector 140. Thus, the amplitude information sigUss may constitute a relative
amplitude signal since the information 210 about the amplitude of the detector signal of the

first detector 130, the information 220 about the amplitude of the detector signal of the
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second detector 140, and the heater amplitude Hz.Uss are calculated with each other so
that the information 210 about the amplitude of the detector signal of the first detector 130
and the information 220 about the amplitude of the detector signal of the second detector
140 may be considered relative to the heater amplitude. Due to the relative consideration
of the amplitudes, possible errors of absolute amplitude values may be avoided, as a result
of which the evaluation arrangement 200 may very precisely determine the information 240

about the gas concentration and thermal diffusivity.

According to an embodiment, the evaluation arrangement 200 may be implemented to
calculate a polynomial, e.g. of the first degree, of the combination signal 230 in order to
obtain the information 240 about the gas concentration or the thermal diffusivity. For
example, the polynomial (e.g. polynomial y) may be obtained according to
y=A0+A1*sigX+A2*sigX?. Due to the polynomial formation of the combination signal 230 by
the evaluation arrangement 200, the combination signal 230 may be corrected very easily

and efficiently with respect to possible pressure drift errors or temperature drift errors.

According to an embodiment, the evaluation arrangement 200 may be implemented to
multiply the polynomial of the combination signal 230 with a correction term in order to
obtain the information 240 about the gas concentration and/or the thermal diffusivity. The
correction term of the combination signal 230 may depend on information about a pressure
and on information about a temperature and may compensate a pressure dependence and
temperature dependence, for example. In other words, the correction term may compensate
a pressure drift and/or a temperature drift from the combination signal 230. Thus, a possible
incorrect interpretation by the evaluation arrangement 200 of the signals detected by the

thermal gas sensor 100 may be reduced.

According to an embodiment, the evaluation arrangement 200 may be implemented to
perform a calculation according to € = pol(sigX) - (1 - Ligxf_(%] . (1 — [p_};()%])) in

order to obtain the information C 240 about the gas concentration. sigX may be the
combination signal 230, pol(sigX) may be a polynomial of the combination signal sigX 230,
f(p) may be a function of a pressure p, const1 may be a constant, f(T) may be a function of
the temperature T, and const2 may be a second constant. f(p) may be a function of a
pressure p measured in a surrounding area of the thermal gas sensor 100, and f(T) may be

a function of a temperature T measured in a surrounding area of the thermal gas sensor
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sigX—const1 p—const2

100. The second term of the multiplication (1 - [L] : (1 - [&]D may also be

understood as a correction term of the combination signal 230. The correction term may
depend on measuring conditions of the gas sensor 100 (such as a surrounding pressure /
measuring pressure, or a surrounding temperature / measuring temperature). Thus, the
correction term may correct possible influences of a surrounding pressure or a surrounding
temperature of the thermal gas sensor 100 on the determination of the information 240
about the gas concentration. Thus, a possible pressure drift or temperature drift may be

suppressed.

According to an embodiment, the evaluation arrangement 200 may be implemented to

perform a calculation according to

Cloos] = a.tsign) (1 [B52e).(1 [camrcrer)

in order to obtain the information C 240 about the gas concentration. In the equation, sigX
may be the combination signal 230, A.y(sigX) may be a polynomial of the combination signal
sigX 230 (e.g. of the first order), B.y(p) may be a function of the pressure p (e.g. a polynomial
function, such as of the second order), B.ref may be a constant, C.y(T) may be a function
of the temperature T (e.g. a polynomial function, such as of the second order), and C.ref
may be a second constant. For example, the function B.y(p) may be a function of a pressure
p measured in a surrounding area of the thermal gas sensor 100, and the function C.y(T)

may be a function of a temperature T measured in a surrounding area of the thermal gas

Cym—-crefm of the multiplication

sigX—B.ref

sensor 100. The second term (1 - [B'y(m—_mef] : (1 - [ p—Cref

for calculating the information C 240 about the gas concentration may define a correction
term. In this case, for example, the correction term may depend on the pressure p and the
temperature T. Thus, for example, B.y(p) may be a polynomial function dependent on the
pressure p, for example, as a result if which a correction of possible pressure influences on
the calculation of the information 240 about the gas concentration may be considered.
Similarly, by forming the polynomial function C.y(T) as a function of the temperature T, a
possible influence of the temperature T on the calculation of the information 240 about the
gas concentration may be considered very precisely. By forming the polynomial function as
a function of the pressure p and as a function of the temperature T, error corrections may
be approximated very precisely, as a result of which the evaluation arrangement 200 may
be implemented to determine the information 240 about the gas concentration very

effectively and very precisely.
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According to an embodiment, the evaluation arrangement 200 may be implemented to
consider a pressure and/or a temperature in a surrounding area of the thermal gas sensor
100 when determining the information 240 about the gas concentration and/or the thermal
diffusivity. To this end, for example, the thermal gas sensor 100 may comprise pressure
sensors and temperature sensors with which it may detect the pressure and/or the
temperature in the surrounding area and transmit the same to the evaluation arrangement
200. Thus, for example, the evaluation arrangement 200 may consider and correct possible
incorrect calculations of the information 240 about the gas concentration and/or the thermal
diffusivity due to different pressure conditions and/or temperature conditions in the
surrounding area of the thermal gas sensor 100. Thus, the evaluation arrangement 200 may
react to the pressure and/or the temperature in the surrounding area of the thermal gas
sensor 100 and may accordingly very precisely determine the information 240 about the

gas concentration and/or the thermal diffusivity.

According to an embodiment of the present invention, when determining the information
240 about the gas concentration and/or the thermal diffusivity, the evaluation arrangement
200 may be implemented to use as input quantities of a drift correction the combination
signal 230, information about the temperature in a surrounding area of the thermal gas
sensor 100, and information about a pressure in a surrounding area of the thermal gas
sensor 100, in order to obtain the information about the gas concentration and/or the thermal
diffusivity as a result of the drift correction. Thus, for example, the drift correction may be
applied to the combination signal dependent on the information about the temperature and
the pressure in order to obtain the information 240 about the gas concentration and/or
thermal diffusivity. For example, apart from the three stated input variables (the combination
signal, the information about the temperature, and the information about the pressure), the
drift correction may obtain no further variables, but may only use previously obtained
constants, such as those determined in the context of a calibration. In this case, the
constants may be specific for the thermal gas sensor 100 that is used. Thus, the evaluation
arrangement 200 may be implemented to consider small differences between thermal gas
sensors 100 when calculating the information 240 about the gas concentration and/or
thermal diffusivity in order to obtain a very precise result (information 240). For example,

the drift correction may correct a temperature drift and/or a pressure drift.

Fig. 1¢c shows a schematic illustration of an evaluation arrangement 200 for a thermal gas

sensor 100 with at least one heater 120 and two detectors (a first detector 130 and a second
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detector 140). The first detector 130 may comprise a first distance 1804 to the heater 120,
and the second detector 140 may comprise a second distance 180, to the heater 120.
According to Fig. 1c, the first detector 130 and the second detector 140 comprise the same
distance 1804, 180, to the heater 120. However, it is also possible that the first distance
180, differs from the second distance 180.. Thus, for example, the first detector 130 may
be arranged in a different distance to the heater 120 than the second detector 140. The
evaluation arrangement 200 may be configured to control (e.g. using a control unit 250 for
controlling a heating power) a heating power, which may be applied to the heater 120,
dependent on least one sensor signal (e.g. a first sensor signal 210 and/or a second sensor
signal 220) from at least one of the detectors (e.g. the first detector 130 and/or the second
detector 140) in order to bring the at least one sensor signal 210, 220 into a predetermined

value range.

For example, in order to analyze and/or further progress the at least one sensor signal 210,
220 by the evaluation arrangement, it is advantageous if the at least one sensor signal 210,
220 is brought into the predetermined value range by the evaluation arrangement 200. For
example, if the heating power is increased, an amplitude or a frequency of the at least one
sensor signal 210, 220 may also be increased, for example. For example, this may be
performed by the evaluation arrangement 200 if the at least one sensor signal 210, 220 is
too small and the predetermined value range is too large. Thus, the new sensor signal 210,
220 may fill out, or be located in, the predetermined value range after the control of the
heating power by the control unit 250. For example, the predetermined value range may
depend on the components of the evaluation arrangement 200 that are used, e.g. an
analog-digital converter (ADC). Thus, for example, the ADC may further process the at least
one sensor signal 210, 220 very efficiently if the at least one sensor signal 210, 220 is
adapted in the predetermined value range adapted to the ADC (e.g. the ADC operating

range).

The evaluation arrangement 200 may also be implemented to control the heating power of
the heater 120 with the control unit 250 such that the heating power of the heater 120 is
reduced. Through this, the at least one sensor signal 210, 220 may also be reduced. For
example, this may be advantageous if the at least one sensor signal 210, 220 exceeds the
predetermined value range, i.e. is too large. Due to the fact that the evaluation arrangement
200 is implemented to control the heating power of the heater 120 with the control unit 250,

it is possible that, when further processing the at least one sensor signal 210, 220 by
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exemplary components of the evaluation arrangement 200, such as the ADC, no or only

little information of the at least one sensor signal 210, 220 is lost.

According to an embodiment, the control unit 250 of the evaluation arrangement 200 may
transmit a control signal 252 to the heater 120 for controlling the heating power of the heater
120. Additionally, the control unit 250 may provide information 122 to the evaluation

arrangement 200 about the controlled heating power of the heater 120.

The evaluation arrangement 200 may be configured to consider information 122 about the
heating power when deriving information 240 about a gas concentration and/or thermal
diffusivity from the at least one sensor signal 210, 220. Thus, it is possible that the control
unit 250 brings the sensor signal 210, 220 into the predetermined value range and
additionally considers the information 122 about the heating power in the analysis since the
at least one sensor signal 210, 220 depends on the heating power. In addition, this
evaluation arrangement 200 makes it possible that one sensor signal, e.g. the first sensor
signal 210 or the second sensor signal 220, may be sufficient to derive the information 240
about the gas concentration and/or the thermal diffusivity of a gas or a fluid (e.g. of a gas
or a gas mixture) with a certain accuracy. If the first sensor signal 210 and the second
sensor signal 220 as well as the heating power 122 are used to derive the information 240,
the determination of the information 240 is overdetermined, as a result of which the
information 240 may be determined very precisely by the evaluation arrangement 200. For
example, if the first distance 1804 of the first detector 130 to the heater 120 differs from the
second distance 180, of the second detector 140, the information 240 about the gas
concentration and/or the thermal diffusivity of a gas may just be derived from the first sensor
signal 210 and the second sensor signal 220, without using the information 122 about the

heating power of the heater 120.

According to an embodiment, the evaluation arrangement 200 may also obtain the
information 122 about the heating power from the thermal gas sensor 100 instead of from

the control unit 250.

According to an embodiment, the evaluation arrangement 200 may be implemented to apply
a periodic signal (e.g. the control signal 252) to the heater 120. For example, the periodic
signal may be a periodic square-wave signal or a sinusoidal signal. If the control signal 252,
and therefore the heat dissipated to the gas to be analyzed by the heater 120, is a periodic

signal, the first sensor signal 210 detected by the first detector 130 and the second sensor



24 Dec 2020

2019205103

10

15

20

25

30

35

-45-

signal 220 detected by the second detector 140 may also be periodic. However, due to the
first distance 180; and the second distance 180, the first sensor signal 210 and/or the
second sensor signal 220 may differ in phase with respect to the periodic signal of the heater
120, and may differ in amplitude with respect to the periodic signal of the heater 120. For
example, the evaluation arrangement 200 may use these differences to very precisely

determine the information 240 about the gas concentration and/or the thermal diffusivity.

According to an embodiment, the evaluation arrangement 200 may be configured to switch
the heating power applied to the heater 120 (e.g. by means of the control signal 252)
between two values. Thus, for example, a periodic square-wave signal may be applied to
the heater 120. Thus, for example, the heater 120 may alternately transfer a first heating

power and a second heating power to the gas to be analyzed.

According to an embodiment, the evaluation arrangement 200 may be implemented to
control (e.g. with the control unit 250) an amplitude of the heating power such that a
minimum value of the at least one sensor signal 210, 220 and a maximum value of the at
least one sensor signal 210, 220 are in the predetermined value range. For example, if the
amplitude of the heating power of the heater 120 is increased by the control signal 252, the
minimum value of the at least one sensor signal 210, 220 may be decreased and the
maximum value of the at least one sensor signal 210, 220 may be increased, for example.
For example, if the amplitude of the heating power is decreased by the control signal 252,
the minimum value of the at least one sensor signal 210, 220 may be increased and the

maximum value of the at least one sensor signal 210, 220 may be decreased.

According to an embodiment, the predetermined value range may depend on a value range
of a component, such as an ADC, of the evaluation arrangement 200. Thus, for example,
the predetermined value range may be determined dependent on a component value range
(e.g. of a component of the evaluation arrangement 200). Thus, for example, the
predetermined value range may specify that the minimum value of the at least one sensor
signal 210, 220 is to be in the range of 0% to 30%, 1% to 25%, or 2% to 20% of the
component value range, for example, and that the maximum value of the at least one sensor
signal 210, 220 is to be in a range of 70% to 100%, 75% to 99%, or 80% to 98% of the
component value range. Thus, for example, the predetermined value range may comprise
a lower value range in which the minimum value is to be located, and an upper value range

in which the maximum value is to be located.
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According to an embodiment, the evaluation arrangement 200 may be implemented to set
or adjust (e.g. with the control unit 250) an amplitude of the heating power such that an
amplitude of the at least one sensor signal 210, 220 is in a specified amplitude range. For
example, if the at least one sensor signal 210, 220 comprises a periodic sinusoidal signal,
the amplitude should be in the specified amplitude range at each point in time of the sensor
signal. Here, the amplitude of the at least one sensor signal should utilize the full specified
amplitude range. For example, the specified amplitude range may comprise/be divided into
an upper, center, and lower amplitude range. For the specified amplitude range to be utilize
by the amplitude of the at least one sensor signal, a maximum amplitude of the at least one
sensor signal should be in the upper range, and a minimum amplitude should be in the
lower range, for example. For example, the specified amplitude range may depend on the
component range. Thus, for example, the specified amplitude range may be determined
such that the amplitude of the at least one sensor signal utilizes at least 50%, or at least
65%, or at least 75% of a component value range of an analog-digital converter, for

example.

According to an embodiment, the evaluation arrangement 200 may be configured to set or
adjust sampling times at which a sensor signal 210, 220 may be sampled. For example, the
sensor signal 210, 220 may be optionally preprocessed by the evaluation arrangement 200
or the thermal gas sensor 100, and/or may be applied with a DC offset. According to an
embodiment, it may be advantageous if the sensor signal 210, 220 is sampled at a point in
time of a maximum amplitude and at a point in time of a minimum amplitude. For example,
these two sampling times may be set or readjusted by the evaluation arrangement 200 if
the evaluation arrangement 200 determines that the sampling times have been incorrectly
selected. By exactly setting the sampling times, it may be possible, e.g., that the evaluation
arrangement may very easily determine a phase difference or an amplitude difference
between the first sensor signal 210 and a heater signal (e.g. emitted by the heater 120 and
controlled by the control signal 252) or between the second sensor 220 and the heater
signal. By means of the very precise phase difference and/or amplitude differences, the
evaluation arrangement 200 may very precisely determine, or derive, the information 240

about the gas concentration and/or thermal diffusivity of the gas to be analyzed.

According to an embodiment, the evaluation arrangement 200 may be implemented to set
the sampling times such that a sampling, e.g., is carried out with a phase difference of up
to +/- 2° at a point in time at which the sensor signal 210, 220 reaches a maximum value,

and such that the sampling, e.g., is carried out with a phase difference of up to +/- 2° at a
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point in time at which the sensor signal 210, 220 reaches a minimum value. For example,
the maximum value may define a maximum amplitude of the sensor signal 210, 220, and
the minimum value may define a minimum amplitude of the sensor signal 210, 220, as

described above.

According to an embodiment, the evaluation means 200 may be implemented to combine
a sensor signal 210, 220 from at least one of the detectors 130, 140 with an offset signal
generated by a digital-analog converter in order to obtain an input signal for the analog-
digital converter. The evaluation means 200 may be implemented to adjust the offset signal
in order to achieve that the input signal of the analog-digital converter remains within a
specified range during a total period of the sensor signal 210, 220. Thus, for example, the
offset signal may be implemented to adapt the sensor signal 210, 220 such that the input
signal that is in a component value range of the analog-digital converter is created. Thus,
for example, the offset signal may be adjusted/adapted in order to be able to react to
different sensor signals 210, 220 from different gases to be analyzed. Thus, for example,
the offset signal may be configured to decrease a sensor signal 210, 220 that is too large
so that the resulting input signal is in the specified range. In addition, when the sensor signal
210, 220 is too small, the offset signal may be configured to increase the sensor signal 210,

220 so that an input signal that is in the specified range is created.

Thus, on the one hand, the evaluation arrangement 200 may be implemented to bring the
amplitude of the sensor signal 210, 220 into the predetermined value range by controlling
the heating power, and to change an offset of the sensor signal 210, 220 by combining the
sensor signal 210, 220 with the offset signal such that the sensor signal 210, 220 is in a
predetermined value range. This makes it possible that the sensor signal 210, 220 may be
analyzed very precisely, and that very precise information 240 about the gas concentration
and/or the thermal diffusivity of the gas to be analyzed may therefore be determined by the

evaluation arrangement 200.

According to an embodiment, the evaluation means 200 may be implemented to control the
heating power only when a setting or adjustment of the sampling times is in a steady state
and when an adjustment of the offset signal is in a steady state. A steady state may be
understood such that the sampling times have been determined by the evaluation means
200 such that the sensor signal 210, 220 may be sampled at predefined events (such as a
maximum amplitude (maximum value), a zero crossing, or a minimum amplitude (minimum

value)). Similarly, the steady state may signify that the offset signal has been adjusted such
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that the sensor signal 210, 220 generates, upon combining the offset signal with the sensor
signal 210, 220, an input signal that is in the specified range, and to therefore very precisely
analyze the sensor signal 210, 220 by means of the evaluation arrangement, without or with
only little information losses. Thus, for example, pre-settings (such as the sampling times in
the steady state, or the offset signal in the steady state) may be determined by the
evaluation means 200 so that, when controlling the heating power by means of the control
unit 250, the new sensor signal 210, 220 may be very precisely analyzed with the pre-
settings and, under certain circumstances, a new control of the sampling times, or the offset
signal, is not needed anymore to derive the information 240 about the gas concentration

and/or the thermal diffusivity from the sensor signal 210, 220.

According to an embodiment, the evaluation arrangement 200 may be implemented to stop
the control of the heating power (e.g. by means of the control unit 250), while the sampling
times are set or adjusted and/or while the offset signal is adjusted. Thus, for example, it
may be ensured that there are no changes made to the sensor signal 210, 220 while the
sampling times and the offset signal are not yet in a steady state. Thus, this may be ensure
that the sensor signal 210, 220 may be analyzed very precisely since the sampling times
and the offset signal may be determined very precisely with only a very small susceptibility

to errors or none at all.

According to an embodiment, the evaluation arrangement 200 may be implemented to
control a mean heating power or a maximum heating power and also an amplitude of the
heating power. Thus, for example, the control unit 250 may transmit as a control signal 252
a new heater signal for the heater 120 to the thermal gas sensor 100, wherein the control
signal comprises a changed mean heating power, maximum heating power, or amplitude
of the heating power, for example. However, it is also possible that the control signal 152
includes information stating how the mean heating power, the maximum heating power, or
the amplitude of the heating power is to be changed by the thermal gas sensor for the heater
120.

Fig. 1d shows a schematic illustration of an evaluation arrangement 200 for a thermal gas
sensor 100 with at least one heater 120 and two detectors (e.g. a first detector 130 and a
second detector 140} arranged in different distances (e.qg. a first distance 1801 and a second
distance 180;) to the heater 120. For example, the first detector 130 may comprise the first
distance 1801 to the heater 120, and the second detector 140 may comprise the second

distance 180 to the heater 120. The evaluation arrangement 200 may be implemented to
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apply a periodic signal 260 with a specified period duration to the heater 120. In this case,
for example, the periodic signal may a square-wave signal, an impulse signal with a known
power, or a sinusoidal signal. Optionally, it may also be a sinusoidal signal with harmonics,
or a triangular signal. The periodic signal may also be referred to as a heater signal, and
may be transferred in the form of heat from the heater 120 to the first detector 130 and/or
the second detector 140 via a gas to be analyzed. The transferred heat may be detected
by the first detector 130 as a first sensor signal 210, and by the second detector 140 as a
second sensor signal 220. The first sensor signal 210 and the second sensor signal 220
may comprise a first periodic signal and a second periodic signal, respectively, each
comprising the specified period duration. This makes it possible that the gas to be analyzed
may be analyzed very precisely with respect to its gas concentration and/or thermal
diffusivity by the thermal gas sensor 100, or the evaluation arrangement 200. The evaluation
arrangement 200 may be implemented to sample at least one sensor signal (e.g. the first
sensor signal 210 and/or the second sensor signal 220) from one of the detectors 130, 140
at three points in time (e.g. by means of a sampling means 270). For example, a second
sampling time may be time-shifted by 90° with respect to the period duration (e.g. with
+/- 2°) compared to a first sampling time. Thus, for example, the second sampling time may
be time-shifted by 1/4 period durations, 5/4 period durations, or by 9/4 period durations
compared to the first sampling time. A third sampling time may be time-shifted with respect
by 180° to the period duration compared to the first sampling time, or by 90° compared to
the second sampling time. The first sampling time, the second sampling time, and the third
sampling time may comprise a tolerance of +/- 2 %. That is, for example, the third sampling
time may be time-shifted by 1/2 period durations, 3/2 period durations, or by 5/2 period
durations compared to the first sampling time. Thus, the sensor signal 210, 220 may be
sampled at precisely defined locations, enabling to very precisely determine information 240
about a gas concentration and/or thermal diffusivity from the sensor signal 210, 220. The
evaluation arrangement 200 may be implemented to detect, based on three sampling
values that are based on sampling the sensor signal at the first sampling time, the second
sampling time, and third sampling time (e.g. performed by means of the sampling apparatus
270), whether a first sampling value and a third sampling value constitute a maximum value
and a minimum value of the sensor signal 210, 220. For example, this may be carried out
by the examination apparatus 280. For example, the examination apparatus 280 may ignore
a DC offset and may therefore examine, apart from a DC offset, whether the first sampling
value constitutes a maximum value, and the third sampling value constitutes a minimum

value of the sensor signal 210, 220, for example. Thus, for example, the second sampling
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time may be a “zero crossing” of the sensor signal 210, 220 and may also be considered

by the examination means 280.

The first sampling time, the second sampling time, and/or the third sampling time, as well
as the first sensor signal 210 and the second sensor signal 220 may be used to determine
the information 240 about the gas concentration and/or the thermal diffusivity of a gas
detected by the thermal gas sensor 100. Optionally, the heater signal 122 may be
additionally used in the determination of the information 240. Thus, for example, a phase
difference between the first sensor signal 210 and the second sensor signal 220 as well as
an amplitude difference between the first sensor signal 210 and the second sensor signal
220 may be determined based on the sampling time/sample values. Optionally, a phase
difference and/or an amplitude difference between the first sensor signal 210 and the heater
signal 122 and/or between the second sensor signal 220 and the heater signal 122 may be
determined. The information 240 about the gas concentration and/or thermal diffusivity may
be determined from the phase differences and amplitude differences determined in such a

way.

According to an embodiment, the evaluation arrangement 200 may be implemented to
change the sampling times dependent on identifying whether the first sample value and the
third sample value constitute a maximum value and/or a minimum value of the sensor signal
210, 220. For example, this may be done by a sampling control means 290. Thus, for
example, new sampling times may be determined if the first sample value and the third
sample value do not correspond to a maximum value and/or a minimum value of the sensor
signal 210, 220. Controlling the sampling times can ensure that the sample values
correspond to predetermined values. For example, if the examination means 280
determines that there are deviations outside of a tolerance (e.g. +/- 2°), the sampling times

may be changed/readjusted by the sampling control means 290.

According to an embodiment, the evaluation arrangement 200 may be implemented to set
or adjust the sampling times such that the first sample value constitutes a first extreme value
of the sensor signal 210, 220, e.g. a maximum value or minimum value, and such that the
third sample value constitutes a second extreme value, e.g. the minimum value or the
maximum value of the sensor signal 210, 220. For example, the second sample value may
constitute a mean value or DC component of the sensor signal 210, 220, e.g. a “zero

crossing”.
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According to an embodiment, the evaluation arrangement 200 may be configured to, when
setting or adjusting the sampling times, consider information about a point in time when the
sensor signal 210, 220 passes through a specified threshold value. For example, this point
in time may be the second point in time, e.g., that may constitute a DC component or mean
value of the sensor signal 210, 220. Thus, for example, the examination means 280 may
use the second sampling time for examining the first sampling time and/or the second
sampling time. Thus, if the examination means 280 determines, based on the second
sampling time, that the first sample value does not correspond to a maximum value or
minimum value of the sensor signal 210, 220 and that the third sample value does not
correspond to the minimum value or the maximum value of the sensor signal 210, 220, the
sampling control apparatus 290 may set the sampling times anew or readjust them. For
example, the specified threshold value may define a “zero crossing” (e.g. apart from a DC
offset).

According to an embodiment, the evaluation arrangement 200 may be implemented to
examine whether a second sample value at the second sampling time is identical to a mean
value of the sample value at the first sampling time and the third sample value at the third
sampling time, and to detect, dependent on the examination, whether the first sample value
and the third sample value represent a maximum value and a minimum value of the sensor
signal. For example, the second sample value should be identical, with a tolerance of at
most £1%, to a difference between the first sample value and the third sample value or
identical to an mean value of the sample value and the second sample value. If this is not
the case, the examination apparatus 280 may detect that the sampling times have been
selected incorrectly. Since the first sample value constitutes a first extreme value, and the
third sample value, time-shifted by 180° with respect to the period duration, constitutes a
second extreme value of the sensor signal 210, 220, the second sample value may be
located at exactly half the time between the first sampling time and the second sampling
time. Thus, the second sampling value may correspond to the mean value of the other two
sampling values. Thus, this may constitute an efficient and exact method to examine the

sample values with the help of the examination apparatus 280.

According to an embodiment, the evaluation arrangement 200 may be implemented to apply
a periodic square-wave signal 260 to the heater 120 with a duty factor of preferably 50%.
However, it is also possible that the periodic square-wave signal comprises a duty ratio in
the range of 5% to 50%, 8% to 48%, or 10% to 45%. The periodic square-wave signal 260

applied to the heater 120 may comprise a tolerance of +/- 2%. According to an embodiment,
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the duty ratio indicates for a periodic sequence of impulses a ratio of an impulse duration to

a period duration.

According to an embodiment, the evaluation arrangement 200 may be implemented to
combine a sensor signal 210, 220 with an offset signal generated by a digital-analog
converter in order to obtain an input signal for an analog-digital converter. For example, the
analog-digital converter may digitize the signal values (e.g. the first sample value, the
second sample value, and/or the third sample value) present at the sampling times and
uses this to sample the sensor signal 210, 220. For example, the sampling apparatus 270

may comprise the analog-digital converter.

According to an embodiment, the evaluation arrangement 200 may be configured to adjust
the offset signals in order to achieve that the input signal of the analog-digital converter
remains within a specified range during an entire period of the sensor signal 210, 220. Thus,
for example, the offset signal may change an offset of the sensor signal 210, 220 such that
an input signal that is in an operating range (e.g. the specified range) of the analog-digital
converter is created, so that no information of the sensor signal 210, 220 is lost in the
digitization, or so that an information loss is reduced. Thus, for example, the sampling
apparatus 270 may examine whether an input value of the analog-digital converter exceeds
a specified upper threshold value, e.g. of the specified range, or falls below a specified lower
threshold value, e.g. of the specified range. Accordingly, the sampling apparatus 270 may
generate the offset signal that may be combined with the sensor signal 210, 220 so that the
input value, e.g. a value of the input signal, remains in the specified range. The evaluation
arrangement 200 may be implemented to adjust the sampling times after adjusting the offset
signal and to again perform, after a change of the sampling times, an examination as to
whether sample values obtained with the changed setting of the sampling times are still
within the specified range. Thus, for example, the offset signal may be initially generated
for the sensor signal 210, 220 by the evaluation arrangement 200, and sampling times may
subsequently be determined, examined, and possibly readjusted by the sampling apparatus
270 (e.g. this may constitute a tracking of the sampling times). After this tracking, new
sample values that may involve a repeated adjustment of the offset signal by the evaluation
arrangement 200 may be created. Thus, for example, the offset signal and the sampling
times may be alternately adjusted, or tracked, until the analog-digital converter may process
the sensor signal 210, 220, for example. Thus, at this point in time, the offset signal and the

sampling times may be in a steady state.
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For example, the settings of the sampling times changed by the sampling control means
290 generate new sample values that may be considered as input values of the analog-
digital converter. For the input signal of the analog-digital converter to remain in the
specified range, the offset signal and the heating power of the heater 120 may be
readjusted. For example, the offset signal may adapt an offset of the sensor signal 210,
220, and the change of the heating power may adapt an amplitude of the sensor signal 210,

220, so that an input signal that is in the specified range is created.

According to an embodiment, the evaluation arrangement 200 may be implemented to
control a heating power applied to the heater 120, dependent on at least one sensor signal
210, 220 from at least one of the detectors 130, 140 in order to bring the at least one sensor
signal 210, 220 into a predetermined value range. The evaluation arrangement 200 may be
implemented to consider information about the heating power (e.g. the heater signal 122)
when deriving information 240 about a gas concentration and/or thermal diffusivity from the
sensor signal 210, 220. Thus, for example, upon an increase of the heating power of the
heater 120, the sensor signal 210, 220 may experience an increase of an amplitude of the
sensor signal 210, 220, or, upon a reduction of the heating power, the at least one sensor
signal 210, 220 may experience a decrease of an amplitude of the sensor signal 210, 220.
Thus, for example, the sensor signal 210, 220 may be brought into the predetermined value

range by controlling the heating power of the heater 120.

In the following, embodiments of the thermal gas sensor and the evaluation arrangement

are described based on further drawings.

1.1 Technological variations for a thermal gas sensor

Fig. 2a and Fig. 2b each show a schematic illustration of a gas sensor 100 for measuring
physical gas properties. The thermal gas sensor 100 may comprise a thin-layer membrane
110 and a heating element 120, e.g., that may be arranged as a self-supporting bridge
structure on the membrane 110 between a first discontinuation area 160 of the membrane
110 and a second discontinuation area 170 of the membrane 110. In the case of a wire
sensor (an example for the temperature sensor structures 130, 140; cf. Fig. 2 and Fig. 3),
a thickness of the thin-layer membrane 110 (consisting of several base layers, sensor
layers, and passivation layers, for example) may be between 1-10 uym, for example. The
heating element 120 may also be referred to as a heater. According to Fig. 2a and Fig. 2b,

the entire first discontinuation area 160 may comprise a discontinuation 162 of the
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membrane 110, and the entire second discontinuation area 170 may comprise a
discontinuation 172 of the membrane. Thus, the heating element 120 may be arranged in
a self-supporting manner between the first discontinuation 162 and the second
discontinuation 172. The first discontinuation 162 may be limited by the heating element
120 and a first temperature sensor structure 130 in the form of a self-supporting bridge
structure. The second discontinuation 172 may be limited by the heating element 120 and
a second temperature sensor structure 140, e.g., in the form of a self-supporting bridge
structure. The first temperature sensor structure 130 and/or the second temperature sensor

structure may be a wire sensor, thermopiles, temperature-variable resistors or thermistors.

Optionally, the gas sensor 100 may comprise a first outer discontinuation 192 and a second
outer discontinuation 194. Thus, for example, the first thermal element structure 130 may
be a self-supporting bridge structure between the first discontinuation 160 and the second
outer discontinuation 194, and the second thermal element structure 140 may be a self-
supporting bridge structure between the second discontinuation 172 and the first outer
discontinuation 192. The first thermal element structure 130 may also be referred to as a
first detector or a first sensor, the second thermal element structure 140 may also be

referred to as a second sensor or a second detector.

A cross-section of the gas sensor 100 can be seen in the upper area of Fig. 2a. For example,
the gas sensor 100 includes a frame 150 made of a carrier material. For example, the frame
150 made of a carrier material may spread the membrane 110. According to an
embodiment, the membrane 110 may comprise a thickness 111 (e.g. an expansion
perpendicular to a surface of the membrane 110 on which the first thermal element structure
130, the second thermal element structure 140, and the heating element 120 are arranged)
in a range of 1 ym to 50 pm, 2 ym to 25 pm, or 3 pm to 10 ym, e.g. 8 pm. According to an
embodiment, the membrane 110 may be realized by recess 190 from the frame 150. Thus,
for example, the recess 190 may be selected such that a membrane 110 may be realized
with the desired thickness 111.

According to the embodiment in Fig. 2a and Fig. 2b, the recess 190 may be implemented
such that only the heating element 120, the first thermal element structure 130, and the
second thermal element structure 140 remain spread out between the frame 150, for
example. According to an embodiment, a surface of the membrane 110 on which the first
thermal element structure 130, the second thermal element structure 140, and the heating

element 120 are arranged may comprise an expansion in a range from 200x200 uym? to
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5x5 mm?, 500x500 um? to 2000x2000 pm? or 800x800 um? to 1200x1200 pm?, wherein the
expansion may be a square or rectangular expansion. The gas sensor 100 may comprise
a thickness 101 (e.g. in parallel to the thickness 111 of the membrane 110} in a range from
500 nm to 5 mm, 1 pm to 1 mm, or from 200 pm to 600 pym, e.g. 400 um. An expansion of
the gas sensor 100 in parallel to the surface of the membrane 110 on which the heating
element 120 is arranged may be in a range from 1x1 mm? to 1x1 cm?, 1.5x1.5 mm? to

9x9 mm?, or from 2x2 mm? to 8x8 mm?, e.g. 6.5x2.5 mm?.

According to an embodiment, the first thermal element structure 130, the second thermal

element structure 140, and/or the heating element 120 may be part of the membrane 110.

In order to measure a heat transport that depends on the gas type and/or the gas mixture,
a microchip (an example for the thermal gas sensor 100) with three fine bridge structures
(e.g. the heating element 120, the first thermal element structure 130, and the second
thermal element structure 140) that are spread out in a self-supporting manner between a
frame and may be surrounded as micro wires by gas to be analyzed may be used. For
example, the gas to be analyzed may be arranged in the first discontinuation 162, the
second discontinuation 172, the first outer discontinuation 192, and/or the second outer
discontinuation 194. A central bridge structure may be implemented as the heater 120, and
two detector structures (e.g. the first thermal element structure 130 and the second thermal
element structure 140) arranged on both sides in different distances to the heater 120 may

be used as temperature sensors for measuring a transfer response from the gas mixture.

For example, a periodic heat signal is applied to the center wire (the heating element 120),
as a result of which heat is radiated by the heating element, for example. A heat transfer
may take place via unknown heat transitions from the heater 120 into the gas to be
analyzed, and from the gas into the sensor wire (e.g. into the first thermal element structure
130 and/or the second thermal element structure 140). The heat transfer detected in such
a way by the first thermal element structure 130 and/ or the second thermal element
structure 140 may be understood as a transfer response or as a sensor signal (e.g. a first
sensor signal detected by the first thermal element structure 130 and a second sensor signal
detected by the second thermal element structure 140) By measuring a temperature
response (e.g. the transfer response) with two identical sensors (e.g. the first thermal
element structure 130 and/or the second thermal element structure 140) in different

distances to the heater 120, the unknown heat transitions in the measuring arrangement
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may be eliminated, for example. The phase and amplitude of the two sensor signals may

essentially depend on the heat transfer by the gas.

1.1.1 Example: The gas sensor 100 as an MEMS wire sensor (evaluation of a TCR
(temperature coefficient of resistance) at detector resistors (e.g. a resistance of the first
thermal element structure 130 and/or the second thermal element structure 140))
(alternative embodiment, optionally usable in combination with the signal generation and

evaluation according to section 1.2 and the evaluation algorithm according to section 1.3)

A first variation of the thermal gas sensor 100 may be built on the basis of a silicon-on-
insulator (SOI) wafer substrate. For example, it consists of a microchip with self-supporting
fine bridge structures made of silicon micro wires (e.g. the first temperature sensor structure
130 and the second temperature sensor structure 140) spread out in the gas space to be
analyzed. A center wire may be implemented as a heater 120, and two detector wires (e.g.
the first temperature sensor structure 130 and the second temperature sensor structure
140) may be used as temperature sensors on both sides of the heater in different distances
to the same (cf. Fig. 2a, Fig. 2b).

For example, Fig. 2a shows an image of the MEMS wire sensor chip (the gas sensor 100)
in a light microscope (on the left side) and Fig. 2b shows a close-up of structures in a

scanning electron microscope (on the right side).

Fig. 3 shows a schematic illustration of a silicon bridge 120/130/140 that may be used for a
heating element, a first thermal element structure, and/or a second thermal element
structure of a gas sensor, for example. In other words, Fig. 3 shows a detail of a micro
bridge (SEM, scanning electron microscope) of a thermal MEMS wire sensor (e.g. a gas
sensor). For example, the illustrated silicon bridge 120/130/140 may be manufactured in
SOl technology. Thus, for example, a substrate or carrier material of a frame 150 may
comprise an oxide material 152, a silicon material 154, and an aluminum material 156. For
example, in order to realize the silicon bridge, the silicon material 154 may be partially
removed in order to realize cutouts 158 (e.g. trenches) in the carrier material of the frame
150 and to therefore realize the silicon bridge 120/130/140. The silicon bridge 120/130/140

may be arranged on the membrane 110 (e.g. consisting of the oxide material 152).

For example, the membrane 110 may comprise a first discontinuation area 160/162 and a

second discontinuation area 170/172. The first discontinuation area 160/162 and the
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second discontinuation area 170/172 comprise a discontinuation that may be a cavity, for
example. Thus, the membrane 110 may comprise a first discontinuation 162 and a second
discontinuation 172 in which the gas to be analyzed may be arranged and where heat is
transferred to the same from the silicon bridge 120/130/140 if the silicon bridge constitutes
a heating element 120, or where the same may transfer heat to the silicon bridge
120/130/140 if the silicon bridge 120/130/140 constitutes the first thermal element structure
130 and/or the second thermal element structure 140. The silicon bridge 120/130/140 may
be contacted by the aluminum material 156, as a result of which the aluminum material 156
may be used as a bond pad, for example. For example, by means of the bond pad, an
excitatory heater signal may be applied to the heating element 120, or the first thermal
element structure 130 and/or the second thermal element structure 140 may be read out

(e.g. a first or second sensor signal).

Advantages of the SOI technology:

e Crystalline resistive paths, the temperature coefficient of the resistance (TCR) for
the detectors (e.g. for the first thermal element structure 130 and the second thermal
element structure 140) may solely depend on the base doping of the wafer material
(in the active layer);

e TCR of similar magnitude as in platinum at a high base resistance of the resistors
of the temperature detectors (e.g. the first thermal element structure 130 and the
second thermal element structure 140) enables miniaturized sensor dimensions
(e.g. dimensions of the first thermal element structure 130 and the second thermal
element structure 140) due to short resistive paths (e.g. from a frame side of the
frame 150 to an opposite frame side of the frame 150) of the bridge structures 120,
130, 140 (shorter than 1 mm) and, for the area of resistance temperature detectors
(RTD) (e.g. a first thermal element structure 130 and the second thermal element
structure 140), comparably small temperature measuring errors due to self-heating
since, e.g., base resistance values larger than 8 kOhm may be used, which may
need less than 360 pW of power input during the measuring operation.

o Heater resistance (e.g. of the heater 120) adaptable to a low operating voltage
(preferably 3.3 v) by implantation;

e Very homogenous distribution of the ohmic sensor resistance, e.g. the resistance of
the first thermal element structure 130 and/or the second thermal element structure
140, above the wafer (e.g. the frame 150) in a very narrow process field, in particular,

the tolerances of the detector resistances (e.g. sensor resistances) are determined,
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e.g., by tolerances of the SOl material in an active layer (active layer, base doping,
and material thickness) as well as by the lateral structure accuracy of the deep
etching (Deep RIE).

Disadvantages of the SOI technology:

e Comparably expensive SOI substrate material when purchasing wafers;

e Often not available in desired specifications (wafer diameter, material thickness of
handle and active layer, doping of the active layer);

e Currently no passivation of the structures, under certain circumstances, passivation
leads to bimetal effects due to the different material expansion of the layers upon

heat input, variation of the characteristic curve of the TCR;

1.1.2 Example: The gas sensor 100 as a MEMS thermopile sensor on a thin-layer
membrane (embodiment according to aspect 1, optionally usable in combination with the
signal generation and evaluation according to section 1.2 and the evaluation algorithm

according to section 1.3)

Fig. 4 shows a schematic illustration of a gas sensor 100 on the left side and a detailed view

of the gas sensor 100 on the right side.

According to an embodiment, the gas sensor 100 may comprise a membrane 110 and a
heating element 120 that may be arranged on the membrane 110 between a first
discontinuation area 160 of the membrane 110 and a second discontinuation area 170 of
the membrane 110. The first discontinuation area 160 may comprise a discontinuation 162,

and the second discontinuation area 170 may comprise a discontinuation 172.

The first discontinuation 162 and/or the second discontinuation 172 may comprise a
longitudinal expansion in parallel to a direction of maximum expansion of the heating
element 120 (that may be referred to as a heater, for example), and may comprise a lateral
expansion, e.g. in a direction perpendicular to a direction of maximum expansion of the
heating element 120. According to Fig. 4, the first discontinuation 162 may therefore have
a larger lateral expansion than the second discontinuation 172. In addition, according to
Fig. 4, the first discontinuation 162 and the second discontinuation 172 may comprise the
same longitudinal expansion. For example, the first discontinuation 162 and the second

discontinuation 172 comprise the longitudinal expansion that is large enough that the first
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discontinuation 162 and the second discontinuation 172 fully cover the area between the
first thermal element structure 130 and the second thermal element structure 140,
respectively, and the heating element 120. Thus, for example, the longitudinal expansion of
the first discontinuation 162 and the second discontinuation 172 extends along the entire
length of the heating element 120. This avoids that a majority of the heat radiated by the
heating element 120 is transported via the membrane 110. Thus, it may be achieved that a
majority of the heat is transferred to the respective thermal element structure 130, 140 via

the gas arranged in the first discontinuation 162 and in the second discontinuation 172.

For example, the first thermal element structure 130 may comprise a different distance to
the heating element 120 than the second thermal element structure 140. Thus, for example,
according to Fig. 4, the first thermal element structure 130 comprises a larger distance to
the heating element 120 than the second thermal element structure 140. For example, the
first thermal element structure 130 may detect a first heat transfer 210 from the heating
element 120 to the gas in the first discontinuation 162, and from the gas to the first thermal
element structure 130, and may sense the same as a first sensor signal. For example, the
second thermal element structure 140 may detect a second heat transfer 220 from the
heating element 120 to the gas in the second discontinuation 172, and from the gas to the
second thermal element structure 140, and provide the same as a second sensor signal.
Due to the different distance of the first thermal element structure 130 and the second
thermal element structure 140 to the heating element 120, a difference signal may be
formed from the first sensor signal and the second sensor signal, as a result of which
unknown transitions (e.g. a transition from the heating element to the gas and/or from the
gas to the respective thermal element structure) may be calculated out, and therefore, the
gas sensor 100 mainly, or only, considers the heat transfer via the gas in the first

discontinuation 162 or the second discontinuation 172.

According to an embodiments, the heat sensor 100 may further comprise a frame 150 that
may spread out the membrane 110. The first thermal element structure 130 and the second
thermal element structure 140 may be arranged at least partially on the membrane 110 and
at least partially on the frame 150. In this case, the first thermal element structure 130 and
the second thermal element structure 140 may comprise hot ends 132, 142 that are
arranged to face the heating element 120. In addition, the first thermal element structure
130 and the second thermal element structure 140 may comprise cold ends 134, 144 that
may be arranged on a side of the thermal element structure 130 and the second thermal

element structure 140, respectively, opposite the side with the hot ends 132, 142 and that
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are therefore arranged facing away from the heating element 120. Thus, for example, the
hot ends 132, 142 may be arranged on the membrane 110, and the cold ends 134, 144 may
be arranged on the frame 150. In this case, for example, the frame 150 may comprise a
different material than the membrane 110. Through this, for example, a reference
temperature may be applied to the cold ends 134, 144 by means of the frame material of
the frame 150, with respect to a temperature measured by means of the hot ends 130, 142

and transferred from the heating element 120.

In other words, the left illustration of the gas sensor 100 may constitute a layout, and the
right side of Fig. 4 may constitute an image of the gas sensor 100 (e.g. a MEMS membrane
sensor) for measuring a gas type-dependent heat transport (embodiment according to
aspect 1), for example. For example, Fig. 4 shows a variation of the gas sensor 100 with a
constant discontinuation (e.g. a first discontinuation 162 and a second discontinuation 172)
of a membrane 110. For example, the constant discontinuation 162, 172 causes a main part
of a heat transport between a heater 120 and the detectors (e.g. the first thermal element
structure 130 and the second thermal element structure 140), e.g., to occur compulsory via
the measuring gas volume enclosed between the two elements, e.g., via the measuring gas

arranged in the first discontinuation 162 and in the second discontinuation 172.

For example, in order to reduce the process effort in the technological fabrication of the gas
sensor 100 and to increase the sensitivity during the measurement of the gas type-
dependent heat transport 210, 220, a microchip may be realized on the basis of a thin-layer
membrane 110 with heater structures 120 and thermopile structures 130, 140 (detectors),
wherein the thin-layer membrane 110 may be etched out in a lateral area between the
heater 120 and the detectors 130, 140.

Compared to a wire sensor (e.g. described in section 1.1.1), the membrane sensor (e.g. the
gas sensor 100) only needs 1/3 of the heat energy with an identical sensitivity for the gas
concentration of a binary mixture. Same as with the wire sensor, the heater structure (e.g.
the heating element 120) is located as a self-supporting fine bridge structure centrally
spread out in a measuring space of the gas to be detected, for example. The two detector
wires arranged on both sides (e.g.) in different distances to the heater 120 may be replaced
by “thermopile” structures (e.g. of the first thermal element structure 130 and/or the second

thermal element structure 140) that may be located on laterally spread out membrane
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surfaces (of the membrane 110) and may reach up to the trench edge (e.g. an edge of the

first discontinuation 162 or the second discontinuation 172), for example.

For example, the cold ends 134, 144 of the thermopiles 130, 140 should directly contact the
carrier material (e.g. of the frame 150) that may have a high thermal conductivity (e.g.
silicon, approximately 150 W/(*K)) and may serve as a heat sink (cooling body near room
temperature). For example, the base membrane material (the material of the membrane
110), which electrically insulates the contacts from the silicon, is located between the cold
ends 134, 144 of the thermopiles and the silicon. However, since this layer is very thin, the
heat from the thermopiles can be effectively transferred into the silicon. In this way, the
over-temperature (e.g. measured by means of the hot ends 132, 142) may be measured as
a direct difference to the room temperature (e.g. measured by means of the cold ends 134,
144). For example, a measuring location for the temperature compensation is directly

mechanically connected on or to the silicon chip (e.g. the frame 150).

In order to reduce a parasitic effect of the heat transport 210, 220 between the heater 120
and the detector structures 130, 140 due to a heat conduction in the membrane material of
the membrane 110, the membrane 110 may be consequently interrupted such that the heat
transport 210, 220 of the heater 120 to the detectors 130, 140 may be mainly carried out
via a shortest lateral distance, and therefore, e.g., passes through a path across a volume
of the measuring gas located in between (e.g. arranged in the first discontinuation 162 and
the second discontinuation 172). As a result, the gas type-dependent transfer response
(e.g. the first sensor signal and the second sensor signal) of the sensor 130/140 to periodic

heat pulses of the heater 120 may be significantly increased.

According to an embodiment, Fig. 5 shows on its left side a schematic illustration of the gas
sensor 100 and on its right side an enlarged detailed view of the gas sensor 100. The gas
sensor 100 of Fig. 5 may comprise the same features and functionalities as the gas sensor
100 of Fig. 4, wherein the gas sensor 100 of Fig. 5 may differ from the gas sensor 100 of
Fig. 4 in a design of the first discontinuation area 160 and/or the second discontinuation
area 170. Thus, for example, the first discontinuation area 160 of the gas sensor 100 of Fig.
5 may comprise a multitude of discontinuations 162;, and the second discontinuation area
170 may also comprise a multitude of discontinuations 172;. Thus, for example, the index i
of the discontinuations 162; of the first discontinuation area 160 of the gas sensor 100 may
reach from 1 to 23 since the first discontinuation area 160 may comprise 23 discontinuations

according to the embodiment in Fig. 5. For example, the index i of the discontinuations 172,
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of the second discontinuation area 170 of the gas sensor 100 may reach from 1 to 14 since
the second discontinuation area 170 may comprise 14 discontinuations according to an
embodiment of Fig. 5. Optionally, the index i of the discontinuations 162; and the
discontinuations 172, may define a natural number, for example, wherein the index i
indicates how many discontinuations 162;, 172; are present in a discontinuation area 160,
170.

The discontinuations 162, 172; may be arranged in the first discontinuation area 160 and in
the second discontinuation area 170, respectively, in rows in parallel to a direction of
maximum expansion of the heating element 120, and the rows may additionally be arranged
offset to each other. For example, this means that lateral ridges 112 (e.g. extending in a
direction perpendicular to a direction of maximum expansion of the heating element 120,
from the heating element 120 to the respective thermal element structure 130, 140) -
formed by membrane material — of successive rows are arranged offset to each other. For
example, this causes a parasitic heat conduction 114a, 114b in the membrane 110 to pass

through as long a path as possible.

For example, the discontinuations 162;, 172 are arranged such that a grid structure is
created in the membrane 110, wherein a path of a parasitic heat conduction 114a, 114b
through the membrane 110 is longer than a direct path 210, 220. For example, a direct path
210, 220 may be a straight path perpendicular to the heating element 120, from the heating
element 120 to the respective thermal element structure 130, 140, wherein the direct path
210, 220 may pass through a gas to be analyzed that is arranged in the discontinuations
162;, 172:. For example, the path of the parasitic heat conduction 114a, 114b should not
extend in a straight line through the membrane 110, but should form a winding path, as is
illustrated in Fig. 5. For example, there should be no direct heat path across the membrane
110. This makes it possible that the first thermal element structure 130 and the second
thermal element structure 140 may detect a heat transfer from the heating element 120 via
the direct path 210 and/or 220 and that influences of a parasitic heat conduction 114a, 114b
may be minimized in the detection, as a result of which the gas may be analyzed very

precisely.

For example, the discontinuations 162;, 172; may be longitudinal discontinuations that may
be perpendicular to a main direction of the heat conduction (e.g. the direct path 210, 220
from the heating element 120 to the thermal element structures 130, 140) with a tolerance
of +/- 20°.
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According to an embodiment, the discontinuations 162;, 172; may be rectangular cutouts
with rounded corners. For example, they may also be referred to as a longitudinal hole, and
they may also be oval holes, for example. In this case, the discontinuations 162;, 172; may
be at least three times longer than they are wide. For example, the length may be defined
as a direction in parallel to a maximum expansion of the heating element 120, and the width
may be defined as a direction perpendicular to the maximum expansion of the heating
element 120. Due to this feature, the path of the parasitic heat conduction 114a, 114b may
be realized to be very long, as a result of which a quality of the gas analysis by the gas

sensor 100 may be increased.

According to an embodiment, the discontinuations 162;, 172; in the first discontinuation area
160 and the second discontinuation area 170, respectively, may be arranged such that a
distance 116a, 116b between the discontinuations 162, 172; corresponds to a smallest
realizable structural width that results in a mechanically durable grid structure. For example,
the distance 116a, 116b is a width of ridges made of a membrane material over the
membrane 110. The smaller the distance 116a, 116b is realized, the smaller a parasitic
heat conduction 114a, 114b may be, as a result of which a quality of a gas analysis by the
gas sensor 100 may be increased. In this case, the distance 116a, 116b should be selected
such that the grid structure membrane 110 created by the discontinuations 162, 172; is
mechanically durable in order to ensure a high quality of the gas analysis by the gas sensor
100.

In other words, Fig. 5 may illustrate a layout of an MEMS membrane sensor (e.g. the gas
sensor 100) for measuring the gas type-dependent heat transport (via the direct path 210,
220) (embodiment according to aspect 1), for example. Thus, the gas sensor 100 of Fig. 5
may illustrate a variation having a grid structure made of the membrane material of the
membrane 110 in order to increase the mechanical stability of the gas sensor 100. The
geometrical shape of the grid may be selected such that the parasitic heat conduction 114a,

114b has to pass through as long a path as possible in the membrane material.

Fig. 5 shows a further embodiment of the gas sensor 100, showing a grid structure between
the heater elements 120 and the detector elements (e.g. of the first thermal element
structure 130 and the second thermal element structure 140) which is to improve the
mechanical stability of the gas sensor 100 in the long-term operation. Such an arrangement

may decrease the gas type-dependent sensitivity of the thermal gas sensor 100 since the
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heat conduction may now also occur in a parasitic manner 114a, 114b via the grid ridges of
the membrane material. Thus, a part of the heat energy periodically input into the heater
120 may be transported earlier to the detector structure (e.g. the first thermal element
structure 130 and/or the second thermal element structure 140) than the part of the heat
energy that is transported through the measuring gas via the shortest lateral distance 210,
220. Due to the thermal mass of the detectors (e.g. the first thermal element structure 130
and/or the second thermal element structure 140) that may respond to the periodic
excitation as a low pass filter, for example, the two thermal wave runtimes (e.g. the parasitic
heat conduction 114a with the heat transfer via the direct path 210 and/or the parasitic heat
conduction 114b with the heat transfer via the direct path 220) are looped together to a

single sinusoidal detector signal (e.g. to a first sensor signal or to a second sensor signal).

For example, the geometrical shape of the grid is selected such that the parasitic heat
conduction 114a, 114b has to pass through as long a path as possible in the membrane
material. For example, oval holes (e.g. the discontinuations 162;, 172;) are located lateral to
the main direction of the heat conduction. For example, the aspect ratio of the oval holes is
such that they are at least three times longer than they are wide, the ridge width (e.g. the
distance 116a, 116b) corresponds to the smallest realizable structural width that results in

a mechanically durable grid structure with the available layer technology, for example.

Fig. 6a, Fig. 6b, and Fig. 6¢ show schematic illustrations of further embodiments of a gas
sensor 100. In this case, the gas sensor 100 of Fig. 6a, Fig. 6b, and Fig. 6¢ may comprise
the same features and functionalities as the gas sensor 100 of Fig. 4 and/or Fig. 5. There
may be differences between the gas sensors 100 in the first discontinuation area 160 and

the second discontinuation area 170 of the gas sensor 100.

Thus, for example, the gas sensor 100 of Fig. 6a may comprise eight discontinuations 162;
in the first discontinuation area 160 and eight discontinuations 172; in the second
discontinuation area 170. In this case, for example, the discontinuations 162; may comprise
a larger lateral extension than the discontinuations 172;. In addition, the discontinuations
162, 172; may comprise different longitudinal expansions within their discontinuation areas

160 and 170, respectively.

For example, the gas sensor 100 of Fig. 6b comprises a first discontinuation area 160 with

eight discontinuations 162; and a second discontinuation area 170 with a continuous
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discontinuation 172 Thus, for example, in the variation of Fig. 6b, the variations of Fig. 6a

and/or Fig. 5 and Fig. 4 are combined with each other in the discontinuation areas 160, 170.

For example, the gas sensor 100 of Fig. 6¢c comprises a first discontinuation area 160 and
a second discontinuation area 170 with several discontinuations 162;, 172;, wherein the first
discontinuation area 160 may comprise 23 discontinuations 162; and the second
discontinuation area 170 may comprise 14 discontinuations 172;, for example. In this case,
for example, the continuations 162;, 172; of a discontinuation area 160 and 170,
respectively, may comprise the same lateral expansion and/or the same longitudinal
expansion. Optionally, it is also possible that the discontinuations 162, 172; comprise only

in rows the same longitudinal expansion and/or lateral expansion.

Thus, in other words, Fig. 6a, Fig. 6b, and Fig. 6¢ may illustrate further layout variations of
the MEMS membrane sensor (e.g. the gas sensor 100), which differ in number and size of
the perforations of the membrane (e.g. the discontinuations 162;, 172)) (embodiments

according to aspect 1).

Advantages of the thermopile structures (e.q. the first thermal element structure 130 and/or

the second thermal element structure 140) on membrane technology (examples):

e Simple 5-mask MEMS processed on cost-efficient substrates is possible since the
properties of the wafer material should be specified only with respect to, e.g.,
thickness, surface quality and, for structuring the trench, adapted base doping.

e Have to be specified with respect to adapted base doping, in contrast to the gas
sensor on SOl structuring of a trench (e.g. for the membrane 110).

e For example, the structures (e.g. the heating element 120, the membrane 110, the
first thermal element structure 130, the second thermal element structure 140) are
passivated with protective layers and provide better resistance against free radicals
that may be located in the measuring gas and that etch the active sensor structures
(e.g. the first thermal element structure 130 and/or the second thermal element
structure 140) and therefore mechanically weaken or thermally change them.

e For example, compared to the substrate, the gas sensor 100 on a thin-layer
membrane 110 only needs a third of the heating power to achieve the same gas
sensitivity, the power input is approximately 12 mW in contrast to 36 mW in the SOI

technology.
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e Instead of temperature-variable resistance structures (RTD), thermopiles 130, 140
may be realized as detectors of a heat distribution field in the measuring space: for
example, the electronic signal evaluation of the thermopiles 130, 140 is 0,6 pyW,
therefore almost powerless, whereas the detectors (e.g. the first thermal element
structure 130, the second thermal element structure 140 of Fig. 2a, Fig. 2b, or Fig.
3) based on resistance structures of the SOI technology need a current flow for a
stable signal generation, as a result of which a heating power is applied into the
detector, which is at approximately 140 pW and therefore low, however, it is 200
times larger compared to the thermopile technology and contributes to the self-
heating of the RTD detectors and may therefore reduce the gas selectivity in a

parasitic way.

Disadvantages of the membrane technology:

e Fine perforated membranes 110 may break in the production process and in the
long-term operation, an optimized design (e.g. Fig. 4, Fig. 5, Fig. 6a, Fig. 6b, or Fig.

6¢) is favorable.

1.1.3 Sensor principle (Details optional)

Fig. 7 illustrates a fundamental principle of the thermal sensor 100 (the gas sensor may
here also be referred to as a thermal sensor): What can be clearly seen is the spatial
separation between the heater 120 and the sensor structures 130, 140 (the first temperature
sensor structure and the second temperature sensor structure may here also be referred to
as sensor structures, detector structures, sensors, temperature sensors or detectors) with
thermal coupling by means of the gas mixture to be analyzed; and the measurement with
the sensor structures 130, 140. In this case, the sensor structures 130, 140 may be

arranged in different distances or in the same distance to the heater 120.
In other words, Fig. 1 shows a schematic illustration of a fundamental sensor principle for a
path 122a, 122b of the heat transport between the heater 120 and the detectors 130, 140

via the gas to be measured.

e The heater 120 and the sensors 130, 140 are separated by a medium
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The heater 120 and the sensor(s) 130, 140 are arranged separately in the medium and are
surrounded by the gas to be analyzed. For example, the heat flow 122a, 122b from the

heater 120 to the temperature sensors 130, 140 is carried out only via the gas itself.

e Measurement in several distances

For example, the heat transport 122a, 122b is also carried out via unknown heat transitions
122a4, 122bs from the heater 120 into the gas to be analyzed, and via unknown heat
transitions 122a,, 122b, from the gas into the sensor structure 130, 140. When measuring
in two distances 1804, 180,, the heat transitions 122a4, 122b4, 122a,, 122b, are almost
identical. The difference of both sensor signals essentially depends on the heat transfer by

the medium itself.

e Measurement in identical distances

Analogously to the measurement with several distances, in this case there are also
unknown heat transitions 122a4, 122b4, 122a2, 122b». A very precise gas analysis may also
be performed by evaluating a sum of the two sensor signals and, under certain
circumstances, the unknown heat transitions 122a4, 122b4, 122a, 122b, may also be

considered in the analysis.

It is to be noted that, when measuring in several distances, a sum signal may be evaluated

as an alternative.

It is further to be noted that evaluating a sum signal is preferred to evaluating a difference

signal since a signal-noise distance of the difference signal is smaller than in the sum signal.

Optionally, a quotient of a difference signal and sum signal (which is a common
standardization) may be used for the evaluation. For example, this highlights the measuring
effect more strongly as is the case if only the sum signal or only the difference signal is

evaluated.

e Electrical analogy

An electrical analogy has been created (cf. Fig. 8, for example) in order to identify and

estimate the heat flows. Optimizing the heat loss is an essential factor in order to increase
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the sensitivity of the sensor 130, 140 without having to feed in too large of a heating power,

e.g. via the heating element 120.

According to an embodiment, Fig. 8 comprises features and functionalities of the gas sensor
100 of Fig. 7. In other words, Fig. 8 shows a schematic illustration of the heat transport at
the gas sensor 100. The heat transport from the heater 120 (temperature Tw) to the sensor

130, 140 (temperature Ts) essentially takes place via the gas to be measured.

1.2 Embodiment of the gas sensor in operation: signal generation and signal evaluation

on an embedded system

1.2.1 Functional principle (details optional)

With a sinusoidal heating power 122, there is a sinusoidal progression of the sensor signals
210, 220 (e.g. Fig. 9, for example) that strongly depends on the thermal properties of the
gas surrounding the sensor structures. By measuring the temperature of the heater 120
with two identical sensors 130, 140 in different distances 1804, 180 to the heater 120, the

unknown heat transition in the measuring arrangement may be eliminated or reduced.

In the evaluation, emitted and received periodic temperature waves are compared (cf. Fig.
9). A calibration of the signal 210, 220 through the phase shift 212, 222 between the heater
and the sensors, for example, may be used to resolve the CO, content in the air as being
0.2 vol%, e.g. by means of the gas sensor. Since gases may be compressed and change
their density through pressure and temperature, the corresponding drifts should be

compensated.

Fig. 2 shows signals 210, 220 upon excitation with a sinusoidal heating power 122 in
comparison for CO, and N». With the same heating power 122, the sensor signals 210, 220
received differ with respect to their amplitude, offset and phase position. According to an
embodiment, the signals 210, 220 are difference signals of a signal of a first thermal element

structure and a second thermal element structure of the gas sensor.

By evaluating further measuring quantities that the sensor provides, the thermal
conductivity, the thermal diffusivity and, if the density of the gas is known, also the specific
heat capacity may be determined — a possible approach to analyze unknown gas mixtures

as well.
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Through the structural difference of self-supporting bridge structures compared to thin-layer
membranes, parasitic thermal decoupling between the heater and the detector elements is
mostly achieved, and the signal quality is significantly increased. Due to the low thermal
mass of the heater, it is possible to modulate the heater with frequencies of up to 300 hertz

since the heat may be quickly provided and dissipated.
1.2.2 Theoretical consideration for determining the thermal diffusivity (details optional)

In order to determine the thermal diffusivity at a sinusoidal heating power 122, a model

according to [Baehr 2008] may be used to describe the propagating temperature field.
The following equation describes the time-dependent (time t) a temperature propagation

along the longitudinal axis x in a rod that has a sinusoidal temperature applied at one end

(mean value T, amplitude T,, angle frequency w):

T, t)=Tyn+Ta-n-e ™% sin(2nf -t — (k- x +€)) (1)

When entering into the gaseous medium from the heater, the temperature field experiences

the phase shift ¢, and the attenuation 7.

1
andﬁ =1+ 2k + 2k? (2)

0

€n = arctan
0 1+k

Dependent on the path x covered by the medium, the temperature field experiences the
phase shift e(x) = k; - x and the attenuation n(x) = e *1'*. The essential factor for the
change of the path-dependent values, k;, depends on the thermal diffusivity a, the angular

frequency w, and therefore on the excitation frequency f, according to [Baehr 2008]:

w m-f
k= 5= e ©)
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The factor for considering the influences in the heat transfer between a solid body and a

gas results from the factor k;, the heat transfer coefficient a, and the thermal conductivity

kA _b i i ici : = /Ac - p=2=
k= =—-vm-f with the heat penetration coefficient b: b=A-¢c,-p= 7= 4)

In order to determine the thermal diffusivity according to the above-mentioned model, the

evaluation of the phase shift is sufficient. The total phase shift in equation (1) amounts to:
Ap =k x+¢ (5)

When comparing two temperature measurements in two different distances, the constant

heat transition effects cancel each other out:
Ap(xy) —Ap(xy) = (ky - x3+€) — (k- x; + €) (6)

Simplified with the differences A, = Ap(x;) — Ap(x;) and Axq; = x; — X3
Apiy = ky - Dxyy (7)

and with (3), the following results:

Apy, = ’% - Axy, (8)

The following applies for the thermal diffusivity a (with angles in the circular measure):

Ax?,
' 9)
A(sz

a=mn-f

If the phase shifts are available in degrees, the following applies for the thermal diffusivity

a:

_180% - f Axf,
n A(sz

a

(10)
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The temperature wave oscillates harmonically at the same angular frequency as its
excitation and decays rapidly and strongly attenuated with increasing penetration depth in
the medium, while the phase shifts increases. The penetration depth and wave length
increase as the oscillation duration and thermal diffusivity of the medium increase. When
considering the wavelength A of the temperature oscillation, which results from the distance
between two measuring points x1 and x2 at which the phase angle differs by 2, the
penetration depth of the temperature wave may be derived, where the temperature
amplitude has decreased to the n-th part of its value at the entry point into the medium x=0.

The following applies:

the following A a
from e 2™n/A = 1/n, , x, ==—-lnn= |——Inn (4)
applies: 2m m-f

Thus, the attenuation of the amplitude is also a measure for the thermal diffusivity of the

medium.
1.2.3 Theoretical consideration for determining the thermal conductivity (details optional)

The thermal conductivity A of the medium is represented by the mean temperature
distribution in the measuring space. Dependent on the mean heater temperature and the
gas type and/or mixture concentration in the volume of the measuring space, a mean
temperature arises at the temperature detectors, said mean temperature being in proportion
to the heat flow that flows through the gaseous medium from the heater to the housing wall
via the detectors. The temperature of the heater and that of the detectors have to be known
to determine the thermal conductivity, e.g. with an appropriate calibration, it is sufficient to
control a detector (preferably the detector closer to the heater) to a constant (over)
temperature if the required mean heating energy is determined as a measure of the thermal

conductivity.

According to [Simon 2002] and [Baar 2001], the fundamental principle for measuring the
thermal conductivity of gases is that an over temperature above the ambient temperature
is generated in a flow-free measuring space with a heater element (e.g. a hot wire or a “hot

plate”) that is free-standing in the gas. The heating power needed to maintain this over
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temperature AT is the direct measure of the thermal conductivity 4 and may be described

with the following relationship:

P=1-4T-G (5)

wherein G represents the geometric constant of the arrangement. The condition for correct
measurement is a stationary gas in the measuring space, e.g. in a dead volume or behind
a diffusion barrier, since convective heat flow leads to a measuring error [Baar 2001]. These
measuring errors are discussed in the literature, where methods that may measure the
thermal conductivity in the presence of convective heat flow are also proposed [IST AG
2011, 2013, 2015]. Furthermore, methods with a periodic excitation of the heater are known,
which may determine not only the concentration of binary gas mixtures but also mixtures of

several components by a Fourier analysis [Grien 2012].

1.2.4 Embedded microcontroller, electronic system and software of the inventive gas

sensor (details optional)

The object of the electronic system and signal evaluation is to generate, e.g., a reliable
measuring result that directly depends on the gas concentration with a miniaturized system
that is as inexpensive as possible. In addition, the inventive gas sensor should be usable in
a respiratory gas monitor in which the carbon concentration in the air mixture may change
very dynamically. Thus, the gas sensor should be able to resolve changes in the gas
composition in the respiratory cycle of inspiration and expiration up to a rate of 60 strokes

per minute. Thus, a fast evaluation of the sensor signals is desirable.

1.2.4.1 Hardware

1.2.41.1 Example: Heater control of the inventive gas sensor (embodiments according

to aspect 3, details optional)

Fig. 10 shows an electric circuit diagram of a heater control for a thermal gas sensor
according to an embodiment of the present invention. For example, a CPU specifies a lower
and upper heater voltage and switches timers in a controlled manner back and forth
between these two values. A CPU may measure the current heating current at certain points
in time in order to calculate the heating power. In other words, Fig. 10 illustrates a heater

supply with a voltage specification and a current measurement.
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In contrast to the analogy in the above theoretically-considered analogy in the transfer of
the principles for an attenuated oscillation to a heat transport phenomenon using the
example of a sinusoidal heater excitation, (e.g.) a square-wave signal is generated on the
developed microcontroller electronic system. Due to the timer structures in the processor,
this signal may be generated much more precisely than a synthetic sinusoidal signal that

would be output by the processor on its digital/analog (DA) port.

For example, 2 heater voltages are specified via a DA converter. This is due to the fact that
the DA converter is controlled via SPI, and that the point in time at which a new DA value
is adopted may not be determined exactly with the selected processor component (CPU).
However, this is a prerequisite in order to be able to determine the phase position of the
sensor response. Thus, for example, one of the two voltages is alternately applied to the
heater amplifier via an analog switch. For the steep switching edges to propagate less in
the system, for example, they are smoothed out by a downstream low-pass filter. The
operational amplifier (OP) circuit raises the voltage onto the voltage level needed by the
heater. For example, a further OP compensates the voltage drop at the current
measurement resistor. Since the current is measured and the heater voltage is known, the
heater power may be calculated. This is important because the heater resistance may

change with the temperature.

For example, a heater duty cycle of 50% may be used (wherein, e.g., a periodic square-

wave signal with a duty cycle of 50% +/-2% is applied to the heater, for example).

Alternatively, shorter duty cycles may be used, e.g., in the range of 5..50%.

In order to obtain the same power between a sinusoidal wave (offset at Upp/2, both half-
waves in the positive range) and a square wave, a duty cycle of 42% is required for an

‘equivalent” square-wave signal or a square-wave signal with the same power.

In some embodiments, adapting the heater power by controlling the duty cycle is not
realized — this is more difficult on the MSP430, but interesting when using more powerful
microcontrollers: a fixed operating voltage may be used, and the duty cycle may be changed
(a type of PWM control).



24 Dec 2020

2019205103

10

15

20

25

30

35

-74 -

In other words, it is optionally possible to set the (mean) heater power by changing the duty
cycle. Alternatively, the heater power may be set by changing the voltage level (of the
voltage applied to the heater), or the current level (of the current flowing through the heater,

or the heating element). The two options may also be combined.

1.2.4.1.2 Example: Detector signal evaluation of the gas sensor (details optional)

Fig. 11 shows an electric circuit diagram of a detector signal evaluation of a thermal gas
sensor according to an embodiment of the present invention. In this case, a first thermal
element structure and a second thermal element structure of the gas sensor may comprise
the detector signal evaluation illustrated in Fig. 11 in order to evaluate, in a respective
detector signal (e.g. detected by means of the first thermal element structure or the second
thermal element structure, and may also be referred to as a sensor signal herein), heat
transferred from a heating element of the gas sensor to the first thermal element structure
and the second thermal element structure via a gas to be analyzed. According to an
embodiment, Fig. 11 illustrates the detector signal evaluation of the sensor 1 (first thermal
element structure). In this case, e.g., the detector signal evaluation is configured to receive
a firstinput signal, e.g. a DAC signal CO2_S1_Win, from a CPU (magnifying glass function),
and a second input signal, e.g. a detector signal CO2_Sensor1, and to provide a first output
signal, e.g. an amplified detector signal CO2_S1_an, and a second output signal, e.g. a

comparator signal for a phase evaluation CO2_S1_dig.

According to an embodiment, a CPU controls a heater such that an amplitude of the sensor
signal remains within a ADC range. For example, the sensor signal is kept within the ADC
boundaries via a magnifying glass function. For example, a phase evaluation is carried out

via the comparator using the MSP430 timer structures (time structures).

A resistance change of the sensor wire (e.g. of the thermal element structure) is very low.
For this reason, an amplifier having a high amplification factor is preferred or needed. Since
an absolute value of an input voltage (e.g. of the sensor signals) depends on many factors,

it is recommended to compensate for this value.

One possibility would be to use an alternating current (AC) amplifier. The disadvantage is

that it causes an unknown phase shift.
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Therefore, for example, a direct current (DC) amplifier has been used, which does not have
any phase shift. In order to compensate for the DC component of the signal, in an
embodiment, the negative input terminal is raised to mean value of the detector signal at
the differential input of the operational amplifier (OP), and is actively tracked by means of a
software controller, the digital-analog converter (DAC) of the processor directly outputs this
voltage. Due to the differential operation of the differential input at the OP, the DC
components of the input voltages are subtracted from each other, and only the AC
component of the signal is amplified. To this end, according to an aspect, the (ADC) signal
converted from analog to digital is measured, and an examination as to whether it is within
reasonable boundaries that may be detected by the ADC is carried out. If the signal hits the
upper or lower voltage limit of the OP, the DAC value is adapted accordingly. This results
in an amplifier in which the amplified signal is continuously kept in the optimum operating
range or operating window, where the amplification factor at the OP may be increased by
removing the DC component, a type of “magnifying glass function”. The DAC value needed
for the compensation may be used as a further parameter for the evaluation, with which the
absolute mean temperature may be determined, and the thermal conductivity of the gas

mixture may be determined via the relationship from equation (5).

In order to determine the phase position of the sensor signal, for example, a Schmitt trigger
was used. It is set such that it switches shortly above or below the zero crossing of the
sensor signal. Here, the signal is steepest and therefore causes the smallest phase noise.
For example, the DC component is removed via a capacitor. This enables a phase

determination of the sensor response.
By using the internal timer structures of the processor (MSP430, Texas Instruments), a
theoretical phase resolution of 0.009° is possible. However, this is not achieved due to noise

of the circuit.

1.2.4.2 Example: Software (details optional; functionalities according to aspects 3 and 4

are described together, but may be used separately) for the gas sensor

For example, the software has different tasks:

e Setting the start values for the heater voltage, the sampling times of the sensor

signals and the start value for the DC operating point (magnifying glass function).
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Initially, for example, an attempt is made to find the DC operating point. To this end,
the DAC values of the two sensors are set such that the sensor signal is centered

in the ADC range, for example.

Measuring the sensor voltage at certain points in time. In order to determine the
amplitude, the voltage is detected at the assumed maximum and minimum. In order
to recognize that the sampling time has been selected incorrectly, another
measurement is made at the assumed “zero crossing”. If the sampling times are

correct, the following applies, for example:

Umax + Umin _
—— =

If the sampling times are incorrect, the above equation is no longer correct. For
example, the software may recognize from this that the sampling times have to be
adapted. For example, the readjustment may be deactivated via software. It is only

carried out if the signal is within the ADC boundaries.

If the amplitude controller is active, an attempt is made, for example, to keep the
amplitude of the Sensor1 signal at a certain target value. For example, the heater
energy is adjusted such that the S1 amplitude fills the ADC range by at least 3/4.
The controller may optionally be switched off via software. In addition, for example,
it is only active if sampling times or DC offsets have not been changed. This

optionally ensures that this control loop is only active in the steady state.

Determining the phase position of the sensor signal with the help of the Schmitt
trigger circuit (optional). Dependent on the setting, the calculation of the 3 sampling

times of the sensor signal for the next sampling period is also carried out here.

The ambient pressure and the temperature are detected via further sensors

(optional)

1.2.4.3 Example: Software controller (details optional) for the gas sensor

Fig. 12 shows a schematic illustration of interleaved controllers of the software for a thermal

gas sensor according to an embodiment of the present invention.
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Several interleaved controllers operate in the software. The innermost one is the DC
operating point controller. For example, only if it is in a steady state (the DC offset did not
have to be adapted), tracking the sampling times is carried out. In the amplitude control
loop, e.g., the amplitude of S1 is kept constant — but only if, for example, the DC offset and
the sampling time did not have to be adapted. In the outer control loop, the heating energy
needed for adjusting the S1 amplitude may be (optionally) adjusted such that the thermal

system may dynamically adapt itself to a large bandwidth of certain gas mixtures.

For determining the amplitude, for example, 3 A/D samples per sensor wire are needed:
minimum at the lower peak, zero crossing, and maximum at the upper peak. For example,

the process is as follows:

e Forexample, all AD values are initially measured with the current setting.

o Now, for example, an examination as to whether the min/max A/D values for S1 and
S2 are in the valid range is carried out. If this is not the case, the DC operating point
of the amplifier is readjusted (via DAC), and all further controllers are temporarily
switched off. Only when both sensor channels are within the allowed operating
range (A/Dmax < 3900, or A/Dmin > 200, i.e. in the range from 5..95% of the A/D range

of 4096 digits), the further controllers become active again.

e To ensure a correct measurement of the amplitude, the A/D conversion should be
carried out at the correct time (upper/lower peak, and at the zero crossing for

verification). Currently, for example, there are two ways to do this:

o Through the A/D conversion itself: the time of the zero crossing is expected
in half the time between the two measured times for the minimum and
maximum peak of the A/D values, i.e. (min+max)/2 should correspond to the
A/D value at the zero crossing. In case of deviations, the sampling time for
the next measurement is adapted. For example, a deviation of approximately
0.625° (degrees) or 14.47 ps is tolerated.

o Through the comparator signal: since the comparator switches at the time of
the zero crossing of the sensor signal, for example, the time at which the A/D

measurements are to be carried out may be determined: at the measuring
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value of the switching time of the positive edge, 90° (or 2.0833 ms for the
upper peak), 180° (4.1666 ms for the zero crossing of the negative edge),
and 270° (6.2499 ms for the lower peak) are added. Here, a deviation of

0.625° is also tolerated.

e For example, only if both controllers (DC operating point and phase) did not require
a change of control values, and were therefore in the steady state, then the
amplitude controller will take effect. It readjusts the heater value such that the

desired amplitude of S1 is achieved.

Fig. 3a shows a block diagram illustrating the control and tracking of the DC operating points

of the two detector amplifiers according to an embodiment of the present invention.

Fig. 4 shows a block diagram illustrating the tracking of the sampling times for the amplitude
measurements of the detectors signals and S1 amplitude controllers. If all controllers are
tuned, for example, the gas mixture is evaluated with the measured values for the amplitude

and phase of the detectors.

According to an embodiment, Figs. 13a and 13b may be considered to be one block

diagram, where Fig. 13b is connected to Fig. 13a via the block “tracking the sampling times”.

1.2.4.4 Example: Timing table (details optional) for the gas sensor

For example, the ADC measuring times at which the analog-digital converter of the
microcontroller measures the current consumption of the heater and the detector voltages
(an example for the sensor signals) are defined in a timing table of the software extending
across two heater pulse periods. According to an embodiment, these two periods are
needed, e.g., since only one timer is available on the processor used for the variable ADC
control. If the heater is operated at 120 Hz, all measuring values relevant for the gas mixture
evaluation are obtained after 2 periods, i.e. with a frequency of 60 Hz. Since the pulse shape
of the heater is stable across the period, the input heater current may be measured at fixed
times: at 45° for the peak value and at 170° for the lower heat current value (generally zero).
The respective 3 ADC measuring values per detector (upper and lower peak, and zero
crossing) are expected as variable measuring values in time windows that are defined in

the timing table:
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e ADC_SENSOR1:
o CO2-S1-min: 33.6° .. 123.6° (778 ps .. 2861 ps)
o CO2-S1-Null: 123.6° .. 213.6° (2861 ys .. 4944 ps)
o CO2-S1-max: 213.6° .. 303.6° (4944 ps .. 7028 ps)

e ADC_SENSOR2:
o CO02-82-min: 68.6°-141.4° (1588 ps .. 3273 ps)
o CO2-S2-Null: 158.6°-231.4° (3671 ps .. 5356 ys)
o CO02-S2-max: 248.6° .. 321.4° (5755 ps .. 7440 ps)

1.3 Example: Evaluation algorithm for calibration with respect to a gas mixture with drift
correction for gas pressure and gas temperature (e.g. according to aspect 2; details

optional) of a gas sensor

1.3.1 Measurements in gas mixtures

1.3.1.1 Binary mixture

Fig. 14 exemplarily shows a CO- dependence of the sensor in the phase signal at a constant
temperature and constant pressure. Here, for example, three phase shifts are illustrated; a
phase difference D1-Hz.dPhi (red) between the heater and the detector 1, with a distance
of 200 ym, a phase difference D2-Hz.dPhi (blue) between the heater and the detector 2,
with a distance of 300 um, and a phase difference D2-D1.dPhi (green, right y axis) between
the detector 2 and the detector 1. According to an embodiment, Fig. 14 illustrates phase
shifts heater-detectors for (0...5)vol% of CO: in the air at a pressure of p=1010 mbar, a
temperature of T.mp=24°C, and a heating power of P=(15+12.5) mW at a frequency of
f=120 Hz.

Fig. 15 illustrates exemplarily measured amplitudes at the detectors D1 and D2 and a sum
signal of the amplitudes formed relative to the heater amplitude, about the CO, dependence
of the sensor. Here, for example, the amplitude D1.Uss (red) at the detector 1 and the
amplitude D2.Uss (blue) at the detector 2 are illustrated. For example, at an increase of the
CO. concentration, i.e. at an increase of the thermal diffusivity in the gas mixture, the two
amplitude signals fall off. By forming a difference of the heater amplitude and the sum of
the detector amplitudes, the relative amplitude signal sigUss=2*Hz.Uss-(D1.Uss+D2.Uss)

(green, right y axis) will increase with an increase of the CO, content in the gas mixture, for
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example. According to an embodiment, Fig. 15 illustrates the amplitudes of the detectors
for (0...5) vol% of CO; in the air at a pressure of p=1010 mbar, a temperature of Tamp=24°C,

and a heating power of P=(15£12.5) mW at a frequency of f=120 Hz.

1.3.1.2 Pressure dependence

A sensor signal may depend strongly on the pressure and the temperature. To correctly
determine the gas properties, the cross-effects should therefore be known and corrected by
the algorithms. For example, Fig. 16 illustrates the cross-sensitivity of the sensor signal in
the air with respect to the absolute pressure and for different temperatures. What is
exemplarily illustrated is the cross-sensitivity of a phase shift D2-D1 between the detectors
D2-D1 (e.g. between the first thermal element structure D1 and the second thermal element
structure D2) for the air with respect to a pressure p=(910...1110) mbar across different
temperatures T.mp=(18...28)°C in the air at a heating power of P=(15£12,5) mW with a
frequency of =120 Hz.

The pressure influence shows a linear relationship, the temperature influence shows a
square relationship, as theoretically calculated. Both cross-sensitivities are in the order of

magnitude of the signal for the gas concentration.

1.3.1.3 Heating power and frequency dependence

Fig. 17a shows an illustration of a sensor signal for a phase across the frequency in a
measurement in CO». In other words, Fig. 17a shows a diagram of a phase shift in 100%

CO:- as a function of the frequency. The phase goes into saturation.

Fig. 17b shows an illustration of a sensor signal for an amplitude across the frequency in a
measurement in CO.. In other words, Fig. 17b shows a diagram of the amplitude in 100%

CO:; as a function of the frequency. The amplitude decreases towards zero.

Compared to air, the heating power should be reduced in measurements in fuel gases so
that the system does not exceed its A/D range. The heating power variation has shown that
it makes sense in practice to operate the system with the largest possible sensor amplitude
and to therefore obtain more stable signals, as compared to setting the heating power to a
minimum, where the sample gas is less thermally influenced, but the signal-to-noise

distance also decreases. The heating energy periodically introduced into the sensor must
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be able to leave the sample volume within this period, for example, so that it does not heat
up continuously. For example, a peak heating power of approximately 26 mW at 120 Hz

was specified in three measurement systems.

The sensor behavior constitutes an ideal low pass filter of the 1st order, there are no
overtone spectral components in the sensor signal. For this reason, actively sweeping
through a frequency spectrum does not yield additional information. Thus, it was decided to
operate the sensor at a fixed frequency, the effort with respect to electronics for this system
could be reduced, the necessary measuring time until a secured value is obtained is

significantly shorter (all optional).

The higher the excitation frequency at the heater, the less energy may be transferred
between the heater and the detector via the gas, since the thermal masses of the sensor
itself limit the transfer speeds between the solid body and the gas. The amplitude decreases
with increasing frequency up to a disappearing signal towards zero (cf. Fig. 17b), the phase

shift saturates itself to a maximum (cf. Fig. 17a).

Forming an optimum of a phase resolution, a phase difference and an amplitude for different
gas mixtures resulted in the best phase response at a frequency of, e.g., 120 Hz at a heating
power of 26 mW for the micro sensor wire, and of 160 Hz at approximately 8 mW for the

MEMS thermopile sensor on a thin-layer membrane (details optional).

1.3.1.4 Fuel gas mixtures

Different gas compositions were examined at a measuring station. Fig. 18 shows a change
of a phase signal of a sensor for methane with increasing addition of nitrogen as a nearly
linear behavior. For example, what is illustrated is the phase signal as a function of the
nitrogen concentration in methane as a phase difference D1-Hz.dPhi (red) between the
heater and the detector 1, with a distance of 200um, a phase difference D2-Hz.dPhi (blue)
between the heater and the detector 2, with a distance of 300um, and a phase difference
D2-D1.dPhi (green, right y axis) between the detector 2 and the detector 1. Here, according
to an embodiment, the phase shift between heater-detectors is illustrated for (0...30) vol%
of Nz in methane at a pressure of p=390 mbar, a temperature Tanp=21°C, and a heating
power of P=(13+12,5)mW at a frequency of =120 Hz in Fig. 18.
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Fig. 19 shows a diagram of the amplitude D1.Uss (red) detected by means of the first
detector, and the amplitude D2.Uss (blue) detected by means of the second detector. Here,
according to an embodiment, the amplitudes of the detectors are illustrated for (0...30) vol%
of Nz in methane at a pressure of p=390 mbar, a temperature Tanp=21°C, and a heating
power of P=(13x12,5)mW at a frequency of =120 Hz in Fig. 19. Both amplitude signals
D1.Uss and D2.Uss fall off with an increase of the N> concentration in methane, i.e. when
decreasing the thermal diffusivity in the gas mixture, for example. By forming a difference
of the heater amplitude and the sum of the detector amplitudes, the relative amplitude signal
sigUss =2*Hz.Uss-(D1.Uss+D2.Uss) (green, right y axis) increases with an increase of the

N2 concentration, for example.

Fig. 20 shows a diagram of a calculated sensor signal sigX (an example for a combination
signal of the gas sensor) from a phase and an amplitude for different fuel gas mixtures.
Thus, Fig. 20 shows the sensor signal (an example for a combination signal of the gas
sensor) for different fuel gases and their mixtures: methane, ethane, and propane, as well
as the mixtures: methane95-ethane05, methane93-ethane05-C0O202, methane91-
ethane05-C0O204, methane91-ethane05-CO202-propane02, methane90-ethane10 and
natural gas-L (the 2-digit numbers indicate the proportion of gas components in percent by
volume). Methane, ethane and propane differ significantly from one another, but the
methane mixtures also differ from one another with components of 2 vol% to 10 vol% of
different gases. According to an embodiment, Fig. 20 illustrates the sensor signal for
different fuel gases at a pressure of p=1001 mbar, a temperature Tamp=26°C, and a heating
power of P=(13+12.5)mW at a frequency of =120 Hz.

1.3.1.5 Findings from the measurements in gas mixtures

The sensor signal shows strong pressure and temperature dependencies. In order to
correctly determine the gas properties of a known mixture with a traceability to standard
conditions and the comparison from tables, the cross-effects should therefore be known
and corrected, for example. The pressure influence shows a linear relationship, the
temperature influence shows a square relationship. Both cross-sensitivities are in the order

of magnitude of the signal for the gas concentration.

1.3.2 Example: Method for the calibration to a gas mixture with a drift correction with respect
to a gas pressure and a gas temperature (e.g. according to aspect 2, details optional) for a

gas sensor
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1.3.2.1 Sum signal of phase and amplitude (example)

A combination of a phase/amplitude measurement has been shown to be a particularly
stable sensor signal (combination signal). For example, both signals are weighted with the
aid of separate constants and added and therefore combined to form a single sensor signal,

for example:

sigX = sigUss * Ka+ sigPhi* Kp (6)

wherein sigX represents the calculated sum signal, sigUss represents the relative amplitude
signal, and sigPhi represents the added phase signal of both detectors. The factors Ka and
Kp are constants with which both partial signals are multiplied. For example, when
converting the amplitude signal into mV, Ka = 1/3500, and when converting the phase signal

into degrees, for example, Kp = 1/276 for CO, air mixtures up to 30 vol% of CO..

For example, the added phase signal sigPhi is formed from the sum of the two phase
differences for the runtimes between the increasing edge of the heater impulse and the

increasing edges at the detectors. For example, the following applies:

sigPhi=(D1— Hz).phi+ (D2 — Hz).phi (7)

wherein (D1-Hz).phi and (D2-Hz).phi are to constitute the phase differences between the

heater and the detectors.

As can be seen in Fig. 14, the phase difference between the heater and the detectors
increases with increasing CO, concentration, i.e. with increasing thermal diffusivity,
however, the two amplitudes at the detectors fall off with increasing thermal diffusivity (Fig.

15).

For example, the relative amplitude signal becomes increasing with an increase of the CO;
content in the gas mixture due to a difference formation of the heater amplitude and the

sum of the detector amplitudes:
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sigUss = 2% HzUss — (D1.Uss + D2 .Uss) (8)

For example, the signal sigX calculated from the phase and the amplitudes is in the range
between (1.7..2.0) for (0..6) vol% of CO., for example. The device (e.g. the gas sensor) was
measured in a temperature range between (16..28)°C and in a barometric pressure field
between (900..1200) mbar.

1.3.2.2 Drift correction via polynomial compensation (details optional)

When calibrating the sensor to a known gas mixture, the strong pressure and temperature
dependence of the sensor signal should be compensated for in order to be able to infer a

gas concentration from the measuring value.

For example, this results in a 4-dimensional vector field (matrix) consisting of a gas
concentration (CO2 [vol%]), the sensor signal sigX (the sum signal of the phase and
amplitude), the pressure drift and the temperature drift. It is noticeable that the individual
graphs in the diagram of Fig. 21 showing the dependence between the gas concentration
and the temperature signal, which each stand for a constant ambient pressure or a constant
temperature, are shifted in parallel to each other. If a mean graph is now formed from all
the parallel shifted characteristic curves, a normalized relationship of the signal is obtained

for a mean temperature and a mean pressure (cf. red line 230a in Fig. 21).

Fig. 21 shows the matrix of the measuring data of a variation of a gas concentration of
(0..5) vol% of CO-in nitrogen in a pressure range of (900..1200) mbar, and in a temperature
range of (16..28)°C. With the aid of a pressure-dependent polynomial function, the green
line 230b of the calibration curve can be shifted towards a current operating pressure. The
red line 230a corresponds to the mean of all blue lines 2301 to 23046, and is a characteristic
curve of the sensor signal for the gas concentration normalized to a mean temperature and

a mean pressure.

When plotting the characteristic curves of the sensor signal sigX from the measured
variation are applied for each temperature and a mean gas concentration across the
pressure (cf. Fig. 22), a set of curves of straight lines shifted in parallel to each other is

obtained as well. Higher pressures and a cold gas, i.e. gas molecules that are closer to
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each other, lead to a higher sensor signal, low pressures and a warm gas results in a low

signal sigX.

Thus, Fig. 22 shows a pressure dependence of the sensor signal sigX for a mean fixed gas
concentration, a set of curves of different temperatures. The lowest line 2301 describes the
relationship at the highest temperature of 28°C in the variation, and the highest line 230

illustrates the pressure dependence of the signal at 16°C.

If a horizontal line is placed into the parallel set of lines in Fig. 22 for a fixed mean sensor
signal, wherein said horizontal line intersects all lines of the set of curves, the relationship

between gas pressure and gas temperature of Fig. 23 is obtained.

Fig. 23 shows a slightly square relationship between a gas pressure and a gas temperature

(for a mean gas concentration and a mean sensor signal sigX).

1.3.2.3 Determination of a regression constant (details optional)

When calibrating the gas sensor to a specific gas mixture, regressions are formed from the
variation matrix in succession through the above-described relationships. Regression level
A describes the relationship between the gas concentration of the calibration reference and
the sensor signal sigX. The individual curve per pressure and temperature are each
approximated in a square regression according to the form: y = A.cO + A.c1*sigX +
A.c2%sigX*2. Since the increase of all curves is approximately constant and the square
coefficient ¢2 goes towards zero, the mean value is formed from all values for the
coefficients A.cO, A.c1 and A.c2, the central characteristic curve 230a illustrated in red in
Fig. 21 is obtained across the entire measuring value variation 230+ to 230+6. This must be
shifted on the x axis according to the drift influence of the pressure. Due to the pressure-
dependent sigXo = f(p), the associated offset A.cO is sought, which is inserted into the

equation of the regression plane A.

The regression plane B describes the pressure drift of the sensor signal sigX. The offset
AcO0 is again calculated as a function of the pressure  drift:
A.c0 = sigX.yo - B.c1*pressure.xo - B.c2*pressure xo"2. If sigX.yo = 0, the equation is
simplified to: A.cO =-(B.c1*pressure.xo + B.c2*pressure.xo2). The (now) pressure-
dependent polynomial coefficient A.cO=f(p) is replaced in the regression equation of the

plane A (substituted), for example.
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For example, the determined pressure-dependent offset for the polynomial of the regression
plane A is calculated from the cosine relationship of the angle relationship between the
offset and the increase with: A.c1 = A.c0/sigXo; sigXo = f(p) und A.cO = (-1)* sigX * A.c1.
With polynomials of a higher order, the 1st derivative of the curve should be formed, and

the slope in the reference point should be calculated therefrom.

Regressions plane Polynomial coefficients Coefficient Reference to
c0 ct c2 of determination | the previous
plane

(center  of

the variation

range)
A | Signal-to-CO2 144.31542
-266.153759 3 0 0.999258 0
B | Pressure to signal
shift 0.94394 0.001017 -1.50E-07 | 0.999929 1.843335

C | Temperature-to-
pressure shift 884.519093 7.844777 -0.023415 | 0.9983 1050

Table 1: polynomial coefficients of the three regression planes (examples)

1.3.2.4 Converting the signal to a CO2 value (example: details optional)

For example, the value for the gas concentration calculated from the polynomial of the

regression plane A is corrected by the pressure and temperature drift:

B.y(p)—B.refl—|' [l_{C.y(T)—C.refJB

CO,[vol%]= A.y(sigX)- [l—{ sigX — B.ref 'J p—Cref lj

wherein A.y(sigX), B.y(p) and C.y(T) correspond to the respective full polynomials for the

measuring signal, the gas pressure, and the gas temperature.

If the fixed references constituting the geometric center of the variation range are inserted
into the equation, and the polynomials are resolved accordingly, the following equation

results. With B.ref = B.y( c.ref), the following applies:
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Bcl-(p-Cref)+Bc2-(p’ —C.ref2)|—|‘ [1_{C.y(T)—C.ref—|D (10)

sigX — B.y(C.ref) lJ |

CO,[vol%]= A.y(sigX)- [1{ p—Cref |

If C.ref = 1050 mbar is inserted, the following applies:

Bl (p=1050)+ B.c2: (p* =1050°) | {I{MWD (11)

CO,|vol%]= Av(sigX)-| 1-
Lrolil= 4y(sig )[ { sigX — B.y(1050) | »—1050 |J

Fig. 24 shows a block diagram of a schematic process for determining a gas concentration
under consideration of the influences of the pressure and the temperature from the formed
sensor signal sigX. In other words, Fig. 24 shows a schematic illustration for forming the
sensor signal sigX from amplitudes and phases as well as the determination of a gas
concentration from sigX under the consideration of a pressure and temperature influence

(example).

Besides the calibration of the sensor signal to the concentration of a known gas mixture, it
is also possible to directly determine the thermal diffusivity a of the gas mixture. In Fig. 25,
the theoretically calculated thermal diffusivity is plotted with respect to the sensor signal
sigX. In other words, Fig. 25 shows the thermal diffusivity with respect to the sensor signal
sigX at a constant pressure and a constant temperature in a mixture of carbon dioxide CO-
in nitrogen N,. The thermal diffusivity 2404 (red line) falls with an increase of the CO;

concentration 240, (green line).

Thus, a design and an evaluation of a thermal gas sensor for measuring physical gas
properties is described herein. With this invention, the following is proposed (aspects are

independent from each other and can be used in combination):

e sensor design based on two technology variations: a MEMS wire sensor on a SOI
substrate, and a thermopile sensor on a thin-layer membrane

e operation of the gas sensor: signal generation and signal evaluation on an
embedded system

e evaluation algorithm for calibrating a gas mixture with a drift correction with respect

to a gas pressure and gas temperature
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1.4 Market — possible application areas (optional)

In medical technology for respiration

In natural gas analysis — determination of the calorific value

There are various systems for patient ventilation on the market today. These are
distinguished according to their use in the clinical and home care sector (e.g. systems from
Heinen+Ldwenstein, Drager and Stephan Medizintechnik). The systems of these suppliers
contain only in their top versions all the necessary measuring equipment for determining
pressure, respiratory flow, and respiratory gas analysis. To this end, several devices have
to be combined, which mainly measure remotely from the patient. From this, it may be
derived that a cost-efficient measurement of a respiratory flow and CO; content close to the
patient has not yet been implemented, and that the innovative content of the project is

therefore confirmed with the development of a multi-sensor system with hybrid filters.

In our opinion, the successful development of the new MEMS-based gas measurement
system represents a significant advance for the sensor technology and respiratory care.
The integration of both sensors (CO- and flow) in one sensor system leads to a significant
reduction of the installation space and the system weight (an essential criterion for intubated
patients). Only the measuring point close to the patient, directly on the mask or tube — as
close as possible to the airways — enables a sufficiently accurate measurement to avoid
influences from tubes, movements or sources of interference. In addition, the thermal
measurement principle is expected to provide more accurate flow measurements and a

rapid gas analysis.

Fig. 26, Fig. 27 and Fig. 28 show a diagram that illustrates a heating voltage 300 applied to
a heater of a gas sensor, a current flow 310 during a heating period 302, measuring times
320 for an optional ADC (analog-digital converter) of an inventive evaluation arrangement,
and a comparator signal for a detector (e.g. for a first detector or for a second detector). For
example, the inventive evaluation arrangement is configured to obtain the information as to
how much heat is dissipated by the heater during the heating period 302 on the basis of a
measurement of the current flow 310 through the heater at a specified heating voltage 300.
According to an embodiment, the evaluation arrangement is configured to obtain the current
flow 310 shortly after switching on the specified heating voltage 300 and shortly after

switching off the specified heating voltage. For example, this means that a start peak 312
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of the heating current 310 and a heating current end value 314 of the current flow 310 may

be processed by the evaluation arrangement.

According to an embodiment, the start peak 312 always has the same value for the same
gas sensor (there may possibly be small variations of less than 1%, 0.5%, or 0.1%).
According to the embodiments illustrated in Figs. 26 to 28, the start peak 312 is always at
2.93V and approximately 400us after the switch-on. This value of the start peak 312 is
illustrated for a gas sensor in the Figs. 26 to 28. For another gas sensors, the value of the
start peak 312 may deviate from the value illustrated in Figs. 26 to 28. Here, it is to be noted
that the value of the start peak 312 may not only deviate between different gas sensors, but

also between gas sensors that are identical in construction.

The heater heats up during the heating period 302, as a result of which a heater resistance
increases according to a positive TCR (temperature coefficient) and the heater reaches an
end temperature in the switch-off moment (In.=U/Ru; — In. = 1/Ruz). The smaller the heating
current end value 314, the hotter the heater, the smaller the amount of heat dissipated to a
gas to be analyzed surrounding the heater and the smaller the thermal conductivity of the

gas or gas mixture.

In the embodiment according to Figs. 26 to 28, a gas or gas mixture is analyzed by an
inventive gas sensor and/or an inventive evaluation arrangement. Here, a gas mixture with
10% of CO2 and 90% of N (nitrogen) is analyzed according to the embodiment of Fig. 26,
the gas nitrogen (100% of N) is analyzed according to the embodiment of Fig. 27, and the
gas oxygen (100% of O,) is analyzed according to the embodiment of Fig. 28. For example,
these components comprise different thermal conductivities, e.g. oxygen with a thermal
conductivity A of 0.0263 W/(m*K), nitrogen with a thermal conductivity A of 0.0260 W/(m*K)
and CO. with a thermal conductivity A of 0.0168 W/(m*K).

According to the embodiment of Fig. 26, the heating current end value 314 reaches 2.7 V,
as aresult of which a difference of 220 mV (deltal=220 mV) is reached between the switch-
on current (start peak 312) and switch-off current heating current end value 314. According
to the embodiment of Fig. 27, the heating current end value 314 reaches 2.71V, as a result
of which a difference of 214 mV (deltal=220 mV) is reached between the switch-on current
(start peak 312) and the switch-off current (heating current end value 314). According to the
embodiment of Fig. 28, the heating current end value 314 reaches 2.72V, as a result of

which a difference of 210 mV (deltal=220 mV) is reached between the switch-on current
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(start peak 312) and switch-off current (heating current end value 314). In other words, the
evaluation arrangement processes (examines) the difference of the heating current (the
current flow 310) between the switch-on instant and the switch-off instant, i.e. between the

cold heater and the hot heater.

Compared to the embodiments of Fig. 27 and Fig. 28, the CO, mixture of Fig. 26 comprises
the highest heater temperature, as a result of which the lowest heating current is reached
here (e.g. the lowest heating current end value 314) since CO- has only half of the thermal
conductivity compared to N> and O.. Compared to this, in 100 vol.% of N>, the heater
according to Fig. 27 does not reach the end temperature (e.g. the heating current end value
314) as in the 10% of CO2- 90% of N> mixture of Fig. 26. Similarly, in 100 vol.% of O, the
heater according to Fig. 28 does not reach the end temperature (e.g. the heating current
end value 314) as in the 10% of CO.- 90% of N> mixture of Fig. 26. In Fig. 28, with 210 mV,
the difference between the switch-on current and the switch-off current is the lowest, and
the gas analyzed here accordingly has the highest thermal conductivity compared to the
10% of CO2- 90% of N2> mixture (cf. Fig. 26) and the 100 vol.% of N2 (cf. Fig. 27).

According to an embodiment, the measurement effect is at a minimum, since the inventive
heater is highly doped, e.g., in order to be able to heat with 3 V, for examle. In addition, the
TCR (temperature coefficient) of the heater may be low (e.g. < 6*102 1/K, < 4.1*103 1/K,
< 3.9*102 1/K).

Thus, with the present gas sensor and/or the present evaluation arrangement, e.g., a sensor
signal (e.g. the current flow 310) is used to be able to distinguish the concentration of a third
gas. In emergency ventilation, an increased oxygen concentration is used. It is common to
use a mixture of 50 vol.% of Oz in N2. Without correcting the sensor signal at a higher oxygen
concentration with respect to the fresh gas when calibrating, the gas sensor (e.g. a CO»
sensor, such as the inventive gas sensor, for example) shows a concentration of -5% of
CO; at 50 vol.% of O in the N»>-O, gas mixture, for example. That is, the change of the third
gas component in the mixture, a change of concentration of oxygen, leads under certain
circumstances to an error signal in the CO, sensor. Similarly, a concentration mixture of
approximately 56% of oxygen and 5% of CO; in nitrogen N2 shows at the sensor, e.g., a
CO:, concentration of 0 vol.%, as is the case in the fresh gas calibration with 21 vol.% of O-

and approximately 78 vol.% of No.
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If there is no technical possibility to indicate to the sensor the oxygen concentration of the
inhalation gas such that a concentration display of the inventive gas sensor could be

corrected accordingly, the sensor would indicate incorrect values, for example.

As can be seen in Figs. 26 to 28, information about the thermal conductivity is located in
the end temperature that the heater reaches up to its switch-off. When comparing the
temperature difference (deltal) between the current peak 312 at the beginning of the
heating and the end value 314 shortly before switching off, different thermal conductivities

in the gas mixture could be derived at a different deltaU.

According to an embodiment, the heater is operated with a constant voltage (corresponding,
according to Figs. 26 to 28, to a value of 3000 digits at a D/A output, which is only an
example and may be selected freely). For example, with the current measurement via a
shunt resistor and a current shunt monitor, e.g. the INA199A, component U402 as is the
case in Fig. 10, e.g., a voltage signal acting proportional to the heating current is obtained.
Figs. 26 to 28 illustrate screen shots of the signals recorded at the oscilloscope, wherein
the heater current path (the current flow 310) is greatly magnified (the noise may be reduced
by shielding the measurement lines). For example, a product of the heating voltage 300 and
the measured heating current 310 enables a statement about the heating power. The
heating current 310 decreases over time since the heater heats up and increases its interior
resistance due to its temperature gradient of the resistance (TCR). Due to the higher interior

resistance, less current may flow at the same heating voltage (I1z = 1/Rwz).

The amount of energy that the heater may dissipate into its surrounding gas depends,
among other things, on the thermal conductivity of the gas. For example, at 10% of CO: in
N2, the heater is not able to dissipate a great amount of heat since CO; has a thermal
conductivity of A=0.0168 W/(m*K), the heater therefore reaches a higher end temperature
before the switch-off in contrast to 100% N2 gas. In the measurement, a difference of deltal
= 220mV has been determined. Nitrogen N> has a thermal conductivity of
A=0.0260 W/(m*K), the heater could dissipate twice the amount of heat compared to a gas
of 100% CO.. In a measurement, a deltal of 214mV has been determined. The difference
between the thermal conductivities between nitrogen and oxygen O; is not very large.
However, with the gas sensor and/or the evaluation arrangement described herein, a deltal

= 210mV may be determined, which is slightly smaller than in the measurement of Na.
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Fig. 29 illustrates four different phase signals that may represent the phase information
sigPhi for the evaluation arrangement according to an embodiment. What is illustrated is
the information 210 about the first phase difference, the information 220 about the second
phase difference, a phase sum 400 (information 210 plus information 220}, and a phase
difference 410 (information 220 - information 210). According to an embodiment, a
temperature of T=24°C and a pressure of p=1013mbar are present in the measurement of
the phase information 210, 220, 400 and 410. However, this is only an example, and the
phase information 210, 220, 400 and 410 may also be captured at different ambient

parameter settings (different temperature, different pressure).

According to the embodiment illustrated in Fig. 29, a first portion of (e.g. measurement
points 4520 to 4620) constitutes the respective phase information 210, 220, 400 and 410
for a 10 vol.% of CO; in N2 gas mixture, a second portion of (e.g. measurement points 4670
to 4780) constitutes the respective phase information 210, 220, 400 and 410 for a gas of
100 vol.% N2, and a third portion of (e.g. measurement points 4960 to 5070) constitutes the
respective phase information 210, 220, 400 and 410 for a gas of 100 vol.% O. For example,
the durations between the individual portions are waiting times up when the respective

mixture is set.

For example, the phase sum 400 constitutes a stable sum signal D1+D2 (D1 corresponds
to detector 1 and D2 corresponds to detector 2) of the phase positions. A distinguishability
between 100 vol.% of O, and 100 vol.% of N is available for all phase information, for
example. According to the embodiment, the largest signal difference occurs between
10 vol.% of CO2 and 0 vol.% of CO2 in N». Since the phase difference signal 410 is currently

very noisy, the phase sum 400 is preferred as the phase information.

Fig. 30 illustrates information 210 about an amplitude of a detector signal of a first detector
and information 220 about an amplitude of a detector signal of a second detector. According
to an embodiment, when measuring the amplitude information 210 and 220, there is a
temperature of T=24°C and a pressure of p=1013mbar. However, this is only an example
and the amplitude information 210 and 220 may also be captured at different ambient

parameter settings (different temperature, different pressure).

According to the embodiment illustrated in Fig. 30, a first portion (e.g. measurement points
4520 to 4650) constitutes the respective amplitude information 210, 220 for a 10 vol.% of

CO- in N2 gas mixture, a second portion (e.g. measurement points 4670 to 4810) constitutes
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the respective amplitude information 210, 220 for a gas of 100 vol.% of N», and a third
portion (e.g. measurement points 4960 to 5120) constitutes the respective amplitude
information 210, 220 for a gas of 100 vol.% of O,. The durations between the individual

portions are waiting times until the respective mixture is set, for example.

The information 210 about the amplitude of the detector signal of the first detector and the
information 220 about the amplitude of the detector signal of the second detector constitute
stable amplitude signals, for example, wherein D2 (the second detector) has a greater noise
according to this embodiment, since its amplitude is lower than the amplitude at D1 (the first
detector) (approximately 5mV compared to 1,8mV in air). In the two pieces of amplitude
information 210, 220, there is a clearer distinguishability between 100 vol.% of O,and 100
vol.% of N> as compared to the phase signals (cf. 210, 220, 400 and 410 in Fig. 29). Thus,
a comparison of the ratios between the phase and the amplitude may be meaningful in
order to infer a concentration of the third gas O, by means of the evaluation arrangement

(for example, if the system has drifted too far away from the fresh air calibration).

Fig. 31 shows a combination signal sigX 230 (with the right y axis) and a CO- reference
signal 500 (with the left y axis). According to an embodiment, when measuring the
combination signal sigX 230, there is a temperature of T=24°C and a pressure of
p=1013mbar. However, this is only an example, and the combination signal sigX 230 may
also be captured at different ambient parameter settings (different temperature, different

pressure).

According to the embodiment illustrated in Fig. 31, a first portion (e.g. measurement points
4610 to 4650) constitutes a combination signal sigX 230 for a 10 vol.% of CO; in N> gas
mixture, a second portion (e.g. measurement points 4700 to 4810) constitutes the
combination signal sigX 230 for a gas of 100 vol.% of Nz, and a third portion of (e.g.
measurement points 4960 to 5100) constitutes the combination signal sigX 230 for a gas of
100 vol.% of O». The durations between the individual portions are waiting times up to when
the respective mixture is set, for example. For example, a NDIR reference detector (cf.
reference signal 500) only detects a CO- concentration and cannot differentiate between N>
and Oo.

All 3 gas mixtures are clearly distinguishable with the combination signal 230. Thus,
comparing ratios between phase and amplitude in order to infer a concentration of the third

gas O, is proposed.
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While the difference between 100% of N> and 100% of O2 only slightly affects the phase
signal (Fig. 29), the difference of the amplitude signals between a 10% of CO,.90% of N>
mixture and a 100% of N, mixture are nearly as large as the difference between 100% of
N2 and 100% of O, (Fig. 30). The combination signal sigX (Fig. 31) slightly blurs this

behavior.

In the following, further embodiments describing features and functionalities of the inventive
gas sensor in other words are illustrated. These embodiments may be combined with the

embodiments described above or may represent alternatives.

According to an embodiment, the gas sensor is a membrane sensor. The thermal gas
sensor based on the membrane and thermopile technology with a perforated membrane
may be implemented to minimize the parasitic heat transport via the membrane or the

suspensions of the structures in order to obtain a higher gas-sensitive signal.

According to an embodiment, the inventive gas sensor may comprise an electronic system,
wherein the electronic system may comprise one or several of the following aspects,
individually or in combination. The electronic system may comprise a DC sensor amplifier
with an operating point that is tracked via software. Furthermore, the electronic system may
be implemented to perform a measurement of the phase position via the internal timer
structure of the micro controller (MSP430), wherein, e.g., the precise generation of the
heater excitation signal via the analog switch and the internal timer structure of the micro
controller (MSP430) is used herein. In addition, the electronic system may be implemented
to perform a measurement of the phase position of the sensor signals via a Schmitt-trigger
that measures the sensor signals free of the DC-offset in the zero point crossing, since the
signals are steepest there and the phase noise is therefore minimized. Optionally, the
electronic system comprises a control of the heating power via a S1 amplitude controller

and/or a control of the timing of the sampling.

According to an embodiment, the gas sensor may have a calibration. The calibration may
be configured to form a pseudo signal consisting of a phase and an amplitude, where the

emphasis in the signal formation and the equation may be placed on a pseudo signal.
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It is to be noted that the embodiments according to the claims may be supplemented with
all features, functionalities, and details described herein (if this does not lead to any

contradictions).

Features, functionalities, and details of the claims may also be combined with the

embodiments described herein in order to obtain additional embodiments.

It is to be noted that features and functionalities shown in individual embodiments or some
of the embodiments may also be employed in other embodiments if there are no significant

technical reasons against this.

Furthermore, it is to be noted that partial functionalities of the embodiments described

herein may be employed if there are no significant technical reasons against this.

Even though some aspects have been described within the context of a device, it is
understood that said aspects also represent a description of the corresponding method, so
that a block or a structural component of a device is also to be understood as a
corresponding method step or as a feature of a method step. By analogy therewith, aspects
that have been described within the context of or as a method step also represent a
description of a corresponding block or detail or feature of a corresponding device. Some
or all of the method steps may be performed while using a hardware device (or using a
hardware device), such as a microprocessor, a programmable computer or an electronic
circuit. In some embodiments, some or several of the most important method steps may be

performed by such a device.

Depending on specific implementation requirements, embodiments of the invention may be
implemented in hardware or in software. Implementation may be effected while using a
digital storage medium, for example a floppy disc, a DVD, a Blu-ray disc, a CD, a ROM, a
PROM, an EPROM, an EEPROM or a FLASH memory, a hard disc or any other magnetic
or optical memory which has electronically readable control signals stored thereon which
may cooperate, or cooperate, with a programmable computer system such that the
respective method is performed. This is why the digital storage medium may be computer-

readable.

Some embodiments in accordance with the invention thus comprise a data carrier which

comprises electronically readable control signals that are capable of cooperating with a
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programmable computer system such that any of the methods described herein is

performed.

Generally, embodiments of the present invention may be implemented as a computer
program product having a program code, the program code being effective to perform any

of the methods when the computer program product runs on a computer.

The program code may also be stored on a machine-readable carrier, for example.

Other embodiments include the computer program for performing any of the methods

described herein, said computer program being stored on a machine-readable carrier.

In other words, an embodiment of the inventive method thus is a computer program which
has a program code for performing any of the methods described herein, when the computer

program runs on a computer.

A further embodiment of the inventive methods thus is a data carrier (or a digital storage
medium or a computer-readable medium) on which the computer program for performing
any of the methods described herein is recorded. The data carrier, the digital storage

medium, or the recorded medium are typically tangible, or non-volatile.

A further embodiment of the inventive method thus is a data stream or a sequence of signals
representing the computer program for performing any of the methods described herein.
The data stream or the sequence of signals may be configured, for example, to be

transmitted via a data communication link, for example via the internet.

A further embodiment includes a processing unit, for example a computer or a
programmable logic device, configured or adapted to perform any of the methods described

herein.

A further embodiment includes a computer on which the computer program for performing

any of the methods described herein is installed.

A further embodiment in accordance with the invention includes a device or a system
configured to transmit a computer program for performing at least one of the methods

described herein to a receiver. The transmission may be electronic or optical, for example.
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The receiver may be a computer, a mobile device, a memory device or a similar device, for
example. The device or the system may include a file server for transmitting the computer

program to the receiver, for example.

In some embodiments, a programmable logic device (for example a field-programmable
gate array, an FPGA) may be used for performing some or all of the functionalities of the
methods described herein. In some embodiments, a field-programmable gate array may
cooperate with a microprocessor to perform any of the methods described herein.
Generally, the methods are performed, in some embodiments, by any hardware device.
Said hardware device may be any universally applicable hardware such as a computer

processor (CPU), or may be a hardware specific to the method, such as an ASIC.

For example, the apparatuses described herein may be implemented using a hardware

device, or using a computer, or using a combination of a hardware device and a computer.

The apparatuses described herein, or any components of the apparatuses described
herein, may at least be partially implement in hardware and/or software (computer

program).

For example, the methods described herein may be implemented using a hardware device,

or using a computer, or using a combination of a hardware device and a computer.

The methods described herein, or any components of the methods described herein, may

at least be partially implement by performed and/or software (computer program).

The above-described embodiments merely represent an illustration of the principles of the
present invention. It is understood that other persons skilled in the art will appreciate
modifications and variations of the arrangements and details described herein. This is why
it is intended that the invention be limited only by the scope of the following claims rather
than by the specific details that have been presented herein by means of the description

and the discussion of the embodiments.
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Claims

Evaluation arrangement for a thermal gas sensor with at least one heater and at least

one detector,

wherein the evaluation arrangement is configured to control a heating power applied

to the heater dependent on at least one sensor signal from at least one detector in

order to bring the at least one sensor signal into a predetermined value range; and

wherein the evaluation arrangement is configured to consider information about the

heating power when deriving information about a gas concentration from the at least

one sensor signal.

Evaluation arrangement according to claim 1, wherein the evaluation arrangement is

configured to apply a periodic signal to the heater.

Evaluation arrangement according to claim 1 or 2,

wherein the evaluation arrangement is configured to switch the heating power applied

to the heater between two values.

Evaluation arrangement according to any one of claims 1 to 3,

wherein the evaluation arrangement is configured to control an amplitude of the heater
signal such that a minimum value of the at least one sensor signal and a maximum
value of the at least one sensor signal are in the predetermined value range.
Evaluation arrangement according to any one of claims 1 to 4,

wherein the evaluation arrangement is configured to set or adjust an amplitude of

heating power such that an amplitude of the at least one sensor signal is in a specified
amplitude range.
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Evaluation arrangement according to any one of claims 1 to 5, wherein the evaluation
arrangement is configured to set or adjust sampling times at which the sensor signal

is sampled.

Evaluation arrangement according to claim 6, wherein the evaluation arrangement is
configured to set the sampling times such that a sampling is carried out at a point in
time at which the sensor signal reaches a maximum value, and such that the sampling

is carried out at a point in time at which the sensor signal reaches a minimum value.

Evaluation arrangement according to any one of claims 1 to 7,

wherein the evaluation arrangement is configured to combine a sensor signal from at
least one detector with an offset signal generated by a digital-analog converter in
order to obtain an input signal for the analog-digital converter,

wherein the evaluation arrangement is configured to adjust the offset signal in order
to achieve that the input signal of the analog-digital converter remains within a

predetermined value range during an entire period of the sensor signal.

Evaluation arrangement according to any one of claims 6 to 8, wherein the evaluation
arrangement is configured to control the heating power only when the sampling times
are set or adjusted in a steady state, and when the offset signal is adjusted in a steady
state.

Evaluation arrangement according to any one of claims 6 to 9, wherein the evaluation
arrangement is configured to stop controlling the heating power while the sampling
times are being set or adjusted and/or while the offset signal is being adjusted.

Evaluation arrangement according to any one of claims 1 to 10,

wherein the evaluation arrangement is configured to adjust a mean heating power or

a maximum heating power as well as an amplitude of the heating power.

Evaluation arrangement for a thermal gas sensor with at least one heater and at least

one detector,
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wherein the evaluation arrangement is configured to control, dependent on at least
one sensor signal from at least one detector, a heating power applied to the heater in

order to bring the at least one sensor signal into a predetermined value range; and

wherein the evaluation arrangement is configured to consider information about the
heating power when deriving information about a gas concentration from the at least

one sensor signal,

wherein the evaluation arrangement is configured to use a phase difference and/or
an amplitude difference and/or an offset difference between the at least one sensor
signal and a signal of the heater for deriving the information about the gas

concentration.

Method for operating an evaluation arrangement for a thermal gas sensor with at least

one heater and at least one detector,

wherein the method includes controlling a heating power applied to the heater
dependent on at least one sensor signal from at least one detector in order to bring a

sensor signal into a predetermined value range; and

wherein the method includes considering information about the heating power when

deriving information about a gas concentration from the at least one sensor signal.

Method for operating an evaluation arrangement for a thermal gas sensor with at least
one heater and at least one detector,

wherein the method includes controlling, dependent on at least one sensor signal from
at least one detector, a heating power applied to the heater in order to bring the at

least one sensor signal into a predetermined value range; and

wherein the method includes considering information about the heating power when

deriving information about a gas concentration from the at least one sensor signal,

wherein a phase difference and/or an amplitude difference and/or an offset difference
between the at least one sensor signal and a signal of the heater is used for deriving
the information about the gas concentration.
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Computer program for performing the method according to claim 13 or 14 when the

program runs on a computer.
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€
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AD-min.> 5%

yes

no

|

readjusting DC operating point
of the amplifier (DAC)

1 and S2 verification
AD-min.> 5% ADC

amplitude controller

S1 verification
AD-max. < 95% ADC

no

tracking the sampling times

Fig. 13a
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amplitude controller:
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