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Abstract. Smart sensors play a pivotal role in modern sensing applications across diverse domains, from
environmental monitoring to industrial automation. However, the inherent long term drift phenomena in these
advanced smart sensors pose a formidable challenge to their sustained accuracy and reliability. Traditional
mitigation strategies, such as periodic calibration and manual adjustments, are inadequate in addressing the
dynamic and continuous nature of drift. In this paper, we introduce an innovative solution to combat long-term
drift in advanced smart sensors by employing a real-time drift compensation circuit built around operational
amplifiers (op-amps) and linear regression. Central to our methodology is the deployment of a summing
amplifier architecture, which intricately integrates a fixed voltage reference and the sensor output as input
signals. This configuration establishes a sophisticated real time drift compensation mechanism that actively
monitors and corrects drift-induced variations in the sensor’s output voltage. Through continuous adjustment
of the output voltage based on the relation between the reference voltage and the sensor output, our circuit
ensures unparalleled precision and stability in sensor measurements over prolonged operational periods. A
salient feature of our proposed drift compensation circuit is its real-time adaptability, which obviates the need
for manual intervention or recalibration. This capability not only minimizes system downtime and operational
disruptions but also augments the overall reliability and resilience of sensor networks, particularly in
applications necessitating uninterrupted and high-fidelity data acquisition. Furthermore, our drift compensation
circuit embodies a versatile and cost-efficient solution that seamlessly integrates into existing sensor
architectures with minimal retrofitting requirements. Its elegant simplicity and efficacy render it suitable for
deployment across a spectrum of smart sensor applications, spanning from precision environmental monitoring
stations to intricate industrial process control systems. In conclusion, the novel drift compensation circuit
elucidated in this paper represents a paradigm shift in smart sensor technology, heralding a new era of enhanced
accuracy, resilience, and longevity in sensing systems. By surmounting the perennial challenge of long-term
drift, our approach paves the way for the ubiquitous deployment of advanced smart sensors in critical
infrastructure and emerging applications, thereby catalyzing transformative advancements in sensor-enabled
technologies.
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1. Introduction

The precise and reliable operation of sensors is paramount in numerous technological domains, ranging
from environmental monitoring to industrial automation. However, the inherent long-term drift phenomenon
in sensor outputs poses a formidable challenge to maintaining accuracy and stability over time. Current drift
compensation techniques, including manual recalibration and complex software algorithms, exhibit notable
drawbacks that hinder their widespread adoption and effectiveness. Manual recalibration, albeit a common
practice, is plagued by inherent inefficiencies and limitations. The process is time-consuming, disrupts sensor
operation, and often necessitates the costly return of sensors to calibration facilities [1]. Furthermore, the
periodicity of manual recalibration intervals may not align with the dynamic drift characteristics of sensors,
leading to suboptimal performance and increased downtime.

Software-based drift compensation methods, while promising, can be expensive and time-consuming to
develop and implement. These methods often rely on complex algorithms, introducing computational overhead
that can hinder real-time performance and scalability of sensor systems. The approach proposed in this paper
offers an innovative alternative, utilizing operational amplifiers (op-amps) to design a real-time drift
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compensation circuit. This cost-effective solution continuously adjusts the sensor output voltage to counteract
drift, ensuring accurate readings without the need for offline recalibration or complex software algorithms.
Importantly, the approach employs simple linear regression to compensate for drift based on the output of the
compensation circuit, eliminating the need for complex auto-calibration algorithms.

Examples of auto-calibration used in real-time applications:

Self-driving vehicles: Lidar and camera sensors used in autonomous cars must maintain precise
calibration to ensure accurate perception of the environment. Auto-calibration algorithms constantly adjust
these sensors in real-time to account for shifts caused by temperature changes or vibrations. Robotics: Robotic
arms and manipulators often use sensors for position and force feedback. Real-time auto-calibration ensures
these sensors remain accurate, guaranteeing precision movements and preventing damage. Medical devices:
Wearable health monitors and implantable sensors require continuous calibration. Auto-calibration algorithms
maintain accuracy by compensating for factors like changes in body chemistry or sensor wear.

The impact of drift is profound and multifaceted, affecting sensor systems’ accuracy, reliability, and
maintenance requirements. Drift, characterized by the gradual deviation or change in sensor output over time,
introduces several detrimental effects that can compromise the integrity of sensor measurements and
subsequent decision-making processes. Firstly, drift significantly diminishes the accuracy of sensor readings,
leading to erroneous data and false readings. This reduction in accuracy undermines the reliability of sensor
systems, particularly in critical applications such as environmental monitoring, where precise measurements
are imperative for assessing pollution levels, detecting hazardous substances, and ensuring public safety.
Moreover, the presence of drift introduces the potential for decision-making errors, as inaccurate data may
lead to erroneous conclusions and actions in control systems, safety mechanisms, and scientific analysis. The
consequences of such errors can range from suboptimal performance in industrial processes to compromised
safety protocols in environmental hazard detection systems. Furthermore, drift imposes increased maintenance
burdens on sensor systems, as it often necessitates frequent recalibration or replacement of sensors to mitigate
drift effects. This heightened maintenance requirement not only incurs additional costs but also disrupts
operational workflows and introduces downtime in sensor deployment.

In addressing these challenges, the implementation of an operational amplifier (op-amp) based circuit
offers a promising solution to mitigate the impacts of drift in environmental gas sensors. By continuously
monitoring and adjusting the sensor output in real-time, op-amp based circuits effectively compensate for drift-
induced variations, thereby enhancing the accuracy, reliability, and longevity of sensor measurements.
Additionally, the proactive drift compensation provided by operational amplifier-based circuits reduces the
need for frequent recalibration or sensor replacement, resulting in cost savings and improved operational
efficiency. Overall, the integration of op-amp based circuits represents a proactive approach to addressing the
detrimental impacts of drift in environmental gas sensors, ensuring accurate and reliable data for informed
decision making and environmental management.

2. Related Work

This section assesses prior research endeavours, delving into the intricacies of real-time drift compensation
circuits and their pivotal role in fortifying the enduring reliability of cutting-edge smart sensor technologies.
This literature review explores the diverse applications of current feedback operational amplifiers (CFOAs), a
specialized class of operational amplifiers with unique characteristics that distinguish them from traditional
voltage feedback amplifiers [6]. By leveraging the inherent features of CFOAs, such as high slew rate, wide
bandwidth, and low input impedance, the research investigates their utility across various domains.
Furthermore, the research elucidates the advantages of CFOAs in each application, emphasizing their ability
to achieve superior performance metrics such as high gain, low distortion, and enhanced frequency response.
Through a comprehensive review and analysis of existing literature and practical implementations, the study
provides valuable insights into the versatility and effectiveness of CFOAs in modern electronic circuit design,
paving the way for their widespread adoption in diverse applications across industries. [6]

Previous research has demonstrated the advantages of utilizing the op-amp method for addressing drift
variations. Li, Xiaoliang, et al. (2019) proposed a high dynamic range CMOS MEMS accelerometer array
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equipped with drift compensation and fine grain offset compensation mechanisms. This innovative device
addresses the inherent challenges of MEMS-based accelerometers, such as drift and offset errors, by
incorporating advanced compensation techniques. The drift compensation feature ensures the long-term
stability of sensor readings by continuously monitoring and adjusting for drift over time. By continuously
monitoring the sensor outputs over time, the array is able to detect any gradual changes or drift in the readings.
Once drift is detected, the array employs sophisticated compensation algorithms to dynamically adjust the
sensor outputs, ensuring that the measurements remain accurate and stable. This proactive approach to drift
compensation allows the accelerometer array to maintain reliable performance over extended periods, even in
challenging environmental conditions or with aging sensor components. [3]. Another research delves into the
hardware design aspects of electrical capacitance tomography (ECT) systems, with a specific focus on
operational amplifiers and drift changes. It outlines the challenges associated with drift in ECT systems and
emphasizes the importance of addressing these issues in hardware design. By employing op-amps with low
drift characteristics, the article proposes a solution to mitigate drift effects and improve the stability and
accuracy of ECT measurements. Through detailed design considerations and analysis, the article highlights
the role of op-amps in minimizing drift changes and optimizing the performance of ECT systems. [7]

Additionally, recent advancements in op-amp technology have enabled the development of drift
compensation circuits with enhanced precision and efficiency. Ranasingh, S., et al. (2023) introduced an
amplitude modulated feed-forward thermal drift compensation technique for both linear and nonlinear current
sensors, particularly examining its relationship with op-amps and drift changes. It addresses the challenge of
thermal drift in current sensors and proposes a novel compensation method leveraging operational amplifier
technology. The technique utilizes amplitude modulation to mitigate the effects of thermal drift, enhancing the
accuracy and stability of current measurements. Through experimental validation and analysis, the article
demonstrates the efficacy of the proposed compensation approach in minimizing drift induced errors, thus
improving the reliability and performance of current sensing systems in various applications. [5]

Study led by Pettinato, S., et al. (2020) discusses compact current reference circuits designed to minimize
temperature drift and provide high compliance voltage. It emphasizes the role of op-amps in mitigating drift
effects and ensuring stable operation over varying temperatures, thereby improving the reliability and accuracy
of current reference circuits. [4]. This study highlights the significance of minimizing offset errors and drift in
instrumentation amplifiers for accurate signal processing in radiometric systems. By leveraging advanced op-
amp technologies and innovative circuit design techniques, the amplifier aims to mitigate drift effects and
maintain precise measurements over time and varying environmental conditions. [2]

Another study introduces a straightforward digitization scheme tailored for resistive sensors and explores
its application for remote measurements, particularly in relation to op-amps and drift changes. Unlike
traditional methods, this scheme offers a simplified approach to digitizing sensor data, making it suitable for
remote monitoring applications. The discussion delves into the role of op-amps in mitigating drift changes and
highlights how the proposed digitization scheme can effectively complement op-amp-based circuits in
maintaining accurate sensor measurements over time. Through this comparative analysis, the article
underscores the practical advantages of the proposed scheme for remote sensor applications, particularly in
scenarios where drift changes are a concern. [1]

While existing studies have made notable progress in drift compensation techniques, there persists a
demand for solutions that are resilient, versatile across diverse environmental conditions, and seamlessly
integrable into practical sensor systems. Our research aims to fill this gap by proposing a novel methodology.
By dynamically adjusting sensor output, our approach ensures accurate readings without the need for
recalibration or complex software.

3. Methodology

This section outlines the systematic approach followed to develop and evaluate the proposed drift
compensation circuit.

3.1. Principle of Operation:
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The core idea behind using a summing amplifier for drift compensation is to create a drift compensation circuit
that automatically adjusts the sensor’s output in response to detected drift. Here’s how it works:

Inputs:

e The sensor’s output, which may be gradually drifting over time.

e A stable reference voltage, representing the ideal or true value that the sensor should be reading.

Summing Amplifier:

e The summing amplifier combines the sensor output and the reference voltage, with weights determined by
resistor values.

e [fthe sensor drifts away from the reference, the summing amplifier generates an error signal.

Error Signal:

e This error signal represents the magnitude and direction of the sensor’s drift.

e It is fed back into the sensor’s signal path, effectively subtracting the drift from the output.

Continuous Compensation:

e This drift compensation circuit operates continuously, compensating for drift in real-time ensuring the
sensor output remains aligned with the reference voltage.

The methodology encompasses several key steps:

Circuit Design: An op-amp based real-time drift compensation circuit was implemented (see Fig. 1). This
design was chosen due to its ability to provide adjustable drift compensation through variable resistor ratios.

Signal Processing: The sensor output was amplified and fed to a microcontroller. Simultaneously, the sensor
output voltage and a fixed input voltage were routed to the drift compensation circuit. The compensated output
signal was then also transmitted to the microcontroller.

Resistor Ratio Optimization: To calibrate the circuit’s drift sensitivity, the ratio of resistors R39 and R40
was systematically adjusted. The goal was to counterbalance the known drift characteristics of the sensor.
Using the mathematical equation from the summing amplifier, the output of the drift compensation circuit is
shown in the equation below,

v _ VixRy VoxRy (1)
output_correction — -
put- Ry R39

Compensation Target: The initial absence of compensation (R39 = R40) served as a baseline for comparison.
Subsequent resistor ratios were calculated to achieve increasing levels of drift compensation based on the
sensor’s expected performance degradation over time.

Compensation Strategy: In this study, a correlation-based drift compensation approach was implemented.
The microcontroller analysed the relationship between the drift compensation circuit’s output and the sensor’s
output. This established correlation was then used to correct the sensor output signal in real-time.
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Fig. 1: Implementation of Drift compensation circuit
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4. Results

In this section, we present the results of our experimental investigation into the efficacy of the proposed
drift compensation methodology for MEMS-based pressure sensors. Our analysis encompasses a
comprehensive examination of sensor output behavior over a 400-day period, during which measurements
were recorded at 20- day intervals. We begin by discussing the correlation between the sensor output voltage
and the output voltage of the drift compensation circuit. Subsequently, we delve into a detailed exploration of
the factors contributing to drift in MEMS pressure sensors, shedding light on temperature sensitivity, aging
effects, mechanical stress, and hysteresis. Additionally, we elucidate our findings regarding the linear drift
behavior observed in the sensor output over time. Finally, we present the results of employing a linear
regression model for drift compensation, including an assessment of its accuracy and the visual representation
of its effectiveness in correcting sensor output errors induced by drift.

A. Sensor and Compensation Circuit Correlation

Over a period of 390 days, measurements were collected every 30 days, resulting in 13 data points. The
MEMS-based pressure sensor output voltage and the drift compensation circuit output voltage exhibited a
strong positive correlation (r = 0.995657). This correlation demonstrates the effectiveness of the drift
compensation circuit in tracking drift behavior in the pressure sensor. Additionally, changes in the
compensation circuit’ s output reliably explain variability in the pressure sensor’ s output.

B. Understanding Drift in MEMS Pressure Sensors

MEMS pressure sensors are susceptible to drift, with key factors contributing to drift including temperature
sensitivity, aging, mechanical stress, and hysteresis. Temperature fluctuations can alter the mechanical and
electrical properties of the sensor, often being the most dominant source of drift. Aging leads to changes in
sensitivity and offset over time, although these effects tend to be slower and less pronounced than temperature
related drift. Mechanical stress from packaging and environmental conditions can physically deform the sensor,
impacting its response. Additionally, hysteresis results in the sensor’ s output depending on its previous state,
with preconditioning and specific measurement sequences sometimes mitigating this effect.

C. Non-linear Exponential Drift Behavior

A detailed analysis revealed the drift in the sensor to be non-linear and exponential in nature. Figure 2
illustrates the Raw Sensor Output and the Drift Compensation Circuit Output. This type of drift behavior can
be attributed to material creep, contamination, complex temperature effects, and potential interactions between
these factors. Gradual, time-dependent deformation of the sensor’ s structural materials under constant stress
(material creep) and the accumulation of deposits on the sensing element (contamination) contribute to non-
linear drift. Complex temperature effects can lead to non-linear changes in material properties, further
exacerbating drift behavior.
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Fig. 2: Plot Showing the Raw Sensor Output and the output of the Drift compensation circuit
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D. Drift Compensation with Linear Regression

Despite the non-ideal nature of the drift, the linear regression model successfully predicts the true pressure
sensor output voltage, accounting for drift, and utilizes values provided by the drift compensation circuit. The
model significantly reduced the long-term drift of the sensor, demonstrating the practical effectiveness of the
approach even in the presence of non-linearities. This suggests a significant linear component to the overall
drift behavior.

E. Evaluation

Accuracy: The raw sensor data exhibits a maximum drift of approximately 6.217% (units) from the first
data point, while the corrected sensor output shows a maximum drift of about 0.44513% (units) from the first
data point. This represents a drift correction of approximately 92.86% over the 390-day period. Figure 3
illustrates the Box and Whisker Plot for the Corrected Sensor output, while Figure 4 displays the Corrected
Sensor Output Error as a percentage of the initial value across the datapoints.
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Fig. 4: Plot showing the error across the datapoints for the corrected sensor output

Visualization: Figure 5 provides a graphical comparison of the raw, uncorrected sensor output voltage

and the corrected sensor output voltage generated by the model, emphasizing the effectiveness of the
compensation approach.
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Fig. 5: Plot Showing the Raw Sensor Output and the error across the corrected sensor output

5. Conclusion

This research demonstrates the successful development and implementation of an op-amp based real-time
drift compensation circuit for MEMS pressure sensors. The proposed methodology addresses the inherent
challenges posed by long-term sensor drift, offering a practical and cost-effective solution for enhancing
accuracy and extending the operational lifespan of these sensing devices. A detailed analysis of the
experimental results underscores several key findings:

Robust Drift Tracking: The strong positive correlation between the pressure sensor output and the
compensation circuit output confirms the circuit’s efficacy in tracking complex drift behavior. This establishes
a foundation for real-time corrections by enabling the microcontroller to reliably infer the sensor’s drift
magnitude from the compensation circuit’s output.

Dominance of Non-linear Exponential Drift: The observed non-linear and exponential drift highlights the
complex interplay of factors influencing MEMS sensor stability. Material creep, contamination, and
temperature-induced changes in material properties likely contribute to this non-ideal behavior. The
importance of recognizing and addressing these complex drift mechanisms is crucial for designing mitigation
strategies.

Effectiveness of Linear Compensation Despite Non-linearity: Remarkably, even with a linear regression
model, a significant drift correction of approximately 92.86% was achieved. This suggests that the overall drift,
while non-linear, exhibits a substantial linear component over the observed time frame. The practical
effectiveness of our approach, especially considering its simplicity, makes it very compelling for real-world
applications.

Potential for Further Refinement: While our method yields impressive results, there’s always scope for
improvement. Exploring more sophisticated non-linear compensation models (such as polynomial regression
or neural networks) could further enhance accuracy, particularly for sensors with pronounced non-linear drift
patterns. Additionally, extending the study duration would offer insights into the extremely long-term stability
of the sensor with this compensation technique in place.

Broader Applicability: Importantly, the principles and techniques demonstrated in this study have wider
applicability beyond MEMS pressure sensors. The concept of using a dedicated drift compensation circuit with
a correlation-based compensation strategy can be extended to other smart sensor technologies susceptible to
drift. This includes:

e Environmental monitoring: NDIR (Non- Dispersive Infrared) gas sensors, photoacoustic sensors,
humidity sensors, and temperature sensors.

o Industrial process control: Strain gauges, load cells, accelerometers, and gyroscopes.
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e Wearable and biomedical devices: Optical heart rate monitors, biopotential sensors, and implantable
pressure sensors.

Overall, this research presents a valuable contribution to the field of sensor technology. Our findings
demonstrate the feasibility of using a simple and cost-effective drift compensation circuit alongside a linear
regression model to significantly mitigate the effects of long-term drift. The adaptability of this approach
suggests its potential to improve the reliability and longevity of a broad array of smart sensors, ensuring
precision and long-term accuracy across diverse applications.

6. Future Work

Exploring Non-Linear Models: Investigating nonlinear compensation models (such as polynomial regression,
neural networks, or support vector machines) could offer even better accuracy. This would be especially
valuable for sensors where the drift doesn’t follow a simple linear pattern.

Long-term Stability: Extended testing is crucial. Monitoring sensor performance over months or even years
will reveal how the compensation method holds up, and if any adjustments are needed to maintain accuracy
due to factors like component aging.

Utilizing High-Precision Components: Standard commercial components introduce some variability.
Employing military-grade or low-tolerance components could significantly tighten the tolerances in your
circuit, potentially leading to even greater accuracy in your drift compensation.
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