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Abstract: In recent years, the application of gas sensors is becoming more and more extensive. Driven
by potential applications such as the Internet of Things, its technology development direction begins
with miniaturization, integration, modularization, and intelligence. However, there is a bottleneck in
the research of interface circuits, which restricts the development of gas sensors in volume, power
consumption, and intelligence. To solve this problem, a MEMS gas sensor interface circuit based on
ADC technology is proposed in this paper. Under the condition of the Huahong 110 nm process, the
working voltage is 3.3 V, the resistance change of 100 Ω~1 MΩ can be detected, the conversion error
is in the range of 0.5~1%, and the maximum power consumption is 986 µW. The overall layout area is
0.49 × 0.77 mm2. Finally, the correctness of the circuit function is verified by post-layout simulation.
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1. Introduction

The interface circuit is a key component as the conversion bridge between the gas
sensor signal and the digital output signal. To a certain extent, its performance determines
the various indicators of the gas sensor. The traditional interface circuit based on Analog
digital conversion (ADC) technology has a complex design, large area, high power con-
sumption, and high cost. However, the emergence of Micro-Electro-Mechanical System
(MEMS) gas sensors means that the interface circuit can integrate “on-chip” ADCs, which
is currently a research hotspot in the field of gas sensors.

In order to design low noise, low power consumption, small size and high perfor-
mance (sensitivity), and multi-function MEMS gas sensor, its key module is still on the
interface circuit research. Interface circuits can be divided into two basic categories [1],
one based on pulse-width modulation (PWM) technology [2–5] and the other based on
ADC technology [6–10].

Based on the basic principle of the interface circuit of PWM technology is as the sensor
is sensitive to the resistance of the resistance changes, charge, or discharge of the capacitor,
so as to get a different pulse width signal, finally through the comparator circuit that can be
directly converted into digital signals, such as this kind of interface circuit without the ADC
circuit, thus has simple structure, small chip area, low power consumption. Nevertheless,
the basic principle of the interface circuit based on ADC technology is that when the
sensor resistance changes, the input signal is amplified and filtered by the front-end circuit,
and then an ADC circuit is cascaded to obtain digital output through analog-to-digital
conversion. This kind of interface circuit has higher precision, better signal-to-noise ratio,
and better adaptability in a special environment.

Sigma-delta ADCs and Successive Approximation Register (SAR) ADCs are widely
used in sensor systems. The Sigma-delta ADC can achieve high precision with a lower
bit quantizer due to its noise shaping capability, but it consumes a lot of power due to the
existence of fixed direct current (DC) bias within op-amp based integrator [11]. By contrast,

Micromachines 2023, 14, 150. https://doi.org/10.3390/mi14010150 https://www.mdpi.com/journal/micromachines

https://doi.org/10.3390/mi14010150
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0003-2444-9438
https://doi.org/10.3390/mi14010150
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi14010150?type=check_update&version=2


Micromachines 2023, 14, 150 2 of 10

owing to the advantages of their simple structure and minimal usage of an analog circuit,
SAR ADCs are well compatible with the increasingly scaled-down technology and operate
at an ultra-low power supply [12].

In 2012, Ha proposed a CDS technology to reduce interface circuit noise and 12-bit SAR
ADC with time-interleaved single differential sampling to reduce power consumption [13].
In 2016, Chiang used fourth-order continuous time (CT) Σ-∆. The modulation (SDM) circuit
quantizes and reduces the noise of the voltage signal, and finally obtains the digital output
through a latch comparator [14]. In 2019, Dudina designed low-noise, wide-bandwidth,
and wide-dynamic-range sensitive circuits by cascading two Programmable Gain Amplifier
(PGA) circuits with different functions [15].

Most of the traditional research on interface circuits based on the ADC method uses
“off-chip” ADC. Although it can also reduce power consumption and area, the dynamic
range is often not high enough, which will affect the accuracy, and the power consumption
that can reach a high dynamic range is often high. On the other hand, the transmission
between the “off-chip” ADC and the front circuit will lose more power, and the “off-chip”
structure also occupies a larger chip area. However, combined with MEMS technology,
ADC can be integrated on the same chip as the front circuit, which can greatly reduce the
chip area. Improved power utilization and ADC can directly collect data from input sources
without the need for an additional controller to reconfigure or process it. Therefore, this
paper proposes a MEMS gas sensor interface circuit based on SAR ADC with low power
consumption, low noise, small size, and high precision.

2. Interface Circuit Architecture

The common architecture of a MEMS gas sensor interface circuit is shown in Figure 1.
The interface circuit is composed of sensor sensitive resistor array, multiplexer (MUX),
pre-stage operational amplifier, low-pass filter (LPF) circuit, ADC circuit, and a digital
signal processing circuit. Sensor sensitive resistor array: the module can select the appro-
priate sensitive resistor according to the actual needs (gas type, concentration). Front stage
operational amplifier: the module reflects the change of resistance value by detecting the
change of voltage or conduction current at both ends of the sensitive resistor, so as to extract
the gas information (type and concentration) in the MEMS gas sensor, sort and adjust each
input signal, and also act as a buffer stage to isolate the sensor and the back-end circuit. LPF:
the module can filter signals of different frequencies to make useful frequency signals pass
through, and suppress useless frequency signals, which can play a role in signal processing,
data transmission, filtering interference noise, etc. ADC circuit: the module converts analog
signals processed by the previous circuit into digital signals. Digital signal processing (DSP)
circuit: the module controls the resistance matching of the multiplexer, ADC calibration,
gain selection, or offset compensation of the pre-stage operational amplifier and other
functions through the logic circuit to generate different time sequences.

Figure 1. Schematic diagram of the basic structure of the interface circuit.
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2.1. Pre-Stage Circuit Design

In order to meet the demand for gas sensors, chopper op adopts variable gain technol-
ogy, and a high-order active low-pass filter circuit is cascaded at the output end to ensure
low noise and certain linearity and gain accuracy, which is suitable for the detection of
multiple sensitive sources. The overall architecture is shown in Figure 2. In the overall
architecture of the front stage circuit, the Wheatstone Bridge structure is used as the detec-
tion circuit. R1, R2, and R3 are reference resistors with fixed resistance values, and Rs are
variable resistors, which are used to simulate changes in sensitive sources. Two kinds of
chopper structures are used to chopper the input signal outside the amplifier, and the two
structures with high noise contribution are in the internal circuit three times. Phase_Gen
module is responsible for providing a control clock signal to the chopper circuit. The output
signal generated by the Decoder module is used to control the Variable gain module to
select the appropriate circuit gain according to the actual working needs of the circuit. The
Sallen-key fourth-order active LPF circuit is cascaded to filter the high-frequency noise of
the previous circuit.

Figure 2. The basic structure of the previous circuit.

The low noise chopping operation amplifier circuit is shown in Figure 3. It is verified
by simulation that the circuit noise is only 8 nV/sqrt (Hz), and the power consumption is
16.73 µW. The circuit has four modes of gain adjustment of 20 dB, 40 dB, 60 dB, and 80 dB.
By cascading a fourth-order active low-pass filter circuit, a smooth curve with a unilateral
output swing of 646.84 mV~2.64 V and an amplitude of 1.99 V can be obtained. The entire
pre-stage circuit exhibits good gain linearity and noise reduction characteristics.

Figure 3. Schematic of low noise chopper operational amplifier circuit.
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2.2. SAR ADC Circuit Design

As shown in Figure 4, the 12-bit SAR ADC adopts a hybrid capacitance-resistor (C-
R) DAC structure. It is composed of a 5-bit resistor voltage divider network and a 7-bit
capacitor voltage divider network. Then compare the DAC output with the common mode
voltage (Vcm) through a comparator within a certain time. The obtained results can be
used to control the whole C-R switching network through the SAR logic module.

Figure 4. Topology diagram of 12-bit SAR ADC based on C-R network.

As shown in Figure 5, the circuit schematic diagram of the 12-bit SAR ADC designed
in this paper includes a MUX, a boost conversion circuit (Boost), and a buck conversion
circuit (Buck) in addition to the comparator, DAC, and SAR Logic described previously.
The multiplexer is used to simulate the sensing signal processed by the previous circuit and
provide different input signals for ADC. A buck circuit can realize the conversion function
of a voltage signal from 3 V to 1.5 V. Similarly, a boost circuit can realize the conversion
function of a voltage signal from 1.5 V to 3 V. This paper aims to design a SAR ADC with
low power consumption and small size, so the digital circuit accounts for a large proportion
of SAR ADC. In addition, since the SAR ADC does not need to provide a large voltage
signal during operation, unlike the analog circuit, boost and buck are designed to reduce
the power consumption of the circuit in processing the analog signal and digital signal.

Figure 5. Circuit diagram of 12-bit SAR ADC.
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This paper aims to design a SAR ADC with low power consumption and a small
size. Therefore, digital circuits account for a large proportion. Because they do not need
to provide large voltage signals as analog circuits do when working, boost conversion
circuits and buck conversion circuits are designed to reduce the power consumption of
circuit processing analog signals and digital signals.

3. Results

Figure 6 shows the overall layout of the interface circuit system designed in this paper.
The layout area is 497.57 × 770.82 µm2.

Figure 6. The overall layout design of the system.

3.1. Interface Circuit Module Simulation and Analysis

The simulation results after the layout of the front-stage operational amplifier are
shown in Figure 7. At the low frequency of 1 Hz, the noise of the circuit with a chopper is
12.47 nV/sqrt (Hz), while the noise of the circuit without a chopper is 718.17 nV/sqrt (Hz),
which still has good noise reduction capability. The simulation results of the front-stage
operational amplifier are shown in Table 1.

Figure 7. Noise simulation of chopper operational amplifier.
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Table 1. Simulation results of pre stage operational amplifier.

Parametera Performance

Open loop gain (dB) 62.76
Phase margin (◦) 66

Cut off frequency (Hz) 338.93 K
Output voltage swing (V) 0.49~2.84
Input voltage range (V) 0~2.44

Swing rate (V/µs) 0.95
CMRR(dB) 75.5
PSRR(dB) 70.2

Power consumption (µW) 16.73

The output signal FFT of the SAR ADC changes, as shown in Figures 8 and 9. The
corresponding Differential Non-linearity (DNL) and Integral Non-linearity (INL) post-
simulation test results are, respectively. It can be seen from the figure that the range of DNL
is −0.05 LSB/+0.5 LSB; The INL range is −0.28 LSB/+0.61 LSB. Although the error has
increased, the change is not significant.

Figure 8. Simulation test results of DNL.

Figure 9. Simulation test results of INL.
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In order to verify the dynamic performance of the 12-bit SAR ADC after the layout,
when the ADC sampling rate is 1 MSps, the frequency of the input signal is 2 kHz. A
total of 4096 points are selected from the output signal for FFT analysis after the layout.
The results are shown in Figure 10. The SNR of the designed 12-bit SAR ADC is 63.96 dB,
SINAD is 63.88 dB, THD is 81.19 dB, SFDR is 87.34 dB, and ENOB is 10.32 bits, indicating
that the dynamic performance of the designed ADC still meets the design requirements
after passing the layout simulation.

Figure 10. Simulation of 12-bit SAR ADC.

3.2. System Simulation and Analysis

Then the system noise and conversion error are verified by post-simulation, and the
simulation results are shown in Figures 11 and 12, respectively. It can be found in Figure 11
that when the sensitive resistance is 100 Ω to 1 KΩ, the conversion error fluctuates up and
down at some points, but the general trend still decreases with the increase of resistance
value until the minimum error is 0.5%. When the sensitive resistance is from 1 KΩ to 10 KΩ,
the conversion error increases with the increase of resistance value, and the maximum
error is about 0.84%. When the sensitive resistance is between 10 KΩ and 100 KΩ, the
conversion error decreases with the increase of resistance value until 0.63%. When the
sensitive resistance is between 100 KΩ and 1 MΩ, the conversion error varies greatly, but is
less than 1%. It can be seen that the measurement accuracy of the designed interface circuit
system is the same as that of the previous simulation, both within the range of 0.5~1%.
In Figure 12, the noise of the system using chopper technology is 740.95 nV/sqrt (Hz) at
1 Hz. The system noise without chopper technology is 2.20 µV/sqrt (Hz) at 1 Hz. The
post-copy of the layout verifies the noise reduction capability of the front circuit to the
interface circuit.
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Figure 11. Simulation after system conversion error.

Figure 12. Post-simulation of system noise layout.

The research results of this paper are compared with other relevant studies at home
and abroad, and the comparative results are shown in Table 2. It can be seen that the MEMS
gas sensor interface circuit designed in this paper can actually measure the resistance
changes of four orders of magnitude, and the measurement error is within the range of
0.5% to 1%. When the power supply is 3.3 V, the power consumption is only 0.98 mW, and
the chip area is only 0.377 mm2. Compared with other studies, it has certain advantages in
chip area and power consumption. The power consumption of the circuit is reduced by
using Boost and Buck. The SAR logic array using a C-R hybrid structure is used to reduce
the system area.
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Table 2. Performance comparison of interface circuits.

[8] [16] This Work

Technology (nm) 180 180 110
Voltage (V) 1.8 1.8 3.3

Sensing range (Ω) 80–2 M 1–500 M 100–1 M
Relative error (%) <1.5 <1 0.5–1

Power consumption (mW) 1.8 7.92 0.98
Area (mm2) 0.64 0.996 0.377

4. Conclusions

Based on Hua Hong’s 110 nm process, this paper proposes a MEMS gas sensor
interface circuit based on ADC technology. The gas sensor interface circuit can be reduced
by 1.16% without chopper technology and chopper technology µV/sqrt (Hz) system noise.
The system can actually measure the resistance change from 100 Ω to 1 MΩ, and the
conversion error is within the range of 0.5% to 1%. When the power supply is 3.3 V, the
power consumption is only 0.98 mW. The layout area of the whole interface circuit is about
0.377 mm2. Through the comparison and analysis with related research, the interface circuit
designed in this paper has certain advantages in chip area and power consumption.

Author Contributions: Conceptualization, S.R. and M.R.; methodology, M.R.; software, H.X.; valida-
tion, S.R., M.R. and H.X.; data curation, H.X.; writing—original draft preparation, H.X.; writing—review
and editing, M.R.; visualization, H.X.; supervision, M.R.; project administration, S.R.; funding
acquisition, M.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Jinhua Public Welfare Technology Application Research
Project (Grant number 2022-4-064).

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the research projects 2022-4-064 of the Jinhua
Public Welfare Technology Application Research Project, China, for support in relation to simulation
equipment and experimental materials and devices.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ren, M.; Xu, H.; Dong, C.; Zhang, Z. Towards a gas sensor interface circuit—A Review. IEEE Sens. J. 2022, 22, 18253–18265.

[CrossRef]
2. Grassi, M.; Malcovati, P.; Baschirotto, A. A 141-dB dynamic range CMOS gas-sensor interface circuit without calibration with

16-Bit digital output word. IEEE J. Solid St. Circ. 2007, 42, 1543–1554. [CrossRef]
3. Hijazi, Z.; Grassi, M.; Caviglia, D.D.; Valle, M. 153dB dynamic range calibration-Less gas sensor interface circuit with quasi-digital

output. In 2017 New Generation of CAS (NGCAS); IEEE: Genova, Italy, 2017; pp. 109–112.
4. Hijazi, Z.; Grassi, M.; Caviglia, D.D.; Valle, M. Time-based calibration-less read-out circuit for interfacing wide range MOX gas

sensors. Integration 2018, 63, 232–239. [CrossRef]
5. Ciciotti, F.; Buffa, C.; Radogna, A.V.; Francioso, L.; Capone, S.; Gaggl, R.; Baschirotto, A. A 450-µA 128-dB dynamic range A/D

CMOS interface for MOX gas sensors. IEEE Sens. J. 2019, 19, 12069–12078. [CrossRef]
6. Grassi, M.; Malcovati, P.; Baschirotto, A. A 160 dB equivalent dynamic range auto-scaling interface for resistive gas sensors arrays.

IEEE J. Solid St. Circ. 2007, 42, 518–528. [CrossRef]
7. Mu, X.; Rairigh, D.; Mason, A.J. 125ppm resolution and 120dB dynamic range nanoparticle chemiresistor array readout circuit. In

IEEE International Symposium of Circuits & Systems; IEEE: Rio de Janeiro, Brazil, 2011; pp. 2213–2216. 125p.
8. Park, J.H.; Park, K.M.; Kim, T.W.; Shin, S.; Park, C.O.; Yoo, H.J. Three-electrode metal-oxide gas sensor system with CMOS

interface IC. IEEE Sens. J. 2017, 17, 784–793. [CrossRef]
9. Wang, J.; Yang, J.; Chen, D.; Jin, L.; Li, Y.; Zhang, Y.; Xu, L.; Guo, Y.; Lin, F.; Wu, F. Gas detection microsystem with MEMS gas

sensor and integrated circuit. IEEE Sens. J. 2018, 18, 6765–6773. [CrossRef]
10. Park, K.; Choi, S.; Chae, H.Y.; Park, C.S.; Lee, S.; Lim, Y.; Shin, H.; Kim, J.J. An energy-efficient multimode multichannel gas-sensor

system with learning-based optimization and self-calibration schemes. IEEE Trans. Ind. Electron. 2020, 67, 2402–2410. [CrossRef]
11. Li, Y.; Zhao, Y.; Zhao, Y.; Ye, M. A 12.1 bit-ENOB noise shaping SAR ADC for biosensor applications. Microelectron. J. 2021,

118, 105292. [CrossRef]

http://doi.org/10.1109/JSEN.2022.3199254
http://doi.org/10.1109/JSSC.2007.899087
http://doi.org/10.1016/j.vlsi.2018.05.004
http://doi.org/10.1109/JSEN.2019.2939615
http://doi.org/10.1109/JSSC.2006.891724
http://doi.org/10.1109/JSEN.2016.2633561
http://doi.org/10.1109/JSEN.2018.2829742
http://doi.org/10.1109/TIE.2019.2905819
http://doi.org/10.1016/j.mejo.2021.105292


Micromachines 2023, 14, 150 10 of 10

12. Choi, H.S.; Son, K.; Park, H.J.; Sim, J.Y. An 84.6-dB-SNDR and 98.2-dB-SFDR residue-integrated SAR ADC for low-power sensor
applications. IEEE J. Solid St. Circ. 2018, 53, 404–417. [CrossRef]

13. Ha, H.; Suh, Y.; Lee, S.; Park, H.; Sim, J. A 0.5V, 11.3-µW, 1-kS/s resistive sensor interface circuit with correlated double sampling.
In Proceedings of the IEEE 2012 Custom Integrated Circuits Conference, San Jose, CA, USA, 9–12 September 2012; pp. 1–4.

14. Chiang, C.; Hsieh, C. Design of a CMOS Digitized Gas Transducer with Noise Shaping for CO2 Concentration Monitoring
Applications. IEEE Sens. J. 2016, 16, 975–982. [CrossRef]

15. Dudina, A.; Seichepine, F.; Chen, Y.; Stettler, A.; Hierlemann, A.; Frey, U. Monolithic CMOS sensor platform featuring an
array of 9’216 carbon-nanotube-sensor elements and low-noise, wide-bandwidth and wide-dynamic-range readout circuitry.
Sens. Actuators B Chem. 2019, 279, 255–266. [CrossRef] [PubMed]

16. Chen, M.; Peng, S.; Wang, N.; Xu, L.; Lin, F.; Wu, F. A wide-range and high-resolution detection circuit for MEMS gas sensor.
IEEE Sens. J. 2019, 19, 3130–3137. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/JSSC.2017.2774287
http://doi.org/10.1109/JSEN.2015.2492604
http://doi.org/10.1016/j.snb.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30344373
http://doi.org/10.1109/JSEN.2018.2888557

	Introduction 
	Interface Circuit Architecture 
	Pre-Stage Circuit Design 
	SAR ADC Circuit Design 

	Results 
	Interface Circuit Module Simulation and Analysis 
	System Simulation and Analysis 

	Conclusions 
	References

