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1.

Introduction

IDT’s SGAS line of solid-state chemiresistive sensors are an advanced type of gas-sensitive resistor; i.e., they sense the presence of a target
gas through a change in resistance of the sensing element. Most sensors exhibit reduced resistance as gas concentration increases, typically
over several orders of magnitude across the sensing range.
The electronic instrumentation used to detect this change in resistance influences the quality and accuracy of the gas sensing result. In
particular, the analog front-end circuitry used to measure resistance can have a significant effect on overall measurement characteristics and
must be selected with care. The goal in this application note is to describe how the concentration/resistance transfer functions of the sensor
combine with those of the electronic circuitry used to measure sensor resistance, with the aim of ensuring that the overall transfer function is
well-matched to particular sensing applications.

2.

Resistive Characteristics of Sensors

Solid-state chemiresistive sensors show a reduced resistance with increasing gas concentration according to Equation 1:
R=A∗C

-α

Equation 1

Where
R is resistance
C is concentration
A and 𝛼 are constants
Although several alternate or refined versions of this equation have been posited for chemiresistive sensors, the fundamental resistance
versus concentration relationship described in Equation 1 is applicable for all SGAS sensors produced by IDT. Taking the log of both sides of
Equation (1) results in Equation 2:
log(R) = log(A) − α ∗ log(C)

Equation 2

This illustrates the basis for the chemiresistor-related paradigm that log resistance versus log concentration is linear.
An immediately observable consequence of Equation 1 is that sensor resistance will change rapidly if low concentrations are applied and
much slower at high concentrations. This is illustrated in the following real example, based on actual behavior observed with an SGAS701
Hydrogen Sensor, which has a baseline (air) resistance of approximately 5MΩ; a resistance in 100ppm hydrogen of approximately 300kΩ;
and a resistance in 1000ppm hydrogen (full-scale) of approximately 70kΩ.
Fitting this data to Equation 2 produces
AH2 = 5.51 ∗ 106
αH2 = 0.632
Figure 1 and Figure 2 illustrate the resistance versus concentration relationship for the example of the hydrogen sensor.
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Figure 1.

Resistance versus Gas Concentration Plotted Linearly – SGAS701 Hydrogen Sensor
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Figure 2.

Resistance versus Gas Concentration Plotted Logarithmically – SGAS701 Hydrogen Sensor
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Since simple resistance measurement circuits will have a non-logarithmic transfer function, the fundamental measurement challenge
illustrated by Figure 1 is expected when making gas sensor measurements. Additional nonlinear effects from the measurement circuitry
exacerbate this challenge and must be understood in order to account for or eliminate these effects.
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3.

Voltage Divider

The voltage divider shown in Figure 3 is a very simple circuit for producing the sensor signal VOUT.
Figure 3.

Voltage Divider Circuit

VBIAS
RSENSOR
VOUT
RFIXED

The sensor signal relates to sensor resistance according to Equation 3:
VOUT = VBIAS ∗

RFIXED
RFIXED + RSENSOR

Equation 3

Sensor resistance can be calculated with Equation 4:
RSENSOR = RFIXED ∗ (

VBIAS
− 1)
VOUT

Equation 4

VOUT increases as the sensor responds to higher gas concentrations (as the sensor resistance decreases). Both voltage and current through
the sensor change as the sensor responds to the changing gas concentration. If RSENSOR is very small compared to RFIXED, then VOUT  VBIAS.
If RSENSOR is very large compared to RFIXED, then VOUT  0. Therefore, selecting RFIXED involves identifying a response voltage range suitable
for follow-on measurement circuitry. The practical example below (utilizing the hydrogen sensor described above) illustrates the selection
process.
A typical SGAS701 gas sensor has a resistance in air of approximately 3MΩ and a resistance under full-scale gas exposure (1000ppm
hydrogen) of approximately 70kΩ. Start the selection process by rearranging Equation 3:
RFIXED = RSENSOR ∗ (

response
)
1 − response

Equation 5

Where:
response =

VOUT
RFIXED
=
VBIAS RFIXED + RSENSOR
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Equation 3 makes clear that a full-scale response equal to VBIAS cannot be achieved, as this would require a fixed resistor that is infinitely
large. However, it is easy to reach 90% of full-scale with practical resistance values:
responseH2_FullScale = 0.9
RFIXED = RH2_FullScale ∗ (

responseH2_FullScale
1 − responseH2_FullScale

) = 70kΩ ∗ (

0.9
) = 630kΩ
1 − 0.9

Taking Equation 6 into consideration, the response in air for this value of RFIXED would be
responseAIR =

RFIXED
630kΩ
=
= 0.112
RFIXED + RAIR 630kΩ + 5MΩ

For perspective, on a 3.3V measurement system, the voltage in air would be 369mV and the full-scale response would be 2.97V. Alternative
full-scale response targets can be selected (3.3V system assumed) as given in Table 1.
Table 1.

Alternative Full-Scale Response Targets for 3.3V System

Full Scale Response

RFIXED [Ω]

VOUT (air) [V]

VOUT (full-scale) [V]

0.75

210k

0.133

2.475

0.80

280k

0.175

2.640

0.90

630k

0.369

2.970

0.95

1.33M

0.693

3.135

It is clear that a trade-off is made between low baseline ("in air") and full-scale response signals. In general, a full-scale response voltage
close to VBIAS is preferred (for reasons discussed below), and thus a full-scale response value at the lower end of the table is favored.
How the response scales with the sensor resistance is also important. From Equation 6, it can be seen that the sensor response scales in
proportion to the inverse of the sensor resistance. It is also seen that sensor response (compared to a percent change of resistance) is much
smaller near full-scale than it is near zero. For instance, a halving of the sensor resistance from 4MΩ to 2MΩ (with a 3.3V divider drive and a
630kΩ load resistor) results in a response voltage increase from 449mV to 790mV, or a 75% response to the halving of sensor resistance. By
comparison, a halving of sensor resistance from 10kΩ to 5kΩ results in a response voltage increase from 2.51V to 2.85V, an increase in
response of only 14%. Stated another way, response is much greater near zero than near full-scale.
The discussion above relates to the transfer function sourcing from the characteristics of the measurement circuit, and it is separate from the
resistance-concentration relationship described in Equation 1. Quantitatively, the combination of the resistance to response behavior of the
circuit as shown in Equation 6 with the resistance to concentration transform from Equation 1 gives Equation 7:
response=

RFIXED
RFIXED + A ∗ C

Equation 7

-α

The resulting sensor response is shown in Figure 4. The graph shows the anticipated rapid rise in response at lower concentrations and the
slowing of response at higher concentrations.
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Figure 4.

Linear Hydrogen Sensor Response versus Gas Concentration for a Voltage Divider
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Taking the log of both sides of Equation 7 gives Equation 8:
-α

log(response) = log(RFIXED ) − log(RFIXED + A ∗ C )

Equation 8
-α

-α

When RFIXED ≪ RSENSOR (i.e., when the gas concentration is low), log(RFIXED + A ∗ C ) reduces to log(A ∗ C ), which gives a linear
relationship between log(Response) and log(C). At higher response levels (i.e., lower RSENSOR), RFIXED will start to dominate the
-α
log(RFIXED + A ∗ C ) term, and the log(Response) versus log(C) relationship will become increasingly nonlinear. The nonlinearity is demonstrated in Figure 5 for the hydrogen sensor example.
Figure 5.

Logarithmic Hydrogen Sensor Response versus Gas Concentration for a Voltage Divider
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There is no algorithmic way to linearize the log of the response, since RSENSOR and RFIXED are inseparable in Equation 6. How important this is
depends upon the needs of the application. However, the analysis above shows that a voltage divider would not be favored in applications
where the response signal requires linearization as part of a calibration or analysis scheme.
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4.

Constant Voltage Sensor Drive

Several practical circuits are available for driving the sensor element with a constant voltage. Resistance is then determined by measuring the
current through the sensor. The simplest approach uses a non-inverting amplifier configuration as illustrated in Figure 6.
Figure 6.

Constant Voltage Driving Circuit

VBIAS
VOUT

+
RGAIN

RSENSOR

The sensor signal VOUT relates to sensor resistance according to Equation 9:
VOUT = VBIAS ∗ (

RGAIN
+ 1)
RSENSOR

Equation 9

Sensor resistance is calculated using Equation 10:
RSENSOR = VBIAS ∗

RGAIN
VOUT − VBIAS

Equation 10

Vout increases as the sensor responds to higher gas concentrations (as sensor resistance decreases), varying from a minimum of VBIAS (at
infinite RSENSOR) to a full-scale reading of 2.5V (at RSENSOR = RGAIN). Selecting RGAIN is straightforward: it is equal to the targeted full-scale
resistance. An obvious drawback of this particular front-end design is the offset (by VBIAS) of VOUT. However, offset and scaling of the output
signal, either before or as part of the analog-to-digital conversion process, are easily implemented to overcome this drawback.
If the response is taken by (
response =

VOUT
VBIAS

− 1), then

RGAIN
RGAIN
=
RSENSOR A ∗ C-α

Equation 11

As immediately seen from Equation 11, the response is inversely proportional to RSENSOR. When comparing Equation 11 to Equation 6, it can
be seen that the fixed resistance is no longer intertwined with the sensor resistance for the constant voltage drive, making response less rapid
at lower concentrations. This is borne out comparing the plot of sensor response versus concentration shown in Figure 7 to the corresponding
plot (Figure 4) for the voltage divider.
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Figure 7.

Linear Hydrogen Sensor Response versus Gas Concentration at Constant Voltage
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Taking the log of both sides of Equation 11:
log(response) = log(RGAIN ) − log(A) + α ∗ log(C)

Equation 12

With this method, the response should be fully linear in a log(response) versus log(C) plot as shown in Figure 8 using the SGAS hydrogen
sensor example.
Figure 8.

Logarithmic Hydrogen Sensor Response versus Gas Concentration at Constant Voltage
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When comparing this plot to the corresponding plot for the voltage divider (Figure 5), it can be seen that there is more responsiveness over
the three orders of concentration magnitude in the constant voltage case.
Note that taking the response to be (

VOUT
VBIAS

− 1) effectively normalizes and offsets the response to a 0 to 1 basis.
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The same offset effect can be achieved in hardware by adding an analog differentiator to the non-inverting amplifier as shown in Figure 9.
Figure 9.

Constant Voltage with Offset and Amplification Circuit
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The output of this circuit is given by Equation 13:
VOUT = 2 ∗ VBIAS ∗

RGAIN
RSENSOR

Equation 13

Using VOUT directly as response produces a linear log(response) versus log(C) plot as shown in Figure 10 using the SGAS hydrogen sensor
example (with VBIAS = 1.25V).
Figure 10. Offset Corrected Logarithmic Hydrogen Sensor Response versus Gas Concentration
at Constant Voltage
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Except for the sensor response change of basis (from (0 to 1) to (0 to 2.5)), the log(response) versus log(C) plot remains the same.
There are several other constant voltage circuit topologies available to determine sensor resistance, but all have response characteristics
similar to the circuit shown above.
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5.

Constant Current Sensor Drive

The sensor resistance can also be measured by driving the sensor with a constant current, followed by measurement of the voltage drop
across the sensor.
Figure 11. Constant Current Driving Circuit

i

VOUT
RSENSOR

The sensor signal (VOUT) relates to sensor resistance according to Equation 14:
VOUT = iDRIVE ∗ RSENSOR

Equation 14

Sensor resistance is calculated using Equation 15:
RSENSOR =

VOUT
iDRIVE

Equation 15

This method has one distinct difference in comparison to the voltage divider and constant voltage measurement methods: the output signal
(VOUT) is directly proportional to sensor resistance, rather than inversely proportional. The practical result of this is a more even spreading of
resistance change over the readable range. Whether or not this is an advantage is determined by application needs.
If the response is taken to be VOUT then
Equation 16

response = iDRIVE ∗ RSENSOR = iDRIVE ∗ A ∗ C
A plot of the response (with iDRIVE = 20µA) produces the result shown in Figure 12.
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Figure 12. Linear Hydrogen Sensor Response versus Gas Concentration at Constant Current
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Note that the output signal decreases as gas concentration increases with this type of analog front-end. Also note that linearization of
response versus resistance is present in different ways at both low and high gas concentrations, but it is of limited utility because of the
“flatness” of the response curve at both ends.
The current driving the sensor should be selected to produce a usable voltage at all points across the measurement range. Using the SGAS
hydrogen example, a sensor resistance of 5MΩ (corresponding to a gas concentration of between 1 to 2 ppm) would have an output of 2.5V
at a sensor current of
2.5V
= 500nA
5MΩ
The full-scale hydrogen concentration of (1000ppm at 70kΩ) would produce a voltage of
500nA ∗ 70kΩ = 35mV
Sensor response (VOUT) is completely linear in a log(response) versus log(C) plot as shown in Figure 13 with the SGAS hydrogen sensor
example and iDRIVE = 500nA.
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Figure 13. Logarithmic Hydrogen Sensor Response versus Gas Concentration at Constant Current
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The advantages of this circuit relate to compatibility with microcontroller applications. In particular, the ease with which current drive
magnitude can be altered under voltage control and the direct compatibility of circuit output with analog-to-digital converters offer significant
advantages in applications requiring broad sensor support.
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6.

Comparison of Circuits

Table 2 summarizes key advantages and disadvantages of each circuit type when used with n-type chemiresistive sensors.
Table 2.

Comparison of Sensor Resistance Measuring Circuits

Advantages
Voltage Divider




Constant Voltage






Constant Current







Disadvantages

Simple electronics, no active components
Most suitable for detection applications, less so for
quantitative analysis



Next most simple electronics, 2 operational
amplifiers maximum
Non-log-corrected response has generally good
linearity
Log response versus log concentration is easily
made fully linear
Good choice for matching a circuit to a particular
sensor



Requires high value resistors for high impedance
sensors

Conforms to standard method for measuring
device resistance
Adaptable to a wide resistance range of sensors
within a single circuit
Effective, high quality measurement of high
impedance sensors
Log response versus log concentration is fully
linear
Good choice for general purpose/demonstration
type applications



Direct response is very nonlinear
Most complicated and expensive circuit of the
three
Requires a microcontroller to realize advantages;
not well adaptable to analog-only circuits
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Less than rail-to-rail use of circuit supply
Direct response is nonlinear
Log response versus log concentration is also
nonlinear

October 26, 2017

Resistance Measuring Circuits for SGAS Sensors

7.

Revision History
Revision Date

October 26, 2017

Description of Change
Initial release.

Corporate Headquarters

Sales

Tech Support

6024 Silver Creek Valley Road
San Jose, CA 95138
www.IDT.com

1-800-345-7015 or 408-284-8200
Fax: 408-284-2775
www.IDT.com/go/sales

www.IDT.com/go/support

DISCLAIMER Integrated Device Technology, Inc. (IDT) and its affiliated companies (herein referred to as “IDT”) reserve the ri ght to modify the products and/or specifications described herein at any time,
without notice, at IDT's sole discretion. Performance specifications and operating parameters of the described products are determined in an independent state and are not guaran teed to perform the same
way when installed in customer products. The information contained herein is provided without representati on or warranty of any kind, whether express or implied, including, but not limited to, the suitability
of IDT's products for any particular purpose, an implied warranty of merchantability, or non -infringement of the intellectual property rights of others. This document is presented only as a guide and does not
convey any license under intellectual property rights of IDT or any third parties.
IDT's products are not intended for use in applications involving extreme environmental conditions or in life support systems or similar devices where the failure or malfunction of an IDT product can be
reasonably expected to significantly affect the health or safety of users. Anyone using an IDT product in such a manner does so at their own risk, absent an express, written agreement by IDT.
Integrated Device Technology, IDT and the IDT logo are trademarks or registered trademarks of IDT and its subsidiaries in the United States and other countries. Other trademarks used herein are the
property of IDT or their respective third party owners. For datasheet type definitions and a glossary of common terms, visit www.idt.com/go/glossary. All contents of this document are copyright of
Integrated Device Technology, Inc. All rights reserved.

© 2017 Integrated Device Technology, Inc.

14

October 26, 2017

IMPORTANT NOTICE AND DISCLAIMER
RENESAS ELECTRONICS CORPORATION AND ITS SUBSIDIARIES (“RENESAS”) PROVIDES TECHNICAL
SPECIFICATIONS AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING
REFERENCE DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND
OTHER RESOURCES “AS IS” AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS OR IMPLIED,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, OR NON-INFRINGEMENT OF THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.
These resources are intended for developers skilled in the art designing with Renesas products. You are solely responsible
for (1) selecting the appropriate products for your application, (2) designing, validating, and testing your application, and (3)
ensuring your application meets applicable standards, and any other safety, security, or other requirements. These
resources are subject to change without notice. Renesas grants you permission to use these resources only for
development of an application that uses Renesas products. Other reproduction or use of these resources is strictly
prohibited. No license is granted to any other Renesas intellectual property or to any third party intellectual property.
Renesas disclaims responsibility for, and you will fully indemnify Renesas and its representatives against, any claims,
damages, costs, losses, or liabilities arising out of your use of these resources. Renesas' products are provided only subject
to Renesas' Terms and Conditions of Sale or other applicable terms agreed to in writing. No use of any Renesas resources
expands or otherwise alters any applicable warranties or warranty disclaimers for these products.

(Rev.1.0 Mar 2020)

Corporate Headquarters

Contact Information

TOYOSU FORESIA, 3-2-24 Toyosu,
Koto-ku, Tokyo 135-0061, Japan
www.renesas.com

For further information on a product, technology, the most
up-to-date version of a document, or your nearest sales
office, please visit:
www.renesas.com/contact/

Trademarks
Renesas and the Renesas logo are trademarks of Renesas
Electronics Corporation. All trademarks and registered
trademarks are the property of their respective owners.

© 2020 Renesas Electronics Corporation. All rights reserved.

