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Abstract. 

A software-controlled signal converter for capacitive sensors with integrated in-situ self-

diagnostic functionality has been developed to detect instabilities during the measurement 

process. The proposed approach is based on the analysis of multi-cycle charge integration 

parameters in Switched Capacitor Circuits (SCC), implemented on a programmable system-on-

chip (PSoC) of the 5LP series. To ensure high measurement accuracy, several software-

controlled operating modes have been introduced: accumulation of integration cycle results 

for statistical evaluation of instabilities; analysis of integrator discharge phases for 

relaxation process assessment; and examination of the entire signal path without charge 

accumulation. These modes enable the identification of thermal noise, time drift, and 

parasitic influences from external objects on the capacitive structure. Results from SPICE 

modeling and experimental oscilloscope studies confirm the effectiveness of the proposed 

solution, support the verification of signal path models, and allow for the optimization of 

measurement parameters. The developed software tools provide flexible configuration of 

measurement modes, data acquisition, and graphical visualization of signal dynamics, which 

facilitates comprehensive analysis of external factors affecting sensor stability. 
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Modern sensor systems increasingly integrate measurement 

functionality with self-diagnostics and intelligent analysis 

of signal instability. In particular, for capacitive sensors-

widely used in biomedical measurements, environmental 

monitoring, and industrial automation-a key challenge remains 

the instability of the measurement signal caused by 

temperature variations, parasitic capacitance, and 

electromagnetic interference. 

One promising approach to addressing this issue is the 

statistical analysis of sequential measurement cycles, which 

enables the detection of noise fluctuations, drift, and 

parasitic effects. Such methods allow embedded systems to 

identify various types of instabilities, ranging from thermal 

noise to electromagnetic distortions [1]. 

Another important research direction involves studying 

the influence of temperature on the capacitive parameters of 

sensors. Modeling such effects using circuit-level tools 

makes it possible to assess measurement accuracy and develop 

compensation algorithms, as shown in studies of highly 

sensitive photoelectric devices [2]. 

SPICE modeling of capacitive signal converters-

particularly those based on switched capacitor circuits 

(SCC)-enables detailed tracking of transient processes and 

the impact of external disturbances. Even small parasitic 

capacitances can significantly affect conversion stability, 

making it critical to consider such influences during the 

design of sensor systems [3]. 

Extending the functionality of signal converters by 

implementing adaptive switching modes helps mitigate noise 

and improve resolution. This principle, including 

neuromorphic error processing techniques, has been 

successfully applied in fault detection systems for analog 

and mixed-signal integrated circuits [4]. 

Additionally, hardware implementation of signal paths 

using programmable system-on-chip (PSoC) platforms not only 

enables precise control over digitization modes but also 

supports integrated digital filtering and calibration. This 

significantly improves the quality of measurements in compact 

and energy-efficient sensor devices [5]. 

Measurement errors in the signal S, which depends on 
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changes in capacitance ΔC, can be generally represented as a 

combination of four components: multiplicative, additive, 

nonlinear, and dynamic range limitations. For effective in-

situ self-diagnostics in smart sensor systems, it is not 

enough to detect the presence of instability; it is also 

necessary to identify its nature. 

In integrator-type circuits commonly used in modern 

sensor electronics, the signal is typically formed through 

several phases: charge, hold, and discharge. More advanced 

algorithms employ multistage integration, where the charge 

and hold phases are repeated multiple times according to the 

specified control cycle (Fig. 1a). 

During repeated measurements in such systems, three main 

types of instabilities are typically observed (Fig. 1b): 

– Random non-repeatability of the signal caused by noise 

(thermal, flicker noise, or electromagnetic interference); 

– Slow temporal drift, primarily associated with thermal 

relaxation processes; 

– Parasitic effects from nearby objects acting on the 

capacitive structure, leading to abrupt and unpredictable 

deviations of the signal. 

The latter type of instability is the most critical in 

the context of high-precision conversion, as the parasitic 

capacitance introduced by external objects may exceed the 

informative change ΔC by an order of magnitude or more-

especially in highly sensitive sensors. 

 

 
a      b 

Figure 1 
Signal waveforms in integrator-type measurement converters: a – typical 

forms; b – instability patterns 

 

The signal formation in most capacitive sensors is based 

on the coulombmetric method, implemented using switched 
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capacitor circuits (SCC). A typical schematic of such a 

converter includes the measured capacitor CX, the integrating 

capacitor CINT, switching elements, and a reference voltage 

source. The charge accumulated on CX is periodically 

transferred to CINT, and the output voltage VOUT is used as the 

informative parameter. 

Figure 2a illustrates the SPICE model of an advanced 

converter circuit featuring an active integrator based on an 

operational amplifier. This configuration facilitates precise 

charge integration, stabilizes operating conditions, and 

enables the analysis of parasitic elements and transient 

processes within the signal path. 

Figure 2b presents a generalized timing diagram of the 

integrator-type converter. The signal is depicted as a 

sequence of pulses encompassing three distinct phases: the 

initial phase (t₁), the voltage ramp-up phase (t₂), and the 
stabilization/hold phase (t₃). Output amplitudes A₁, A₂, and 
A₃ may fluctuate due to noise, thermal drift, or parasitic 
effects. The stability of the conversion process is assessed 

by evaluating the voltage increment parameter δV, which serves 

as a basis for subsequent in-situ diagnostics. 

The signal path of the developed software-controlled 

measurement converter for capacitive sensors (Fig. 3) is 

implemented using a programmable system-on-chip (PSoC) of the 

5LP series (Infineon Technologies). This hardware platform 

offers a flexible configuration of analog and digital modules 

and supports the implementation of mixed-signal processing 

based on API-controlled components. 

 

   
a      b 

Figure 2 
Converter with active integrator: a – SPICE model;  

b –timing diagram of operation 
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The architecture of the converter enables multi-cycle 

integration of the charge current from the measured capacitor, 

followed by signal amplification and digitization using high-

resolution analog-to-digital converters of SAR and Delta-

Sigma types. 

 

 
Figure 3 

Architecture of the signal converter based on PSoC 5LP 

 

The functional principle of the circuit is based on the 

cyclic accumulation and transfer of electric charge between 

capacitors, with subsequent analysis of the voltage at the 

output of the integrator. Software-based control of the PSoC 

resources ensures dynamic configuration of measurement modes, 

integrated digital signal processing, and in-situ diagnostics 

aimed at evaluating the stability and reliability of the 

conversion process. 

The study outlines the problem of measurement instability 

in capacitive sensors, which arises from the influence of 

parasitic factors, temperature shifts, and electromagnetic 

interference. A review of relevant publications confirms the 

presence of these effects, emphasizing the need to develop 

tools for embedded monitoring of signal conversion stability. 

A software-controlled measurement converter has been 

proposed, combining multi-cycle charge integration, digital 

signal processing, and built-in self-diagnostic capabilities. 

This architecture enables the identification and analysis of 
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instability patterns during the measurement process and 

provides flexibility for parameter adaptation. 

The developed system may serve as an effective tool for 

SPICE model verification and as a foundation for future 

developments in the field of high-precision sensor 

technologies. 
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