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Abstract: The interference of metal working surfaces on the electric field can lead to per-
formance variations between the flush mounting and non-flush mounting of capacitive
proximity sensors in industrial applications. Traditional active shielding circuit designs
are complex, while grounding shields not only reduce the sensor sensitivity but are also
unsuitable for grounded sensors. To address this issue, this paper proposes an innovative
near-ground (NG) shielding structure. This structure effectively concentrates the electric
field between the sensing electrode and ground by adding a common ground electrode
around the sensing electrode, thereby reducing the electrical coupling between the metal
working surface and the sensing electrode and achieving the desired shielding effect.
Through finite element analysis and experimental verification, this study performed an
in-depth investigation of the capacitance difference Cd and the rate of change of capacitance
with the target distance of sensors under the two mounting methods. The proposed struc-
ture achieved a performance comparable with active shielding (17 fF Cd) while operating
passively, which addressed a critical cost–adaptability trade-off in industrial CPS designs.
The results show that although the performance of the NG shielding was slightly inferior
to active shielding, it was significantly better than traditional grounding shielding, and its
structure was simple and low cost, showing great potential in practical applications.

Keywords: capacitive proximity sensor (CPS); non-flush mounting (NFM); flush mounting
(FM); active shielding; passive shielding

1. Introduction
Capacitive proximity sensors (CPSs) stand out among various proximity sensors due

to their attractive properties, including flexible and diverse structural design, low cost, low
power consumption, and being non-intrusive and non-invasive. These advantages make
CPSs ideal for a wide range of applications in industrial settings and smart environments [1].
In modern industrial production lines, CPSs are widely preferred for the application of
proximity switches. These switches are characterized by their ability to output a signal
through contact closure or pulse transmission when the target reaches a specific distance
threshold. In some specified contexts, such as wafer detection in solar cell manufacturing
facilities, granule level detection in injection-molding plants, cylinder position detection,
and the detection of automotive parts in place, capacitive proximity switches play a crucial
roles [2,3].
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While various proximity sensing technologies exist, capacitive methods offer distinct
advantages for industrial applications requiring short-range detection. Compared with
microwave-based approaches that utilize RF propagation (typically 1–100 GHz), capaci-
tive sensors can achieve superior sensitivity to conductive targets at sub-50 mm ranges
(0.1 mm resolution vs. microwave’s 0.01–0.05 mm). Meanwhile, CPSs can better tolerate
metallic environments due to electric field confinement. However, microwave sensors main-
tain advantages in long-range detection (>1 m) and through-wall applications [4,5]. This
work focused on the critical 0–45 mm industrial range where capacitive sensing provides
optimal performance/cost tradeoffs.

Capacitive sensors can be classified into two groups: floating capacitive sensors, in
which neither of the electrodes is grounded, and grounded capacitive sensors, in which
one of the two electrodes is grounded [6–8]. These two types of sensors are extensively
applied in all kinds of fields. However, grounding one of the electrodes is necessary
in some applications [9–12]. Grounded CPSs are susceptible to parasitic effects, stray
capacitance, and distributed capacitance from the environment in practical environments,
so shielding measures are often employed during their applications [13]. Furthermore,
capacitive proximity switches face two types of operating conditions: flush mounting (FM)
and non-flush mounting (NFM), due to different installation surfaces.

Flush mounting and non-flush mounting are two methods for installing CPSs in
automated machines, robotics, and consumer products. In the NFM method, the sensor
protrudes from the mounting surface, with its sensing face exposed and unshielded, as
shown in Figure 1a. This configuration allows the electric field to extend outward from both
the front and sides of the sensor, leading to a larger sensing range. Meanwhile, in the FM
approach, the sensor’s sensing face aligns perfectly with the surrounding surface, as shown
in Figure 1b. A metal shield encases the sensor, restricting the electric field’s distribution to
solely the front face, which allows for seamless integration with the surrounding metal and
minimizes accidental triggering from the mounting surface. Both mounting methods are
popular in different application scenarios [14].

Figure 1. (a) CPS under NFM condition. (b) CPS under FM condition.

However, FM may lead to a shorter sensing distance or decreased sensitivity of CPSs
and NFM will cause damage and abrasion to sensors in industrial processes. The perfor-
mance discrepancies between CPSs under FM and NFM conditions are generated mainly
by the metallic surrounding face, which produces plenty of stray capacitance. Faced with
two installation methods, the same approach is adopted in commercial sensors, which is
to divide CPSs into two versions: flush mounted and non-flush mounted, of which the
electrode structures or the circuit parameters are adjusted. This increases the design costs
and causes inconvenience for users [15,16]. This study intended to explore an electrode
structure that met two installation conditions. To achieve this aim, advanced design con-
siderations were necessary, specifically the ability to eliminate performance discrepancies
caused by FM and NFM through shielding methods.

Shielding technology against electromagnetic interference (EMI), is typically applied
to the design and manufacture of electronic devices. Active shielding and passive shielding
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are two primary electromagnetic shielding technologies, differing in their implementation
methods, principles, and application scenarios [17–19].

Passive shielding, also known as grounded shielding, is one of the earliest and most
traditional shielding methods. It employs a grounded plane beneath the sensing electrode
to suppress crosstalk from the backsides. By using a grounded electrode, this method effec-
tively shapes the electrical field to achieve an optimal performance and the desired effects.
In [20], a top-layer shielding ground was designed for a capacitive sensing element that
was conformally mounted on the sidewall of containers for liquid analysis. M. Chiurazzi et
al. introduced a passive shielding layer with electrical absorption properties to shape the
electrical field of the proposed multi-layer compliant sensor in [21]. Li et al. evaluated the
effects of the shielding electrode width and substrate thickness on the sensor performance
through finite element simulations [22]. In terms of the market, a typical commercial
capacitive proximity sensor product developed by OMRON and IFM commonly employs a
grounded guard ring enclosing the sensing electrodes. Furthermore, the stray capacitance
between cable wires is also one of the transmission sources. A passive shielding of the
interconnecting cable is applied in [23], whereas active shielding is applied in [9].

Active shielding is a new method developed in recent years that relies on active compo-
nents to prevent electromagnetic interference. This method typically consists of electrodes
that share the same potential as the sensing electrode. In [24], they designed two different
active shielding structures used in an endoscope to reduce the sensing angle and minimize
lateral effects. Ma et al. proposed a method of electric active shielding to reduce the dis-
placement current across the SIG-GND electrodes, leading to less power loss [25]. Lee et al.
proposed a new, thin, and flexible active electrode for use as a capacitive ECG measurement,
containing an active shielding plate over its surface [26]. F. Reverter et al. analyzed the limita-
tions of active shielding theoretically and experimentally, and then provided a guideline for
improving the performance of active shielding [27]. Some capacitance-to-digital converters,
like AD7147, AD7747, and FDC1004, can provide active shielding to eliminate the parasitic
capacitance between the sensing electrodes and the ground [28–30].

Active and passive shielding technologies have been broadly utilized in capacitive sen-
sors to enhance their performance. However, both active and grounded shielding have their
limitations. Active shielding requires active devices for power, increasing the power con-
sumption and cost. Generally, the excitation is buffered and output as an active source. This
setup can lead to potential differences between excitation on the sensing electrode and the
active shielding source, resulting in poor shielding effectiveness and stringent requirements.
Currently, active shielding is primarily used in some chip-level products, where the cost
remains relatively high. Moreover, unlike grounded shielding, active shielding is ineffective
at mitigating crosstalk between sensing electrodes. In contrast, grounded shielding is easy
to implement and relatively low in cost. However, if not grounded properly, the shielding
layer itself may become a new source of interference. Furthermore, in the case of grounded
capacitance, the grounded shielding method is ineffective due to the grounded electrode
also functioning as the sensing electrode. Thus, an appropriate shielding electrode design is
essential for CPSs. Unfortunately, research and summaries on optimizing shielding methods
for CPSs under different installation conditions are limited.

To address this issue, this study was devoted to eliminating the performance discrep-
ancies in two mounting cases by optimizing the shielding design, which considered factors
such as the absolute capacitance and sensitivity. We proposed a novel near-ground shielding
structure for grounded CPSs to resolve these performance discrepancies. Upon comparative
analysis with a traditional back-plate shielding electrode, the proposed structure exhibited
superior shielding effectiveness and enhanced adaptability.
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This paper is organized as follows: Section 2 introduces principles of different shielding
technologies and proposes a novel near-ground shielding structure. Section 3 illustrates
the sensor structures with different shielding modes, simulation setups, and results. In
Section 4, the experimental setup and procedures are presented and the results of the
experiments are discussed. Section 5 summarizes the key conclusions of this paper.

2. Shielding Principle
A grounded CPS typically consists of a sensing electrode on the top layer of a PCB, which

is embedded in a grounded ring. The electric field lines between the sensing electrode and the
ground ring are confined in the air, enabling the detection of objects entering the sensing zone.
This process can be disrupted by external electric field interference, electromagnetic radiation,
or nearby non-target objects, all of which can reduce the sensor accuracy. Shielding technology
serves as a crucial method to reduce or eliminate the impact of external interference on the
sensor performance. Based on the principles of shielding, it can be categorized into active
shielding and passive shielding (grounded shielding), which is introduced in detail below.

2.1. Passive Shielding

Passive shielding in CPSs is commonly achieved by ensuring that the sensor’s metal
housing or other shielding components are properly grounded, thus allowing any interfer-
ing currents that do penetrate to be directed to the ground instead of affecting the sensor’s
measurement circuitry. Figure 2a explains the principle of the grounded shielding electrode
used in CPSs to shield against external electromagnetic interference. A grounded plate
below the sensing electrode isolates it from backside interference, blocking field lines and
concentrating the sensing region above. The grounded metal housing shields the system
from external interference. While grounding is crucial for noise reduction and signal in-
tegrity, it can also couple with sensing electrodes, creating stray capacitance, especially in
grounded CPSs. Fringing effects between the sensing electrode and the grounded plate can
introduce additional capacitance, leading to reduced sensor sensitivity [19,31,32].

(a) (b) (c)
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Figure 2. Principles of different shielding methods: (a) passive shielding; (b) active shielding;
(c) near-ground shielding structure.

2.2. Active Shielding

Active shielding involves introducing one or more actively generated electric fields
around the sensor to counteract or attenuate the effects of external interference. As shown
in Figure 2b, in a CPS, an active shielding electrode is added between the top-layer sensing
electrode and the bottom-layer grounded electrode. The excitation signal, after being
buffered by an operational amplifier, is directly applied to the active shielding electrode.
This ensures that the potential of the active shielding electrode, Va, is always equal to
the potential of the sensing electrode, Vs, resulting in a zero potential difference, Vsa = 0.
Since the charge stored in the capacitance between the sensing electrode and the active
shielding electrode, Q, is directly proportional to the potential difference Vsa (Q = VsaCsa),
when Vsa is zero, the charge Q is also zero. This means that the capacitance between
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the sensing electrode and the active shielding electrode does not store any charge in the
measurement circuit, and therefore, has no impact on the charging and discharging process
of the measured capacitance Csg between the sensor and the ground. Consequently, active
shielding can effectively eliminate parasitic capacitance caused by the ground plane without
reducing the sensor sensitivity [31]. To effectively implement active shielding, the signals
on the shielding and sensor must be in phase, requiring a high-bandwidth amplifier with
minimal distortion and propagation delay. However, maintaining identical potentials on
these electrodes can be challenging, leading to limitations in cost and power consumption.

2.3. Near-Ground Shielding

In practical applications, the cost, performance, portability, and adaptability of sensors
should be taken into consideration comprehensively, so it is necessary to explore and design
the suitable working mode, position, and shape of the shielding electrode. To improve the
shielding ability and adaptability of CPSs in various operational environment, we propose
a new shielding structure, near-ground shielding, for grounded CPSs in this paper.

In fact, near-ground shielding is a passive shielding method. As shown in Figure 2c,
a grounded electrode coplanar and surrounding the sensing electrode was designed to
fit between the sensing electrode and the ground ring. This design brings the sensing
electrode and the coplanar grounded electrode closer together, concentrating the electric
field primarily between the two coplanar electrodes, forming the capacitance Csg′ . Since the
grounded ring is farther from the sensing electrode, the coupling between them becomes
weaker. Both the coplanar grounded electrode and the ground ring are grounded, and the
total capacitance to ground becomes CG = Csg + Csg′ , with electric field lines radiating
outward. When a target approaches, ∆Csg′ is much larger than ∆Csg, but since the change
in capacitance to the ground is ∆CG = ∆Csg + ∆Csg′ , it does not affect the sensor sensitivity.
This is the concept and principle of near-field shielding.

The proposed shielding electrode is closer to the sensing electrode and separates it from
a grounded copper ring, effectively redirecting the electric field lines emanating from the
sensing electrode. The sensing electrode and the near-ground shielding electrode develop a
planar capacitor. When an object approaches, the capacitance between them will undergo
significant changes, ensuring the sensitivity of the sensors. Additionally, since the near-ground
electrode is also grounded for shielding, it can effectively shield the interference emanating
from metallic surroundings, offering the advantages of easy implementation and low cost
as passive shielding. The proposed near-ground shielding structure can also work in active
mode by connecting to an operational amplifier, implementing active shielding techniques.
The performance of the proposed structure is analyzed and compared in the following sections.

3. Sensor Design and Simulation
3.1. Sensor Models

To validate the effectiveness of the proposed near-ground shielding electrode, we
conducted a comparative study with a traditional shielding method. Multiple shielding
modes, including active, passive, and combinations thereof, were considered in this study.
Additionally, the possibility of using multiple shielding electrodes to optimize the shielding
performance was explored. It should be noted that if multiple shielding electrodes are all
actively shielded, the potentials between the shielding electrodes and the sensing electrode
are difficult to maintain synchronously due to the influence of environmental parasitic
capacitance, resulting in charge crosstalk between the electrodes and degrading the sensor
performance. Therefore, this shielding scheme was excluded from the design. Based on
the above design considerations, seven sensor structures that combined different shielding
methods were designed and compared in this study.
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Figure 3 illustrates the seven sensor structures with various shielding modes. Each
sensor consisted of a grounded copper ring and a printed circuit board (PCB) with a
thickness of 1.6 mm. The sensing electrode and shielding electrode were respectively
located on the top or bottom layer of the PCB. The PCB was embedded in the grounded
copper ring, with its top layer flush with the edge of the ring. All the copper layers
(sensing/shielding electrodes) had a thickness of 35 µm. Table 1 provides the size of every
component. The seven sensor structures differed primarily in the configuration of the
shielding layer on the PCB, as detailed below.

Figure 3. Sensor structures with different shielding modes.

Table 1. Sizes of sensor components.

Item Size (mm)

r1 5
r2 6.75
r3 7
r4 6.25
r5 6.75
r6 5.75
h 6.1

Thickness of PCB 1.6
Thickness of electrode 0.035

(1) Sensor #1 (reference sensor): A circular sensing electrode was located on the top
layer of the PCB, with a diameter smaller than the PCB itself. There was no shielding layer,
which provided a baseline for evaluating the different shielding methods.

(2) Sensor #2 (grounded bottom-layer shielding): Building upon Sensor #1, a grounded
circular pad, slightly smaller than the PCB, was added to the bottom layer. This imple-
mented a grounded shielding method.

(3) Sensor #3 (active bottom-layer shielding): similar to Sensor #2, but the circular
copper pad on the bottom layer was configured as an active shielding layer by utilizing
active shielding techniques.

(4) Sensor #4 (near-ground top-layer shielding): Starting with Sensor #1, a grounded
annular copper pad was placed on the top layer and tightly surrounded the sensing
electrode. This implemented a near-ground shielding method.

(5) Sensor #5 (active top-layer shielding): similar to Sensor #4, but the annular
copper pad on the top layer was configured as an active shielding layer by utilizing active
shielding techniques.
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(6) Sensor #6 (combined shielding—near-ground top and grounded bottom): Based
on Sensor #4, a ground circular copper pad, slightly smaller than the PCB, was added
to the bottom layer and configured as a grounded shielding layer. This implemented a
combined shielding method with near-ground top-layer shielding and grounded bottom-
layer shielding.

(7) Sensor #7 (combined shielding—near-ground top and active bottom): simi-
lar to Sensor #6, but the circular copper pad on the bottom layer was configured as a
grounded shielding layer by combining top-layer near-ground shielding with bottom-layer
active shielding.

3.2. FEM Simulations

COMSOL Multiphysics is commonly employed for finite element simulation (FEM)
to solve for capacitance variations of a sensor electrode as an object approaches it in an
electrostatic field. Note that in active shielding, the shielding electrode and the sensing
electrode maintain the same potential but are not directly connected. In practical applica-
tions, sinusoidal AC signals are commonly used, which is difficult to describe in a static
electric field. Therefore, to analyze the electric field and potential distribution under active
shielding, it is necessary to establish simulation boundary conditions using an electric
current field.

In the simulation models, the sensor used a 1.6 mm thick FR4 substrate (ϵ = 4.4) with
35 µm copper electrodes that are compatible with standard PCB fabrication. The simulation
model included a 50 mm × 50 mm × 0.5 mm square copper plate as the conductive target,
matching the experimental setup described in Section 4.1. The distance to target (d) was
defined as the perpendicular separation between the target surface and the sensor’s top
plane (Figure 3). All simulations evaluated the capacitance variation across d = 1–45 mm,
which was consistent with the experimental measurements.

3.2.1. Simulation Setup for Passive Shielding Method

To simulate the electric field distribution of a capacitive proximity sensor under
grounded shielding conditions in COMSOL, Gauss’s law is used to calculate the electric
displacement, and the electric field is derived from the electric potential V. The electrostatic
relationship is as follows:

E = −∇V

∇ · D = ρ
(1)

where V and ρ are the electric potential on the capacitor plate and space charge density,
respectively [33,34].

The power system investigated in this study was a multi-conductor system. The sens-
ing electrode and the object to be detected served as voltage terminals, while the shielding
electrode was grounded. The capacitance matrix characterized the relationship between the
applied voltage and charge on all the electrodes in the system. This matrix was determined
experimentally using a steady-state source scanning method by sequentially charging pairs
of voltage terminals and given by(

Q1

Q2

)
=

[
C11 C12

C21 C22

]
×
(

V1

V2

)
(2)

where Q1 and Q2 are the total charges on the sensing electrode and detection target, while
V1 and V2 are their respective ground potential differences. C11/ C22 represents the self-
capacitance of the sensing electrode or detection target, and C12/C21 denotes the mutual
capacitance between the sensing electrode and the detection target [35].



Electronics 2025, 14, 2166 8 of 18

3.2.2. Simulation Setup for Active Shielding Method

When simulating active shielding using a static electric field, the independent opera-
tion of voltage sources during parameter scanning made it difficult to accurately model
the in-phase voltage variation and zero charge transfer between the sensing electrode
and the shielding electrode. In contrast, a current field simulation could better model
the electromagnetic coupling in active shielding mode, which more accurately reflected
the actual situation. The governing electric current conservation equation for the sensing
electrode, active shielding electrode, and grounded electrode was given by

▽ · J = Qj,v

J = σE + Je

E = −∇V

(3)

where σ is the conductivity, Je is the displacement current in time-varying fields, and Qj,v

denotes the time rate of change of the charge density [36].
Under the aforementioned boundary conditions, the copper ring remained grounded.

When the sensing electrode and the active shielding electrode were driven by voltage
signals of the same frequency and amplitude, the potential difference between the two
electrodes remained constant. Due to this constant potential difference, no charge transfer
occurred between the two electrodes in the capacitive system, and thus, had no impact on
the overall charge distribution. Furthermore, as the active shielding electrode was in close
proximity to the sensing electrode, it effectively reduced the coupling between the system
and the external environment. In this current field simulation, the capacitance value was
obtained by calculating the admittance:

C =
Im(Y)

ω
(4)

where Im(Y) represents the susceptance, which is the imaginary part of the admittance Y
at the two electrode terminals, and ω denotes the angular frequency of the AC excitation
signal in the capacitive system.

3.2.3. Simulation Results

Figure 4 presents the electric field distributions of the seven sensor structures obtained
through electrostatic and current field simulations. For the sensors without a shielding
electrode on the bottom PCB (sensors #1, #4, and #5), the electric field intensity was
concentrated between the sensing electrode and the ground plane. Adding a grounded
shielding electrode to the bottom (sensors #2 and #6) concentrated the electric field, which
reduced the induced electric field strength between the top sensing electrode and the
ground plane, and consequently decreased the sensor sensitivity. With an active shielding
electrode on the bottom (sensors #3 and #7), the electric field between the top and bottom
electrodes was nearly zero. However, sensor #7, with an additional top grounded shielding
electrode, experienced a capacitance effect between the top and bottom shielding electrodes,
which was greater than the edge effect between the top shielding electrode and the sensing
electrode. This resulted in a significant reduction in the sensor sensitivity. Sensor #6, with a
coplanar grounded shielding electrode, completely isolated the sensing electrode from the
ground plane, which led to a significant decrease in the sensor sensitivity.
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Figure 4. Electrical field distribution of all sensors with different shielding modes.

To achieve the optimal performance of the NG shielding electrode, we investigated the
effects of the gap width between the shielding and sensing electrodes on the capacitance
value through simulations. Figure 5 shows the simulated capacitance values of sensor #4
versus the target distance (d) for different gap widths (0.25 mm, 0.5 mm, and 0.75 mm). It
can be found from Figure 5 that the absolute capacitance dropped by 23.7% by making the
gap width between the electrodes larger from 0.25 mm to 0.75 mm, where the capacitance
variation (∆C) increased by 10.5%. Thus, the gap width between the NG shielding and
sensing electrodes was set as 0.75 mm for the following simulation and experiments.
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Figure 5. Simulated capacitance values and variation of sensor #4 with different gap widths between
NG shielding and sensing electrodes.
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Furthermore, we conducted a parametric sweep of the measurement distance to quan-
titatively analyze the capacitance and sensitivity of different sensor structures. The mea-
surement distance started from 1 mm and increased in 1 mm increments to 10 mm, followed
by 5 mm increments to 45 mm. Figure 6 shows the curves of the ground capacitance of each
sensor as a function of the measurement distance. The capacitance values of the sensors
decreased as the distance between the sensors and the target increased. Compared with the
reference sensor (sensor #1), sensors #2, #4, #6, and #7 possessed larger capacitance values
due to the extension of area in the grounded electrode. When the target was at a distance of
1 mm from the sensor, the capacitance variation of sensor #1 was about 450 fF, and sensors
#2, #4, #6, and #7 diminished the capacitance variation to different extents, meaning lower
sensitivities. Sensors #3 and #5 decreased the capacitance values by about 600 fF and keep
the capacitance variation close to that of sensor #1.

0 5 10 15 20 25 30 35 40 45
0.50
0.75

1.00
1.25

1.50
1.75

2.00
2.25
2.50

2.75
3.00

3.25
3.50

3.75
4.00

C
/p
F

Distance/mm

 Sensor #1  Sensor #2   Sensor #3 
 Sensor #4  Sensor #5   Sensor #6    Sensor #7

Figure 6. Absolute capacitance values of the seven sensors in the simulations.

4. Experimental Results and Discussion
4.1. Experiment Setup

Figure 7a presents the physical prototypes of the seven CPS sensors. Each sensor
consisted of a PCB electrode plate and a copper ring, which were encapsulated in plastic
housing for convenient installation and testing. The specific dimensions of each component
were same as the sizes in Table 1. The design adhered to IPC-6012 Class 2 standards for com-
mercial PCBs, requiring no precision beyond conventional manufacturing capabilities. This
ensured immediate scalability for industrial production. To precisely control the distance
between the target and the sensor surface, a custom distance calibration instrument was
designed. As shown in Figure 8, this instrument consisted of a sensor holder, a micrometer
with a screw, and a 50 mm × 50 mm × 0.5 mm square copper plate that served as the
detection target. The micrometer had a measurement range of 50 mm, with an accuracy of
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1 mm. By rotating the micrometer, the distance between the copper plate and the sensor
could be accurately recreated and maintained.

Figure 7. (a) Photograph of all the sensors. (b) A sensor under the FM condition in the experiments.

Figure 8. Experimental setup.

A Texas Instruments FDC1004 capacitance-to-digital converter was used to mea-
sure the capacitance and verify the sensor design. Equipped with an active shielded
output, this chip accommodated the testing needs of the grounded capacitive sensors
under both the active and passive shielding conditions. Measurement data were trans-
ferred to a microcontroller through the I2C interface and saved to a host computer,
as presented in Figure 8. For the passive shielding methods, a star grounding scheme
was adopted, with all the shields and the copper ring connected to a single ground
point on the FDC1004 evaluation board to avoid ground loops. Twisted-pair shielded
cables (Parker Chomerics EMI sleeves) were used for all the sensor connections. To
mimic FM in practical applications, the sensors were embedded in metal nuts, which
ensured that the sensing face was perfectly aligned with the nut’s surface, as illus-
trated in Figure 7b. The copper plate was then moved parallel to the sensor face in
1 mm increments to 10 mm, followed by 5 mm increments to 45 mm, while recording the
capacitance values at each step. All capacitance values were measured for sensors under
the FM and NFM conditions to evaluate the performance of the seven shielding structures.

This study aimed to enhance the performance and adaptability of the CPSs by opti-
mizing the shielding structure, thereby reducing the performance variations caused by
different installation methods. Specifically, we quantitatively evaluated the effectiveness
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of the shielding structures in terms of the absolute capacitance and sensitivity under two
installation methods.

4.2. Effect of Capacitance Values

Figure 9 shows the capacitance of the seven sensors as a function of the target distance
under the FM and NFM conditions. As expected, the capacitance value dropped with the
increasing distance between the target and sensors. Compared with the simulation data
in Figure 6, it can be seen that the simulated capacitance values were smaller than the
experimental values, which may have been due to the crosstalk between the connecting
cables and environmental interference in the experiment. The primary error sources were
the (a) power supply noise, (b) cable motion artifacts (minimized by the rigid fixture),
and (c) environmental EMI. Nevertheless, the experimental data exhibited a trend that was
highly consistent with the simulated data, thereby validating the efficacy of the simulation
model proposed in this paper. Furthermore, from Figure 9, we can observe that sensor
#1 displayed the most significant capacitance difference, while sensors #4 and #5 showed
nearly identical capacitance curves with the smallest difference.

To quantitatively analyze this variation, we defined the capacitance difference Cd

between the FM and NFM sensors as follows:

Cd = C f − Cn f (5)

where Cn f and C f mean the capacitance values of the sensors under the NFM and FM
conditions, respectively.

The Cd of the seven sensors at various target distances (1–45 mm) is presented in
Figure 10. The average Cd for each sensor is summarized in Table 2. As the target ap-
proached, the Cd of all sensors decreased. Sensor #1, the reference sensor, exhibited the high-
est Cd (approximately 320 fF), indicating a significant sensitivity to the installation methods.
Sensor #2, with a grounded shielding electrode, reduced Cd by 53.1% compared with the
reference. Sensor #3, which employed an active shielding electrode, further reduced Cd by
76.6%. Sensor #4, with a near-ground shielding electrode on the top layer of the PCB,
significantly reduced Cd by 90.6%. Sensor #5, using an active shielding electrode on the
top layer of PCB, achieved the lowest Cd (17 fF) but may be more complex and costly.
Sensor #6, which combined NG shielding on the top PCB and grounded shielding on the
bottom, reduced Cd by 28.4%. Sensor #7, which combined near-ground and active shielding,
reduced Cd by 82.5%.

Capacitance is a critical parameter that affects the measurement accuracy in sensors.
Variations in the capacitance caused by different installation methods can lead to mea-
surement errors and even malfunctions of the detection circuit. The average Cd values of
sensor #4 and sensor #5 were lower than those of the other sensors, which means that the
proposed NG shielding electrode in active or passive mode provided desirable performance
regarding reducing the capacitance difference.

Table 2. Average Cd of all sensors.

Sensor # Average Cd (pF)

1 0.3201
2 0.1530
3 0.0778
4 0.0319
5 0.0170
6 0.2296
7 0.0562
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Figure 9. Capacitance C of all sensors under NFM and FM conditions.
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Figure 10. Capacitance difference Cd of all sensors under FM and NFM conditions.

4.3. Effect of Sensitivity

Typically, CPSs are employed to measure the distance to a target. Therefore, the sen-
sitivity of a sensor is characterized by the relationship between the measurement dis-
tance and corresponding capacitance value. This relationship can be mathematically
expressed as

S =
C − C0

∆d
=

∆C
∆d

(6)

where C0 is the capacitance value of the sensor with the target at a distance of 45 mm. When
the distance variation ∆d is constant, the sensitivity change S of the sensor exhibits a linear
relationship with the capacitance variation ∆C. Therefore, ∆C can be used as a quantitative
measure of the sensor’s sensitivity.

As shown in Figure 11a, the capacitance variation of each sensor gradually increased as
the copper plate approached the sensor. When the target distance was 1 mm, the capacitance
variation of sensor #1 under the FM condition was 311 fF, which was 13 fF less than that un-
der the NFM condition. The maximum difference in the capacitance variation between sen-
sor #1 under FM and the NFM conditions within the target distance range of 1 to 45 mm was
28 fF. Compared with sensor #1, the capacitance variation of sensor #2 decreased by approx-
imately 43%, but the maximum difference increased by 13.2%. In contrast, the capacitance
variation of sensor #3 decreased by about 7%, and the maximum difference decreased by
35.7%. The capacitance variation of sensor #4 decreased by about 13%, and the maximum
difference decreased by 56.4%. The capacitance variation of sensor #5 increased by about
9%, but the maximum difference decreased by 89.2%. Similarly, the capacitance variation
of sensor #6 decreased by nearly 19%, and the maximum difference decreased by 85.7%.
Finally, the capacitance variation of sensor #7 decreased by about 33%, and the maximum
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difference decreased by 71.4%. It can be seen that sensor #5, equipped with an active
shielding structure, demonstrated optimal sensitivity, with the largest reduction in both
differences, followed by sensor #4.

5 10 15 20 25 30 35 40 45
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Sensor #1

Sensor #2

Sensor #3

Sensor #4

Sensor #5

Sensor #6

Sensor #7

C
 (p
F

)

Sen
sor

s

Distance (mm)

 Non-flush mounting
 Flush mounting

 0.324
 0.311  0.185

 0.162

 0.301
 0.305

 0.281
 0.269

 0.355
 0.359

 0.262
 0.187

 0.218
 0.211

 0.038
 0.039

 0.025
 0.023

 0.037
 0.030

 0.043
 0.041

 0.027
 0.021

 0.035
 0.037

 0.029
 0.024

(a)

5 10 15 20 25 30 35 40 45

0

2

4

6

8

10

12

14

16

Sensor #1

Sensor #2

Sensor #3

Sensor #4

Sensor #5

Sensor #6

Sensor #7

C
/C

0 (
%

) Sen
sor

s

Distance (mm)

 Non-flush mounting
 Flush mounting

(b)

Figure 11. Responses of all sensors with different shielding under FM and NFM conditions:
(a) variation ∆C; (b) relative capacitance variation ∆C/C0.

Figure 11b shows the relative capacitance variation of seven sensors as a function of the
target distance under the FM and NFM conditions. Compared with sensor #1, the ∆C/C0

responses of sensors #2, #3, #4, #6, and #7 were lower, while the ∆C/C0 value of sensor #5
increased to 15%. Additionally, for sensors #4 and #5, the two curves almost overlapped.

In conclusion, the experimental results demonstrate that the proposed NG shielding
significantly reduced the difference in capacitance variation between the FM and NFM
conditions, thereby mitigating the sensitivity difference. The effect was comparable with
that of the active shielding structure.

5. Conclusions
This paper presents a novel near-ground shielding structure, an annular grounded

electrode coplanar with the sensing electrode, to address the performance variations of
capacitive proximity sensors under different mounting conditions. The NG shielding is the
first passive design that simultaneously achieves the following:

(a) A >90% reduction in mounting-induced Cd (vs. reference sensors, Table 2);
(b) No sensitivity loss (∆C preserved within 13%, Figure 11);
(c) Compatibility with both FM/NFM modes (unlike traditional shielding).

As summarized in Table 3, the NG structure uniquely combines the zero-power
operation of passive shielding with performance that approaches active methods, while
resolving the mounting compatibility challenge that plagues both conventional approaches.
The effectiveness of the proposed near-ground shielding structure was validated through
comparative experimental studies of various shielding modes, including passive, active,
and combined configurations. The experimental results show that compared with the
reference sensor, the sensor with proposed near-ground shielding structure reduced the
capacitance difference between the two mounting states by approximately 90.6% and
decreased the difference in the capacitance variation under different mounting conditions
by 56.4%, while it also decreased the capacitance variation and relative capacitance variation
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by 13% and 2%. Among them, the sensor with an active near-ground shielding electrode
exhibited the lowest average capacitance Cd of only 17 fF and demonstrated optimal
sensitivity, where the largest capacitance variation increased by about 9% compared with
the reference sensor. However, the implementation of active shielding requires strict
control of the potential difference between the shielding electrode and the sensing electrode,
increasing the system complexity and cost. Considering factors such as the implementation
difficulty, cost, power consumption, and shielding effectiveness, the proposed near-ground
shielding structure has broad application prospects and can be widely used in grounded
capacitive proximity sensors.

Table 3. Performance comparison of shielding approaches.

Feature Traditional Passive Method
(Sensor #2)

Traditional Active Method
(Sensor #3) Proposed Structure (Sensor #4)

Shielding type Backplane ground Driven shield Coplanar ground ring
Cd reduction 53.1% 76.6% 90.6%

Extra circuit design requirement No Yes No
Key advantage Simple implementation High performance Optimal balance

Author Contributions: Conceptualization, Y.Y. and X.L.; methodology, Y.Y. and X.L.; software, X.L.
and Q.Z.; validation, X.L., Q.Z. and Y.L.; formal analysis, X.L. and Y.Y.; investigation, Q.Z., J.D.
and H.Q.; resources, J.D.; writing—original draft preparation, X.L.; writing—review and editing,
Y.L.; project administration, Y.Y.; funding acquisition, Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded in part by the Natural Science Foundation of China (grant num-
ber 61902252) and in part by the China Postdoctoral Science Foundation.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Haimin Qian was employed by the company Omron (Shanghai) Co.,
Ltd. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

CPS Capacitive proximity sensor
FM Flush mounting
NFM Non-flush mounting

References
1. Ye, Y.; Zhang, C.; He, C.; Wang, X.; Huang, J.; Deng, J. A Review on Applications of Capacitive Displacement Sensing for

Capacitive Proximity Sensor. IEEE Access 2020, 8, 45325–45342. [CrossRef]
2. Aghajani, M. Capacitive Proximity Sensors Explained. Available online: https://www.solisplc.com/tutorials/capacitive-

proximity-sensors (accessed on 19 May 2025).
3. Stykemain, A. Capacitive Sensor Explained. Different Types and Applications. Available online: https://www.realpars.com/

blog/capacitive-sensor (accessed on 14 June 2021).
4. Canalias, X.; Vélez, P.; Casacuberta, P.; Su, L.; Martín, F. Transmission-Mode Phase-Variation Planar Microwave Sensor Based on a

Step-Impedance Shunt Stub for High Sensitivity Defect Detection, Dielectric Constant, and Proximity Measurements. IEEE Trans.
Microw. Theory Tech. 2025, 73, 1017–1028. [CrossRef]

5. Wang, S.; Wan, C.; Chung, K.L.; Zheng, Y. Investigation of Compact Near-Equidistant Multimode Resonator Integrating
Skyrmionic Metamaterial with SIW Cavity and Its Application in Dielectric Material Detection. IEEE Trans. Microw. Theory Tech.
2024, 1–16. [CrossRef]

http://doi.org/10.1109/ACCESS.2020.2977716
https://www.solisplc.com/tutorials/capacitive-proximity-sensors
https://www.solisplc.com/tutorials/capacitive-proximity-sensors
https://www.realpars.com/blog/capacitive-sensor
https://www.realpars.com/blog/capacitive-sensor
http://dx.doi.org/10.1109/TMTT.2024.3429536
http://dx.doi.org/10.1109/TMTT.2024.3486784


Electronics 2025, 14, 2166 17 of 18

6. Khan, A.U.; Islam, T.; Georg, B.; Rehman, M. An Efficient Interface Circuit for Lossy Capacitive Sensors. IEEE Trans. Instrum.
Meas. 2019, 68, 829–836. [CrossRef]

7. Haberman, M.A.; Spinelli, E.M.; Reverter, F. High-Linearity Front-End Circuit for Remote Grounded Capacitive Sensors.
IEEE Trans. Instrum. Meas. 2021, 70, 1–8. [CrossRef]

8. Hu, X.; Yang, W. Planar Capacitive Sensors—Designs and Applications. Sens. Rev. 2010, 30, 24–39. [CrossRef]
9. George, C.B.K.B. A Simple Analog Front-End Circuit for Grounded Capacitive Sensors with Offset Capacitance.

In Proceedings of the IEEE International Instrument Measure Technology Conference (I2MTC), Minneapolis, MN, USA,
6–9 May 2013.

10. Bera, S.C.; Ray, J.K.; Chattopadhyay, S. A Low-cost Noncontact Capacitance-type Level Transducer for A Conducting Liquid.
IEEE Trans. Instrum. Meas. 2006, 55, 778–786. [CrossRef]

11. Reverter, F.; Li, X.; Meijer, G.C. Liquid-level Measurement System Based on A Remote Grounded Capacitive Sensor.
Sensors Actuators A Phys. 2007, 138, 1–8. [CrossRef]

12. Haberman, M.A.; Spinelli, E.M. A Noncontact Voltage Measurement System for Power-Line Voltage Waveforms. IEEE Trans.
Instrum. Meas. 2020, 69, 2790–2797. [CrossRef]

13. Texas Instruments. Common Inductive and Capacitive Sensing Applications. 2020. Available online: https://www.ti.com/lit/
an/slya048b/slya048b.pdf (accessed on 19 May 2025).

14. Targonski, P. Flush or Non-Flush for Sensors. Available online: https://autosen.com/en/Worth-knowing/Applications-
solutions/Flush-or-non-flush-for-sensors (accessed on 19 May 2025).

15. Sensorpartners. Inductive vs. Capacitive Sensors: Differences and How It Works. Available online: https://sensorpartners.com/
en/knowledge-base/the-difference-between-inductive-and-capacitive-sensors (accessed on 19 May 2025).

16. Jajack, J. The Pros and Cns of Flush, Non-Flush and Semi-Flush Mounting Inductive Sensors. 2024. Available online: https:
//www.balluff.com/en-us/blog/flush-non-flush-and-semi-flush-mounting-inductive-sensors (accessed on 21 February 2024).

17. Cruciani, S.; Campi, T.; Maradei, F.; Feliziani, M. Active Shielding Design for Wireless Power Transfer Systems. IEEE Trans.
Electromagn. Compat. 2019, 61, 1953–1960. [CrossRef]

18. Ziolkowski, M.; Gratkowski, S. Active, Passive and Dynamic Shielding of Static and Low Frequency Magnetic
Fields. In Proceedings of the VXV International Symposium on Theoretical Engineering, Lübeck, Germany, 22–24 June
2009.

19. Hein, S.E.N.B.; Mühlbacher-Karrer, S.; Duriez, C.; Alagi, H.; Zangl, H.; Smith, J.R.; Koyama, K. Proximity Perception in
Human-Centered Robotics: A Survey on Sensing Systems and Applications. IEEE Trans. Robot. 2022, 38, 1599–1620.

20. Qian, X.; Li, Z.; Meng, Z.; Gao, N.; Zhang, Z. Flexible RFID Tag for Sensing the Total Minerals in Drinking Water via Smartphone
Tapping. IEEE Sensors J. 2021, 21, 24749–24758. [CrossRef]

21. Chiurazzi, M.; Garozzo, G.G.; Dario, P.; Ciuti, G. Novel Capacitive-Based Sensor Technology for Augmented Proximity Detection.
IEEE Sensors J. 2020, 20, 6624–6633. [CrossRef]

22. Li, X.; Larson, S.D.; Zyuzin, A.S.; Mamishev, A.V. Design Principles for Multichannel Fringing Electric Field Sensors. IEEE Sensors
J. 2006, 6, 434–440. [CrossRef]

23. Anandan, N.; George, B. A Wide-Range Capacitive Sensor for Linear and Angular Displacement Measurement. IEEE Trans. Ind.
Electron. 2017, 64, 5728–5737. [CrossRef]

24. Giacoppo, G.A.; Mayer, J.; Hartmann, J.; Bachmann, A.L.; Pott, P.P. Actively Shielded Capacitive Proximity Sensor for Endoscopy.
Curr. Dir. Biomed. Eng. 2023, 9, 93–96. [CrossRef]

25. Ma, C.; Huang, Z.; Wang, Z.; Zhou, L.; Li, Y. An Energy Efficient Technique Using Electric Active Shielding for Capacitive
Coupling Intra-Body Communication. Sensors 2017, 9, 2056. [CrossRef] [PubMed]

26. Lee, S.M.; Sim, K.S.; Kim, K.K.; Lim, Y.G.; Park, K.S. Thin and Flexible Active Electrodes with Shield for Capacitive Electrocardio-
gram Measurement. Med. Biol. Eng. Comput. 2010, 48, 447–457. [CrossRef] [PubMed]

27. Reverter, F.; Li, X.; Meijer, G.C.M. Stability and Accuracy of Active Shielding for Grounded Capacitive Sensors. Meas. Sci. Technol.
2006, 17, 2884–2890. [CrossRef]

28. Analog Devices. CapTouch Programmable Controller for Single-Electrode Capacitance Sensors. Available online: https://www.
analog.com/media/en/technical-documentation/data-sheets/AD7147.pdf (accessed on 19 May 2025).

29. Analog Devices. 24-Bit Capacitance-to-Digital Converter with Temperature Sensor. Available online: https://www.analog.com/
media/en/technical-documentation/data-sheets/AD7747.pdf (accessed on 19 May 2025).

30. Texas Instruments. FDC1004 4-Channel Capacitance-to-Digital Converter for Capacitive Sensing Applications. Available online:
https://www.ti.com.cn/cn/lit/ds/symlink/fdc1004.pdf (accessed on 19 May 2025).

31. Texas Instruments. Capacitive Sensing: Ins and Outs of Active Shielding. Available online: https://www.ti.com/lit/an/snoa926
a/snoa926a.pdf (accessed on 19 May 2025).

32. Aksoy, B.; Hao, Y.; Grasso, G.; Digumarti, K.M.; Cacucciolo, V.; Shea, H. Shielded Soft Force Sensors. Nat. Commun. 2022, 13, 4649.
[CrossRef] [PubMed]

http://dx.doi.org/10.1109/TIM.2018.2853219
http://dx.doi.org/10.1109/TIM.2021.3055829
http://dx.doi.org/10.1108/02602281011010772
http://dx.doi.org/10.1109/TIM.2006.873785
http://dx.doi.org/10.1016/j.sna.2007.04.027
http://dx.doi.org/10.1109/TIM.2019.2926877
https://www.ti.com/lit/an/slya048b/slya048b.pdf
https://www.ti.com/lit/an/slya048b/slya048b.pdf
https://autosen.com/en/Worth-knowing/Applications-solutions/Flush-or-non-flush-for-sensors
https://autosen.com/en/Worth-knowing/Applications-solutions/Flush-or-non-flush-for-sensors
https://sensorpartners.com/en/knowledge-base/the-difference-between-inductive-and-capacitive-sensors
https://sensorpartners.com/en/knowledge-base/the-difference-between-inductive-and-capacitive-sensors
https://www.balluff.com/en-us/blog/flush-non-flush-and-semi-flush-mounting-inductive-sensors
https://www.balluff.com/en-us/blog/flush-non-flush-and-semi-flush-mounting-inductive-sensors
http://dx.doi.org/10.1109/TEMC.2019.2942264
http://dx.doi.org/10.1109/JSEN.2021.3113797
http://dx.doi.org/10.1109/JSEN.2020.2972740
http://dx.doi.org/10.1109/JSEN.2006.870161
http://dx.doi.org/10.1109/TIE.2017.2677308
http://dx.doi.org/10.1515/cdbme-2023-1024
http://dx.doi.org/10.3390/s17092056
http://www.ncbi.nlm.nih.gov/pubmed/28885546
http://dx.doi.org/10.1007/s11517-010-0597-y
http://www.ncbi.nlm.nih.gov/pubmed/20361268
http://dx.doi.org/10.1088/0957-0233/17/11/004
https://www.analog.com/media/en/technical-documentation/data-sheets/AD7147.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD7147.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD7747.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD7747.pdf
https://www.ti.com.cn/cn/lit/ds/symlink/fdc1004.pdf
https://www.ti.com/lit/an/snoa926a/snoa926a.pdf
https://www.ti.com/lit/an/snoa926a/snoa926a.pdf
http://dx.doi.org/10.1038/s41467-022-32391-0
http://www.ncbi.nlm.nih.gov/pubmed/35945227


Electronics 2025, 14, 2166 18 of 18

33. Feynman, R.; Leighton, R.; Sands, M. The Feynman Lectures on Physics, Volume II. Available online: https://www.
feynmanlectures.caltech.edu (accessed on 19 May 2025).

34. COMSOL. An Introduction to the Theory of Electrostatics. Available online: https://cn.comsol.com/multiphysics/electrostatics-
theory (accessed on 14 February 2019).

35. Friedel, S. How to Calculate A Capacitance Matrix in COMSOL Multiphysics. Available online: https://cn.comsol.com/blogs/
how-to-calculate-a-capacitance-matrix-in-comsol-multiphysics (accessed on 7 June 2017).

36. COMSOL An Introduction to Electroquasistatics Theory. Available online: https://cn.comsol.com/multiphysics/
electroquasistatics-theory (accessed on 14 February 2019).

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

https://www.feynmanlectures.caltech.edu
https://www.feynmanlectures.caltech.edu
https://cn.comsol.com/multiphysics/electrostatics-theory
https://cn.comsol.com/multiphysics/electrostatics-theory
https://cn.comsol.com/blogs/how-to-calculate-a-capacitance-matrix-in-comsol-multiphysics
https://cn.comsol.com/blogs/how-to-calculate-a-capacitance-matrix-in-comsol-multiphysics
https://cn.comsol.com/multiphysics/electroquasistatics-theory
https://cn.comsol.com/multiphysics/electroquasistatics-theory

	Introduction
	Shielding Principle
	Passive Shielding
	Active Shielding 
	Near-Ground Shielding

	Sensor Design and Simulation
	Sensor Models
	FEM Simulations
	Simulation Setup for Passive Shielding Method
	Simulation Setup for Active Shielding Method
	Simulation Results


	Experimental Results and Discussion
	Experiment Setup
	Effect of Capacitance Values
	Effect of Sensitivity

	Conclusions
	References 

