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Abstract: This paper presents a comprehensive review of Direct Interface Circuits (DICs), which
provide a compact, cost-effective, and energy-efficient alternative for interfacing with sensors that
exhibit electrical variations such as resistance, capacitance, and inductance. A distinctive
characteristic of DICs is their ability to connect sensors directly to digital processors, including
microcontrollers (MCUs) or Field-Programmable Gate Arrays (FPGAs), through RC, RL, or capacitive
charge transfer configurations, without the need for additional signal conditioning components. The
review outlines the fundamental operating principles and key elements of DICs, including time-to-
digital conversion, digital processing, and techniques for assessing measurement accuracy,
resolution, response time, and the effects of uncertainty and interference. By synthesizing findings
from recent literature, this study provides an in-depth understanding of current advancements in
DICs and offers a critical analysis of their state-of-the-art implementations. Finally, strategic
recommendations are proposed to guide future research directions and application areas.

Keywords: Direct interface circuits (DICs); field-programmable gate arrays (FPGAs); microcontroller;
time-to-digital conversion; sensor interface.

1. Introduction

The rapid advancement of technology continues to pose new challenges in electronic
instrumentation. There is an increasing demand for innovative, compact, and energy-efficient
electronic systems capable of monitoring wireless sensors and sensor interfaces in various domains,
including the Internet of Things (IoT) [1], wearable smart sensors for vital sign monitoring [2], and
sensors deployed in smart city infrastructures [3]. These areas have garnered significant attention
from the scientific community due to their broad impact and wide range of potential applications.

In many cases, the measurement of electrical quantities such as resistance, capacitance, and
inductance is essential for interpreting sensor responses associated with physical phenomena (e.g.,
pressure, distance, temperature, etc.). Figure 1 shows a conventional sensor interface architecture,
wherein the sensor signal is processed through an analog signal conditioning stage that typically
involves amplification, filtering, linearization, and analog-to-digital conversion (ADC) [4], followed
by digital processing using a digital processor such as microcontroller unit (MCU) or Field-
Programmable Gate Array (FPGA) [5].

Sensor [> Sigr.lal. LJ;> ADC
Conditioning
MCU

Figure 1. Traditional sensor interface system.
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In recent years, an alternative approach in electronic instrumentation has emerged for
measuring sensors with resistive, capacitive, or inductive variations without the need for traditional
signal conditioning stages. This technology, called direct sensor-microcontroller interface circuits, or
Direct Interface Circuits (DICs), has gained acceptance due to its simplicity and efficiency [6, 7].
Initially introduced in application notes by semiconductor manufacturers, these circuits have proven
highly practical for sensor interfacing.

Early implementations are typically categorized into charge time-based [8-11] and discharge
time-based circuits [12,13]. Both rely on RC configurations where a digital processor excites the
analog sensor to produce a time-domain modulated signal. This signal is then digitized through a
time-to-digital conversion (TDC) mechanism embedded in the processor’s internal timer. The
resulting signals, commonly referred to as quasi-digital signals [14], have formed the basis for
numerous studies targeting resistive [15-17], capacitive [18-20], and inductive [21, 22] sensors. These
approaches enable compact and efficient sensor-to-processor interfaces, offering a compact size and
energy-efficient solution due to their significantly low power consumption in active modes. This
reduces the overall draw compared to traditional measurement methods and minimizes the need for
additional components. This simplification allows for a smaller physical footprint of the entire circuit,
offering significant benefits in reduced cost, minimized circuit size, and lower power consumption
[7].

DICs could emerge in areas where real-time data acquisition is necessary, which facilitates quick
and direct measurements from sensors (e.g., health monitoring, environmental sensing, and smart
home systems), and its simplicity in scalability for IoT systems where more of one sensor can be
added without significantly increasing the complexity of the circuit, leading an energy efficient
system, making it feasible to create large networks of interconnected devices. However, challenges
remain in achieving high accuracy, resolution, and optimal measurement time, as these performance
metrics are closely influenced by uncertainties in the time-to-digital conversion process [23].
Additionally, these circuits are susceptible to interference from power supply fluctuations [24] and
uncertainties in detecting quasi-digital signals. These uncertainties are primarily related to the
voltage thresholds VL and V1u used to detect the sensor signal at a specific voltage level Ve of the
digital processor, directly impacting the resolution and reliability of the measurement process [6].

1.1. Related Works

This review constitutes a follow-up to the works presented by Reverter in [7], which introduced
the concept of directly interfacing sensors to microcontrollers (MCUs). That initial work established
fundamental design guidelines to simplify sensor interface circuitry, focusing on power efficiency
and reliable performance. It highlighted the cost-effectiveness of such approaches for various
resistive and capacitive sensors and proposed future directions for broadening their applicability in
modern electronic systems. Additionally, Reverter [86] presented a book chapter discussing DIC's
principles and applications for some commercial sensors, and [30] related to advanced techniques for
resistive sensors and their performance in some applications.

However, the scope of these early works was primarily centered on explaining the operating
principles of direct interface techniques and evaluating their performance, efficiency metrics, and
applications in commercial sensors at that time. These insights motivated a deeper investigation into
this research area to explore recent advancements and emerging trends. The aim of this paper is to
provide a comprehensive review and analysis of published papers on Direct Interface Circuits (DICs)
up to the year 2025. This includes a detailed examination of their key components and the application
of advanced techniques to enhance accuracy, resolution, and power efficiency. The contributions of
this review are as follows:

e A comprehensive overview of the operating principles, core components, and implementation
techniques of DICs for resistive, capacitive, and inductive sensors.
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e A critical analysis of recent publications proposing improved methods to enhance measurement
accuracy, resolution, acquisition time, and uncertainty management in DIC-based systems.

e Anassessment of current application domains for DICs and strategic recommendations for future
research efforts.

e A discussion of the most significant advances to date and the remaining technical challenges that
must be addressed for broader adoption of DICs in future instrumentation systems.

1.2. Paper Organization

The structure of this paper is outlined in Figure 2. Section I introduces DICs as an alternative for
sensor interfacing and presents the main contributions and review methodology. Section II offers an
overview of the key elements and characteristics of DIC implementation. Section III details various
types of direct interface circuits, explaining their operating principles and reviewing enhanced
techniques based on RC, RL, and capacitive charge transfer methods. Section IV analyzes the
literature by circuit type, sensor type (resistive, capacitive, inductive), and digital processors used in
DICs, concluding with relevant application areas. Section V discusses the review findings,
emphasizing recent advancements, challenges, and recommendations for future research. Finally,
Section VI summarizes the conclusions of the study.

DICs review

IL. Introduction |

Direct interface circuits

=>[II. Elements of a DI(]|

Related works —» Sensors
Paper organization ~» Time-to-digital converter
Review methodology ~» Digital processor

[III. DIC techniques|«

with RC components _

with RL components ~- Initial scope of a DIC
with capacitive charge —p DIC with RC components
transfer —» DIC with RL components

: : ~» DIC with capacitive charge transfer
[V. Discussion | : .
~» Summary of implemented digital

processors

Advantages
Challenges
Strategic recommendations

~p Summary of applications

4

IVIL. Conclusion |

Figure 2. Paper Organization.

1.3. Review Methodology

This review focuses on DICs applied to resistive, capacitive, and inductive sensors and follows
a systematic literature review methodology. To identify relevant publications in the field, the initial
search was conducted using specific keywords and inclusion criteria across several well-established
digital databases, including IEEE Xplore, ScienceDirect, MDPI, and Springer Link, as well as
bibliographic search engines such as Google Scholar and Scopus.

The primary inclusion keywords used were “direct interface circuits” and “sensor interfaces.”
An initial screening process utilized publication titles and abstracts, guided by exclusion and
inclusion criteria, to filter out unrelated content. The selected documents included peer-reviewed
journal articles, application notes from semiconductor manufacturers, and technical books related to
sensor interfacing. The inclusion criteria for the literature review were as follows: (i) Publications
describing sensor interfaces based on the operating principles of direct connection to a digital
processor (e.g., MCU or FPGA); (ii) Studies presenting novel methods or enhanced techniques related
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to DICs; (iii) Analytical reviews or comparative studies; and (iv) Application notes demonstrating
practical implementations of DICs.

This selection process enabled the identification of critical insights into the operational
principles, measurement ranges, accuracy, resolution, acquisition time, sources of systematic error,
and power consumption associated with DIC-based systems. This comprehensive search selected 99
references—including papers, books, book chapters, application notes, and support papers —for this
work, focusing on RC, RL, and capacitive charge transfer configurations. Figure 3 provides a
classified overview of the search results, highlighting the distribution of the reviewed literature: DICs
with RC components represent the most extensively studied field, accounting for 54% of the review,
followed by DICs with RL components (6%), DICs employing capacitive charge transfer techniques
(5%), general application notes reported in literature (21%), and support papers (14%).

= RC = RL = Capacitive charge transfer = Applications = Support papers

Figure 3. Classification of reviewed papers.

2. Elements of a DIC

The fundamental elements of a DIC connecting a sensor to a digital processor are designed to
minimize the use of external components. These elements facilitate the excitation of the sensor and
the acquisition of a quasi-digital signal in the time domain, which is subsequently digitized by a time-
to-digital converter (TDC). This process enables the estimation of the corresponding electrical
variable—resistance, capacitance, or inductance—without the need for traditional analog signal
conditioning, as shown in Figure 4. Within this context, the following sections examine a summary
of the key components and their characteristics to provide a clear understanding of the operating
principles underlying DIC implementations.

R, Cy, Ly RC L
g4 ing
Digital Sensors ng;:)ir;(;is

Processor Direct Interface Circuits

Calibration techniques

Resistive sensors Capacitive sensors Inductive sensors

Figure 4. Scheme of basic DIC and its calibration techniques for resistive, capacitive, and inductive sensors.

2.1. Sensors

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Pallas-Areny et al. [25] describe resistive sensors as devices that vary their electrical resistance R,
either directly or indirectly, in response to changes in a physical quantity. These sensors can be
classified into three main types, as shown in Figure 5. The first type, simple resistive sensors, consists
of a single resistive element Rx, offering a straightforward and effective solution for basic sensing
applications. The second type, differential resistive sensors, incorporates two sensing elements, Rx1
and Rx, sharing a common terminal and exhibiting opposite response variations. This configuration
enhances accuracy by reducing noise and improving measurement reliability in high-precision
environments. The third type, bridge-type resistive sensors, uses one, two, or four sensing elements
arranged in quarter-bridge, half-bridge, or full-bridge Wheatstone configurations. These resistive
sensors are widely employed in measuring temperature (e.g., platinum resistance thermometers and
thermistors), light (e.g., Light Dependent Resistors), gas (e.g., tin dioxide sensors), humidity, and
displacement using linear or rotary potentiometers.

Resistive Capacitive Inductive
Ry Rx1 Ry, C lcxl Cxz
Ry 5
RXZ Rx3 Rx4 Cx Cx GX CXZ CX3 CX
a) b <) d e § g)

Figure 5. Resistive sensors: a) simple, b) differential, and c) bridge; capacitive sensor types: d) simple, e) lossy, f)
differential, and g) bridge; and inductive sensor types: h) simple, i) differential, j) simple with ferromagnetic
core, and k) differential with ferromagnetic core.

Capacitive sensors, which represent another key category in sensor interfaces, exhibit changes
in capacitance due to variations in dielectric properties or geometric factors such as plate area or
distance. According to Pallas-Areny et al. [25], capacitive sensors can be categorized into four types,
as depicted in Figure 5. Simple capacitive sensors utilize a single capacitance element Cx, providing
an essential and effective sensing configuration. Lossy capacitive sensors account for real-world
effects by modeling parasitic conductance Gx in parallel with Cx, enhancing accuracy by considering
energy losses. Differential capacitive sensors improve sensitivity and noise immunity by
incorporating two elements, Cx and Cw, with a shared electrode and opposite response
characteristics. Finally, bridge-type capacitive sensors employ one, two, or four sensing elements in
bridge configurations to achieve high precision and stability. These sensors are utilized in various
applications, including liquid level detection, humidity sensing, gas detection, pressure monitoring
[7], and fluid concentration analysis [20].

Inductive sensors represent the third major category commonly used in industrial applications
to measure displacement between metallic objects and other physical quantities, such as pressure
[26]. These sensors rely on variations in magnetic reluctance, which correspond to changes in
magnetic flux due to an electric current. When this current flows through the system, it is associated
with inductance Lx. Pallas-Areny et al. [25] classify inductive sensors into several types, four shown
in Figure 5. These include topologies with inductance variation based on the number of coil turns in
both simple and differential configurations and designs involving the movement of a ferromagnetic
core, again in either simple or differential arrangements.

Recently, Reverter [99] presented a review of remote resistive sensors, which are physically
located in harsh, inaccessible environments, or far from the primary measurement and control
systems. These remote sensors commonly involve parasitic resistances and temperature variations,
which affect measurement accuracy. Some wire-resistance techniques are studied to compensate for
the parasitic resistances of connecting leads. For example, three-wire resistive sensors (Figure 6a) are
designed to cancel out the parasitic resistances of the wires [78-79], with the third wire used for
current supply, while four-wire resistive sensors (Figure 6b), known as the Kelvin connection, use

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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four wires: two for supplying the excitation current and two separate sense wires for measuring the
voltage across the sensor [76].

Figure 6. Wire-resistance techniques for resistive sensors: a) three-wire resistive sensor, and b) four-wire

resistive sensor.

Resistive, capacitive, and inductive sensors are essential for converting physical magnitudes into
measurable electrical signals. Given the focus of this work, a thorough understanding of sensor types
and their configurations—whether simple, differential, or bridge-based —is crucial for developing
efficient DIC techniques that integrate robust, low-cost sensor interface systems.

2.2. Time-to-Digital Converter

A Time-to-Digital Converter (TDC) is a crucial electronic component in systems that require
precise and accurate measurement of time intervals. Its primary function is to convert time-domain
information, typically defined by the interval between two signal events, such as pulse width or
period, into a digital representation. A simplified explanation of TDC operation is provided by
Henzler [27], who refers to it as a digital technique based on simple counting. In this approach, a time
interval Tx is measured by counting the number of cycles of a reference clock Trf using a universal
counter, as illustrated in Figure 7. The interval is defined by the rising edges of a start and stop signal,
and the result is digitized as Ts. Since these events are generally asynchronous to the reference clock
Tret, timing errors may be introduced at both the start (Tstart) and stop (Tswp) edges due to the limited
resolution of Tret. This resolution can be enhanced by increasing the clock frequency; however, this
also leads to higher power consumption and imposes additional design constraints.

Tref I l I l I l I l I l I l I l

Time
interval

1 >
TS tart
1

TStop

ot IO

N .. N+1

Ts

Figure 7. Time-to-Digital Converter principle.
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TDCs share conceptual similarities with Analog-to-Digital Converters (ADCs). In the case of
ADCs, the measured voltage is compared against a reference voltage Vrt, with the quantization step
defined as Viss= Veet/2N, where N is the number of resolution bits. In contrast, TDCs do not use a
reference voltage. Instead, they rely on a quantization time Ttss, which represents the minimum time
interval that the TDC can detect. The reference time Trt in TDC terminology denotes the maximum
time interval that can be measured and is defined as Tret = 2N-Tiss. These parameters define TDC-based
systems' trade-offs between resolution, dynamic range, and power consumption. Understanding this
relationship is crucial for designing time-sensitive digital systems capable of effectively measuring
and digitizing time intervals.

In summary, a TDC, a key element of a DIC, measures the time interval between events or a
signal's time to reach a certain threshold, converting this timing information into a digital value. On
the other hand, an ADC focuses on measuring the amplitude of an analog signal at a specific moment
and translating that voltage into a digital format. One advantage of implementing a sensor interface
with a TDC is that it offers a simpler circuit in components (only resistors and capacitors are needed
for basic setups) and can be more cost-effective in specific applications. Generally, noise affects TDC
measurements less than voltage readings at ADCs, making them effective in noisy environments, as
they focus on time intervals rather than signal levels [7].

2.3. Digital Processor

A digital processor is a programmable electronic device widely used in measurement systems
for data acquisition, signal processing, and the execution of complex control algorithms. Its
architecture determines its capabilities, with standard implementations based on microcontroller
units (MCUs), which typically integrate 8-bit, 16-bit, or 32-bit processing units responsible for
managing data and instruction cycles. MCUs include non-volatile Flash memory for storing program
code, random-access memory (RAM) for data processing, and various integrated peripherals. These
peripherals often include analog comparators, ADCs, digital timers, Digital-to-Analog Converters
(DACs), communication interfaces (e.g., USART, SPI, I?C), and general-purpose digital input/output
(I/O) pins [28].

An alternative to MCUs is Field-Programmable Gate Arrays (FPGAs). FPGAs consist of
configurable logic blocks that can be flexibly interconnected to implement custom digital functions.
Like MCUs, they can also incorporate peripheral components, providing a versatile and cost-effective
platform for the implementation of complex digital systems [29]. Digital processors play a critical role
in DIC implementations by enabling the direct connection of sensors to the processor’s digital pins
and by leveraging embedded digital timers and counters [6]. These processors typically include a
counter or timer module to measure time intervals. An input signal can be applied to a digital pin
and compared against voltage thresholds through an internal digital buffer [23]. The processor’s
Central Processing Unit (CPU) detects voltage crossings via polling or interrupt-driven mechanisms
and triggers the counter or timer accordingly. This functionality is based on TTL/CMOS Schmitt
trigger inputs, which define a low voltage V1L and a high voltage Vru. The rising edge of the input
signal, when it exceeds VH, marks the start of the time interval, while the falling edge, when it drops
below V1L, defines the end. The counter increments or decrements its value every Trt seconds, where
the digital processor's internal oscillator determines Trt. In this way, the digital processor is
responsible for exciting the sensor and processing the DIC signal response using the specific interface
technique described in the subsequent sections.

3. Direct Interface Techniques

This section summarizes the fundamental direct interface techniques reported in the literature,
categorized by the type of circuit used to measure sensors with resistive, capacitive, or inductive
characteristics. Each technique leverages the intrinsic properties of these sensors and employs
minimal external circuitry to connect them directly to digital processors. The operating principles,
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circuit configurations, and performance considerations related to each sensor type are discussed in
detail in the following subsections.
3.1. Circuits with RC Components

Reverter et al. [6] introduced a basic RC circuit to explain the operational principle of DICs
applied to resistive sensors connected directly to an MCU. As shown in Figure 8, the circuit comprises
a resistive sensing element Rx and a capacitor C, forming a simple network capable of estimating the
sensor's electrical parameters through time-to-digital conversion of the capacitor’s charging and
discharging processes. In this configuration, the MCU interacts with the circuit using digital output

A

R« Vi[~—7

Par [ ANA A Vi
Pa1

and input pins, denoted as Pai and Pap.

Timer start

MCU \%\9

Charge
Te

N

Discharge
T4
Figure 8. Basic DIC between resistive sensor and MCU showing charge/discharge timing.

The principle of operation relies on measuring the time interval required to charge (Tc) or
discharge (Ta) the capacitor C through the resistive element R, until a voltage threshold is reached —
either the upper threshold Vru or lower threshold Vi, depending on the operation mode. This time
interval serves as the basis for estimating the resistance or capacitance of the sensor [7]. This type of
DIC can be conceptually interpreted as a classical RC circuit. Assuming the capacitor C is initially
discharged (i.e., at 0 V), and a voltage stimulus V1 is applied to the circuit input, the transient voltage
response across the capacitor can be analyzed using the exponential function described as

V() = Vi(1 - e /) )
and the time required to charge C from 0 V to a high threshold voltage V1H as
Vi )
= rewm [ 5 )
¢ Vi = Vry

proportional to R, and if C is charged to a voltage level V3, it can be directly discharged to ground
from its entry point as is shown in Figure 8, resulting in a transient response in its output voltage
Vo(t) as
V() = Vy -et/R¢ ®)

Therefore, the period to discharge C from V1 to a low threshold voltage V1L can be estimated by
using (4),
Tq = RC-In (V;/V1) (4)

This implies that any variation in the sensor’s resistance is directly proportional to the
measured time interval [30]. Consequently, the measurement process is executed in the digital
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processor in two distinct stages: the charging and discharging of the capacitor C. Table 1 summarizes
this process, detailing the states of the digital pins and the intervals required to complete each phase.

Table 1. MCU pin configuration and measurement procedure of a resistive sensor.

Stage P4y Pap Process
1 T 'HZ! Te =RC -In [Vy/(Vy — VrL)] = 5RC
2 'HZ', and capture time '0' Tq = RC - In(V;/VrL)

During this operation, the embedded digital timer measures the time taken for the capacitor
voltage to cross the lower threshold voltage V1L of the Schmitt Trigger buffer connected to the input
pin Pai. The resulting digital count is directly proportional to the resistance value Rx. This
methodology allows for the conversion of analog resistance into a time-domain signal, which can be
digitized and processed by the MCU to estimate Rx, as described by equation (4). While this basic
configuration permits effective resistance measurement, it does not account for inherent offset or zero
errors.

To address this limitation, various authors have proposed a modification of the basic DIC,
incorporating a single-point calibration technique [10,11,13]. As shown in Figure 9, this enhanced
configuration introduces a known calibration resistor R«a, which is measured similarly to the sensor
Rx. During the measurement cycle, the charging and discharging stages produce two digital counts:
Nx, corresponding to the sensor resistance Rx, and Na, obtained from the calibration reference Re.
This correction mechanism allows compensation for systematic errors and improves measurement
accuracy.

Pas

Paz
Pa1

MCU

Stage 1' Stage 2 :Stage 3 Stage 4 t
Te Ta=Nx Te Ta=Nc

Figure 9. DIC with resistive sensor using single-point calibration and timing

process.

This calibration procedure assumes a linear relationship between Rxand Nx, with no zero-offset
or non-linearity error requiring further compensation. As a result, both measured values, (Rc, Na)
from the calibration stage and (Rx, Nx) from the sensor, can be used to define a calibration line that
passes through the origin (0,0) and the reference point (Rc, Nei). This linearity allows for the
compensation of systematic errors in the measurement process for any Rx value within the range of
the calibration point. Accordingly, an estimated value of the sensor resistance Rx can be calculated
using equation (5),

Ry = (Ny/Nc1)Rey ©)

Table 2 summarizes the configuration of the digital processor’s pins, and the associated
measurement procedure used to estimate the sensor resistance Rx through the acquisition of the
digital counts Nx and Ne.

Table 2. MCU pin configuration and measurement procedure for single-point calibration of a resistive sensor.

Stage P4y Py, P43 Process

1 1 '‘HZ' '‘HZ' T. = 5RC

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2 'HZ', and capture Ny '0' 'HZ' Ny = R,C In(V; [V
3 T 'HZ' 'HZ' T, = 5RC
4 'HZ', and capture N, 'HZ' '0' Ny =R CIn(V,/Vy)

In a similar context, Richey [11], from Microchip, proposed a DIC for capacitive sensors,
incorporating a single-point calibration using a reference capacitor Cret. The circuit is designed to
perform two separate measurements: (i) acquisition of the digital count Nx corresponding to the
sensor capacitance Cx; and (ii) acquisition of the digital count Nretfrom the known reference capacitor
Cret, as shown in Figure 10.

Pd3 Crefl |

| |
Pa2 Cx K
Pa1

MCU

Figure 10. DIC with capacitive sensor using single-point calibration.

The measurement methodology used to estimate Cx in Figure 10 follows the same operating
principle as the resistance estimation technique described previously in Figure 9. However, the pin
configuration and measurement setup differ depending on the measured component. Table 3
presents the corresponding MCU configuration for each stage of the measurement process [31].

Table 3. MCU pin configuration and measurement sequence for single-point calibration of a capacitive sensor.

Stage Pyy P4y P43 Process
1 1 0 'HZ' T, = 5R,C,
2 'HZ', and capture Ny '0' 'HZ' Ny = RqCy In(V, / V)
3 1 HZ 0 T, = 5RiCref
4 'HZ', and capture N, 'HZ' '0' Nies = RyCrep In(V; V)

The sensor capacitance Cx is then estimated using equation (6), which establishes a direct
proportionality between the digital counts Nx and Nrwt, enabling accurate calibration and
compensation.

Cx = (Nyx/Nref) Cres (6)

Another approach Bierl [12] proposed from Texas Instruments introduces a two-point
calibration technique. This method involves the sensor R« and two calibration resistors, Ra and Re,
as shown in Figure 11. The method is particularly effective when the sensor exhibits zero-offset errors,
gain errors, or non-linear tendencies, which cannot be adequately corrected using a single-point
calibration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. DIC with resistive sensor using two-point calibration and timing process.

To compensate for these effects, the circuit performs three measurement cycles: a digital count
Nx obtained from the sensor Rx; (ii) a reference count Na measured from the calibration resistor Rci;
and (iii) a second reference count Ne obtained from the calibration resistor Re. Each measurement
consists of six stages: three for the charging and three for the discharging phases, followed by time-
to-digital conversion. Table 4 presents the digital processor configuration for acquiring the three
discharge times.

Table 4. MCU pin configuration and measurement sequence for two-point calibration of a resistive sensor.

Stage P4y P4y P43 Pas Process
1 T 'HZ' 'HZ' 'HZ' T. = 5RC
2 'HZ', and capture Ny '0' 'HZ' 'HZ' Ny = R.C In(V, /)
3 T 'HZ' 'HZ' 'HZ' T. = 5RC
4 'HZ', and capture N, 'HZ' ‘0’ 'HZ' Ney = R € In(Vy /Vy)
5 T 'HZ' 'HZ' 'HZ' T. = 5RC
6 'HZ', and capture N, 'HZ  'HZ 0 N, = ReyC In(Vy /Viy)

This calibration process enables the construction of a correction curve that passes through the
reference points (Re;, Ne1) and (Re, Ne2), effectively compensating for offset, gain, and non-linearity
errors. As a result, the resistance value Rxcan be accurately estimated for a given digital output Nx
using equation (7).

Ry = [(NX = N¢)/(Nez — NCl)][RCZ - Rcl] + Ry ()

Van Der Goes et al. [32] proposed a two-point calibration technique for capacitive sensors,
applied directly to the configuration shown in Figure 10, without requiring additional components.
The method leverages a single known reference capacitor Crt and an open-circuit condition as the
second calibration point. This approach enables two-point calibration using a minimal hardware
setup.

To execute this calibration, the microcontroller performs three measurements: (i) a digital count
from the sensor capacitance Cx; (ii) a count from the reference capacitor Crt; and (iii) a counter under
open-circuit conditions, which serves as the second reference point Coit. Table 5 summarizes the MCU
pin configurations for each stage of the measurement process. Once the three measurements are
acquired, the sensor capacitance Cx is estimated by equation (8),

Cy = [(Ny — Nogg) /(Nres — Not)][Cre] ®)

Table 5. MCU pin configuration and measurement sequence for two-point calibration of a capacitive sensor.

Stage P4y P4y P43 Process

1 T 0 'HZ' T, = 5RC,
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2 'HZ', and capture Ny '0' 'HZ' Ny = RyCy In(V, /Vir)
3 1 'HZ 0 T. = 5R,Crer

4 'HZ', and capture N 'HZ' ‘0’ Niet = RqCres In(Vy / V)
5 1 'HZ 0 T, = 5R,Core

6 'HZ', and capture N 'HZ' 'HZ' Noge = RqCoe In(Vy Vi)

Van Der Goes et al. [32] also proposed a three-point calibration technique for resistive sensors,
which improves upon the previously discussed two-point calibration method. In this approach, the
RC circuit shown in Figure 11 is modified by replacing the calibration resistor Ra with a short circuit,
as shown in Figure 12.

Pd4 RCZ

Pas
Pa>

Rx

Ro
Pa1

C ==
MCU
v

Figure 12. DIC with resistive sensor using three-point calibration technique.

This modification enhances the accuracy in estimating the sensor resistance Rx. In addition, the
circuit includes an extra resistor Ro, which limits the discharge current to the maximum value
permitted by the digital processor’s output pin. This ensures that the resulting discharge signal
retains a well-defined exponential behavior. Since the calibration process is not dependent on the
exact value of Ro, and its temperature-induced variation is negligible, this method provides a more
cost-effective alternative for resistance measurement using DICs.

The measurement procedure used to estimate Rx follows the same principle as in the two-point
calibration method. Table 6 presents the MCU configuration for each stage of the measurement
process. The final value of the sensor resistance Rx can be computed using equation (9),

Ry = [(Nx = Ne1)/(Nez — Nea)1[Re2] 9

Table 6. MCU pin configuration and measurement sequence for three-point calibration of a resistive sensor.

Stage P4y | P P43 Pas Process
1 T 'HZ' 'HZ' 'HZ' T. = 5RC
2 'HZ', and capture Ny ‘0’ 'HZ' 'HZ' Ny = (Ry+ Ry)C In(V, /Vry)
3 1 'HZ' 'HZ' '‘HZ' T. = 5RC
4 'HZ', and capture N 'HZ' ‘0’ 'HZ' Ny = RoC In(V, /Vry)
5 1 'HZ' 'HZ' '‘HZ' T. = 5RC
6 'HZ, Capture N, 'HZ' 'HZ' 0 Ne, = (Rep + Rg)C In(Vy /Viy)

3.2. Circuits with RL Components

Kokolanski et al. [21] introduced a DIC for inductive sensors, as shown in Figure 13. This
approach utilizes a microcontroller (MCU) with a reference inductor Lrs to perform a single-point
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calibration, following a similar principle to that described in the previous section. An external resistor
Rext is incorporated to regulate the current supplied from the digital processor to the sensor inductor

Lx.
Pd4 Rext
Pas
Lx
Pa
Pa1
MCU

Stage 1 Sta%e 2! Stage 3 Stage 4 t>
Tx x=UV Tret Lre=0v

Figure 13. DIC with inductive sensor using single-point calibration.

The interface consists of two RL circuits configured in a high-pass filter (HPF) topology: one
comprising Rext and Ly, and the other consisting of Rexand Lrt. Each circuit is energized by the digital
processor to measure the discharge times, Txand T, respectively, across the inductors. These time
intervals enable the estimation of the sensor inductance L. HPF topology is chosen for its ability to
provide an extended time constant, which results in longer discharge time and allows the use of
smaller values for Rex. Additionally, this configuration leverages the parasitic output resistance of
the MCU’s digital pin (denoted as Pa1 in Figure 13), which contributes to the effective series resistance
in the RL circuit.

The measurement process involves two separate acquisitions: (1) a measurement from the sensor
Lx, yielding the time interval Tx, and (2) a reference measurement using Lrf, producing the interval
Tret. Each acquisition is performed through a sequence of four stages. Stages 1 and 2 are associated
with the excitation and time measurement of Lx, while stages 3 and 4 are used for the reference
inductor Lrt. Table 7 outlines the digital processor configurations and measurement sequence. The

inductance Lx is then estimated using equation (10).
Ly = (Tx/Tref) Lres (10)

Table 7. MCU pin configuration and measurement sequence for single-point calibration of an inductive sensor.

Stage P41 Py Py3 Pgs Process
1 T 'HZ', and capture T, 0’ '‘HZ' Ty = Rexe Ly In(Vy /Vy)
2 0’ 'HZ' 0’ 'HZ' Discharge Ly during 5Rey Ly
3 T 'HZ', Capture Ty ‘HZ' ‘0" Tret = Rext Lres In(Vy /Vry)
4 ‘0’ 'HZ' 'HZ' ‘0’ Discharge L,.¢ during 5Roy; Lyer

3.3. Circuits with Capacitive Charge Transfer

Gaitan-Pitre et al. [33] introduced the operational principle of a DIC based on the capacitive
charge transfer technique, which can be analyzed analogously to a traditional RC circuit, as depicted
in Figure 14. In this configuration, the sensor capacitance is represented by Cx, the charge transfer
capacitor by Cr, and the supply voltage by Vi. These parameters are assumed to remain constant
throughout the measurement process.
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Figure 14. Capacitance charge transfer technique.

The interface operates through the control of a digital processor that counts the number of charge
transfer cycles required to raise the voltage across C: to a predefined threshold level. This method
was initially proposed for capacitive sensors in [34, 35] and has since been refined to enable accurate
digital estimation of Cx. Table 8 outlines the measurement procedure for estimating Cx, consisting of
three distinct stages. In each cycle, the charge stored in Cx is transferred to C:, resulting in a voltage
increment across C:r directly proportional to the charge transferred. Repeating the transfer charge
increases the voltage across Cruntil it reaches Vi, if Cr > Cx.

Table 8. The operational principle of capacitive charge transfer.

Stage S1 S, S3 Process
1 open open close discharge C,
2 close open open T, = 5RCy
3 open close open charge transfer

The total number of transfer cycles N required for C: to reach the voltage threshold Vs is then
measured. Assuming the initial condition V:[0] =0V, and considering that C: > Cx, the number of
transfer cycles can be estimated using equation (11). Substituting into the corresponding expression,

the sensor capacitance Cx is obtained using equation (12),
N = -G, GIn[(1 — (Ve /)] (11)

Cx = ={C: In[1 = (Vu/VOI}/N (12)

Dietz [34] presented the first experimental implementation of a DIC based on the capacitive
charge transfer technique. The circuit, shown in Figure 15, includes the target sensor capacitance Cx
and a reference capacitor Cr.

To account for non-idealities, the design also incorporates parasitic capacitances Cpo and Cp1,
which model the coupling between nodes 0 and 1 for ground and the MCU pins. The circuit further
considers the internal output resistance of the MCU's digital buffer, modeled as Ror and Ron, which
represent the resistance of the output transistor when a logic level ‘0" or ‘1’ is applied, respectively.
These resistances are assumed to remain constant during operation, provided the transistors function
within their ohmic region, as discussed in [15]. The corresponding output voltage levels, VoL and Vo,
represent the voltage levels at the MCU pins, respectively, when driven low or high.
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Figure 15. DIC with capacitive sensor using charge transfer technique.

The measurement procedure, detailed in Table 9, comprises three sequential stages: circuit

initialization, the charging phase, and the charge transfer phase.
Table 9. MCU pin configuration and measurement sequence for charge transfer-based estimation of a capacitive

Sensor.
Stage P4y Py Process
1 ‘0’ ‘0’ Discharge C, to ;[0] = 0
2 T 'HZ' T, = 5RC,
3 'HZ', Capture Vry '0' Capture of charge cycles Ny

The charge transfer cycles are repeated until the voltage across C: reaches the predefined
threshold voltage V11 of the MCU input buffer. Under the condition that C: > Cx, and considering the
parasitic effects from Cpo, Cp1, and voltage levels VoL and Von, the number of charge transfer cycles N
is recorded. Finally, the capacitance Cx is estimated using (13),

Cx = _{Cr ln[1 - (VTH/VS)]}/N - [Cpo + Cpl] (13)

Subsequently, Gaitan-Pitre ef al. [33] introduced an enhanced DIC for capacitive sensing based
on the charge transfer method, incorporating a two-point calibration technique designed to make the
measurement results independent of Voun, VrH, and C:. The proposed circuit is shown in Figure 16,
and includes only the dominant parasitic capacitances, which are considered the most significant
contributors to measurement uncertainty.

Pa1

Pal o ||
< ;C}ﬂ Cr
Pd3 t'/l%.
Pd4 i' |?0
Pas = h’

MCU T

Figure 16. DIC with charge transfer using the two-point calibration technique.
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This methodology involves performing three separate measurements: one corresponding to
each of the reference capacitors Ca and Ce, and a third for the sensor capacitance Cx. The charge
transfer process is applied individually to Ca and Ce to estimate the number of charge transfer cycles
required in each case. These measurements yield the digital counts Nx, Na, and Ne, respectively.

The measurement sequence for each stage follows the same operational procedure previously
described, and it is summarized in Table 9. It is important to note that during each measurement,
unused MCU pins must remain configured as high-impedance inputs to prevent unintended charge

paths. Once all measurements are completed, the sensor capacitance Cx is estimated using equation
(14),

e e

4. Analysis

This section presents a comprehensive analysis of DICs, organized into four parts. First, an
overview is provided of the key contributions from semiconductor manufacturers through
application notes, highlighting the practical implementation strategies proposed. Second, a detailed
analysis is conducted on the various types of digital processors used in DIC implementations,
focusing on circuits based on RC and RL components, as well as capacitive charge transfer techniques.
The analysis considers performance metrics such as measurement range, accuracy, resolution,
acquisition time, systematic errors, and power consumption as reported in the literature. Third, DIC
application domains are summarized, outlining their relevance across different sensing technologies
and use cases. Finally, a general discussion synthesizes the findings from the review, emphasizing
advancements, limitations, and research opportunities for the future development of DIC-based
systems.

4.1. Initial Scope of a DIC

The initial development of DICs was driven by semiconductor manufacturers, who introduced
the concept through application notes. These early works proposed measuring the electrical value of
resistors or capacitors by directly interfacing them with a MCU and measuring the charging or
discharging time in an RC circuit. The measured time was compared to a fixed threshold voltage,
enabling an estimation of the component's value without the need for an analog-to-digital converter
(ADC).

Sherman [8], from Philips Semiconductors, demonstrated that using an 80C51 MCU, in
conjunction with a timer, a monostable multivibrator, and a comparator, it was possible to establish
a strong linear relationship between the charging time of an RC circuit and its capacitance or
resistance. This work laid the foundation for the fundamental operating principle behind DICs.

In parallel, Webjor [9] from Motorola Semiconductors proposed a method for measuring
resistance in temperature and pressure sensors using the MC68HC05 MCU. The method consisted of
two measurement phases, calibration and sensor acquisition, allowing for improved accuracy
through reference point definition, variability compensation, output normalization, and systematic
error reduction.

Cox [10], from Microchip, described the implementation of a digital ohmmeter using a
PIC16C5X MCU. The technique involved charging and discharging a capacitor to determine a time
value associated with the sensor, followed by a calibration process designed to eliminate first-order
errors such as offset, gain deviations, capacitance tolerances, power supply fluctuations, and
temperature effects. A similar approach was proposed by Richey [11], also from Microchip, using a
PIC16C622 MCU and an RC circuit to estimate resistance or capacitance by measuring the capacitor’s
charging time to a fixed reference voltage, monitored via an analog comparator.
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Additionally, Merritt [13] from Texas Instruments introduced a digital thermometer based on
an RC circuit and the timers of the MSP430x325 MCU. This implementation obtained the sensor value
by charging and discharging a capacitor through a thermistor and a reference resistor. This allowed
the MCU to count clock cycles and determine the corresponding resistance, which was then
converted into temperature.

These application notes collectively demonstrated the feasibility of minimizing external
components in measurement systems by leveraging internal MCU resources. The proposed DIC
strategies promoted the concept of direct sensor-to-MCU interfaces as a low-cost and compact
alternative to traditional analog signal conditioning. These early developments showcased the
potential of MCUs in measurement applications and laid the groundwork for a research field that
continues to attract significant academic and industrial interest.

4.2. Implemented Digital Processors

Within DICs, the digital processor serves as the core computational unit responsible for
interpreting and processing sensor signals. Specifically, in sensor interfacing applications, it
integrates essential functionalities such as data acquisition, control logic, and communication,
typically within a single embedded platform. DIC implementations leverage the digital processor’s
ability to convert sensor responses into measurable time intervals using internal digital pins and
embedded timers.

Table 10 summarizes the digital processors reported in the literature for DIC implementations,
categorizing them based on their operating frequency, embedded timer resolution, timer measuring
range, and operating voltage range.

Table 10. Summary of digital processors used in DIC implementations, including operating frequency, timer
resolution, measuring range, and voltage.

Clock Timer-counter Supply
Ref. Digital processor Manufacturer Time resolution
Reference bits Voltage (v)
[36-38,81,84] FPGA Artix 7 XC7A35T Xilinx 50 MHz 18 bits 20ns 33
[39-41] FPGA  Spartan 6 (XC6SLX25-3FTG256) Xilinx 50 MHz 14 bits 20ns 33
Spartan 3 (XC3S50AN- o
[42-44] FPGA Xilinx 50 MHz 14 bits 20ns 12-33
4TQG144C)
[45-46] MCU ATXmega32Ad Atmel 16 MHz 16 bits 625ns 33
(214751831 ey ATmega328P Atmel 16 MHz 16 bits 62.5ns 33-5
[16,18- . Atmel . 50 ns
20,52,76,78,821  MCU AVR ATtiny2313 20 MHz 16 bits 5
[15,53-551 MCU AVR AT90S2313 Atmel 4MHz 16 bits 250ns 5
[22] Atmel Prescaler
MCU SAMB3XSE ARM Cortex-M3 84 MHz 32 bits (11.9 ns x 2) = 23.8 ns 33
[15,31,56-581 MCU PICI16F873 Microchip 20 MHz 16 bits 200ns 5
[42] MCU PIC16LF1559 Microchip 32 MHz 16 bits 125ns 33
1591 MCU PIC16F876 Microchip 20 MHz 16 bits 200 ns 5
(211 MCU PIC16F877A Microchip 5 MHz 16 bits 800 ns 5
(60,901 MCU PICI6F877A Microchip 20 MHz 16 bits 200ns 5
611 MCU PIC18F45K22 Microchip 20 MHz 16 bits 200ns 5
1341 MCU PIC12C508 Microchip not specified 8 bits not specified 5
[33,35,62-63] MCU PIC16F84A Microchip 4 MHz 16 bits 1ys 5
1891 MCU PICI8F4680 Microchip 8 MHz 16 bits 125ns 5
[64] Texas 7 MHz (DCO)
MCU MSP430F1471 Instruments 32 KHz 16 bits —142 ns 33
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(651 MCU MSP430F1471 InstTri):l:nts 8 MHz 16 bits 125ns 3.3
[66-681 Texas . 125 ns

MCU MSP430F123 Instruments 8 MHz 16 bits 3.3
(171 MCU MSP430F123 Insg;'i)x(rints 4MHz 16 bits 250ns 33v
1691 MCU MSP430F2274 Insg;'i)x(rints 8 MHz 16 bits 125 ns 33
7ol MCU STM32F401CBU6 ST Micro 48 MHz 16 bits 2083 ns 27-36
71l MCU D1 mini ESP32 ES;};:::: 80 MHz 64 bits 12.5ns 33
72l MCU C8051F040 Silicon Labs 25 MHz 16 bits 40mns 27-56
73] FPGA Cyclone Il EP3C10 Intel 48 MHz 16 bits 20mns 33

As reflected in Table 10, MCUs constitute the most used digital processors in DIC systems.
However, in recent years, FPGAs have gained relevance due to their higher processing capabilities
and timing precision.

MCUs implementation typically operate within a frequency range of 4 MHz to 32 MHz. Notable
exceptions include implementations at 84 MHz [22], 80 MHz [71], and 42 MHz [70], which
demonstrate that increased clock frequency directly enhances the resolution of the embedded timer.
Most MCUs have 16-bit timer-counters, while some high-performance devices, such as the SAM3X8E
[22] and the D1 Mini ESP32 [71], offer 32-bit and even 64-bit timers, respectively. This expanded bit-
width accurately measures longer time intervals and improves overall timing resolution.

FPGAs, by contrast, operate at significantly higher frequencies and offer enhanced timing
resolution, often as precise as 20 ns, due to their configurable logic and high-speed clocks. Lower-
frequency MCUs typically exhibit time resolutions ranging from 125 ns to 800 ns. Only a few MCU-
based implementations achieve finer resolutions, in the range of 12.5 ns to 23.8 ns, and these are
directly associated with devices running at higher clock speeds.

This analysis indicates that while MCUSs dominate DIC applications due to their integration and
cost efficiency, FPGAs provide superior precision and performance for high-resolution time
measurement applications. Additionally, when comparing FPGAs and MCUs in a DIC
implementation, the decision often involves balancing key trade-offs in flexibility, performance,
power consumption, and cost. In contrast, FPGAs offer unparalleled flexibility for hardware design
and exceptional performance for parallel tasks, which MCUs cannot match. However, this flexibility
and performance come at an increased cost and higher power consumption. Meanwhile, MCUs
provide an easier programming experience using high-level languages like C/C++, making them
more accessible for general-purpose applications. FPGAs require expertise in hardware description
languages (HDLs) like VHDL or Verilog. FPGAs are generally more expensive than MCUs but allow
for extensive hardware customization. MCUs, on the other hand, have fixed architectures, limiting
their ability to adapt to unique or complex requirements.

It suggests that the choice of an FPGA or MCU depends on the specific needs of the application
(e.g., IoT sensor interfaces, Industry 4.0, and wearable smart sensors), such as the level of performance
required, power efficiency, development resources, and cost.

4.3. DIC with RC Components

DICs based on RC components are the most widely adopted approach for sensor interfacing,
particularly for sensors that exhibit resistive or capacitive variations. Numerous studies have been
dedicated to improving accuracy, resolution, and measurement time and reducing sources of
uncertainty and interference that impact system performance. Table 11 highlights the most relevant
contributions and associated data collected for further analysis.

Table 11. Summary of DIC implementations with RC components for resistive and capacitive sensors.

Ref. Sensor type DIC components Keywords Operative parameters reported

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1327.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2025

d0i:10.20944/preprints202505.1327.v1

19 of 40

Three resistors, a .
A direct approach for

Four-wire resistive capacitor, a switch,

Measurement ranges from 60 Q to 220 Q.

interfacing four-wire e ime measurement approx. 10 ms.
[76] Sensors a sensor, and ' facing f . Ti bp 10
MCU ! resistive sensors. . Non-linearity errors around 0.05% ESS.
. . .. Threeresistors,a A DIC for Three-Wire e Measurement ranges from 60 Q) to 264 Q.
Three-wire resistive . g .
[78] sensors capacitor, a sensor, connected resistive ° Time measurement approx. 7 ms.
and MCU. Sensors o Non-linearity errors around 0.02% FSS.
Two-Measurement o Measurement ranges from 100 Q to 2000
Two resistors,a  Method (TMM) for Q) for lead-wire resistances from 0 Q to 100 Q.
capacitor, a sensor, resistive sensors . Time measurement approx. 1.09 ms.
. L and FPGA. affected by lead-wire e Non-linearity errors were around 0.12%
Simple resistive .
[81] sensors resistances. FSS.
. Improved Method (IM) e Measurement ranges from 100 Q to 2000
Three resistors, a
capacitor. a sensor for resistive sensors Q) for lead-wire resistances from 0 Q to 100 Q.
anl:(:l P G/IX "affected by lead-wire e Time measurement approx. 1.09 ms.
’ resistances. o Non-linearity error around 0.15% FSS.
. . o Measurement ranges from 5 kQ to 30 kQ.
Non-linear resistive Three resistors, a . Time measurement approx. 1.3 ms per
[82] sensors, such as capacitor. a serllsor DIC for non-linear cvele Pprox. . P
thermistor B57164K °F g ' resistive sensors. yeke: .
and MCU. o Power consumption reported at 30 pJ.
from TDK . .
o Non-linearity error less of 1% FSS.
f 442
o cammcitore. o Proposal of a simple s kge.':lsurelrnent ranges from 0 kQ to
Differential resistive = P " digital readout DIC for = )
SenSors resistor, a sensor, differential resistive . Time measurement from 1.1 ms to 1.3 ms.
and FPGA. SenSOrs Resolution obtained around 11.4 bits.
[36] ’ . Measurement errors at 0.34 %.
Proposal of a simple o Measurement ranges from 0.5 nF to 34.9
T ist F.
Differential c;v (a)lcriizlrs ;)rsZr?sor digital readout DIC for il Time measurement around 1.3 ms
capacitive sensors P ’ "differential capacitive . , ) .
and FPGA. Sensors Resolution obtained around 10.8 bits.
’ ° Measurement errors were around 0.63 %.
. . .. . Measurement ranges to emulate a sensor
Differential resistive of 1.0 KQ to (-1, 1)
sensors for linear . ) ) . T L .
osition. aneular Two resistors,a  Interfacing differential e Time measurement approximately to 1 ms
[16] position, regssure capacitor, a sensor, resistive sensors with  for the largest capacitor value.
p ' P and MCU. DIC. ° Resolution obtained around 7.4 bits to
sensors, or level .
Sensors 11.6 bits.
' e Non-linearity error around 0.01% FSS.
Diff tial
cal aeziet?vleasensors ° Measurement ranges of sensors of
P ’ . Interfacing differential 0.039 nF (-0.07, +0.07).
as the accelerometer Two resistors, a . . .
[19] SCG10Z-CO01CC  sensor. and MCU capacitive sensors with e Time measurement around 50 ms.
from VTI ! " DIC. . Resolution obtained around 7 bits.
. J Non-linearity error around 1% FSS.
Technologies.
Proposal of a Two o Measurement ranges from 0.221 kQ to
Simple resistive . p . 24.9 kQ.
. Two capacitors, a Capacitor Interface .
sensors include sensor, and FPGA. (TCI) to simplify J Time measurement around 1.2 ms.
i ! ’ Relati d0.2t00.39
resistance resistive sensor rea dout. elative errors ar‘oun o Yo
[37] temperature o Power consumption reported at 476 n]J.
detectors (RTD), gas, Proposal of a Single- o Measurement ranges from 0.221 kQ to
force, or humidity =~ Two resistors,a  Capacitor Interface 24.9 kQ.
sensors. sensor, and FPGA. (SCI) to simplif . Time measurement around 0.685 ms.
plity

resistive sensor readoute

Relative errors around 0.16 to 0.7 %
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Power consumption reported at 476 nJ.

Measurement ranges from 0.1 nF to

561 nF.

Simple capacitive

sensors, such as Proposal of a new DIC *

Two resistors, a

Time measurement around 0.12 ms for

each 1 nF reading.

38] liquid level, to simplify th )
[38] liquid leve . sensor, and MCU. © SHITP, Hy the . Relative errors were around 0.41 to
pressure, strain, and capacitive sensor o
humidity sensors 101 %.
v ' o Linearity errors ranging from 0.03% to 0.3
%.
o Measurement ranges from 100 pF to
Two resistors, an DIC for capacitive 96 nF.
.. operational sensors affected by o Time measurement around 4.5 ms
[84] Capacitive sensors e o . . o
amplifier, a sensor, parasitic series o Systematic error of about 0.37% when
and FPGA. resistances. parasitic series resistances are as high as 1200
Q.
o Measurement ranges from 0.800 k() to 1.5
kQ.
Simple resistive Two resistors,a  Study of the accuracy e Time measurement around 2.372 ms.
[15] sensors, as Pt1000  capacitor, a sensor, and resolution of a DIC e Relative errors around 0.01 %.
RTD sensors. and MCU. for resistive sensors. e Maximum resolution was obtained
around 0.10 Q to 0.30 Q.
o Power consumption reported at 768 nJ.
o Measurement ranges from 0.128 kQ to 7.4
Proposal of a Two- kQ.
. _ . Capacitor Direct o Time measurement around 1.05 ms.
Simple resistive Four resistors, two L . . . .
[39] y d it Interface Circuit . Maximum absolute error in estimating Rx
sensors, focused on capacitors, a
. P (TCDIC) to enhance the from 13.4 Q to 14.3 Q.
tactile sensors. sensor, and FPGA. L. .
measurement of o Power consumption increased slightly
resistive sensors from 4.8 to 6.5 % compared with the two-point
calibration technique.
P 1 of
Simple resistive roposatora
. Quantization Error
sensors include . . o Measurement ranges from 0.033 kQ to
. . Three resistors, Reduction Method
thermistors, strain . 8.169 kQ.
[40] two capacitors, a (QERM) to reduce . .
gauges, pressure L Maximum relative errors of
sensor, and FPGA. quantization errors . o .
sensors, and . approximately 1.56 % for low resistances.
. : when measuring low
biomedical sensors. )
resistance values.
o Measurement ranges from 0.270 kQ to 7.5
K
Three resistors, Proposal to reduce time .
Simple resistive i 'r 1St0TS, @ Froposalto T .u . Time measurement around 0.002 ms for
[41] capacitor, a sensor, measurement in DIC
Sensors. and FPGA for resistive sensors each measurement cycle.
' ’ Errors reported between 0.2% to 0.3% for
most resistance values.
. .. . o Measurement ranges from 0.1 nF to 0.225
Simple capacitive A resistor, an Proposal a oF
Sensors, as analog measurement method ' L ,
.. . . 64 cycles resulting in a measurement time
[46] capacitive relative comparator, a based on a versatile of 612 ms to 1265 ms
2m .5 ms.
humidity (RH) DAC, a sensor, DIC with internal MCU .
SenSors and MCU eripherals o Accuracy obtained around 0.1 pF.
' ) perip ' . Maximum relative error of 0.06 %.
. - . MCU proposes an
Simple resistive Four resistors, a ) . o Measurement ranges from 0.010 kQ to 7.5
[42] sensors include capacitor, a sensor, Improved Calibration kQ
paclon, "Method (ICM) to '

temperature, gas, and MCU.

provide more accurate

Maximum relative error at 5.5 %
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anemometers, and measurements and
tactile sensors. reduce relative errors.
FPGA proposes an
Improved Calibration
Four resistors, a p Measurement ranges from 0.0099 kQ to
. Method (ICM) to
capacitor, a sensor, rovide more accurate 7 kQ.
and FPGA. P o Maximum relative error at 3.0 %
measurements and
reduce relative errors.
A reference
resistor, a o Measurement ranges from 50 kQ to 800
capacitor, an . kQ, and capacitance specified at ranges around
., pach” A first approach of a P P 8
Capacitively- operational . some pF.
- i DIC for Capacitively- .
[83] coupled resistive  amplifier, a . Time measurement around 10 ms.
iy Coupled Resistive . _ o
Sensors. capacitively- o Maximum relative errors at 0.91% for
. Sensors. . o
coupled resistive resistance measurements and 2.94% for
sensors, and a capacitive measurements.
MCU.
Simple resistive Proposal of two fast
sensors include . calibration methods to e Measurement ranges from 0.260 kQ to
. Two resistors, a .
thermistors, gas . improve faster, more  9.96 kQ.
[43] . capacitor, a sensor, . . )
detection, magneto- efficient, and more . Time measurement around 0.413 ms to
. ., and FPGA.
resistive, and tactile accurate sensor data  0.553 ms.
Sensors. acquisition.
. Quasi single point o Measurement ranges from 267 Q to 7.46
Three resistors, a . .
L. . calibration method for kQ.
[85] Resistive sensors  capacitor, a sensor, , . . _
high-speed o Time measurement reduction of 61%
and FPGA. . )
measurements. against those in [43].
. . o Measurement ranges from 0.100 kQ to 8.2
The time-domain )
Simple resistive measurement method ’ .
. . Measurement time for each cycle at
sensors, as for resistive sensors is .
. . . 7.25 ps, a complete measurement requires 64
thermistors or strain . based on a versatile
AUces A resistor, a DIC with external cycles to ensure accuracy.
BauEes. capacitor, an ADC, . Resolution of 12 bits.
components. . o
[45] an analog o A relative error of less than 3 %.
Simple capacitive =~ comparator, two . . o Measurement ranges from 100 nF to 12000
The time-domain
sensors, such as MOSFETs, a nF.
. measurement method .
touch sensing, sensor, and MCU. o Measurement time for each cycle at

’ for capacitive sensors is .
pressure sensing, 7.25 ps, a complete measurement requires 64

based on a versatile

liquid level ) cycles to ensure accuracy.
9 DIC with external 4 . y
measurement, or components . Resolution of 12 bits.
proximity sensors. P ] o A relative error of less than 0.2 %.
Simple resistive . Propose a DIC that
. Two resistors, a .
sensors include minimizes o Measurement ranges from 145.96 Q) to

capacitor, an

measurement errors 146.42 Q).
analog

RTD, thermistors,

[47] LDRs, strain gauges, due to lead wire o Time measurement around 5.3 ms.
comparator, 2 . L . . . .
gas sensors, and . resistance variations e Resolution of 12 bits with an approximate
iezoresistive diodes, a sensor, and temperature sensitivity of 0.03 Q
P and MCU. e YOS
Sensors. compensation.
Proposal for a low- o Measurement ranges from 1 kQ to 1.38
. . Two resistors,a  power consumption k€, and 100 Q) to 138 kQ.
Simple resistive . . .
[64] sensors capacitor, a sensor, DIC through a design e Time measurement around 1.5 ms.
and MCU. guide for the selection e Effective number of bits from 9 bits to 12

of optimal parameters bits.
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related to the J
measurement setup for the resistance values given.

Power consumption from 1.9 uJ to 5 pJ for

resistive sensors

Simple capacitive A resistor, a

o Measurement ranges from 47 nF to 220

F.
Proposal of calibration- il

d0i:10.20944/preprints202505.1327.v1

65 A btained d1pF.

(651 sensors sensor, and MCU. less DIC ccufacy was obtainec atond - p

o Relative errors from 0.1 to 2 % across
various capacitor values.
o Measurement ranges around 1 kQ.
o Time measurement from 1 ms to 6 ms.
Simple resistive A resistor, a o Resolution of 13 bits.
P capacitor, a sensor, . A non-linearity error of 0.01% FSS.
Sensors L .
and MCU. o Current consumption in active mode for
Analysis for optimizing measuring a 1 k(2 resistive sensor
DICs to enhance their approximately at 1.5 mA.
[52] power consumption, e Measurement ranges from 10 pF to 1 nF, 1
particularly for battery-nF to 100 nF, and few uF.
operated applications. e Time measurement from 1 ms to 6 ms.
Simple capacitive =~ Two resistors, a . Resolution of 9 bits.
Sensors sensor, and MCU. o A non-linearity error of 0.1% FSS.
o Current consumption in active mode for
measuring a 177 nF capacitive sensor
approximately at 0.6 mA.
o Measurement ranges from 0.150 nF to
Lossy capacitors, as . 0.206 nF.
: Two resistors, a . .
P14-Rapid . Proposal DIC for lossy e Time measurement is around 2 ms to 3

[20] . . ,., capacitor, a sensor, .

capacitive humidity and MCU capacitance sensors.  ms.
Sensor. ) o Relative errors of 0.3 % for Gx=100 nS and
6.0 % for Gx=1 puS.
Simple resistive Proposal to improve
sensors, such as Two resistors, a P . P . Measurement ranges around 1 kQ.
. traditional DIC .

[66] Pt1000 temperature capacitor, a sensor, erformance using a  © Time measurement around 0.2 ms.

sensors or magneto- and MCU. perro 151N o Accuracy obtained around 0.114 Q.

. Vernier technique.
resistive sensors.
Bridge type resistive
sensors, as the full- o Measurement ranges from 1 kQ to 2 kQ.
bridge HMC1052 o Measurement time is around 1 ms per
sensor, an cycle, and the full-bridge proposal requires
Anisotropic A resistor, a A DIC proposal to three measurement cycles.

[17] Magneto-resistive  capacitor, a sensor, linearize resistive o Effective number of bits of 11 bits.
(AMR) sensor or the and MCU. sensor bridges. o Full-bridge circuit non-linearity errors
half-bridge AAH002 around 0.2 % FSR
sensor, a Giant . Half-bridge circuit non-linearity errors
Magneto-resistive around 0.3 % FSR
(GMR).

. Measurement ranges are not specified;
Bridge t isti instead, th t i
ridge type resistive resistor, a A simple and efficient instead, the pressure measurement range is
sensors, as capacitor. a DIC proposal for presented as being from 0 to 7.5 psi.
[56] MPXV53GC7U p o . P p . o Three measurement cycles are required
. .. Schmitt trigger, a piezoresistive pressure
piezoresistive for Reql, Req2 and Req3.
sensor, and MCU. sensors . ) . o
pressure sensors. o Maximum non-linearity error at 1.5 %

ESS, averaging 0.5 % FSS.
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o Measurement ranges from 99 pF to
146 pF, and 149 pF to 206 pF.
Simple capacitive o 100 measurement cycles for the sensor
sensors, like Philips Two resistors,a A DIC proposal for readings with an overall measuring time of
[18] H1 Sensor and capacitor, a sensor, capacitive humidity =~ approximately 50 ms.
Humirel HS1101 and MCU. sensors. o Sensitivity varies from 0.2 pF to 0.5 pF per
Sensor. Y%RH.
. Effective number of bits of 9 bits.
o Non-linearity errors of 0.11 % FSS.
f 10pFto1
. N A resistor, a A low-cost DIC Measurement ranges from 10 pF to 100
Simple capacitive . pF.
[31] capacitor, a sensor, proposal for low-value
Sensors. .. o Absolute error was reported below 1.5 %
and MCU. capacitive sensors.
FSR.
o Measurement ranges around 1 kQ to 100
. . kQ
. L. Two resistors,a  One point auto- .
Simple resistive . o . o Measurement time under us ranges for
[88] capacitor, a sensor, calibration technique .
Sensors . resistences around 1 k(), and tens of us for
and MCU. sensor interface
ranges 100 kQ).
o Non-linearity errors of 1.3 % FSS.
o Measurement ranges around 200 € to
7.35 kQ
o Measurement time with a single resistor
Lo A sensor array, a DIC for resistive sensor and 500 estimation, the standard deviations
Resistive sensor . . .
[91] Arravs capacitor, and a  arrays: resolution ranged from approximately 13.58 ns for the
Y FPGA analysis. 199.96 Q) resistor to about 38.46 ns for the
7348.84 Q) resistor.
. Effective resolution achieved
approximately to 10.14 bits.
[57] Analysis of power-supply interference effects on DIC sensor-MCU.
[53] Effective number of resolution bits in direct sensor-to-microcontroller interfaces.
[54] Uncertainty reduction techniques in microcontroller-based time measurements.
[44] Innovative capture modules for DIC sensor-FPGA.
[55] Measurement error analysis and uncertainty reduction for period and time interval-to-digital converters based

on MCU.

Reverter [76] presented a simple DIC for four-wire resistive sensors using an external single
switch. This approach reduces the complexity and number of components required compared to
traditional methods that often involve multiple switches and external circuitry, achieving a
maximum non-linearity error at 0.05% FSS, and relatively rapid measuring time (approximately 10
ms) for low resistance values associated with sensors like the Pt100 temperature sensor, in a resistance
range from 60 Q to 220 Q. According to [77], the Reverter contrasts an improvement where the sensor
interface needs four external switches, where measurement time is directly affected around 60 ms.

Reverter [78] also proposed a DIC for three-wire resistive sensors. The circuit requires more
charge-discharge cycles and a longer conversion time. Additionally, two wire resistances are
expected to be equal; otherwise, there is an offset error. However, it is noted for requiring fewer
external components than existing solutions, thereby reducing overall complexity and cost while
maintaining measurement accuracy. Reverter presented measurement ranges from 60 Q to 264 Q
with a non-linearity error of around 0.03% and 0.02% FSS, which enabled improvements over [79]
and [80], where multiple comparators, operational amplifiers, and switches are needed to perform a
three-wire sensor measurement.

Hidalgo [81] introduced two novel DICs for the digital readout of resistive sensors to mitigate
the errors introduced by lead wire resistances by obtaining multiple time measurements during a
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single capacitor charge and discharge. The Two-Measurement Method (TMM) circuit utilizes two
resistors and a capacitor to acquire two-time measurements to estimate the sensor's resistance. The
Improved Method (IM) includes an additional resistor for a third time measurement, which reduces
errors in estimating the resistance. Experimental results were obtained by configuring known
resistances to ensure their combined resistance is significantly larger than the lead wire resistances,
effectively diminishing their impact on sensor readings. Hidalgo presented experimental results with
sensor measurements at 100 to 2000 Q2 for lead-wire resistances from 0 to 100 O, achieving significant
measurement accuracy with systematic errors as low as 0.12% for TMM and 0.15% for IM. Both
proposals effectively address the challenges of lead-wire resistance in measuring resistive sensors,
representing an improvement of [97], where measurements ranges from 1000 to 1100 €2 for lead-wire
resistances from 0 to 10 (), achieved significant measurement accuracy with systematic errors at
0.33 %.

Reverter [82] presented DIC as capable of measuring non-linear resistive sensors, such as
thermistors. The proposed circuit employs an autocalibration and linearization process by
incorporating a reference resistor RCL in parallel with Rx, and the non-linear resistance of the
thermistor is transformed into a more linear response. Reverter presented experimental results of the
proposal circuit with a thermistor B57164K from TDK, with resistive variations approximately 5 k()
to 30 kQ. After hardware linearization, non-linearity reported to be less than 1% FSS. This approach
conducts a highly integrated, low-cost, energy-efficient, and accurate measurement technique, with
simplicity, auto-calibration, and adaptability benefits.

Areekath et al. [83] presented a DIC for capacitively-coupled resistive sensors, which has not
been explored so far from the perspective of a DIC. These sensors are suitable for non-contact sensing
applications such as water quality monitoring or other environmental measurements. Areekath et. al.
presented experimental results with measurement ranges from approximately 50 kQ up to 800 kQ,
corresponding to typical water conductivity monitoring, such as measuring water quality. On the
other hand, the capacitance measurement range is not explicitly specified. However, it is evaluated
in the order of a few picofarads, with experimental results showing maximum errors under 3% across
these ranges. According to measurement time, the proposed DIC completes both resistance and
capacitance measurements in approximately 10 ms. Additionally, the maximum error reported is
about 0.91% for resistance measurements and 2.94% for capacitive measurements. This paper
contributes to exploring alternatives for capacitively-coupled resistive sensors with DICs.

Hidalgo [36] presented a circuit designed for differential resistive and capacitive sensors,
achieving measurement times of between 1.1 ms and 1.3 ms and non-linearity errors of 0.34 % Full
Scale Span (FSS) for resistive sensors and 0.63 % FSS for capacitive sensors. These results correspond
to practical resolutions of 11.4 and 10.8 bits, respectively. Compared to previous works by Reverter
et al. [16], [19], this study demonstrated significant performance improvements. However, the
method's disadvantage lies in the relatively long acquisition time per cycle, which may limit fast-
monitoring applications.

In another work, Hidalgo et al. [37] introduced two simplified DICs for resistive sensors by
reconfiguring the two-point calibration method described in [15], enabling resistance estimation
through a single charge-discharge cycle. This approach resulted in a more compact configuration,
shorter measurement time, and up to a 40% reduction in energy consumption. Subsequently, Hidalgo
et al. [38] developed an innovative DIC for capacitive sensors that eliminates the need for calibration
capacitors by using only two additional resistors and a Xilinx Artix 7 FPGA (XC7A35T). This
configuration estimates the capacitance with a single charge and discharge cycle. Although resolution
data is not reported, the authors indicate a maximum relative error of 1.01% and an average error of
0.41% across a range from 0.100 nF to 561 nF, with an estimated acquisition time of 0.12 ms per 1 nF.

Hidalgo [84] presented a DIC for capacitive sensors affected by parasitic series resistances to
obtain reliable capacitance measurements in a single charging-discharging cycle with advantages in
minimizing power consumption and eliminating errors caused by parasitic resistances, making it
highly suitable for IoT and ambient intelligence applications. Hidalgo presented experimental results
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measuring capacitances from approximately 100 pF to 96 nF, maintaining as low as possible
systematic error of about 0.37% within this range, even when parasitic series resistances are as high
as 1200 Q.

Hidalgo et al. [39] also proposed two new configurations for resistive sensors based on RC
networks: the Two-Capacitor Interface (TCI) and the Single-Capacitor Interface (SCI). These
approaches utilize only two digital pins, reduce power consumption, and achieve faster acquisition
times compared to traditional two-point calibration techniques. The TCI configuration decreases
measurement time by approximately 50%, while the SCI configuration attains a 75% reduction for
resistance ranges between 221 ) and 24.9 kQ. Although no resolution values were provided, the
study emphasizes the relationship between resolution and equivalent capacitance, indicating that
higher capacitance enhances resolution, albeit with potential increases in uncertainty due to the
discharge curve characteristics.

Hidalgo et al. [40] introduced the Quantization Error Reduction Method (QERM) to address
quantization errors, which modifies the discharging process by simultaneously discharging the
sensor and calibration resistors. This approach significantly reduces noise quantization and improves
overall resolution. The method requires two calibration resistors, a load resistor, a capacitor, and an
FPGA. For resistance measurements between 33 () and 8.169 kQ), the maximum error for values near
33 Q) was 0.33 Q, representing a 1.56 % relative error, in contrast to the 3.77 % error observed using
the standard two-point calibration technique.

Hidalgo et al. [41] proposed the Short-Time Charging Calibration Method (SCCM), which
shortens the charging phase and allows two measurements per discharge cycle, significantly
reducing acquisition time. Compared to the two-point calibration method, SCCM reduced charge
times from 40.96 pus to 1.92 us, with a modest increase in error (0.2 % to 0.3 %) attributed to
quantization effects at shorter time intervals, suggesting the alternative of increasing the clock
frequency of the FPGA or the capacitance values. However, this may lead to higher power
consumption or increased noise.

Further contributions by Czaja [46] involved using an ATXmega32A4 MCU with an embedded
DAC and comparator to measure capacitance in humidity sensors, achieving errors below 0.07 pF
and relative errors under 0.06 % for experimental measurement ranges between 100 pF to 225 pF.
This method involved averaging 64 measurements to improve accuracy, making it highly suitable for
low-power sensor networks.

Hidalgo et al. [42] presented the Improved Direct Interface Circuit (IDIC), which uses three
calibration resistors to build a linear system for estimating resistance. Implemented on a PIC16LF1559
MCU and a Xilinx Spartan3AN FPGA, the IDIC outperformed the two-point method, reducing the
error from 26.6 % to 5.5 % for resistances near 80.388 ). The maximum reported error with FPGA
implementation was 3 %.

In [43], two Fast Calibration Methods (FCM I and II) were proposed, which use the smallest
calibration resistor during discharge to reduce measurement time. These methods achieved
conversion times between 0.413 ms and 0.553 ms and were up to 55 % faster than the two-point
calibration technique. The reported measurement ranges span from 260 Q to 9.963 kQ), with
measurements between 0.413 ms and 0.553 ms, conversion times up to 55 % faster, with consistent
errors for different resistance values up to 2.198 kQ). However, FCM II introduced higher errors at
larger resistance values.

A few years later, Botin-Cdrdoba et al. [85] presented a DIC named quasi single-point calibration
methods (QSPCMs) for resistive sensors that significantly reduce measurement time, maintaining
acceptable accuracy. This proposal uses an initial calibration with two known resistors to establish
baseline parameters, and subsequent measurements by measuring only one resistor, and a calibration
process with the other. These methods incorporate accelerated discharge procedures as fast
calibration methods [43]. These QSPCMs achieve a reduction of approximately 61% against those in
[43] for the mean estimation time when performing 20 measurements across the resistance range of
267.56 Q) to 7.46 kQ.
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Czaja [45] proposed a mixed time-domain DIC using an ATXmega32A4 MCU, passive
components, and a MOSFET-based switching network to measure resistance and capacitance. The
method uses a voltage divider with a reference resistor to estimate sensor resistance, averaging 64
measurements and applying piecewise linear corrections. Resistance errors remained under 3 % from
100 Q to 8.2 k(). Capacitive measurement errors were below 0.2 % for values between 100 nF and
12 uF. Nagarajan et al. [47] addressed cable-induced resistance errors using an ATmega328 MCU,
reducing measurement error to 0.06 % for a Pt100 sensor. Their design allowed remote resistive
sensors to be connected directly to the MCU without significant precision loss.

Lopez et al. [64] developed a low-power DIC achieving 9-bit ENOB at 5 uJ for 1-1.38 k() and 1.9
pJ for 100-138 kQ. Lopez et al. [65] also presented a capacitor calibration-free DIC using only a
reference resistor and the MSP430F1471 MCU. The design maintained uncertainties below 1 pF for
capacitances between 33 pF and 4.7 nF.

Reverter [52] analyzed current consumption for resistive and capacitive DICs, reporting 1.5 mA
and 0.6 mA, respectively, due to shorter charging times in capacitive sensors. Reverter et al. [20]
addressed lossy capacitive sensors by correcting parasitic conductance using a calibration technique
that maintains accuracy even in high-humidity environments. The design achieved a relative error of
less than 1 %.

Sifuentes et al. [66] introduced a Vernier-based method to extend discharge time and enhance
resolution without increasing power consumption. Jordana et al. [56] and Sifuentes et al. [17]
implemented DICs for bridge-configured resistive sensors, achieving non-linearity errors of 0.4 % to
1.5 % FSR and validating measurement accuracy through time averaging.

Oballe-Peinado et al. [91] presented a development and experimental validation of a DIC using
a FPGA for resistive sensor arrays. This approach eliminates resistive crosstalk and simplifies
hardware by balancing sensing speed and precision, offering a practical and scalable solution for
tactile sensing and other applications that involve resistive sensor arrays. The authors reported
experimental results showing maximum relative errors as low as 0.066% for resistances ranging from
approximately 200 ) to 7.3 kQ.

Additionally, Oballe-Peinado et al. [92] presented an enhanced DIC employing operational
amplifiers with capacitive feedback to mitigate errors introduced by non-idealities of operational
amplifiers and FPGA input/output drivers and applying calibration algorithms that effectively
reduce crosstalk effects. These advancements enable larger measurement ranges with higher
precision.

Kokolanski et al. [88] introduced a sensor interface and experimental validation of a continual
one-point auto-calibration technique for DICs, improving the measurement range and reducing
nonlinearity errors without the need for multiple calibration resistors. Experimental results are given
for resistive sensors in the range of 1kQ to 100k(2, with the measured discharge times on the order of
microseconds, generally spanning from a few microseconds for low resistances around 1 kQ up to
tens of microseconds for higher resistances around100 kQ.

Reverter et al. [31], [53], [54], and [57] examined the effects of power supply interference, ENOB,
and quantization uncertainty. The use of input capture modules significantly improved resolution,
while general-purpose interrupts led to greater timing uncertainty. Oballe-Peinado et al. [44]
proposed an FPGA-based smart capture module that filters noise and enhances timing precision.
Yurish et al. [55] highlighted the role of oscillator stability, noting that clock sources can introduce
uncertainty ranging from +50 ppm to +100 ppm depending on the oscillator type.

RC-based DICs have evolved significantly through advances in calibration methods,
quantization error mitigation, low-power design, and embedded signal processing. These
developments have reinforced DICs as a reliable, low-cost, and energy-efficient solution for resistive
and capacitive sensor interfaces.

4.4. DIC with RL Components
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The implementation of DICs with RL components is primarily oriented toward measuring

sensors that exhibit variations in inductance. This approach targets sensor—microcontroller interfaces

for inductive sensors. Table 12 highlights this principle's most relevant publications and experimental

results.

Table 12. Summary of DIC implementations with RL components for inductive sensors.

d0i:10.20944/preprints202505.1327.v1

DIC .
Ref. Sensor type Keywords Operative parameters reported
components
Simple inductive
sensors for . o Measurement ranges from 1.0 mH to 10.0
] A resistor, an
displacement or inductor. a A DIC proposal for mH.
[21] position ’ low-pass filter (LPF) e Resolution obtained around 10.5 bits.
sensor, and . ) . .
measurement, and MCU inductive sensors. o Non-linearity errors are lower than 0.3%
inductive pressure or ) FSS.
temperature sensors.
. . o Measurement ranges from 1.0 mH to 9.0
A resistor,an  Improving the
. . mH.
. . . inductor, four  resolution in a DIC .
Simple inductive . o Time measurement around 0.1832 ms.
[60] MOSFETs, a for LPF and high- . N
Sensors. . o Effective number of bits improved by 0.6
sensor, and pass filter (HPF) ) : . )
. . bits compared to the basic HPF configuration and
MCU. inductive sensors. .
nearly 2.2 bits over the LPF topology.
o Measurement ranges from 6.0 mH to 50.0
mH.
Differential inductive . . o Time measurement around 0.200 ms
. . A resistor, an A simple and . . .
sensors include linear . . o Relative errors in a commercial LVDT range
. . . analog effective digitizer .
variable differential . of 0-25 mm at 0.77% during measurements across
comparator, an designed for . .
[22] transformer (LVDT) . ) . . a displacement range of 15 mm in 1 mm
. . inductor, two differential variable |
and differential . ) . increments.
. diodes, a sensor, inductive and . . .
variable reluctance o Relative errors in a commercial DVRT also
and MCU. reluctance sensors.
transducer (DVRT). demonstrated a worst-case error of less than
0.83% when measuring displacement in steps of 1
mm.
o Measurement ranges from 0.1 mH to 30.0
A resistor, a . . mH.
. Time-domain .
capacitor, an o Time measurement should be around 1 ms
measurement method
. . . ADC, an analog . . per cycle, and 64 cycles are needed to ensure
Simple inductive for inductive sensors
(451 Sensors comparator, two based on a versatile < oY
MOSFET, a . Resolution achieved around 12 bits.
DIC with external . ) .
sensor, and components . Relative errors of inductance at 0.3%, and in
mponen
MCU. P some cases, even less than 0.1% for the inductive
Sensor.
o Measurement ranges from 0.1 mH to 1.0
mH.
A resistor, an . Resolution achieved in terms of accuracy at
inductor, an DIC proposal for 4 uH.
(48] Simple inductive analog resolution o Maximum non-linearity errors are less of

enhancement for
inductive sensors.

Sensors comparator, a
sensor, and

MCU.

0.4 % FSS, while the non-linearity error for the
lower range stays around 1.1% FSS due to
quantization effects.

o Maximum current sourcing/sinking
capacity of DIC below 40 mA.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1327.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2025 d0i:10.20944/preprints202505.1327.v1

28 of 40
Differential inductive .
. . Measurement ranges in inductance are not
sensors, like the . . . .
. . Aresistor, a DIC proposal for provided, instead proposal can measure linear
SM260.100.2 inductive . . . .
[49] ., sensor, and differential inductive displacements up to £50 mm.
sensor from Schreibe, . .
. MCU. Sensors. o Non-linearity error was around 1% FSS.
for linear . . .
. ° Resolution achieved around 9 bits.
displacement.

[50] Investigation of errors in the microcontroller interface circuit for the mutual inductance sensor.

Kokolanski et al. [21] introduced the first DIC for inductive sensors using a reference RL circuit
based on RC circuit principles. The proposed system employed a PIC16F877A and an ATmega328P
MCU, integrating a reference inductor and a current-limiting resistor to form two RL circuits. Using
a single-point calibration method, the system achieved inductance estimation in the range of 0.01 mH
to 1.0 mH, with an effective resolution of 10.5 bits and a non-linearity error (NLE) below 0.3 % FSS.

Later, Kokolanski et al. [60] improved the original design by incorporating external MOSFETSs to
reduce the overall resistance in the circuit, thereby increasing the time constant of the RL network.
This enhancement led to more accurate measurements by extending the discharging period. As a
result, an additional 0.6 bits of resolution were achieved compared to the high-pass filter (HPF)
topology, and up to 2.2 bits compared to the low-pass filter (LPF) configuration. The system also
controlled power consumption through an external resistor, limiting the peak current to 100 mA,
with a 47 Q) resistor selected for the HPF setup.

Ramadoss et al. [22] proposed a DIC based on the ATSAM3x8E MCU for applications involving
differential inductive sensors such as Linear Variable Differential Transformers (LVDTs) and
Differential Variable Reluctance Transducers (DVRTs). The system achieved displacement
measurement ranges of 0-25 mm for LVDTs and 0-10 mm for DVRTs. Two measurements per
inductor segment were performed, with total measurement times up to 200 ms. The reported error
of 0.77 % was primarily attributed to temperature variations and resistor mismatches, demonstrating
suitability for industrial applications.

As previously mentioned in Section C, Czaja [45] developed a time-domain measurement
technique applicable to resistance, inductance, and capacitance sensors. For inductive measurements,
the experimental setup yielded relative errors of less than 0.3 % across a range of 0.1 mH to 30.0 mH,
highlighting its potential as a low-cost and energy-efficient method for smart sensor systems.

Asif et al. [48] proposed a method to improve resolution in inductive DICs without external
analog-to-digital converters (ADCs). The technique involved stepwise supply voltage modulation
using either an MCU pin (ATmega328P) or an external source, in combination with resistance
optimization. The circuit measured voltages during charge and discharge phases to identify
inductive response and estimate inductance values. The setup achieved a resolution of 4 uH over a
0.01-1 mH range, with a maximum non-linearity error between 1.1 % and <0.4 %, corresponding to
an ENOB of 7.9. The system maintained low power consumption with a peak current of less than
40 mA.

Kokolanski et al. [49] demonstrated a practical displacement sensing application using DIC and
a single inductive element with an ATmega328P MCU. The system used a Vernier Caliper to validate
displacements in the +50 mm range. The circuit achieved a resolution of approximately 9 bits and
non-linearity errors of 1 %. Both HPF and LPF topologies were evaluated, demonstrating a reduction
in complexity, cost, and power consumption compared to conventional analog interfaces.

Anarghya et al. [50] addressed error sources in inductive DIC implementations, identifying
parasitic resistance and capacitance from MCU I/O pins and inductors as contributors to signal
distortion and measurement instability. The presence of trigger noise and quantization effects during
time-to-digital conversion also degrades accuracy. The authors suggested future improvements in
shielding, grounding, and digital noise mitigation techniques, particularly for linear displacement
measurement using mutual inductance sensors.
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RL-based DICs offer a promising approach for inductive sensor interfacing by enabling accurate,
low-power, and cost-efficient measurement techniques. Enhancements in circuit topologies, use of
external components like MOSFETs, and methods for reducing parasitic effects continue to drive
improvements in resolution, precision, and energy efficiency.

4.5. DIC with Capacitive Charge Transfer

The charge transfer technique is implemented between a sensor and MCU to estimate the sensor
value by counting the number of charge transfer cycles needed to raise the voltage across a reference
capacitor. This methodology enables compact sensor interfacing using only a digital processor and a
few passive components. Table 13 highlights relevant publications and experimental data associated
with this technique.

Table 13. Summary of DIC implementations using capacitive charge transfer technique.

Ref. Sensor type DIC components Keywords Operative parameters reported

. .. A capacitor, a Wireless liquid level . .
Simple capacitive p d o Measurement ranges in this work

. diode, an inductor, sensing for restaurant . Lo . .
[34] sensors, fluid levels & are given to indicate level sensing with a

L a sensor, and applications with charge .
monitoring. PP 8 resolution of 0.1%.

MCU. transfer technique.

o Measurement ranges from 0.01 nF to

0.1 nF, and 0.1 nF to 1.0 nF.

o Measurement time is around 1000

ms.

o A maximum measurement deviation
DIC proposal for simple  around 0.01 % FSR for capacitance
capacitive sensors with measurements in the range of 10 to 100 pF
charge transfer technique. and from 100 pF to 1 nF and 0.08 % FSR

for the subrange from 2 pF to 10 pF.

o External calibration ranges from 10

pF to 100 pF with a maximal deviation of

around 0.015 % FSR when using external

calibration.

Simple capacitive = Two capacitors, a

[33,351 Sensors. sensor, and MCU.

Differential o Measurement ranges from 0.1 nF to
capacitive sensors 1.0 nF
measure various DIC proposal for o A maximal relative deviation was
[62] physical quantities, Two capacitors, a differential capacitive achieved at +4% FSS for ranges of 100 pF
such as linear or ~ sensor, and MCU. sensors with charge transferand a significantly lower relative
angular position, technique. deviation of + 0.6 % FSS for ranges of 1 nF.
displacement, . Measurement time for each transfer

pressure, and force. charge cycle is around 10.030 ms.

o Measurement ranges from 0.100 kQ
to 10.0 MQ.

o Measurement time for each transfer
charge cycle is around 10.275 ms at a

Simple resistive range of 100 kQ to 1 MQ.

Three resistors,  DIC proposal for simple

163] sensors, such as fwo capacitors, a  resistive sensors with . Measurement time for each transfer
NTC Thermistors or ’ . charge cycle is around 12.525 ms at 1 MQ
LDR. sensor, and MCU. charge transfer technique. to 10 MO
° A maximal relative errors of +4 %

FSS in the range of 100 kQ to 1 MQ), and A
maximal relative errors of +5% FSS in the
range of 1 MQ to 10 MQ.

[58] Analysis of capacitive interferences in DIC with the transfer charge technique.
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Dietz et al. [34] presented the first practical DIC employing the charge transfer technique, which
was used for detecting liquid levels in restaurant glassware. The proposed circuit estimates the fluid
level by counting the number of charge transfer cycles required to charge a reference capacitor to a
given digital threshold voltage. However, a resolution of up to 0.1 % was reported.

Gaitan-Pitre et al. [33] introduced the operational principle of a two-point calibration technique
for capacitive charge transfer using a PIC16F84A MCU, with a complementary analysis found in [35].
The method improves accuracy by compensating for parasitic capacitances, voltage offsets, and
temperature-induced effects. It involves measuring two known reference capacitors and the target
capacitance sensor, thereby correcting systematic errors and reducing gain uncertainty. Although
power consumption was not quantified, the authors emphasized that using a low-cost MCU and
design techniques for minimizing interference can result in energy-efficient implementations. While
exact measurement times were not specified, each charge transfer cycle was estimated to take
approximately 1030 ms, potentially limiting its applicability in time-sensitive scenarios.

Later, Gaitan-Pitre et al. [62] introduced a DIC tailored for differential capacitive sensors using
the same MCU platform. The design supports capacitance measurements ranging from 0.1 nF to 1 nF,
with each charge transfer cycle lasting approximately 10.030 ms. The system reported maximum
relative deviations of +4 % for nominal capacitances of 100 pF and +0.6 % for 1nF. Suggested
applications include linear and angular position sensing, displacement, pressure, and force
measurements, making them suitable for research and industrial environments. Gaitan-Pitre et al.
[63] extended the application of the charge transfer technique to high-resistance sensors, ranging
from 100 kQ to 10 MQ. This design employed a reference capacitor, a transfer capacitor, and a
PIC16F84A MCU. The system achieved accuracies of +4 % for resistance values between 100 k() and
1 MQ, and +5 % between 1 MQ) and 10 MQ. Its strong immunity to external capacitive interference
and adaptability to sensor arrays make it ideal for high-impedance sensor networks requiring cost-
effective, low-complexity solutions.

In a related study, gaitan-Pitre et al. [58] conducted an in-depth analysis of capacitive
interference in DICs employing the charge transfer method. The results demonstrated that the
technique maintains low equivalent impedance (approximately 3 kQ), making it less vulnerable to
interference than RC-based circuits. Additionally, the study showed that calibration via charge
transfer can effectively mitigate parasitic capacitance effects, while RC techniques tend to experience
increased measurement deviations as parasitic capacitance rises. Therefore, the charge transfer
technique is well suited for measuring very small capacitances, particularly in electromagnetically
noisy environments.

DICs based on capacitive charge transfer provide a robust and compact solution for measuring
capacitive and resistive sensors, particularly when high resolution and a low component count are
desired. Although some limitations exist concerning measurement speed, especially for high-
precision applications, these systems are well-suited for low-power, noise-resilient sensing in
embedded environments.

4.6. Summary of DIC Applications

Table 14 provides an overview of various sensor interfaces and their reported applications in the
literature, illustrating their relevance in health monitoring, environmental sensing, and safety
systems. DIC techniques integrate these sensor types into diverse applications due to their simplicity,
cost-effectiveness, and adaptability. Examples include vegetation monitoring using LEDs for NDVI
estimation [70], wearable technologies employing force sensing resistors (FSRs) for heart rate
detection [71], and vehicular safety systems leveraging FSRs for seat occupancy monitoring [67].
Other applications range from ECG acquisition using magneto-resistive sensors [51], gas detection
with MOS sensor arrays [61], gas detection with a Chemoresistive sensor to estimate CO and NO:
[87], respiratory monitoring through combined thermistor and piezoresistive sensors [68], to water
level control with grounded capacitive sensors [72].
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Additional implementations include photoplethysmography using LEDs [73], smart city vehicle
detection via GMR and LDR sensor integration [69], and humidity sensing with capacitive sensors
for automation and climate control [18]. Liquid level detection in industrial and hospitality settings
has also been demonstrated using grounded capacitive sensors and capacitive glassware sensing
solutions [34], [59]. Inductive sensors for displacement and position monitoring [21], and distance
measurement with LVDT AND DVRT [22]. Another innovative application is the development of
advanced tactile sensing systems for robotics and assistive devices that enable more accurate, real-
time force sensing in robotic fingers, palms, or skin-like surfaces for humanoid robots, industrial
robotics, medical prosthetics and rehabilitation devices [89]. Pelegri-Sebastia et. al. [90] introduced a
low-cost and low-power capacitive humidity sensor into flexible RFID labels designed for wireless
sensing and tracking in various environments, such as food traceability and industrial monitoring,
allowing real-time monitoring of relative humidity without adding significant cost or power
consumption to the RFID tag, facilitating applications where environmental conditions need to be
tracked and recorded remotely and efficiently.

Table 14. Summary of sensor interfaces and applications reported in the reviewed literature.

Ref.  Sensor type
Light emitting diodes (LEDs) for light
sensing.

Application

[70] Monitoring vegetation health and density

Heart rate measurement.

Seat occupancy detection system

Measuring dynamic signals such as Electrocardiogram (ECG)
signals

[71] Force sensing resistor
[67]1  Force sensing resistor

[51]  Magneto-resistive sensor

Metal oxide semiconductor (MOS) gas ~ Gas sensors are used to monitor and discriminate between different

[61]
sensor

[871  Chemoresistive gas sensor

Nasal thermistor and piezoresistive

sensor

[72]  Grounded cylindrical capacitive sensor

LEDs for a photoplethysmography (PPG)

gases.
Gas sensor to estimate CO and NO..

Application in clinical and home settings for respiratory rate
detection systems for health monitoring.

Water level monitoring for tanks

[68]

[73] Oximeter for blood oxygen saturation monitoring
sensor
Giant Magneto-resistive (GMR) sensor
[69] & ( ) Wireless magnetic sensor node for vehicle detection
and an LDR
[18]  Capacitive humidity sensor Humidity sensing for industrial automation
[591 Grounded capacitive sensor Liquid-level measurement for industrial processes
[34]  Capacitive sensor Wireless liquid level sensing
[21]  Inductive sensor Displacement and position measurement.
: . . Linear variable differential transformer (LVDT), and differential
[22]  Differential inductive sensors )
variable reluctance transducer (DVRT).
. L. . Humanoid robots, industrial robotics, medical prosthetics and
[89]1  Piezoresistive tactile sensors ey b .
rehabilitation devices
RFID labels for wireless sensing, such as food traceability and
[90]  RFID capacitive humidity sensor . . o & Y
industrial monitoring
An integrated circuit for resistive, resistive-bridge, and capacitive
Universal Sensors and Transducers & 8 P
sensors, such as, measurement of gases, humidity, temperature
[93-95] Interface . . .
L. sensors, pressure sensors, displacement sensors and biomedical
circuit (USTI) .
devices.
Distance measurement with a USTI integrated circuit for distance
. measurements, tank level measurements, object detection and
[96]  Ultrasonic smart sensors

monitoring, garage parking assistance, and motion detection
systems.
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Yurish [93-95] introduced a complete solution, an integrated circuit based on DICs concepts for
resistive and capacitive sensors, the so-called Universal Sensors and Transducers Interface (USTI),
for measuring gases, humidity, temperature, pressure, displacement, and biomedical devices.
Additionally, Yurish [96] presented complete application for a distance measurement system based
on ultrasonic smart sensors using USTI integrated circuits.

Additionally, Hidalgo [98] introduced sigma-delta techniques in a DIC to read resistive sensors,
focusing on enhancing accuracy, reducing measurement time, and cutting energy use. Sigma-delta
(o0-A) is a popular analog-to-digital conversion technique that provides high-resolution
measurements with simplicity and noise-shaping capabilities. It operates by oversampling the analog
signal at a frequency much higher than the Nyquist rate and employing a feedback loop with an
integrator, comparator, and digital filter. The proposed DIC introduce two parameters, M (number
of measurement cycles) and N (clock cycles charging capacitor)—which allow to optimize the
tradeoff between accuracy, acquisition time, and energy consumption according to application needs
in experimental ranges from 211 € to 16 kQ), this proposal ideal for applications in portable devices,
biomedical devices, Industry 4.0, and IoT applications.

These applications' summaries comprise an extensive variety of DIC that enhances key aspects
of interest to the scientific community. They offer significant benefits in reduced cost, minimized
circuit size, and energy-efficient electronic systems for loT or battery-powered devices.

5. Discussion

This review provides a comprehensive overview of DICs utilizing RC, RL, and capacitive charge
transfer configurations. According to Figure 3, it allowed us to summarize all DIC contributions in a
general distribution of how DIC has advanced over the years, as shown in Table 15.

Table 15. DICs advance over the years.
Decade Percentage Contribution
Basic concepts, application notes, and simple DICs; publications specifically focused
on detailed interface designs.

Operative principles of DIC, significant improvement papers, such as calibration
2000s 15.5% techniques to increase accuracy and reduce uncertainty errors, and analysis papers of
key parameters.

Most advances in compact circuits, error mitigation techniques, improved calibration
methods, low-power solutions, and DIC applications.

Novel sensor interfaces for non-linear sensors, correction of parasitic resistance
effects with wire-resistance techniques for resistive, capacitive, and remote sensors.

1990s 3%

2010s 45%

2020s 36.5%

Additionally, DICs contributions can be systematically examined and represented in a pie-to-
pie chart by DIC configuration, as shown in Figure 17. This chart offers a detailed breakdown of their
primary contributions, allowing for a deeper exploration of each study's key insights and
advancements.

DICs with RC components DICs with RL components

B Analysis ® RC advances Analysis B RL advances
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DICs with capacitive charge
transfer technique

M Analysis = Capacitive charge transfer advances

Figure 17. Percentage contribution area for each DIC configuration studied.

DICs with RC components are studied in two main areas: analysis and recent advances. A 14%
related to analysis of operating principles [6-7,30,40,74-75,86], accuracy and resolution [15,53-54,91],
power consumption [52], power supply effects and interferences [57] and performance [66].
According to 40% related to DICs advances with RC components, interfacing simple capacitive and
resistive sensors [8-13,32,37-43,45-47,56,64-65,77,80,85,88], differential resistive sensors [16,36],
resistive sensor bridges [17], differential capacitive sensors [19,36], lossy capacitive sensors [20], low-
value capacitive sensors [31], four-wire resistive sensors [76], three-wire resistive sensors [78-79],
resistive sensors affected by lead-wire resistance [81,97], non-linear resistive sensors [82], capacitively
coupled resistive sensors [83], capacitive sensors affected by parasitic series resistances [84], resistive
sensors arrays [92], and inductive sensors [45].

DICs with RL components are studied in two main areas: analysis and recent advances. As an
emerging configuration, not too much analysis has been studied, only 1% for investigating errors for
mutual inductive sensors [50] and 5% related to DICs advances with RL components, interfacing
inductive sensors [21], differential inductive sensors [22,49], and resolution enhancement [48],[60].

Finally, DICs with the capacitive charge transfer technique have two main areas: analysis and
recent advances. 2% is related to the analysis of operating principles [35] and capacitive interferences
[58], and three percent is related to DICs' advances with the capacitive charge transfer technique,
interfacing simple capacitive sensors [33], differential capacitive sensors [62], and resistive sensors
[63].

On the other hand, DICs are increasingly recognized as a viable solution for industrial
automation, healthcare, and environmental monitoring applications, as summarized previously in
Table 14, where we can notice that recent years, there are emerging sensor interfaces related to health
monitoring implementations.

DICs applications

= Humidity sensing
= Liquid level sensing
= Health monitoring
Gas monitoring
= Vehicular safety systems

= Tactile sensing

» USTI integrated circuit

m Distance measurement

Figure 18. Applications of DICs by percentage areas.
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Figure 18 shows, a general summary of DICs applications: health monitoring interfaces
[51,68,70-71,73] representing a 26.3%, followed by liquid level sensing interfaces by 15.8% [34,59,72],
using USTI integrated circuits for capacitive and resistive sensors by 15.8% [93-95], gas monitoring
interfaces by 10.5% [61,87], humidity sensing interfaces by 10.5% [18,90], vehicular safety systems by
10.5% [67-68], tactile sensing interfaces for industrial robotics by 5.3% [89], and distance measurement
interfaces by 5.3% [96].

Despite progress, several challenges remain. Table 16 categorizes advancements and ongoing
issues according to the core elements of DICs. In the case of RC circuits for resistive and capacitive
sensors, MCUs and FPGAs have enabled extensive integration. These implementations are praised
for their low cost, compact design, and energy efficiency. However, challenges persist, particularly
in improving accuracy, resolution, and minimizing measurement time. As observed in Table 11,
measurement times for DIC with RC components may range from microseconds to several
milliseconds, an obstacle for time-sensitive applications. Additionally, quantization errors and
relative errors ranging from <0.01 % to 5.5 %, as well as non-linearity, continue to impact
performance. These findings emphasize the need to explore advanced calibration methods tailored
to sensor types that enhance accuracy while optimizing energy consumption.

Table 16. Summary of key DIC applications identified in the reviewed literature.

Category Key elements Advances Challenges Perspectives and recommendations
Enhancing accuracy
. Low cost, compact and resolution, . . .
Resistors, . . . Investigate advanced calibration
L . design, energy-efficient, reducing . ..
RC circuits  capacitors, MCU | . strategies and optimize power
and simple measurement time, .
or FPGA . . .. consumption.
implementation. and minimizing
quantization errors.
Addressing issues . .
- . Develop strategies for noise
Inductors, Energy efficiency and related to noise . .
. . . . L immunity, faster measurement
RL circuits resistors, and accurate inductance sensitivity and L. . .
processes, and optimized circuit
MCU measurements. prolonged .
. topologies.
measurement time.
- Sensitivity to .
. Compact and efficient i Apply enhanced multi-point
.. Capacitors, parasitic . . .
Capacitive ] measurement, robust . calibration methods to increase
resistors, and capacitances and . .
charge transfer performance under . reliability and reduce systematic
MCU iy systematic
controlled conditions errors.
measurement errors
Flexible integration, Resolution
Digital broad commercial variability is Evaluate trade-offs between energy
rocissors MCU or FPGA availability, and dependent on consumption and performance and
P adaptability for various internal timers and adjust operating frequencies
applications. power management according to the application.
challenges.
Increased

Improved accuracy,

Single-point, . complexity and Explore hybrid and adaptive
o . compensating for . L .
Calibration ~ two-point, and . higher power calibration methods tailored to
. . systematic measurement . . .. .
techniques three-point . consumption with sensor characteristics and application
o errors and enhancing .
calibration. L advanced environments.
reliability. .
techniques.
Resistive, Improved precision . . .
. . . . . Develop innovative DICs with
Differential and capacitive, and through reduced Higher complexity . .
. . . . . . compensation methods to mitigate
bridge-type inductive common-mode noise  and cost in design . .
. . . . ., environmental effects and parasitic
sensors differential and increased and implementation .
. influences.
Sensors. reliability.
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For RL circuits, where inductive sensors are primarily interfaced with MCUs, challenges include
achieving high accuracy and resolution and reducing lengthy acquisition times. Table 12 shows that
while resolutions of 10.5 to 12 bits are achievable, some systems require up to 64 measurement cycles.
Although non-linearity errors are typically below 1 %, the extended processing time can be a
limitation. Furthermore, the integration of active components like MOSFETs, while improving
performance, adds complexity and cost. Therefore, future strategies should aim to optimize noise
immunity, reduce measurement latency, and simplify circuit designs for broader applicability.

Capacitive charge transfer circuits provide an efficient interface using minimal components,
particularly well-suited for applications demanding compact and low-power designs. However, as
shown in Table 13, sensitivity to parasitic capacitance remains a significant challenge, often
introducing systematic errors up to +5 % FSR. Nonetheless, this technique offers notable advantages,
including the ability to detect minute capacitance changes with resolutions down to 0.1 %. High-
resolution measurements and robustness to interference are key benefits, but further research into
enhanced calibration techniques could reduce error and improve reliability.

Regarding digital processors, MCUs and FPGAs are fundamental elements in DIC
implementations. While they offer versatility and compact integration, challenges remain concerning
timer resolution and time-to-digital conversion (TDC) precision. Performance is directly tied to
processor frequency, and inadequate resolution affects measurement fidelity. Energy management
strategies —shifting between idle, sleep, and active modes—are critical for balancing power efficiency
and responsiveness. Research should continue to explore these trade-offs to develop optimized DIC
architectures.

Regarding cost, DICs inherently support low-cost implementations by minimizing the required
components. This advantage is particularly beneficial in IoT applications, where battery-powered
devices must operate over long durations with limited energy resources. However, DICs remain
susceptible to external interferences and power supply fluctuations, which can compromise
measurement integrity. Addressing these issues through improved shielding, filtering, and
calibration remains a key area of focus.

Future research directions should prioritize the development of hybrid and adaptive calibration
methods tailored to specific sensor characteristics. Software-based error compensation techniques for
time-to-digital conversion can also enhance measurement accuracy under varying conditions
without increasing hardware complexity. Moreover, integrating newer technologies —such as high-
speed ADCs, precise comparators, or low-resistance MOSFETs—may improve performance while
preserving the simplicity and cost-effectiveness of DICs.

6. Conclusion

Direct interface circuits (DICs) offer a compact, cost-effective, and power-efficient solution for
measuring resistive, capacitive, and inductive sensors by directly interfacing these elements with
digital processors such as MCUs or FPGAs. Key improvements include enhanced accuracy through
various calibration techniques reported in this review. However, challenges persist with resolution
and uncertainty due to interference, noise, temperature fluctuations, and the complexity of sensor
integration. Future opportunities lie in developing hybrid calibration methods, optimizing energy-
efficient hardware, and reducing noise in time-to-digital conversion. Compared to traditional
conditioning schemes, DICs require fewer components and exhibit lower energy consumption,
making them highly attractive for battery-powered or resource-constrained applications in the
Internet of Things (IoT), industrial automation, and medical devices. In conclusion, the effective
integration of sensors through DIC continues to be a highly active research area, with potential
improvements in calibration methodologies, low-power topologies, and advanced noise
compensation methods.
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