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Description

MEASUREMENT CIRCUITRY FOR EVALUATING A RESISTANCE OF A
RESISTIVE GAS SENSOR

Technical Field

The invention relates to the field of building a wide dynamic range gas-sensor
measurement circuitry, for example a circuitry having a sensor current of a factor 10000 to
50000 between its minimum and maximum current range, such as a sensor current from
the nA- to mA-range. In particular, the invention relates to a measurement circuitry for

evaluating an output signal of a resistive gas sensor.

Background

A resistive gas sensor is usually used to detect the presence of particular gas components,
for example to monitor environmentally relevant gases such as carbon monoxide and
methane, in an atmosphere to which the gas sensor is exposed. Commonly used chemical-
sensitive materials for detecting the gas components to which a resistive gas sensor is
exposed are oxides, for example metal-oxides such as tin-oxide, tungsten-oxide or indium-
oxides. The oxides are characterized by considerable resistance changes in dependence on

the availability of particular gas components in the gas atmosphere.

A measurement circuitry/interface for evaluating the resistance of a resistive gas sensor
detects an output signal of the sensor. The output signal may be a sensor current or voltage
that is evaluated by the measurement circuitry to deduce to the resistance/resistance change
of the resistive gas sensor and to determine the components included in a gaseous
atmosphere. The measurement of the sensor resistance shows multiple dependencies on
various parameters including the accurate thermal voltage of the measurement circuitry for
any given junction temperature, an ADC (Analog To Digital Converter) reference voltage
value error due to process variation, a drift of the ADC reference voltage with temperature,
a drift of the ADC reference voltage with lifetime, etc.. In particular, in a low voltage

supply environment, the design of a measurement circuitry for evaluating an output signal
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of a resistive gas sensor is very complicated due to the plurality of parameters that distort

the measurement of the actual resistance value of a resistive gas sensor.

It is desirable to provide a measurement circuitry for evaluating a resistance of a resistive
gas sensor nearly without that the measurement/calculation of the resistance of the resistive
gas sensor is influenced by disturbing parameters of the components of the measurement
circuitry and, wherein the measurement circuitry may be used in a low voltage supply

environment.

Summary

An embodiment of a measurement circuitry for evaluating a resistance of a resistive gas

sensor is specified in claim 1.

The measurement circuitry comprises an input terminal for connecting the measurement
circuitry to the resistive gas sensor. The measurement circuitry further comprises a first
current path and a second current path. The input terminal is arranged in the first current
path. The reference resistor is arranged in the second current path. The measurement
circuitry further comprises a voltage generator to provide a fixed voltage excitation for the

resistive gas sensor and the reference resistor.

The measurement circuitry comprises a first logarithmic compression circuit being
arranged in the first current path such that a first current flows from the resistive gas sensor
to the input terminal and via the first current path into the first logarithmic compression
circuit. The measurement circuitry comprises a second logarithmic compression circuit
being arranged in the second current path such that a second current flowing through the
reference resistor flows into the second logarithmic compression circuit. The measurement
circuitry further comprises an evaluation circuit to determine the resistance of the resistive

£as Sensor.

The first logarithmic compression circuit is configured to generate a first output signal in
dependence on the first current. The second logarithmic compression circuit is configured

to generate a second output signal in dependence on the second current. The evaluation
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circuit is configured to determine the resistance of the resistive gas sensor in dependence

on the first and second output signal.

The measurement circuitry for evaluating the resistance of the resistive gas sensor is a
wide-range gas sensor interface that can excite the gas sensor/transducer using a voltage
signal and compress the signal current received at the input terminal from the resistive gas
sensor logarithmically to handle the ultra-wide range of operation. The resistive gas sensor
may be excited using a voltage reference with reference to supply potential or with
reference to ground potential. By exciting the sensor with reference to a supply potential,
the first current that is received from the sensor, i.e. the sensor current, directly flows from
the resistive gas sensor in the logarithmic compression circuit using a p-n junction that may
built in a standard CMOS process. A current mirror for mirroring the sensor current in the
first current path and thus in the logarithmic compression circuit is not necessary. The

current mismatch error of wide dynamic range current mirrors is eliminated here.

The resistive gas sensor comprises a resistor having a resistance being dependent on a
gaseous component in a gaseous atmosphere to which the resistive gas sensor is exposed.
The measurement circuitry may be implemented on/in a substrate of a chip. The resistive
gas sensor and thus the resistor of the resistive gas sensor is arranged off-chip, whereas the
reference resistor is arranged on-chip. The reference resistor may be coupled and thus refer
to the supply potential. The resistive gas sensor/the resistor of the resistive gas sensor and
the reference resistor on-chip may simultancously be excited to measure/calculate the
sensor resistance relative to the resistance of the on-chip reference resistor. Simultaneous
excitation of the resistive gas sensor/transducer and the on-chip reference resistor
eliminates instantaneous errors due to coupling from supply potential, ground potential

etc..

The measurement circuitry may be configured to determine the resistance of the resistive
gas sensor in dependence on a differential/difference signal having a level in dependence
on the difference between the first output signal (of the first logarithmic compression
circuit) and the second output signal (of the second logarithmic compression circuit). Since
the measurement circuitry determines the resistance of the resistive gas sensor based on a

differential/difference signal instead of a signal with reference to the supply or the ground
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potential, the presented approach of the measurement circuitry for evaluating the resistance

of the resistive gas sensor makes the design immune to noise.

The measurement circuitry may comprise an ADC (Analog To Digital Converter) to
change the analog differential/ difference signal to a digital output signal. The
measurement circuitry is configured to determine the resistance of the gas sensor by a
ratiometric measurement that makes the determination of the resistance of the resistive gas

sensor invariant to a voltage reference of the ADC of the measurement circuitry.

Brief Description of the Drawings

Figure 1 shows a conventional measurement circuitry for evaluating a resistance of a

resistive gas sensor.

Figure 2 shows a conceptual sensor measurement block diagram.

Figure 3A shows a first embodiment of a measurement circuitry for evaluating a resistance

of a resistive gas sensor.

Figure 3B shows a second embodiment of a measurement circuitry for evaluating a

resistance of a resistive gas sensor.

Figure 3C shows a third embodiment of a measurement circuitry for evaluating a resistance

of a resistive gas sensor.

Figure 4 shows an embodiment of an electrostatic discharge concept for the measurement

circuitry for evaluating a resistance of a resistive gas sensor.

Figure SAshows an embodiment of the measurement circuitry for evaluating a resistance
of a resistive gas sensor comprising a first implementation of a detection circuit
to detect a disconnection of the resistive gas sensor from the measurement

circuitry.
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Figure 5B shows an embodiment of a measurement circuitry for evaluating a resistance of a
resistive gas sensor comprising a second implementation of a detection circuit to
detect a disconnection of the resistive gas sensor from the measurement

circuitry.

Figure 6 shows the percentage measurement error for a sensor resistance in a range from 1

KOhms to 10 MOhms using a single normalized ideality factor nyorm = 1.

Figure 7 shows the percentage measurement error for a sensor resistance in a range from 1

Kohms to 10 MOhms using an ideality factor nygrm = 0.9935

Figure 8 shows a calibration flow to calculate the coefficients n¢ and n, for a single

curvature and offset calibration technique.

Figure 9 shows the percentage measurement error for a sensor resistance in a range from 1
Kohms to 10 MOhms using only curvature correction of the ideality factor

according to the curvature and offset calibration technique.

Figure 10 shows the percentage measurement error for a sensor resistance in a range from
1 Kohms to 10 MOhms using both offset and curvature correction of the ideality

factor according to the curvature and offset calibration technique.

Figure 11 shows a calibration flow to calculate the coefficients n¢ and ng for a range-wise

curvature and offset calibration technique.

Figure 12 shows a flow diagram to calculate the resistance Rsensor for a range-wise

curvature and offset calibration technique.

Figure 13 shows the percentage measurement error for a sensor resistance in a range from
1 Kohms to 10 MOhms using a range-wise curvature and offset calibration

technique.
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Detailed Description

The proposed measurement circuitry for evaluating a resistance of a resistive gas sensor
will now be described in more detail hereinafter with reference to the accompanying
drawings showing different embodiments of the measurement circuitry. The measurement
circuitry may, however, be embodied in many different forms and should not be construed
as limited to the embodiments set forth herein; rather, these embodiments are provided so
that the disclosure will fully convey the scope of the measurement circuitry to those skilled
in the art. The drawings are not necessarily drawn to scale but are configured to clearly

illustrate the design of the measurement circuitry.

In order to determine the resistance of a resistive gas sensor, a measurement circuitry that
is interfacing with the resistive gas sensor may be used. Figure 1 shows a conventional
embodiment of the measurement circuitry MC’ that is coupled to a resistive gas sensor GS.
The resistive gas sensor comprises a resistor Rsensor having a variable resistance that is
changeable under the influence of a gaseous component of a gas in the environment of the
sensor. The measurement circuitry MC’ comprises a respective logarithmic converter Q1,
Q2 arranged in two current paths P1 and P2 to perform a logarithmic compression of a
signal current Ir and a reference current Irer. The signal current Ir is a current that is
derived from a sensor current flowing through the gas sensor that is mirrored into the first
current path P1 and in the logarithmic converter Q1. The reference current Irer is a current
that is derived from a current I’rer generated by a constant current source CS and mirrored

by another current mirror in the second current path P2 and in the logarithmic converter

Q2.

The output signals Vrg| and VER) of the respective logarithmic converter Q1 and Q2 are

evaluated by an evaluation circuit not shown in Figure 1. The evaluation circuit may

determine a difference signal Vj, representing a difference of the output signals V1 and
Veb2 of the logarithmic converter. The difference signal Vi is an analog signal that may
be changed to a digital signal Codey/j, by an n-bit ADC of the evaluation circuit not
shown in Figure 1. The digital signal Codey;j, may be processed by the evaluation circuit

to determine the resistance of the resistive gas sensor GS by
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Rs = Rref = antilog{ ————L— (1)

Codeyip*Vadc

wherein Rref is the resistance of an on-chip reference resistor, T is the junction
temperature, k is the Boltzmann Constant (1.3806488*107'° joule/Coulomb), q is the
electronic charge (1.602*10™" Coulomb), Vadc is the voltage reference of the ADC, n is

the resolution of the ADC and Codey/j, 1s the ADC output code. The calculation shows
that the calculation of the sensor resistance Rs has dependencies on various parameters
including the accurate thermal voltage %T for any given junction temperature, an ADC

reference voltage value error due to process variation, a drift of the ADC reference voltage
Vadc with temperature, a drift of the ADC reference voltage with lifetime, etc.. Thus, the
calculation of the sensor resistance Rs as performed by the evaluation circuit will have

multiple sources of error.

Figure 2 shows a conceptual sensor measurement block diagram of a measurement
circuitry MC for evaluating a resistance Rs of a changeable resistor Rsensor of a resistive
gas sensor GS. The gas sensor GS is coupled to an input terminal/pad E of the
measurement circuitry MC. The measurement circuitry comprises a reference resistor
Rreference that is arranged on-chip, i.e. on/in the substrate of the chip of the measurement
circuitry. The reference resistor Rreference is coupled to an input node IN of the

measurement circuitry.

The measurement circuitry MC further comprises a voltage generator VG to apply/force a
voltage Vforce to the input terminal/pad E and the internal node IN. The measurement
circuitry MC further comprises a first logarithmic converter/compression circuit LC1 and a
second logarithmic converter/compression circuit LC2. The first logarithmic
converter/compression circuit LC1 receives a sensor signal/current Is from the resistive gas
sensor at an input of the logarithmic converter/compression circuit LC1. After having
performed a logarithmic conversion/compression of the sensor signal/current, the
logarithmic converter/compression circuit LC1 generates an output signal Vs that is input

to an evaluation circuit EC.
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The second logarithmic converter/compression circuit LC2 receives a reference
signal/current Iref that is dependent on the resistance Rref of the reference resistor
Rreference at the input of the logarithmic converter/compression circuit LC2. After having
performed a logarithmic conversion/ compression of the reference signal/current Iref the
logarithmic converter/compression circuit LC2 generates an output signal Vref that is input

to the evaluation circuit EC.

The evaluation circuit EC is configured to calculate the resistance Rs of the resistor

Rsensor of the gas sensor GS based on

Vs — Vref = %T x ln(Rf:f) )

The diagram of Figure 2 shows the generic concept of an embodiment of the measurement
circuitry MC for measuring the resistance Rs of the resistor Rsensor of the resistive gas
sensor GS. As shown in Figure 2, the measurement circuitry MC generates a simultaneous
excitation voltage Vforce for the resistor Rsensor of the resistive gas sensor GS and the
internal reference resistor Rref of the measurement circuitry MC. A respective logarithmic
converter/compression circuit LC1, LC2 for the sensor current Is and the reference current
Iref is provided to produce the sensor voltage Vs and the reference voltage Vref in the log
scale. A differential/ difference signal Vin = Vs - Vref has the information of the sensor

resistance Rs with reference to the resistance Rref of the reference resistor Rreference.

Figures 3A, 3B and 3C show possible implementations for the measurement circuitry MC
according to the generic concept illustrated in Figure 2. Each of the measurement
circuitries MC for evaluating the resistance Rs of a resistive gas sensor comprises an input
terminal/pad E for connecting the measurement circuitry to the resistive gas sensor GS.
The input terminal E is configured to apply an input signal 11, for example a sensor
current, received from the resistive gas sensor GS. The resistive gas sensor GS comprises a
resistor Rsensor of which the resistance Rs is dependent on the components of the gas in
the atmosphere to which the gas sensor is exposed. The measurement circuitry MC further

comprises a reference resistor Rreference having a resistance Rref.
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As shown in Figures 3A, 3B and 3C, the measurement circuitry MC further comprises a
voltage generator VG to provide a fixed voltage excitation for the resistive gas sensor GS
and the reference resistor Rreference. The input terminal E of the measurement circuitry is
arranged at the input of a first current path P1. The measurement circuitry MC further

comprises a second current path P2 in which the reference resistor Rreference is arranged.

Each of the embodiments of the measurement circuitry shown in Figures 3A, 3B and 3C
comprise logarithmic converter/compression circuits. A first logarithmic
converter/compression circuit LC1 is arranged in the first current path P1 such that a first
current I1, i.e. the sensor current of the resistive gas sensor GS, flows from the gas sensor
GS to the input terminal E and from the input terminal E into the first logarithmic
converter/compression circuit LC1. That means that it is the sensor current itself that flows

in the first logarithmic converter/compression circuit.

A second logarithmic converter/compression circuit LC2 is arranged in the second current
path P2 such that a second current 12 flowing through the reference resistor Rreference
flows into the second logarithmic converter/compression circuit LC2. The first logarithmic
converter/compression circuit LC1 is configured to generate a first output signal Vel in
dependence on the first current 11. The second logarithmic converter/compression circuit
LC2 is configured to generate a second output signal Ve2 in dependence on the second

current 12.

According to the embodiments of the measurement circuitry MC shown in Figures 3A and
3B, the measurement circuitry further comprises an evaluation circuit EC to determine the
resistance Rs of the resistive gas sensor GS. The evaluation circuit EC is configured to
determine the resistance Rs of the resistive gas sensor GS in dependence on the first output
signal Vel and the second output signal Ve2. In particular, the evaluation circuit EC may
be configured to determine the resitance Rs of the resistive gas sensor GS in dependence

on a ratio of a thermal voltage Vg of the measurement circuitry and a difference signal
Vi having a level representing the difference between the level of the first output signal

Vel and the level of the second output signal Ve2.
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According to the embodiments of the measurement circuitry MC shown in Figures 3A, 3B
and 3C, the measurement circuitries comprise a first fixed voltage line VL1 to provide one
of a supply potential Vsupply and a ground potential Vground. The measurement
circuitries further comprise an internal node IN that is arranged in the second current path
P2. The reference resistor Rreference is arranged between the first fixed voltage line VL1

and the internal node IN.

The measurement circuitry MC comprises a first operational amplifier A1 having a first
input Al _inl to apply an excitation voltage Vforce and a second input Al _in2. The
measurement circuitry MC further comprises a second operational amplifier A2 having a
first input A2 inl to apply the excitation voltage Vforce and a second input A2 _in2. The
second input A1 _in2 of the first operational amplifier A1l is connected to the input
terminal/pad E of the measurement circuitry. The second input A2 in2 of the second

operational amplifier A2 is connected to the internal node IN.

The measurement circuitry MC further comprises a first driver Mp1 and a second driver
Mp2. The first driver Mpl is arranged in the first current path P1 between the input
terminal/pad E of the measurement circuitry and the first logarithmic
converter/compression circuit LC1. The second driver Mp2 is arranged in the second
current path P2 between the internal node IN of the measurement circuitry and the second
logarithmic converter/compression circuit LC2. The first driver Mpl1 is controlled by the
first operational amplifier A1 and the second driver Mp?2 is controlled by the second
operational amplifier A2. The first driver Mp1 may be configured as a transistor having a
gate/control terminal Mp1_G that is connected to an output A1 _out of the first operational
amplifier Al. The second driver Mp2 may be configured as a transistor having a
control/gate terminal Mp2_G being connected to an output A2 out of the second

operational amplifier A2.

The measurement circuitry MC comprises a second fixed voltage line VL2 to provide one
of the supply potential Vsupply and the ground potential Vground. The second fixed
voltage line VL2 is configured to provide the ground potential Vground when the first

fixed voltage line VL1 provides the supply potential Vsupply. The second fixed voltage
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line VL2 is configured to provide the supply potential Vsupply when the first fixed voltage
line VL1 provides the ground potential Vground. The voltage that is forced by the voltage
generator VG on the node E is either done so with reference to VL1, for example with

reference to Vsupply, or with reference to VL2, for example with reference to Vground.

The second current path P2 is arranged between the first and the second fixed voltage line
VL1, VL2. The first logarithmic converter/compression circuit LC1 is arranged between
the input terminal/pad E of the measurement circuitry and the second fixed voltage line
VL2. The second logarithmic converter/compression circuit LC2 is arranged between the

internal node IN of the measurement circuitry and the second fixed voltage line VL2.

In the following, the particular embodiment of the measurement circuitry MC as shown in

Figure 3A is described.

The measurement circuitry MC comprises a third current path P3 being arranged between
the first fixed voltage line VL1 and the second fixed voltage line VL2. The measurement
circuitry MC further comprises another reference resistor Rreference’ being arranged in the
third current path P3. According to the embodiment of the measurement circuitry MC
shown in Figure 3A, the resistance of the reference resistor Rreference is Rref and the
resistance of the other reference resistor Rreference’ is N * Rref. The first logarithmic
converter/compression circuit LC1 is arranged in a common branch of the first current path

P1 and the third current path P3.

The measurement circuitry MC comprises a third driver Mp3 being arranged in the third
current path P3 between the other reference resistor Rreference’ and the first logarithmic
converter/compression circuit LC1. The third driver Mp3 is controlled by the first

operational amplifier Al.

According to the embodiment of the measurement circuitry MC shown in Figure 3A, the
measurement circuitry MC comprises a first controllable switch Sw1 being arranged
between the input terminal/pad E of the measurement circuitry and the second input

Al _in2 of the first operational amplifier A1. The measurement circuitry further comprises

a second controllable switch Sw2 being arranged between the second input Al_in2 of the
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first operation amplifier Al and the third current path P3. The measurement circuitry
comprises a third controllable switch Sw3 being arranged between the output A1 _out of
the first operation amplifier A1 and the control terminal Mp1_G of the first driver Mpl.
The measurement circuitry further comprises a fourth controllable switch Sw4 being
arranged between the output A1_out of the first operational amplifier A1 and the control
terminal Mp3_G of the third driver Mp3. The measurement circuitry MC comprise a
control circuit PC to control the first, second, third and fourth controllable switches Swl,
Sw2, Sw3 and Sw4 for measuring/determining the resistance Rs of the resistor Rsensor of

the resistive gas sensor GS.

The control circuit PC is configured to operate the first and the third controllable switch
Swl and Sw3 in a respective conductive state and to operate the second and the fourth
controllable switch Sw2 and Sw4 in a non-conductive state to perform a first measurement
of the respective level of the first and the second output signal Vel and Ve2. The control
circuit PC is further configured to operate the second and the fourth controllable switch
Sw2 and Sw4 in a respective conductive state and to operate the first and the third
controllable switch Sw1 and Sw3 in a non-conductive state to perform a second
measurement of the respective level of the first and second output signal Vel and Ve2. The
first output signal Vel is provided at an output terminal A LC1 of the first logarithmic
converter/compression circuit LC1. The second output signal Ve2 is generated at an output
terminal A LC2 of the second logarithmic converter/compression circuit LC2. Each of the

output signals Vel and Ve2 may be a voltage signal.

The evaluation circuit EC may comprise a differentiating element DE to calculate a
difference signal Vin, Vktq between the first output signal Vel and the second output
signal Ve2. Furthermore, the evaluation circuit comprises a calculation unit to calculate the
resistance Rs of the resistor Rsensor. The measurement circuitry MC comprises an analog
to digital converter C connected between the differentiating element DE and the
calculation unit CU to convert an analog input signal to a digital output signal. The

evaluation circuit EC is configured to calculate a first (analog) difference signal Vi,

having a level in dependence on a difference between the respective level of the first
output signal Vel and the second output signal Ve2 measured during the first

measurement. Furthermore, the evaluation circuit EC is configured to calculate a second
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(analog) difference signal Vkiq having a level in dependence on a difference between the

respective level of the first and second output signal Vel and Ve2 measured during the

second measurement. The second difference signal Vg is the thermal-voltage value of the

measurement circuitry MC.

The digital converter C is configured to transform the first analog difference signal Vin to

the digital difference signal Codey/j, and to transform the second analog difference signal
Vktq to the digital difference signal Codektq. By using the analog to digital converter C
with the reference voltage Vadc the first analog difference signal Vi is

Codeyip*Vadc

Vip = Vel-Ve2 = ——, 3)

wherein Vel and Ve2 are the output signals during the first measurement. The second

analog difference signal Vktq 18

Codepq+Vadc

Vktq = Vel-Ve2 = e ., (4)

wherein Vel and Ve2 are the output signals during the second measurement.

The calculation unit CU calculates the sensor resistance Rs by

Rs = Rref * antilog {K\fﬂl} (5)

mn

As shown by equation 5, the calculation unit CU is configured to determine the resistance
of the resistor Rsensor of the resistive gas sensor GS in dependence on the resistance Ref

of the reference resistor Rreference and in dependence on the first difference signal Vi,

and the second difference signal Viq.

Figure 3B shows an embodiment of the measurement circuitry MC that is embodied

similar to the configuration of the measurement circuitry shown in Figure 3A. In addition
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to the embodiment of the measurement circuitry shown in Figure 3A, the measurement
circuitry MC of Figure 3B comprises an additional fourth current path being arranged
between the first fixed voltage line VL1 and the second fixed voltage line VL2. The
measurement circuitry comprises a reference resistor Rreference’” being arranged in the
fourth current path P4. The second logarithmic converter/compression circuit LC2 is
arranged in a common branch of the second current path P2 and the fourth current path P4.
The measurement circuitry comprises a fourth driver MP4 being arranged in the fourth
current path P4 between the reference resistor Rreference’” and the second logarithmic
converter/compression circuit LC2. The fourth driver MP4 is controlled by the second

operational amplifier A2.

According to the embodiment of the measurement circuitry MC shown in Figure 3B, the
measurement circuitry MC comprises a fifth controllable switch SW5 being arranged
between the second input terminal A2 in2 of the second operational amplifier A2 and the
fourth current path P4, particularly between the reference resistor Rreference’” and the
fourth driver MP4. The measurement circuitry further comprises a sixth controllable switch
SW6 being arranged between the output A2 out of the second operational amplifier A2
and the control terminal MP4 G of the fourth driver MP4. The measurement circuitry
comprises a seventh controllable switch SW7 being arranged between the second input
A2 1n2 and the second current path P2, particularly a position of the second current path
between the reference resistor Rreference and the second driver MP2. The measurement
circuitry further comprises an eighth controllable switch SW8 being arranged between the
output A2 out of the second operational amplifier A2 and the control terminal MP2_G of
the second driver MP2.

The measurement circuitry MC comprises the control circuit PC to control the controllable
switches for measuring/ determining the resistance Rs of the resistor Rsensor of the

sensitive gas sensor GS.

The control circuit PC is configured to operate the first and the third controllable switches
SW1 and SW3 as well as the seventh and the eighth controllable switches SW7 and SW§
in a respective conductive state and to operate the other controllable switches in a non-

conductive state to perform a first measurement of the respective level of the first and
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second output signal Vel and Ve2. The control circuit PC is further configured to operate
the second and the fourth controllable switches SW2 and SW4 as well as the fifth and sixth
controllable switches SW5 and SW6 in a respective conductive state and to operate the
other controllable switches in a non-conductive state to perform a second measurement of
the respective level of the first and the second output signal Vel and Ve2. The first output
signal Vel is provided at the output terminal A_LC1 of the first logarithmic
converter/compression circuit LC1, and the second output signal Ve2 is generated at an

output terminal A_LC2 of the second logarithmic converter/compression circuit LC2.

The evaluation circuit EC receives the output signals Vel and Ve2 and is configured as
explained above for the evaluation circuit EC of Figure 3A. The evaluation circuit EC

calculates the sensor resistance Rs by equation (5).

In the following the particular embodiment of the measurement circuitry MC for
measuring/evaluating the resistance Rs of the resistor Rsensor of the resistive gas sensor as

illustrated in Figure 3C is described.

The measurement circuitry MC shown in Figure 3C comprises a third current path P3” and
a fourth current path P4’ being connected between the first and the second fixed voltage
lines VL1 and VL2. The measurement circuitry MC comprises a current mirror CM to
provide a third current 13 in the third current path P3’ and a fourth current 14 in the fourth
current path P4’. The current mirror CM is configured such that the fourth current 14 is N
times larger than the third current 13. The measurement circuitry MC further comprises a
third logarithmic converter/compression circuit LC3 to provide a third output signal Ve3.
The third logarithmic converter/compression circuit LC3 is arranged in the third current
path P3’. The measurement circuitry MC further comprises a fourth logarithmic
converter/compression circuit LC4 to provide a fourth output signal Ve4. The fourth
logarithmic converter/compression circuit LC4 is arranged in the fourth current path P4’. A
chopping element Chop may be arranged between the third current path P3’ and the fourth
current path P4’. A reference current source CS generates a reference current Iref that is
mirrored by the current mirror CM to provide the third current I3 in the third current path

P3’ and the fourth current 14 in the fourth current path P4’.
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The evaluation circuit EC comprises a first differentiating element DE1. The evaluation
circuit EC is configured by means of the first differentiating element DE1 to calculate a

first analog difference signal Vi, having a level in dependence on a difference between the

respective level of the first output signal Vel and the second output signal Ve2. The
evaluation circuit EC further comprises an analog to digital converter C with a reference

voltage Vadc that receives the first analog difference signal Vj,, and generates a digital
output signal Codevyjy. The relationship between the first analog difference signal Vi, and
the digital output signal Codevyjy 18

Codeyip*Vadc

Vip = Vel-Ve2 = ——— (3

The evaluating circuit EC further comprises a second differentiating element DE2 by

which the evaluation circuit EC calculates a second analog difference signal Vktq having a

level in dependence on a difference between the respective level of the third output signal

Ve3 and the fourth output signal Ve4. The second analog difference signal Vkiq 18 input to
the analog to digital converter C. The analog to digital converter C transforms the second
analog difference signal Vktq to the digital output signal Codektq. The relationship

between the second analog difference signal Vkiq and the digital output signal Codektq is

Codepq+Vadc

Vktq = Ved-Ved = (V)" 4)
The evaluation circuit EC according to Figure 3C is configured to determine the resistance
Rs of the resistive gas sensor GS in dependence on the relationship between the first

difference signal Vi and the second difference signal Viq by

Rs = Rref * antilog {K\fﬂl} (5)

mn

The calculation unit CU is configured to determine the resistance Rs of the resistor Rsensor

of the resistive gas sensor GS in dependence on the resistance Rref of the reference resistor
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Rreference and in dependence on the first difference signal Vj, and the second difference

signal Viq.

According to the embodiments of the measurement circuitry shown in Figures 3A, 3B and

3C, the calculation unit CU of the evaluation circuit EC receives the digital signal Codevjp,
and the digital signal Codeq. The calculation unit CU is configured to calculate the

resistance Rs by

Rs = Rref * antilog {ﬁ%} (6)

wherein N specifies the ratio between the resistance of the reference resistor Rreference
and the resistance of the other reference resistor Rreference’ (Figure 3A) or
Rreference’/Reference’” (Figure 3B) or the ratio between the third current 13 and the fourth
current 14 (Figure 3C). The equation (6) results from substituting from equations (3), (4) in
the equation (5) or from substituting from equations (3’), (4’) in the equation (5°).

In order to determine the resistance Rref of the reference resistor Rreference a two-
temperature calibration technique may be used. A first measurement is performed to
calculate the exact value Rref0 of the reference resistor Rreference so as to eliminate the
process variation. A second measurement is performed at a second temperature to measure
the temperature coefficient o of the reference resistor Rreference. In this way it is possible
to eliminate the source of error in the resistance Rref of the reference resistor Rreference
due to process variation and temperature variation by always calculating the resistance

Rref for each measurement. The resistance Rrefis
Rref = Rref0* {1+a(Tjn-T0)} (7),

wherein Rref0 specifies the resistance Rref of the reference resistor Rreference measured
by the first calibration temperature TO, TO specifies the first calibration temperature, o
specifies the thermal coefficient of the reference resistor Rreference and Tjn specifies the

junction temperature when the sensor measurement is done.
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As shown in the embodiments of the measurement circuitry of Figures 3A, 3B and 3C,
cach of the logarithmic converter/ compression circuits may be configured as a diode Q1,
Q2, Q3 and Q4. Each diode may be realized using any two junctions or any parasitic diode
from any CMOS device can be replaced for the same functionality. According to a possible
embodiment the respective diodes Q1, Q2, Q3 and Q4 of the logarithmic
converter/compression circuits LC1, LC2, LC3 and LC4 have the same size. For the lowest
process mismatch, the sizes of the diodes/bipolars Q1, Q2, Q3 and Q4/ Mp1, Mp2 and
Mp4 and, if applicable, the transistors in the current mirror CM are chosen to be the same.
All the layout techniques like common centroid, dummy diodes/bipolars etc. may be
employed for the best performance and lowest mismatch. Asymmetric bipolar sizes can
also be used by appropriately scaling the reference resistors (Figures 3A, 3B) and currents

(Figure 3B) such that the equations (1) and (6) are satisfied.

According to the embodiments of the measurement circuitry shown in Figures 3A, 3B and
3C the transducer/gas sensor as well as the measurement circuitry MC may be exited with
reference to the supply voltage Vsupply. According to another embodiment, it is possible
to excite the gas sensor and the measurement circuitry with reference to the ground

potential Vground.

According to an embodiment of the measurement circuitry, the first and second operational
amplifiers A1 and A2 as well as the driver devices Mp1, Mp2 and Mp3 respectively may
be configured as a PMOS device, as shown in the implementations of Figures 3A, 3B and
3C. The first and second operational amplifier may alternatively be designed such that the

driver devices Mpl, Mp2 and Mp3 may be configured as an NMOS device.

The measurement circuitry MC as shown in the implementations of Figures 3A, 3B and 3C
may be used as a wide-range gas-sensor interface that can excite the transducer/gas sensor
GS using the voltage signal Vforce and compress the signal current logarithmically to
handle the ultra-wide range operation. As shown in Figures 3A, 3B and 3C, the gas sensor
GS is excited with reference to the supply potential Vsupply such that the sensor
signal/sensor current Is directly flows into the logarithmic converter/compression circuit

LCI.
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The logarithmic converter/compression circuits may be configured as PNP or NPN devices
that directly compress the sensor signal/sensor current into the logarithmic scale, because it
is the sensor current itself that flows from the sensor into the logarithmic
compression/converter circuit LC1. The proposed technique does not need a wide dynamic
range current mirror, as shown for example with reference to the embodiment of the
measurement circuitry of Figure 1, that can be a major source of error. The proposed
implementations of the measurement circuitry according to Figures 3A, 3B and 3C are the
most suitable approach for a low supply voltage design (around 1.8 V and lower) where the

gas sensor and the measurement circuitry can be fitted without any headroom limitation.

According to the concept of the measurement circuitry MC the changeable resistor Rsensor
of the gas sensor and the on-chip reference resistor Rreference are simultancously excited
to measure the sensor resistance Rs relative to the resistance Rref of the on-chip reference
resistor Rreference. Simultaneous excitation of the transducer/gas sensor GS and the on-
chip reference resistor Rreference eliminates the mismatch of measurement/excitation
circuit and instantaneous errors due to coupling from the supply potential, the ground

potential etc..

This approach also makes the design immune to noise since a differential signal is
measured instead of measuring a signal referred to a supply or ground potential. The
ratiometric measurement to calculate the sensor resistance Rs makes the sensor
measurement particularly invariant to the voltage reference Vadc of an analog to digital
converter. The constants needed for a re-calculation of the transducer resistance Rs are
calculated using the same logarithmic converter/compression circuit and the same analog
to digital converter used for measurement of the sensor signal. Ratiometrically, the impact
of the voltage reference Vadc of the analog to digital converter C is cancelled. This makes
the design robust across the temperature, process and lifetime drift of the voltage reference

Vadc.

The generation and calculation of the thermal voltage Vktq using the reference resistor

Rreference having the resistance Rref and the other reference resistor Rreference’ having a

resistance of N * Rref'is shown in Figure 3A. The generation and calculation of the
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thermal voltage Vktq by means of a current I3 and a current 14 being N times larger than

the current I3 is shown according to the implementation of the measurement circuitry

shown in Figure 3B. Measuring the thermal voltage Vktq and the sensor signal using the

same blocks/components/diodes for the sensor signal measurement and the internal

calculation of the thermal voltage Vi makes the measurement/calculation independent

from the voltage reference Vadc of the analog to digital converter and the thermal-voltage
that depends on the junction temperature. The use of a calibrated on-chip resistor reference
eliminates the requirement of an external component and makes the sensor measurement

more accurate.

Figure 4 shows a possible ESD concept to protect the measurement circuitry against
electrostatic discharge that can occur at the input terminal/pad E of the measurement
circuitry. As shown in Figure 4, diodes D1, D2 and D3 are provided that realize the ESD
protection circuit. The diode D3 may be embodied as a parasitic diode. The generation of a
fixed sensor excitation voltage Vforce ensures that the leakage due to the ESD protection
circuit comprising the diodes D1, D2 and D3 can be minimized or cancelled to make the
measurement circuitry more accurate by matching ESD leakage of the didoes D1, D2 and
D3 from the input terminal/pad E to the supply potential Vsupply with the diode from the
ground potential Vground to the input terminal/pad E. In order to minimize the errors due
to the ESD leakage mismatch the diode areas of the diodes D1, D2 and the parasitic diode
D3 are matched such that the leakage current Ileak(D2) flowing through the diode D2 is
equal to the sum of the leakage currents Ileak(D1) and lleak(D3) flowing through the
diodes D1 and D3 (Ileak(D2) = Ileak(D1) + Ileak (D3)).

The gas sensor GS can be configured as a stand-alone/separate module that is interfacing
with the measurement circuitry MC by connection on a PCB. Another possible solution is

a system-in-package (SIP) approach where the transducer module/gas sensor GS and the
measurement circuitry MC are in the same package and are connected by a bond-wire on
laminate routing inside the package. In this case, there is the possibility of disconnection of
the transducer/gas sensor GS from the measurement circuitry MC. For many automotive
products, the detection of the disconnection of the transducer/gas sensor from the

measurement circuitry is required to conform to ASIL requirements.
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To detect that the transducer/gas sensor GS is disconnected from the measurement circuitry
MC, a diagnostic circuit/detection circuit that will not affect the path that connects the
sensor resistor Rsensor to the logarithmic converter/compression circuit is built. Adding
any current or a voltage excitation in this branch can be detrimental to the system
performance due to junction or subthreshold leakages etc.. To detect the disconnection of
the resistive gas sensor GS from the measurement circuitry, a detection circuit has to be

built that does not influence the main sensor branch.

For ecach of the implementations of the measurement circuitry MC shown in Figures 3A,
3B and 3C, whenever the gas sensor GS gets disconnected from the measurement circuitry,
the gate node Mpl_G of the driver Mp1 will always saturate to the supply potential
Vsupply or the ground potential Vground. The detection circuit can be implemented by
either a voltage comparison circuit or a current comparison circuit that is biased by the gate
voltage of the driver Mp1. A detection threshold can be derived from the gate-bias node
Mpl G itself, or the voltage measured at the gate terminal Mpl_G of the driver Mpl can

be compared with an on-chip reference, for example a bandgap reference.

Figures 5A and 5B show two possible implementations for a detection circuit to detect a
disconnection of the resistive gas sensor GS from the input terminal/pad E of the
measurement circuitry MC. Figure SA shows a current or a voltage comparison strategy
where the reference voltage or current is generated based on the gate voltage of the driver
device Mpl. The detection circuit DC1 is configured as a voltage/current comparator being
connected to the output A1 _out for the first operational amplifier A1 and being configured
to generate its reference voltage based on the output voltage V_A1 of the first operational
amplifier Al. The detection circuit DC1 generates a DISCONN diagnostic flag when the
gate Mpl_G of the driver Mp1 saturates to the supply voltage Vsupply or the ground
potential Vground indicating that the gas sensor is disconnected from the measurement
circuitry. Another implementation would be to mirror the current flowing into the driver

device Mpl and use the mirror current to detect the disconnection of the gas sensor.

According to an alternative embodiment shown in Figure 5B, the measurement circuitry

MC comprises the detection circuit DC2 that is configured as a comparator having a first
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input connection DC _inl being connected to the output A1 _out of the first operational
amplifier Al and having a second input connection DC in2 to apply the on-chip reference
voltage generated on the chip comprising the measurement circuitry. According to the
implementation of the detection circuit shown in Figure 5B, the gate voltage of the driver
device Mpl is compared with an on-chip reference voltage, for example a bandgap

reference voltage.

As illustrated according to the embodiments of the measurement circuitry MC shown in
Figures 3A, 3B and 3C, the resistive gas sensor GS is excited using the voltage Vforce
with respect to one of the supply voltage Vsupply and the ground potential Vground that
cause signal currents 11 and 12, which are logarithmically compressed usually by diode I-V
characteristics of the diodes Q1 and Q2, to generate a voltage measurement signal Vin with
a lesser dynamic range. According to the embodiment of the measurement circuitry shown
in Figure 3C, another pair of diodes/transistors Q3 and Q4 are employed to generate the

thermal voltage Vktq- The generation and calculation of the thermal voltage with an

alternate option like using “Rref” and “N*Rref”, instead of using currents “Iref” and

“N*Iref” is shown in Figure 3B.

A wide range of resistive sensor measurement is accomplished by using diodes for
logarithmically compressed voltage response measurement. However, their current-voltage
(I-V) characteristics are effected by high-level current injection and low-level current
injection due to junction imperfections. This results in variability of ideality factor n along
the diode’s operating current range, and introducing measurement errors that can increase

exponentially with resistance range.

Each of the logarithmic-compression diodes can be realized using any semiconductor
junction, or any parasitic diode from any CMOS device can be replaced for the same
functionality. With reference to the embodiment of the measurement circuitry MC shown
in Figure 3C, the sensor resistance Rs is determined by the following equations (8) to (11)

by consideration of the ideality factor eta of the diodes Q1, Q2, Q3 and Q4:

Vigq = Ved-Ve3 =n2*VT*In(N) (8),
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Vin = Ve2-Vel = nl1*VT*Ln(Rsensor/Rref) (9),

Rs = Rref * antilog {%Lf\x:—f(m} (10)

Rs = Rref = antilog {n”"rm “Vin* ln(N)} (11),
Vref
wherein Rref is the resistance of the on-chip reference resistor Rreference, Rs is the
resistance of the sensor resistor Rsensor of the resistive gas sensor GS that is to be
measured, VT is the thermal voltage that is proportional to silicon junction temperature T
in Kelvin, N is the ratio of currents used to generate the on-chip thermal voltage, n1 is the

ideality factor for the diodes Q1 and Q2, 12 is the ideality factor for the diodes Q3 and Q4,

and Nporm 18 the normalized ideality factor obtained from the ratio of n2 and n1.

The first difference signal Vi and the second difference signal Viiq can be measured by

feeding them to any data converter sequentially. The resistance Rs of the resistor Rsensor
of the resistive gas sensor GS can be calculated from above equations (8) to (11), by
implementing them in any digital logic of the evaluation circuit EC. The normalized

1deality factor nyorm can be saved in any digital format using an on-chip memory M, as

shown in Figures 3A, 3B and 3C.
The primary design implications for this implementation are that

a) The reference bias current 12 and the reference resistor Rreference are chosen such that
the bias current 12 is the geometric mean of upper and lower limits of the entire current
range of the sensor current I1. This would imply that the reference resistor Rreference is
the geometric mean of the resistance range of the resistance Rs of the resistor Rsensor of
the resistive gas sensor GS to be measured; and

b) The current ratio 1:N for generating the second difference signal Vktq is implemented

using the individual currents in the current path P3’ as Iref /VN and in the current path
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P4’ as Iref * VN and their geometric mean is Iref as well. Hence, the ideality factors of all

the transistors are similar for the mean operating current conditions; and

¢) The areas of the diodes Q1, Q2, Q3 and Q4 are identical and chosen such that
uncalibrated measurement errors at both the extreme conditions of low-level and high-level
injections (low and high sensor currents I1 respectively) are numerically equal. That

implies that the percentage accuracy degradation is the same irrespective of the polarity.

The ideality factor accounts for the imperfect junctions observed in real diodes and
transistors. This factor mainly accounts for carrier recombination as charge carriers across
the depletion region. This factor is ideally “1” for a region of operation of p-n junction
where the high-level injection and the low-level injection effects do not affect the p-n

junction behaviour.

Figure 6 shows the percentage measurement error Er for the sensor resistance Rs of the
variable resistor Rsensor of the resistive gas sensor GS from one kOhms to 10 MOhms
using the normalized ideality factor in equation (11) as “1”. The percentage error is on the
y-axis and the sensor resistance (indirectly the log-compression diode current) is on the x-
axis. As illustrated in Figure 6, the error is small for a diode-current/unit-finger of 40 nA to
4 uA. This corresponds to a MOX sensor resistance Rs of 10 KOhms to 1 MOhms. For a
resistance Rs less than 10 KOhms, the error in the final calculated sensor resistance Rs
exponentially increases to almost 5%. This is because of high-level injection effect in the
p-n junction. Similarly, the low-level injection affects the ideality factor and measurement

accuracy when the current through the diode/transistors is smaller than 40 nA.

The sensor excitation conditions (voltage/current) should always be continuous for the
entire range of operation. Any discontinuity can cause a physical change and alter the
sensor material. It can impact the efficiency of the backend algorithm used for chemical
detection as well. Hence, in the following, a calibration technique that will always excite
the sensor with the same excitation voltage Vforce for the entire range is presented. The

1deality factor nporm can be calibrated using a batch calibration technique, a single

curvature and offset correction technique and a range-wise curvature and offset correction.
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Batch Calibration Technique

According to the batch calibration technique, the ideality factor nporm 18 calculated and

calibrated for a defined number of devices, for example thousand diodes, and used as a

default value of npgrm for all fabricated devices. Based on iterative optimization, it has

been observed that the most optimal value of the ideality factor is Nygrm = 0.9935.

The diagram in Figure 7 shows the percentage measurement error Er for the worst case

corner simulations. The ideality factor having the value of nporm = 0.9935 is a process

parameter that depends on the fabrication process. This is the statistical mean of the

measured value based on a characterization during fabrication of the diodes.

The batch calibration method only needs a single calibration coefficient and reduces
percentage error from the default value with a normalized ideality factor of “1”. The results
illustrated in Figure 7 show that the percentage error is always less than +/- 2.5% as

compared to when using default value of nporm = 1. The error is 0 at 100 KOhms because

the chosen on-chip reference resistance Rref is 100 KOhms. The reference resistor
Rreference is chosen at 100 KOhms only because it is the geometric mean of the entire

measurement range of 1 KOhms to 10 MOhms.
Single Curvature and Offset Correction Technique

Instead of using batch calibration, it is possible to correct the curvature and offset of the

1deality factor nporm for each individual sample of the diodes to minimize the percentage

measurement error further. This single curvature and offset correction technique is

intended to identify a first calibration coefficient/curvature coefficient n¢ and a second
calibration coefficient/offset coefficient ng as indicated in equation (12).
Vigsln(V)

Rs =1 * [Rref * antilog {—mm Tlc}] (12)



10

15

20

25

30

WO 2018/059894 PCT/EP2017/072346

-26 -

wherein 1 indicates the curvature correction coefficient for the ideality factor and 1

indicates the offset correction coefficient for the ideality factor.

According to equation (12) the resistance Rs of the resistor Rsensor of the resistive gas
sensor GS is determined in dependence on the product of the second calibration coefficient

No and the resistance Rref of the reference resistor Rreference and the anti-logarithmic
relationship of a term formed by the product of the first calibration coefficient n; and the

quotient of the first difference signal Vi, and the second difference signal Viiq -

The calibration strategy for computing curvature and offset coefficients for a measurement

range of 1 kOhms to 10 MOhms is shown in the flowchart of Figure 8.

According to step Al a first calibration resistor having a first calibration resistor having a
first resistance Rcall and a second calibration resistor having a second calibration
resistance Rcal2 is subsequently externally applied to the input terminal E of the

measurement circuitry MC for determining the first calibration coefficient .. Regarding

the measurement range of 1 KOhms to 10 MOhms, the first calibration resistor may have a
first calibration resistance of Rcall = 1 KOhm, the second calibration resistor may have a

second calibration resistance of Rcal2 = 10 MOhms.

In a step A2 a value of the first calibration coefficient n is varied and a first calculation

error between the first calibration resistance Recall and the resistance determined by the
evaluation circuit EC is determined, when the first calibration resistor is applied to the

input terminal E. Furthermore, the value of the first calibration coefficient n is varied and

a second calculation error between the second calibration resistance Rcal2 and the
resistance determined by the evaluation circuit EC is determined, when the second
calibration resistor is applied to the input terminal E. For the first calibration resistance
Rcall, for example Rcall = 1 kOhms, and the second calibration resistance, for example

Rcal2 = 10 MOhms, the first calibration coefficient n 1s varied for its entire allowed range

and the respective sensor measurement error is calculated.
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In a step A3, the value of the first calibration coefficient n 1s determined such that the first

calculation error is equal or almost equal to the second calculation error. Regarding the

example given above, the first calibration coefficient/curvature coefficient n is chosen

such that the first calculation error Rserror (1IKOhms) is equal or almost equal to Rserror

(10 MOhms).

In order to determine the second calibration coefficient 1, in a step A4, a third calibration

resistor having a third calibration resistance Rcal3 and a fourth calibration resistor having a
fourth calibration resistance Rcal4 is subsequently externally applied to the input terminal

E of the measurement circuitry MC for determining the second calibration coefficient 1.

The third calibration resistor may have a third calibration resistance of Rcal3 = 10 KOhms,
and the fourth calibration resistor may have a fourth calibration resistance of Rcald =1
MOhms. In the step A4, the sensor resistance Rs and the sensor measurement error Rserror
is re-calcualted for the third calibration resistance Rcal3 and the fourth calibration
resistance Rcal4 by using the above-calculated first calibration coefficient/curvature

coefficient 1.

In step A5, a value of the second calibration coefficient 1 is varied and a third calculation

error between the third calibration resistance Rcal3 and the resistance determined by the
evaluation circuit EC is determined, when the third calibration resistor is applied to the
input terminal E of the measurement circuitry MC. Furthermore, the value of the second

calibration coefficient n is varied and a fourth calculation error between the fourth

calibration resistance Rcal4 and the resistance determined by the evaluation circuit EC is

determined, when the fourth calibration resistor is applied to the input terminal E.

The value of the second calibration coefficient ng is determined such that a sum of the first

calculation error and the second calculation error is 0 or almost 0. In the example shown in

Figure 8, the second calibration coefficient/offset coefficient 1 is calculated by sweeping

Mo to satisfy the condition RSerror(10 KOhms) + RSerror(1 MOhms) = 0 (or almost 0).
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The calculated values for the first calibration coefficient n. and the second calibration

coefficient ng may be stored in the memory M.

Figure 9 shows the transformation of the curves from Figure 7 when equation (12) uses the

first calibration coefficient 1 from the procedure of Figure 8 and 1 is set to “1”. Since the

errors’ curves are corrected only for curvature, the error at a resistance of 100 KOhms is 0.
The maximum percentage error ranges from +2.5% to -1.5% for the entire range of the
resistance Rs of the resistor Rsensor of the resistive gas sensor from 1 KOhms to 10

MOhms.

In order to make the maximum error numerically same in the positive and negative

directions, the second calibration coefficient/offset correction coefficient ng is employed.

By computing the resistance Rs using both the first calibration coefficient/curvature

coefficient n¢ and the second calibration coefficient/offset coefficient n,, the measurement

error Er across the entire sensor resistance range of 1 KOhms to 10 MOhms is obtained as
shown in Figure 10. The positive and negative peak error is now +2% and -1.66%. The
single curvature and offset correction approach needs only two calibration coefficients to

be calculated and stored in the memory M, for example a non-volatile memory.

Range-wise Curvature and Offset Correction Technique

In the following, the range-wise curvature and offset correction technique is presented. The
range-wise curvature and offset correction strategy involves breaking the entire range of
operation of the sensor resistance Rs into different ranges. The range of the resistance Rs
of the resistor Rsensor of the resistive sensor GS can be divided in a first resistive range

and at least a second resistive range.

The first resistive range extends between a first resistance Rcalll and a second resistance
Rcall2 of the first resistive range. The at least one second resistive range extends between
a first resistance Rcal21 and a second resistance Rcal22 of the at least one second resistive
range. The deviation of the diodes Q1, Q2, Q3 and Q4 from their ideal characteristic

behaviour 18 corrected by a first set of the first and second calibration coefficient ne1, ng1
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assigned to the first resistive range and at least a second set of the first and the second

calibration coefficient g2, g2 assigned to the at least one second resistive range.

A calibration flow to calculate the first set of the first and second calibration coefficient

Necl. No1 and the at least one second set of the first and second calibration coefficient 12,

No2 1S shown in Figure 11.

For determining the first set of the first and second calibration coefficient n¢q, ng1,1na

step B1 of the method, a first calibration resistor having a first calibration resistance Rcall
being equal to the first resistance R11 of the first resistive range is externally applied to the
input terminal E of the measurement circuitry MC. Furthermore, a second calibration
resistor having a second calibration resistance Rcal2 being equal to the second resistance
R12 of'the first resistive range is externally applied to the input terminal E of the
measurement circuitry MC. The sensor resistance Rs is calculated by the evaluation circuit
EC for each one of the externally applied first and second calibration resistors, wherein the

first calibration coefficient/curvature coefficient . and the second calibration

coefficient/offset coefficient ng is chosen as “1”.

In step B2, a value of the first calibration coefficient/curvature coefficient ¢ of the first

set of the calibration coefficients is varied and a first calculation error Rserror between the
first resistance R11 of the first resistive range and the resistance determined by the
evaluation circuit EC is determined, when the first calibration resistor is applied to the
input terminal E. Furthermore, in step B2 the value of the first calibration

coefficient/curvature coefficient g1 of the first set of the calibration coefficients is varied

and a second calculation error between the second resistance R12 of the first resistive
range and the resistance determined by the evaluation circuit EC is determined, when the
second calibration resistor is applied to the input terminal E. The value of the first

calibration coefficient/curvature coefficient n¢ 1 of the first set of calibration coefficients is

determined such that the first calculation error is equal or almost equal to the second

calculation error.
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Furthermore, in step B2, the second calibration coefficient/offset coefficient ng | of the

first set of the calibration coefficients is determined. A value of the second calibration

coefficient/offset coefficient ng | of the first set of the calibration coefficients is varied and

a third calculation error between the first resistance R11 of the first resistive range and the
resistance determined by the evaluation circuit EC is determined, when the first calibration
resistor is applied to the input terminal E. Furthermore, the value of the second calibration

coefficient/offset coefficient g1 of the first set of the calibration coefficients is varied and

a fourth calculation error between the second resistance R12 of the first resistive range and
the resistance determined by the evaluation circuit EC is determined, when the second
calibration resistor is applied to the input terminal E. The value of the second calibration

coefficient/offset coefficient ng | of first set of the calibration coefficients is determined

such that a sum of the third calculation error and the fourth calculation error is 0 or almost

0.

For determining the at least one second set of the first and second calibration coefficient

Ne2» No2» in step B1, the second calibration resistor having the second calibration

resistance Rcal2 is externally applied to the input terminal E of the measurement circuitry
MC and a third calibration resistor having a third calibration resistance Rcal3 being equal
to the second resistance R22 of the at least one second resistive range is externally applied

to the input terminal E of the measurement circuitry MC.

According to step B3, a value of the first calibration coefficient/curvature n¢p of the at

least one second set of the calibration coefficients is varied and a fifth calculation error
between the first resistance R21 of the at least one second resistive range and the resistance
determined by the evaluation circuit EC is determined, when the second calibration resistor
is applied to the input terminal E of the measurement circuitry. Furthermore, the value of

the first calibration coefficient/curvature coefficient ng) of the at least one second set of

the calibration coefficients is varied and a sixth calculation error between the second
resistance R22 of the at least one second resistive range and the resistance determined by
the evaluation circuit EC is determined, when the third calibration resistor is applied to the
input terminal E of the measurement circuitry. The value of the first calibration

coefficient/curvature coefficient n¢o of the second set of the calibration coefficients is



10

15

20

25

30

WO 2018/059894 PCT/EP2017/072346

-31 -

determined such that the fifth calculation error is equal or almost equal to the sixth

calculation error.

In order to determine the value of the second calibration coefficient/offset coefficient g2

of the at least one second set of the calibration coefficients, a value of the second

calibration coefficient ng» of the at least one second set of the calibration coefficients is

varied and a seventh calculation error between the first resistance R21 of the at least one
second resistive range and the resistance determined by the evaluation circuit EC is

determined, when the second calibration resistor is applied to the input terminal E of the
measurement circuitry. The value of the second calibration coefficient/offset coefficient

No2 of the at least one second set of the calibration coefficients is varied and an eighth

calculation error between the second resistance R22 of the at least one second resistive
range and the resistance determined by the evaluation circuit EC is determined, when the
third calibration resistor is applied to the input terminal E of the measurement circuitry.

The value of the second calibration coefficient/offset coefficient ng» of the at least one

second set of the calibration coefficients is determined such that a sum of the seventh

calculation error and the eighth calculation error is equal or almost equal to 0.

The range-wise curvature and offset correction algorithm is explained in the following by
an example, wherein it is assumed that the resistance Rs of the resistor Rsensor of the
resistive gas sensor has a range of between 1 KOhms to 10 MOhms and is divided into
three smaller ranges. Each smaller range can be 1 decade of the sensor resistance. The first
resistive range extends between R11 = 1 KOhms to R12 = 10 KOhms, wherein the

calibration coefficients for this first set of calibration coefficients are n.| and ng1. The

second resistive range extends between R21 = 10 KOhms to R22 = 1 MOhms, wherein the

calibration coefficients for this second range are N2 and ng». The third resistive range

extends between R31 = 1 MOhms to R32 = 10 MOhms, wherein the coefficients for the

third resistive range are 1.3 and ng3.

In the step B1 of the range-wise curvature and offset correction algorithm illustrated in
Figure 11, a first external calibration resistor having the resistance Rcall =R11, a second

external calibration resistor having the resistance Rcal2 = R12 = R21, a third external
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calibration resistor having the resistance Rcal3 = R22 = R31 and a fourth external
calibration resistor having the resistanc Rcal4 = R32 are applied to the input terminal E of

the measurement circuitry MC. The three resistive ranges are illustrated in Figure 13.

The first external calibration resistor of 1 KOhms, the second external calibration resistor
of 10 KOhms, the third external calibration resistor of 1 MOhms and the fourth external
calibration resistor of 10 MOhms are applied to the input terminal E and the respective
resistance Rs is determined by the evaluation circuit EC by equation (12), wherein the

curvature correction coefficient . is chosen equal to 1 and the offset correction coefficient

Mo 18 also chosen equal to 1.

In step B2, the first calibration coefficient/curvature coefficient ng1 and the second
calibration coefficient/offset coefficient g1, i.e. the first set of calibration coefficients for

the first resistive range between 1 KOhms and 10 KOhms, is determined. The first

calibration coefficient 1.1 is chosen such that the first calculation error Rserror(1K) for the

applied first calibration resistor of 1 KOhms is equal or almost equal to the second
calculation error Rserror(10k) for the applied second calibration resistor of 10 KOhms, i.c.

Rserror (1K) ~= Rserror (10K). The second calibration coefficient g is determined such

that the sum of the third calculation error Rserror (1k) and the fourth calculation error

Rserror (10k) is equal or almost equal to 0, i.e. Rserror (1K) + Rserror (10K) ~= 0.

In the step B3 the first calibration coefficient/curvature coefficient n.» and the second
calibration coefficient/offset coefficient ngo of the second set of calibration coefficients for

the second resistive range between 10 KOhms and 1 MOhms is determined. The first

calibration coefficient 1) is determined such that the fifth calculation error Rserror(10k)

for the applied second calibration resistor of 10 KOhms is equal to the sixth calculation
error Rserror(1M) for the applied third calibration resistor of 1MOhms, i.e. Rserror(10K)

~= Rserror(1M). The second calibration coefficient ng» of the second set of the calibration

coefficients is determined such that the sum of the seventh calculation error Rserror(10K)

for the applied second calibration resistor of 10 KOhms and the eighth calculation error
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Rserror(1M) for the applied third calibration resistor of 1 MOhms is equal or almost equal

to 0, i.e. Rserror (10K) + Rserror (1M) ~= 0.

In a step B4 the first calibration coefficient/curvature coefficient .3 and the second
calibration coefficient/offset coefficient ng3 for the third set of calibration coefficients for

the third resistive range between 1 MOhms and 10 MOhms is determined. The first

calibration coefficient 1.3 is determined such that the calculation error Rserror (1M) for

the applied third calibration resistor of 1 MOhms is equal or almost equal to the calculation
error Rserror (10M) for the applied fourth calibration resistor of 10 MOhms. The second

calibration coefficient ng3 is determined such that the sum of the calculation RSerror(1M)

and the calculation error Rserror(10M) is equal or almost equal to 0, Rserror (1M) +

Rserror (10M) ~=0.

Figure 12 shows a flow diagram to calculate the resistance Rs of the resistor Rsensor of the
resistive gas sensor using range-wise curvature and offset correction. After having
determined several sets of the first calibration coefficient/curvature coefficient and the
second calibration coefficient/offset coefficient for each resistive range, a dedicated set of
the first calibration coefficient/curvature coefficient and the second calibration
coefficient/offset coefficient is determined is used for the re-computation of the sensor

resistance Rs, after the initial computation is done with the default values of . = 1 and n

= 1. The range of the sensor resistance will be determined using initial computation. In
dependence on the determined resistive range, a respective set of the first and second
calibration coefficient is selected. Then, the final accurate value of the sensor resistance Rs
using the corresponding values for the first calibration coefficient and the second

calibration coefTicient 1s re-calculated.

Figure 13 shows the calculation/measurement error Er of the resistance Rs using the range-

wise curvature and offset calibration technique.

The range-wise curvature and offset correction technique cannot be used in applications
where the measured/calculated resistance Rs needs to be continuous without any

discontinuities at the range boundaries. Using range-wise curvature and offset correction
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will have additional overhead in all the below-mentioned aspects of the design. The
approach to use a single curvature and offset coefficient for the entire range of operation
may be used to optimize the number of calibration parameters, the number of storage
locations in the memory M and digital calculation overhead without significant test time

overhead compared to the batch calibration.

The proposed calibration algorithms provide a unique calibration strategy for a logarithmic
compression sensor front-end such that it allows a continuous excitation (voltage/current)
of a resistive sensor, such as a resistive gas sensor, without any discontinuity. The
algorithms further provide the possibility to extend the concepts to piece-wise calibration
(re-calculation) instead of piece-wise sensor excitation. The calibration strategies can be
applied to any logarithmic sensor to correct for the impact of ideality factor over the entire
range of operation. Furthermore, the calibration concepts can be applied to any process

variant.
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List of Reference Signs

GS

MC

Rsensor

E

VG

LCl, ...,

EC
Rreference
Rs

Rref

Al, A2

Mpl, Mp2, Mp3
Vel, ..., Ved
DEI, DE2
Vin

Vktq

C

Codevin

Codegtq

CU
DC1, DC2

gas sensor
measurement circuitry
resistor of the gas sensor
input terminal/pad

voltage generator

LC4 logarithmic converter/compression circuit

evaluation circuit
reference resistor
resistance of Rsensor
resistance of Rreference
operational amplifier
driver

output signal
differentiating element

first difference signal
second difference signal/thermal voltage
analog to digital converter

digital signal of Vi,

digital signal of Vktq
calculation unit

detection circuit

PCT/EP2017/072346
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Claims

1. A measurement circuitry for evaluating a resistance of a resistive gas sensor,
comprising:

- an input terminal (E) for connecting the measurement circuitry to the resistive gas sensor
(GS),

- a reference resistor (Rreference),

- a first current path (P1), the input terminal (E) being arranged in the first current path
(P1),

- a second current path (P2), the reference resistor (Rreference) being arranged in the
second current path (P2),

- a voltage generator (VG) to provide a fixed voltage excitation for the resistive gas sensor
(GS) and the reference resistor (Rreference),

- a first logarithmic compression circuit (LC1) being arranged in the first current path (P1)
such that, in the case that the resistive gas sensor is connected to the input terminal (E), a
first current (11) received from the resistive gas sensor (GS) flows from the resistive gas
sensor (GS) to the input terminal (E) and via the first current path (P1) into the first
logarithmic compression circuit (LC1),

- a second logarithmic compression circuit (LC2) being arranged in the second current path
(P2) such that a second current (12) flowing through the reference resistor (Rreference)
flows into the second logarithmic compression circuit (LC2),

- an evaluation circuit (EC) to determine the resistance (Rs) of the resistive gas sensor
(GS),

- wherein the first logarithmic compression circuit (LC1) is configured to generate a first
output signal (Vel) in dependence on the first current (I11),

- wherein the second logarithmic compression circuit (LC2) is configured to generate a
second output signal (Ve2) in dependence on the second current (12),

- wherein the evaluation circuit (EC) is configured to determine the resistance (Rs) of the

resistive gas sensor (GS) in dependence on the first and second output signal (Vel, Ve2).

2. The measurement circuitry of claim 1,
wherein the evaluation circuit (EC) is configured to determine the resistance (Rs) of the

resistive gas sensor (GS) in dependence on a ratio of a thermal voltage (thq) of the
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measurement circuitry and the difference between the first output signal (Vel) and the

second output signal (Ve2).

3. The measurement circuitry as claimed in claims 1 or 2, comprising:

- a first fixed voltage line (VL1) to provide one of a supply potential (Vsupply) and a
ground potential (Vground),

- an internal node (IN) being arranged in the second current path (P2),

- wherein the reference resistor (Rreference) is arranged between the first fixed voltage line

(VL1) and the internal node (IN).

4. The measurement circuitry of claim 3, comprising:

- a first operational amplifier (A1) having a first input (A1 _inl) to apply an excitation
voltage (Vforce) and a second input (Al _in2),

- a second operational amplifier (A2) having a first input (A2_inl) to apply the excitation
voltage (Vforce) and a second input (A2 _in2),

- wherein the second input (A1l _in2) of the first operational amplifier (A1) is connected to
the input terminal (E) of the measurement circuitry,

- wherein the second input (A2 _in2) of the second operational amplifier (A2) is connected

to the internal node (IN).

5. The measurement circuitry of claims 3 or 4, comprising:

- a first driver (Mp1) and a second driver (Mp2),

- wherein the first driver (Mp1) is arranged in the first current path (P1) between the input
terminal (E) of the measurement circuitry and the first logarithmic compression circuit
(LC1),

- wherein the second driver (Mp2) is arranged in the second current path (P2) between the
internal node (IN) of the measurement circuitry and the second logarithmic compression
circuit (LC2),

- wherein the first driver (Mp1) is controlled by the first operational amplifier (A1) and the
second driver (Mp2) is controlled by the second operational amplifier (A2).

6. The measurement circuitry of any of the claims 3 to 5, comprising:
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- a second fixed voltage line (VL2) to provide one of the supply potential (Vsupply) and
the ground potential (Vground),

- wherein the second fixed voltage line (VL2) is configured to provide the ground potential
(Vground), when the first fixed voltage line (VL1) provides the supply potential (Vsupply),
and to provide the supply potential (Vsupply), when the first fixed voltage line (VL1)
provides the ground potential (Vground),

- wherein the second current path (P2) is arranged between the first and the second fixed
voltage line (VL1, VL2),

- wherein the first logarithmic compression circuit (LC1) is arranged between the input
terminal (E) of the measurement circuitry and the second fixed voltage line (VL2),

- wherein the second logarithmic compression circuit (LC2) is arranged between the

internal node (IN) of the measurement circuitry and the second fixed voltage line (VL2).

7. The measurement circuitry of claim 6, comprising:

- a third current path (P3) being arranged between the first and the second fixed voltage
line (VL1, VL2),

- another reference resistor (Rreference’) being arranged in the third current path (P3),

- wherein the first logarithmic compression circuit (LC1) is arranged in a common branch
of the first current path (P1) and the third current path (P3),

- a third driver (Mp3) being arranged in the third current path (P3) between the other
reference resistor (Rreference’) and the first logarithmic compression circuit (LC1),

- wherein the third driver (Mp3) is controlled by the first operational amplifier (A1).

8. The measurement circuitry of claim 7, comprising;:

- a first controllable switch (Sw1) being arranged between the input terminal (E) of the
measurement circuitry and the second input (A1 _in2) of the first operational amplifier
(A1),

- a second controllable switch (Sw2) being arranged between the second input (Al _in2) of
the first operational amplifier (A1) and the third current path (P3),

- a third controllable switch (Sw3) being arranged between an output (Al _out) of the first
operational amplifier (A1) and a control terminal (Mp1_G) of the first driver (Mp1),

- a fourth controllable switch (Sw4) being arranged between an output (Al_out) of the first
operational amplifier (A1) and a control terminal (Mp3_GQ) of the third driver (Mp3).
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9. The measurement circuitry of claim 8, comprising:

- a control circuit (PC) to control the first and second and third and fourth controllable
switch (Sw1, Sw2, Sw3, Sw4),

- wherein the control circuit (PC) is configured to operate the first and the third
controllable switch (Sw1, Sw3) in a respective conductive state and to operate the second
and the fourth controllable switch (Sw2, Sw4) in a non-conductive state to perform a first
measurement of the respective level of the first and the second output signal (Vel, Ve2),
- wherein the evaluation circuit (EC) is configured to calculate a first difference signal

(Vip) having a level in dependence on a difference between the respective level of the first

output signal (Vel) and the second output signal (Ve2) measured during the first
measurement,

- wherein the control circuit (PC) is configured to operate the second and the fourth
controllable switch (Sw2, Sw4) in a respective conductive state and to operate the first and
third controllable switch (Swl, Sw3) in a non-conductive state to perform a second
measurement of the respective level of the first and the second output signal (Vel, Ve2),

- wherein the evaluation circuit (EC) is configured to calculate a second difference signal

(thq) having a level in dependence on a difference between the respective level of the

first and second output signal (Vel, Ve2) measured during the second measurement,
- wherein the evaluation circuit (EC) is configured to determine the resistance (Rs) of the
resistive gas sensor (GS) in dependence on the relationship between the first difference

signal (Vj,) and the second difference signal (thq)-

10. The measurement circuitry of claim 6, comprising

- a third current path (P3’) and a fourth current path (P4’) being connected between the
first and the second fixed voltage line (VL1, VL2),

- a current mirror (CM) to provide a third current (I3) in the third current path (P3’) and a
fourth current (I4) in the fourth current path (P4’), the fourth current (I14) being N times
larger than the third current (13),

- a third logarithmic compression circuit (LC3) to provide a third output signal (Ve3), the
third logarithmic compression circuit (LC3) being arranged in the third current path (P3’),
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- a fourth logarithmic compression circuit (LC4) to provide a fourth output signal (Ve4),
the fourth logarithmic compression circuit (LC4) being arranged in the fourth current path

(P4),

11. The measurement circuitry of claim 10,
- wherein the evaluation circuit (EC) is configured to calculate a first difference signal

(Vip) having a level in dependence on a difference between the respective level of the first

and second output signal (Vel, Ve2) and to calculate a second difference signal having a
level in dependence on a difference between the respective level of the third and the fourth
output signal (Ve3, Ve4),

- wherein the evaluation circuit (EC) is configured to determine the resistance (Rs) of the
resistive gas sensor (GS) in dependence on the relationship between the first difference

signal (Vj,) and the second difference signal (thq)-

12. The measurement circuitry as claimed in any of the claims 1 to 11, comprising:

- a detection circuit (DC1, DC2) to detect a disconnection of the resistive gas sensor (GS)
from the input terminal (E) of the measurement circuitry,

- wherein the detection circuit (DC1) is configured as a voltage/current comparator being
connected to the output (A1 _out) of the first operational amplifier (A1) and being
configured to generate its reference voltage based on the output voltage (A1 _out) of the
first operational amplifier (A1), or

- wherein the detection circuit (DC2) is configured as a comparator having a first input
connection (DC inl) being connected to the output (A1_out) of the first operational
amplifier (A1) and having a second input connection (DC _in2) to apply an on-chip

reference voltage generated on the chip comprising the measurement circuitry.

13. A method for evaluating a resistance of a resistive gas sensor, comprising:
- providing a measurement circuitry as claimed in any of claims 1 to 12,
- determine the resistance (Rs) of the resistive sensor (GS) in dependence on the first

and second output signal (Vel, Ve2).

14. The method of claim 13,



10

15

20

25

30

WO 2018/059894 PCT/EP2017/072346

-4] -

- wherein either the measurement circuitry (MC) is provided as claimed in claim 9
and wherein each of the first logarithmic circuit (LC1) and the second logarithmic circuit
(LC2) is provided as a diode (Q1, Q2), or the measurement circuitry (MC) is provided as
claimed in claim 11 and wherein each of the first logarithmic circuit (LC1) and the second
logarithmic circuit (LC2) and the third logarithmic circuit (LC3) and the fourth logarithmic
circuit (LC4) is provided as a diode (Q1, Q2, Q3, Q4),

- wherein the resistance (Rs) of the resistive sensor (GS) is determined in dependence

on the relationship between the first difference signal (Vj,) and the second difference

signal (thq).

15. The method as claimed in claim 14,

wherein the deviation of the diodes (Q1, Q2) of either the first logarithmic circuit (LC1)
and the second logarithmic circuit (LC2) or the deviation of the diodes (Q1, Q2, Q3, Q4)
of the first logarithmic circuit (LC1) and the second logarithmic circuit (LC2) and the third
logarithmic circuit (LC3) and the fourth logarithmic circuit (LC4) from an ideal

characteristic behaviour is corrected by a first calibration coefficient (n¢) and a second

calibration coefficient (n).

16. The method as claimed in claim 15,
wherein the resistance (Rs) of the resistive sensor (GS) is determined in dependence on the

product of the second calibration coefficient (ng) and the resistance (Rref) of the reference
resistor (Rreference) and the antilogarithmic relationship of a term formed by the product

the first calibration coefficient (n¢) and the quotient of the first difference signal (Vj,) and

the second difference signal (thq)-

17. The method as claimed in claim 16,

wherein, for determining the first calibration coefficient (1), a first calibration resistor

having a first calibration resistance (Rcall) is externally applied to the input terminal (E) of
the measurement circuitry (MC) and a second calibration resistor having a second
calibration resistance (Rcal2) is externally applied to the input terminal (E) of the

measurement circuitry (MC).
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18. The method as claimed in claim 16,

- wherein the range of resistance (Rs) of the resistive sensor (GS) is divided in a first
resistive range and at least a second resistive range,

- wherein the first resistive range extends between a first resistance (R11) and a
second resistance (R12) of the first resistive range,

- wherein the at least one second resistive range extends between a first resistance
(R21) and a second resistance (R22) of the at least one second resistive range,

- wherein the deviation of the diodes (Q1, Q2, Q3, Q4) from the ideal characteristic

behavior is corrected by a first set of the first and the second calibration coefficient (n¢,
No1) assigned to the first resistive range and at least a second set of the first and the second

calibration coefficient (2, y2) assigned to the at least one second resistive range.
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FIG 11

( START )

Calculate the sensor resistance values for external
Rcal =1K, 10K, 1M, 10M

_—~ B1

|

Calculate n¢1 (curvature-coefficient) for Rserror(1K) = Rserror(10K)
Calculate ng1 (offset-coefficient) for {Rserror(1K) + Rserror(10K)} =0

_—B2

!

Calculate n¢o (curvature-coefficient) for Rserror(10K) = Rserror(1M)
Calculate ng2 (offset-coefficient) for {Rserror(10K) + Rserror(1M)}=0

_~ B3

!

Calculate ne3 (curvature-coefficient) for Rserror(1M) = Rserror(10M)
Calculate ng3 (offset-coefficient) for {Rserror(1M) + Rserror(10M)}=0

_— B4

I
( END )
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FIG 12
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Measure sensor resistance for
1K, 10K, 1Meg, 10Meg

!

Sensor Calculation
(ng=1and ng=1)

Calculated sensor
resistance using

M1 and Mo

END

PCT/EP2017/072346

10K<Rs<1Meg

Calculated sensor
resistance using

M2 and mg?

Calculated sensor
resistance using

M3 and no3

END

END
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