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Highlights

What are the main findings?

e  Capacitive angle sensors have an optimal operating frequency.

e  Operating frequency for capacitive angle sensors does not impact the systematic er-
ror, but it does impact the random error and the sensitivity of the angle drift to fre-
quency drift.

What are the implications of the main findings?

e  Optimal operating frequency of capacitive angle sensors can be determined by locat-
ing the point on the amplitude—frequency response curve where the output signal
amplitude is maximized.

e  The frequency-domain characteristics presented in this paper refine our understand-
ing of capacitive angle sensors and provide guidance for sensor design and optimi-
zation.

Abstract

Capacitive angle sensors are crucial components in many industrial applications due to
their ability to provide precise angle measurement at low cost and low power consump-
tion. Unfortunately, their frequency-domain characteristics have yet to be thoroughly in-
vestigated. In this paper, we investigate the frequency response curves of capacitive angle
sensors and find that these sensors have an optimal operating frequency. We also show
that operating frequency for capacitive angle sensors does not impact systematic error,
but it does impact random error. Based on our findings, we demonstrate the optimization
of a candidate sensor’s operating frequency and show a 11.5% * 1.5% (p = 95% and k =
2.14) reduction in the random error compared to the sensor operating at the typical 20
kHz frequency. The frequency-domain characteristics presented in this paper refine our
understanding of capacitive angle sensors and provide guidance for sensor design and
optimization.

Keywords: capacitive angle sensors; frequency-domain analysis; frequency drift; random
error; systematic error
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1. Introduction

Angle is a crucial derived quantity in the International System of Units (SI), and angle
sensors are fundamental measurement components in numerous industries, such as me-
trology, manufacturing, automotive, aircraft, and robotics [1-4]. Angle sensors are typi-
cally categorized into three types according to their operating principles: optical encoders,
electromagnetic angle sensors, and capacitive angle sensors [5,6]. Optical encoders feature
high precision and high resolution, but they are expensive and susceptible to performance
degradation and damage in harsh environments [7-9]. Therefore, optical encoders are
mainly used in metrology laboratories and factories where the environment is well con-
trolled [10]. Compared to optical encoders, electromagnetic angle sensors demonstrate
superior performance in harsh environments, but they are bulky, heavy, and power-in-
tensive [11,12]. As a result, electromagnetic angle sensors are typically used in large equip-
ment, such as military vehicles and large ships [13]. Capacitive angle sensors achieve a
balance between precision and environmental resilience, and these sensors are typically
inexpensive, compact, lightweight, and low-power [6,14,15]. Therefore, capacitive angle
sensors are an attractive solution for robotics and drone applications, garnering increased
attention in recent years.

Due to the advantages provided by capacitive angle sensors, researchers have devel-
oped many miniaturized sensor variants using printed circuit board (PCB) technology for
applications with weight and size constraints [16-18]. Researchers have also utilized mi-
croelectromechanical systems (MEMS) technology to reduce size and power consumption
beyond what is achievable with PCB-based sensors [15,19,20]. In certain applications
where space is a limiting factor, three-plate, cylindrical, and multi-layer ring structures
provide enhanced coupling capacitance in a small form factor [21-25]. With regard to sen-
sor signal quality, the optimized angle demodulation circuits have been used to enhance
anti-interference capabilities and reduce costs [26-28]. The error compensation techniques
have been introduced to enhance the accuracy of capacitive angle sensors [19,29]. The
studies outlined above examine various aspects of capacitive angle sensors, including uti-
lization, manufacturing, cost, structure, interference resistance, resolution, and accuracy.
However, frequency response of capacitive angle sensors has not been investigated, and
the mechanism by which operating frequency affects sensor performance remains unclear.
As a result, no guidance exists in the selection of operating frequency for capacitive angle
Sensors.

In this paper, we investigate the frequency response curves of a typical capacitive
angle sensor at different rotation angles to address the lack of research in frequency re-
sponse. We investigate the effects of operating frequency on the sensor’s random error,
frequency drift, resolution, and systematic error. Moreover, we characterize the underly-
ing mechanisms of these effects. Our results indicate that systematic error is minimally
impacted by the operating frequency, but the random error, resolution, and the sensitivity
of angle drift to frequency drift are significantly impacted by the operating frequency.
Based on the mechanisms affecting these performance aspects, we present an approach to
optimize the sensor’s operating frequency, and our experimental results show a random
error reduction of 10% with no change in systematic error. The frequency-domain analysis
results presented in this paper refine our understanding of capacitive angle sensors and
provide guidance for future research and design optimization.

2. Capacitive Angle Sensor

Capacitive angle sensors use the change in common plate area between two elec-
trodes to modulate the angle into an electrical signal, and similar electrode geometries,
circuits, and components are used in most capacitive angle sensors [6,14,17,20]. Therefore,
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we present a representative capacitive angle sensor using common design methods to an-
alyze its frequency-domain characteristics.

2.1. Measurement Principle

The geometric structure of the capacitive angle sensor is shown in Figure 1a. The
excitation and induction electrodes are mounted on the stator, and the floating electrode
is mounted on the rotor. The excitation electrodes are divided into groups, labeled 1, 2, 3,
and 4. The floating electrode and the induction electrode are labeled 5 and 6, respectively.
The sensing capacitors (Cis, Czs, Css, Css) are created between the sector-shaped excitation
electrodes and the sinusoidal-shaped floating electrodes when the stator and rotor are
mounted with an air gap, as shown in Figure 1b. When the rotor rotates, the common plate
areas between excitation electrodes 1, 2, 3, and 4 and the floating electrode can be ex-
pressed as [30]

Sis =(8,,/2)[1-cos(NO)]
Shs = (Sm /2)[1 —sin (N&)]
Ss5 =(S,,/2)[1+cos(NO) |
Sys =(S,,/2)[1+sin(NO) ]
where Sm, N, and 0 represent the maximum common plate area, number of mechanical
cycles of the angle sensor, and the rotation angle, respectively. If the fringe effect is ne-

glected, the sensing capacitances between the excitation electrodes and the floating elec-
trode can then be expressed as

)
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where ¢ represents the dielectric constant of air, and d represents the separation distance,
or gap, between the excitation and floating electrodes. The sensing capacitance values
change with the rotation angle, as shown in Figure 1c.
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Figure 1. Representative capacitive angle sensor: (a) structural diagram of the sensor; (b) sensing
capacitance and induction capacitor of the sensor; (c) ideal sensing capacitance curves; (d) excitation

voltage signals; (e) block diagram of the sensor signal processing circuit.
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To measure the rotation angle, four excitation voltage signals, each phase-shifted by
90° relative to the preceding one, are connected to four sets of excitation electrodes. These
four excitation voltage signals can be represented as

ug, = A, sin (27 ft)
u,, = A, cos(2z ft)
u,_ =—A,sin(2z ft)’

U, =—A4, cos(2x ft)

c

®)

where A, f, and t indicate the amplitude, frequency, and time of the excitation voltage
signals, respectively. The excitation voltage varies with time, as shown in Figure 1d, and
the four excitation voltages will be superimposed on electrode 5 after being coupled
through the sensing capacitors. According to superposition principle, we can calculate the
voltage signal us at electrode 5 as

Cisttg, + Costt, + Cystt, +Cyst,

Us = ’ 4
Cis+Cos + G5+ Cys + Csg @)

where Css is the induction capacitor between floating electrode 5 and induction electrode
6. Using (2) and (3), (4) can be rewritten as [31]

us =—Ksin (27zﬁ + ¢7) ’ (5)

where K = eSnAm/[d(C15 + C25 + Css + Cas + Cse)], representing the amplitude of us, and ¢ =
NGO, representing the initial phase of us. The output signal, uo, can be expressed as

I o
" Crey(2ns Ry

)Sil’l(zﬂ'ﬁ-l-(p)/ (6)

where Crand Ry represent the feedback capacitance and feedback resistance of the trans-
impedance amplifier (TIA), respectively. 0 is linearly related to ¢, and as long as we meas-
ure the initial phase ¢ of us, 0 is given by

@)

=[S

2.2. Signal Processing

A block diagram of the sensor signal processing circuit is shown in Figure le. We use
a field-programmable gate array (FPGA) as the core processor to control the analog-to-
digital converter (ADC), digital-to-analog converter (DAC), and Ethernet transmitter. The
DAC generates four excitation voltage signals (us+, uer, Us-, tie-), and low-pass filters (LPFs)
remove high-frequency ripple from the excitation signals. ur is the trigger signal for the
ADC. The drivers enhance the system’s ability to drive capacitive loads, and the excitation
voltage signals are applied to the excitation electrodes through the drivers. The signal us
at electrode 5 is amplified to an output voltage signal, u,, by the induction capacitor Css
and the TIA, and a band-pass filter (BPF) suppresses interference and noise in u.. We set
the BPF’s passband to 500 Hz—2 MHz. The ADC converts the filtered output voltage signal
into binary data that is sent to a computer through the Ethernet transmitter. We employ
the computer to calculate the initial phase, ¢, of u, using a sine-fitting algorithm [32], and
obtain 0 using (7).

2.3. Prototype Fabrication and Experimental Setup
To analyze the frequency-domain characteristics of the capacitive angle sensor, we
fabricated a prototype sensor and configured the experimental system, as shown in Figure
2. We fabricated the stator and rotor of the sensor on PCBs with a mechanical cycle of 60,
https://doi.org/10.3390/s26185762
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as shown in Figure 2c. We mounted the stator on a height-adjustable bracket and the rotor
on an AP 300 high-precision turntable (RPI, Bath, UK), as shown in Figure 2b. We also
fabricated the signal processing circuit described in Section 2.2, as shown in Figure 2a. The
RON905 optical encoder (Heidenhain, Traunreut, Germany) embedded in the turntable is
used to evaluate the error of capacitive angle sensor; it has an accuracy of +0.4” as an angle
comparator. We used a PXle-5122 high-resolution oscilloscope (NI, Austin, USA), a 6000A
phase meter (Clarke-Hess, New York, NY, USA), and a DMM6500 digital multimeter
(Tektronix, Beaverton, OR, USA) to measure the signal amplitude and phase and calibrate
the signal processing circuit. We also precisely controlled the laboratory environment,
maintaining a stable temperature of 20 + 1 °C and a relative humidity of 50 + 1%. Table 1
provides a detailed list of our test setup specifications.

a b ¢
o i 2 Wi
” . L\ MDA "
i — g B
[ i) oy \
(4

é ) \
\ Stator k
\ y )

Figure 2. Experimental setup: (a) signal processing circuit board for the capacitive angle sensor; (b)
complete experimental assembly; (c) stator and rotor for the capacitive angle sensor; (d) signal cali-

bration.

Table 1. Test setup specifications.

Symbol Parameters Value
- Outer diameter 45 mm
- Inner diameter 20 mm
d Air gap between stator and rotor 0.3 mm
- Number of excitation electrodes 240
- Number of floating electrodes 60
N Number of mechanical cycles 60
Am Amplitude of excitation voltage 142V
f Frequency of excitation voltage 1-1000 kHz
Ry Feedback resistor 1 MQ
Cr Feedback capacitor 10 pF
fs ADC sampling frequency 66.667 MHz
Q ADC quantization bits 14
- Noise/measurement bandwidth 20 MHz

3. Frequency-Domain Analysis
3.1. Qualitative Frequency-Domain Analysis

The best mathematical tool for frequency-domain analysis is the transfer function of
a circuit. Accordingly, we attempt to establish a basic circuit model for the capacitive angle
sensor to obtain the sensor’s transfer function. This basic circuit model contains four exci-
tation voltage sources (us+, ue+, Us-, te-), four sensing capacitors (Cis, Czs, Css, Css), one induc-
tion capacitor (Css), 16 parasitic capacitors (Cii, Ciz, C3, Ci4, Ci6, C22, C23, C24, Cas, Cs3, Cs4,

https://doi.org/10.3390/s26185762


https://doi.org/10.3390/s26185762

Sensors 2026, 26, 5762

6 of 13

Css, Caa, Ca6, Css, Ces), cable resistances (Rs+, Re+, Rs-, Re-, Re), one feedback resistor (Rf), one
feedback capacitor (Cr), and one operational amplifier, as shown in Figure 3a. We model
the capacitive angle sensor as a complex capacitive network consisting of 21 capacitors in
the basic circuit model, but the transfer function of the circuit model is very difficult to
obtain due to the complexity of the capacitive network [15]. Since the parasitic capacitance
is comparable in magnitude to the sensing capacitance, it is also very difficult to simplify
the circuit model. Moreover, the capacitance values are also difficult to measure because
of signal cross-coupling within the network. Therefore, theoretical frequency domain
analysis of capacitive angle sensors presents considerable challenges. Nevertheless, we
can qualitatively analyze the frequency-domain characteristics of capacitive angle sensors.
The capacitive reactance of a capacitor decreases as the signal frequency increases. When
a capacitor is connected in parallel with the load impedance, high-frequency signals are
attenuated, as shown in Figure 3b. When a capacitor is connected in series with the load
impedance, low-frequency signals are attenuated, as shown in Figure 3c. The basic circuit
model of a capacitive angle sensor includes multiple capacitors connected in parallel and
in series, as shown in Figure 3a. Therefore, both high-frequency and low-frequency sig-
nals are attenuated as they pass through the capacitive angle sensor. This characteristic
may raise new considerations regarding the selection of operating frequency for capaci-
tive angle sensors. Thus, we attempt to analyze the sensor’s frequency-domain character-
istics in experiments by measuring the amplitude and phase of the output signal at differ-
ent frequencies. Note that the subsequent frequency-domain analysis and optimization
are established experimentally rather than theoretically.

R, b
‘ o "

YWy

Al C R ug frequency response
—iE W 1=
LG ‘—“"‘* I Ue Ce £= Z
Lyosl w1 ow b ol M e \
LW R L e L
C I 56 I +

PO c

i
Cs et
T i L. A /

i

| i
I e T [
ti

it

O

Rs.
AAA
WW

Zy up frequency response

. lll—“—<

Re+

Ugs,
e
D

R..
/)W

ul

HH

F

Figure 3. Circuit models and qualitative analysis: (a) a basic circuit model for the capacitive angle

sensor; (b) frequency response of a parallel capacitor; (c) frequency response of a series capacitor.

3.2. Amplitude—Frequency Characteristics

To perform the frequency-domain analysis, we set 256 frequency points in the range
from 1 kHz to 1 MHz and measured the amplitude of u. to obtain the amplitude—fre-
quency response at different rotation angles, as shown in Figure 4a. Within the range of 0°
to 360°, the frequency response curves are nearly identical at each angle. Only the fre-
quency response curves from 0° to 5° are shown, as these curves repeat periodically in
accordance with the mechanical cycle (6°). We observed that maximum amplitude oc-
curred at 212 kHz, and the point of maximum amplitude is marked with solid small dots
on each amplitude—frequency response curve, as shown in Figure 4a. The signal ampli-
tude gradually decreases as the operating frequency decreases from 212 kHz. Meanwhile,
the signal amplitude gradually decreases as the operating frequency increases from 212
kHz. This result confirms the existence of the frequency with maximum amplitude. The
described amplitude-frequency characteristics are a combination of the sensor’s intrinsic
characteristics and the TIA’s characteristics.

https://doi.org/10.3390/s26185762
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Amplitude (mV)

The operating frequency of 20 kHz is widely adopted as the operating frequency for
capacitive angle sensors [17-19,31-33]. However, 20 kHz is not the optimal frequency ac-
cording to the amplitude-frequency response curve. Generally, we want the sensor to op-
erate at the frequency where the gain is highest to achieve the best signal-to-noise ratio
(SNR). We measured the noise voltage 10 times at each frequency point. The RMS noise
voltage at the 256 frequency points measured during the first test is plotted in Figure 4b.
The noise at each frequency point was randomly distributed around 8.1764 mV. The re-
sults of the significance test showed that p=0.12>0.05, and no significant differences were
found among the 256 frequency points (10 noise voltage values per frequency point).
Therefore, the experimental results show that the amplitude of the noise remains constant.
Capacitive angle sensors exhibit different gains for signals of different frequencies, as
shown in Figure 4c. The sensor operates at a single frequency, but noise is generally dis-
tributed over a very wide frequency band. When the sensor’s operating frequency
changes, the amplitude of the output signal changes, but the amplitude of the noise re-
mains constant, causing changes in the output SNR.
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Figure 4. Amplitude—frequency analysis results for the capacitive angle sensor: (a) amplitude—fre-
quency response curves at different rotation angles; (b) RMS noise as a function of operating fre-
quency; (c) amplitude and gain characteristics at different operating frequencies; (d) SNR as a func-

tion of operating frequency.

The relationship between SNR and frequency is shown in Figure 4d. According to
our experimental results, when the sensor operated at a frequency of 212 kHz, the output
signal amplitude reached a maximum of 0.441 V (RMS value of 311.8 mV), with an SNR
of 31.629 +0.141 dB (p =99% and k = 3.25). However, the output signal amplitude was only
0.352 V (RMS value of 248.9 mV), and the SNR was 29.672 + 0.141 dB (p = 99% and k = 3.25)
with an operating frequency of 20 kHz. Therefore, the optimal SNR was achieved when
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the operating frequency was 212 kHz. The SNR maintained a high level around 212 kHz,
as shown in Figure 4d. If the goal is not to achieve the highest SNR, the operating fre-
quency can also be set to around 212 kHz. Note that since the sinusoidal voltage signal
serves as the carrier for angle modulation and demodulation, the SNR is defined by the
ratio of voltages, not power. As with most capacitive sensors, the SNR of the output signal
is the primary factor determining the sensor’s random error [34,35]. The maximum signal
amplitude results in the optimal SNR, which in turn leads to the optimal random error.
Therefore, the amplitude—frequency characteristics shown in Figure 4a provide a basis for
selecting the optimal operating frequency to maximize SNR and optimize the sensor’s
random error.

3.3. Phase-Frequency Characteristics

Our experimental phase—frequency response is shown in Figure 5a. Notably, the
phase shifts linearly as the rotor rotates. However, we removed the phase shift caused by
rotation in order to investigate only the phase shift caused by frequency and to achieve
clearer phase—frequency characteristics. These curves indicate consistent phase—frequency
characteristics at different rotation angles. Only the frequency response curves from 0° to
5° are shown, as these curves repeat periodically in accordance with the mechanical cycle
(6°).

The phase-frequency response curve illustrates the relationship between phase drift
and frequency drift. The rotation angle exhibits a linear relationship with the phase of the
output signal according to (7). The sensitivity ke of angle drift to frequency drift can be
expressed as

1 d

0= N d_}ﬁ; 8)
here, (dp)/(df) is the slope of the phase—frequency response curve. A steeper slope in the phase—
frequency response curve indicates greater phase drift caused by a unit frequency drift, result-
ing in a larger angle drift (Figure 5b). According to our experimental results, the slopes of the
phase—frequency response curve were —2.80 x 10~ °/ppm and -8.11 x 10 °/ppm at operating
frequencies of 20 kHz and 212 kHz, respectively. Furthermore, we observed that the slope was
smallest at 212 kHz. Therefore, the angle drift caused by frequency drift was minimal with an
operating frequency of 212 kHz. Phase—frequency characteristics provide a basis for optimiz-
ing the sensitivity of angle drift to frequency drift. Both the phase—frequency and amplitude—
frequency analysis results indicate that 212 kHz is the optimal operating frequency for the

b
142V 142V
20 kHz 212 kHz

proposed sensor.
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Figure 5. Phase—frequency analysis results for the capacitive angle sensor: (a) phase—frequency re-
sponse curves at different rotation angles; (b) phase and its slope characteristics at different operat-

ing frequencies.
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3.4. Side Effects of Increasing Operating Frequency

The above analysis suggests increasing the frequency to 212 kHz, but the theoretical
resolution of capacitive angle sensors declines as the operating frequency increases. The-
oretical resolution, Re, is determined by the number of mechanical cycles, N, the operating
frequency, f, the ADC sampling frequency, f, and the number of quantization bits, Q,
which can be expressed as [32]

S

Rg:360'2QNfS- )

For operating frequencies of 20 kHz and 212 kHz, the theoretical resolutions are 3.96
x 104" and 4.20 x 10", respectively. Therefore, the theoretical resolution declines by a
factor of 10.6.

4. Optimization Results
4.1. Random Error

Random error is defined as the peak-to-peak value of the angle jitter measured when
the rotor is stationary. To verify the results of the amplitude—frequency analysis, we mon-
itored the sensor’s rotation angle during the experiment while the rotor was stationary.
We recorded a set of random errors every hour on a prototype. A set of random errors
contains 1000 samples, with a sampling duration of 1000 s and a sampling rate of 1 Hz.
Table 2 shows the statistical results for eight sets of random error data recorded within an
8-h period. The mean value of eight sets of random error data was adopted as the experi-
mental result. When the operating frequency was 20 kHz, the peak-to-peak value of the
random errors was 0.0702", with a standard deviation of 0.0107”, as shown in Table 2.
When the operating frequency was 212 kHz, the peak-to-peak value of the random errors
was 0.0627", with a standard deviation of 0.0095”, as shown in Table 2. The significance
test indicated that the difference in random error between 20 kHz and 212 kHz was highly
statistically significant. Therefore, the random error of the capacitive angle sensor was
decreased by 11.5% + 1.5% (p = 95% and k = 2.14) by changing the operating frequency to
212 kHz. Since the noise from the mechanical/turntable did not vary with the SNR, an
approximately 25% improvement in the SNR resulted in only an 11.5% reduction in ran-
dom error. To illustrate the optimization results more clearly, we present a set of random
error data before and after optimization in Figure 6a and Figure 6b, respectively. The ran-
dom error was successfully optimized by selecting the optimal operating frequency based
on the sensor’s amplitude—frequency characteristics. The optimal frequency of 212 kHz
applies only to specific sensors (our prototype), but the method for determining the opti-
mal frequency by locating the amplitude peak is generally applicable.

Table 2. Random error from eight measurements.

Frequency Statistical Results Random Errors (”) Mean ()
20 Kiz Peak-to-peak value 0.0703 0.0701 0.0705 0.0702 0.0703 0.0700 0.0699 0.0702  0.0702
Standard deviation 0.0108 0.0106  0.0110 0.0107  0.0107 0.0106  0.0105 0.0107  0.0107
215 Kz Peak-to-peak value 0.0628 0.0626 0.0630 0.0627 0.0629 0.0625 0.0624 0.0626  0.0627

Standard deviation 0.0095 0.0094 0.0097 0.0095 0.0096 0.0093 0.0093 0.0094 0.0095

When the theoretical resolution falls below the random error, the sensor’s random
error becomes the dominant factor influencing its performance. The theoretical resolution
of 0.0042" was significantly smaller than the random error of 0.0627" at 212 kHz. Therefore,
it is well worth sacrificing theoretical resolution in exchange for decreased random error.

https://doi.org/10.3390/s26185762


https://doi.org/10.3390/s26185762

Sensors 2026, 26, 5762 10 of 13
) i g‘gi c g ,g X107 — ;
A | Eey 5 i
€ 002 | 2z :
v T -003 g = 05F : ‘ 7
0 200 400 600 800 1000 0% 200 400 600 800 1000 v T T T
Time (s) Time (s) Frequency (Hz)
d 5 e
2 30 e
S o e 0 :
1% 60 120 180 240 300 360 0 2 4 6
Rotation angle (°) Rotation angle (°)
Figure 6. Experimental frequency optimization results: (a) sensor random errors before frequency
optimization (20 kHz); (b) sensor random errors after frequency optimization (212 kHz); (c) sensi-
tivity of angle drift to frequency drift at different operating frequencies; (d) angle errors over the
full 0-360° range at frequencies of 20 kHz and 212 kHz; (e) angle error within the 0-6° range at
frequencies of 20 kHz and 212 kHz.
4.2. Sensitivity of Angle Drift to Frequency Drift
Based on the experimental results, the sensitivity curve of the angle drift to frequency
drift is plotted in Figure 6c. The maximum angle drift sensitivity was 1.68 x 10°"/ppm at
an operating frequency of 20 kHz, and the minimum was 4.87 x 10-#"/ppm at an operating
frequency of 212 kHz. The frequency stability of the crystal oscillator was 2.5 ppm in the
proposed sensor. When the operating frequency was optimized from 20 kHz to 212 kHz,
the value of angle drift caused by frequency drift was optimized from 4.2 x 10" to 1.2 x
10", and the sensitivity of the angle drift to frequency drift decreased by 72%. These val-
ues of angle drift caused by frequency drift are negligible compared to the systematic error
of the capacitive angle sensor, as shown by the data in Table 3. These results demonstrate
that the sensor’s error is scarcely affected by slight frequency drift, which improves our
understanding of the errors in capacitive angle sensors.
Table 3. Comparison of different capacitive angle sensors.
From [17] [18] [19] [20] [27] [28] [31] [33]1 This Work
Diameter 57mm 54mm 58mm 275 mm 29.18 mm - 60mm 83mm 45mm
Frequency =~ 20kHz 20kHz <20kHz - 6 kHz 252 OlglizHaZ“d 20kHz 20kHz 212KkHz
Random error 2" 2.16" 0.36" 7.2" 720" 330" 2.5" 0.5" 0.063"
Resolution 0.2" 0.54" 0.72"* 72"% 72" * 22.68" * 0.23" 0.18" 0.0042"
Systematic error ~ #25" +4" 4.32" 86.4" 3456" 3758" 10" 12" +25.8"

* Values marked with an asterisk (*) represent measured resolutions and cannot be directly com-

pared with other theoretical resolutions.

4.3. Systematic Error

We recorded the rotation angle values of the capacitive angle sensor within the range
of 0° to 360°, and we determined sensor systematic errors by comparing these angle values
with the reference angle values output by the high-precision optical encoder. The system-
atic error curves measured at 20 kHz and 212 kHz are shown in Figure 6d, and the
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systematic error curves for one mechanical cycle are shown in Figure 6e. The systematic
error was +25.8" within the range of 0° to 360°. Moreover, we observed strong agreement
between the data at 20 kHz and 212 kHz, as shown in Figure 6d,e. Within the range of 0°
to 360°, the maximum deviation between these two sets of data was only 0.14”, and the
system error at 212 kHz is smaller than at 20 kHz. This deviation of 0.14" is smaller than
the accuracy of the turntable and the optical encoder, and far smaller than the error of the
capacitive angle sensor. Therefore, no significant influence of operating frequency on sys-
tematic error was observed under the current conditions.

A comparison of different capacitive angle sensors is provided in Table 3. The sensors
reported in references [27,28] exhibit suboptimal performance because they were de-
signed to achieve extremely low costs. The systematic error of the proposed sensor is not
the lowest, but its resolution and random error are significantly better than those of exist-
ing capacitive angle sensors. The high resolution and low random error achieved in this
work establish a baseline for expanding the applications of capacitive angle sensors.

5. Discussion

In this paper, we experimentally investigated the frequency-domain characteristics
of capacitive angle sensors, and we present the following primary conclusions based on
our analysis:

1.  There is an optimal operating frequency for capacitive angle sensors.

2. We can determine the optimal operating frequency of capacitive angle sensors by
locating the point on the amplitude—frequency response curve where the output sig-
nal amplitude is maximized.

3. The choice of operating frequency for capacitive angle sensors does not impact the
systematic error, but it does impact the random error and the sensitivity of the angle
drift to frequency drift.

In addition to developing these general conclusions, we described the physical mech-
anisms by which operating frequency affects random error and sensitivity of the angle
drift to frequency drift. We also reduced the random error of the candidate sensor based
on the results of the frequency-domain analysis, but the theoretical resolution was com-
promised. Therefore, it is necessary to balance random error and resolution for sensors
exhibiting lower resolution.

The work presented in this paper advances our understanding of capacitive angle
sensors and provides valuable insight for optimizing operating frequency. Our analytical
methods and conclusions can serve as a reference for other capacitive sensors. Besides
operating frequency, other characteristics of capacitive angle sensors remain to be thor-
oughly investigated, such as electrode geometry, assembly precision, operating tempera-
ture, and operating humidity. We intend to investigate these parameters in future work.
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