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Abstract

This paper presents a multi-directional capacitive proximity sensor array based on band-stop fil-
ter. The band- stop filter is composed of four decoupled LC resonant circuits, so each stop band is
determined by one capacitive sensor and its corresponding lumped inductor, respectively. There-
fore, the change in capacitance can be obtained by measuring the change of the notches of the
band-stop response. The filter is fabricated into a cubic shape for sensing different directions.
Experiment results show that the fabricated sensor can detect objects coming from all four di-
rections simultaneously by measuring the transmission at frequencies near four notches. (2014)
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ABSTRACT

This paper presents a multi-directional capacitive proximity sensor array based on band-stop filter. The band-
stop filter is composed of four decoupled LC resonant circuits, so each stop band is determined by one capacitive
sensor and its corresponding lumped inductor, respectively. Therefore, the change in capacitance can be obtained
by measuring the change of the notches of the band-stop response. The filter is fabricated into a cubic shape for
sensing different directions. Experiment results show that the fabricated sensor can detect objects coming from
all four directions simultaneously by measuring the transmission at frequencies near four notches.
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1. INTRODUCTION

Capacitive sensor array has been applied to many areas, such as fingerprint sensing, robotic textile sensing, touch
screen sensing, proximity sensing, imaging, medical care sensing, and security scanning .1 0 In general, the signal
of a capacitive sensor array is processed with time division multiplexing .1 However, the readout speed decreases
with the increasing number of sensing element. Frequency domain multiplexing technique provides another way
of increasing the readout efficiency .17 "' An object can be sensed from the reflection of a transmission line ,*:12
but the information of all the elements are coupled together, resulting in a large uncertainty.

It is known that the resonance frequency can be used for measuring capacitance. It is possible to apply
multi-resonance into capacitive sensor array signal processing, where each resonance corresponds to one sensing
element, respectively. Previously such multi-resonance method has been demonstrated with split-ring resonator
(SRR).1"*® With the help of SRR, the localized electric field is enhanced in the gap of the SRR so as the
sensitivity is increased. On the other hand, the sensing area is limited to the small gap region of the SRR and
the object has to be in contact with the sensor.

Here we present a multi-directional capacitive proximity sensor array based on band-stop filter design. A
four-element capacitive proximity sensor array is integrated into a quad-band band-stop filter. Each stop band is
determined by one capacitive sensor respectively. The capacitance can be obtained by measuring the change in
transmission around the four notches. Such multi-direction capacitive proximity sensor is designed and fabricated.
The measurement results shows the capability of detecting objects coming from four directions.

2. THEORY AND DESIGN

In general, the capacitive sensor is based on the change of the capacitive coupling between target object and
sensor. The target changes surface charge distribution of the capacitive sensor, adding extra electric line between
electrodes, thus increasing the capacitance. The closer the target, the larger the capacitance increase. A resonance
can be obtained if it is connected with a series inductance. Then, the resonant frequency is dependent on the
capacitance value.

One the other hand, microwave filter utilizes tuning capacitance for achieving different responses.'® 2! In

particular, band-stop filter exploits the series parallel-resonance tank and shunt series-resonance tank to form
a band-stop response. It should be noticed that the shunt series-resonance can be replaced with the capacitive
sensor in series with a inductor. This way, the capacitive sensor can be integrated into a band-stop filter. As
shown in Fig. 1, a four-element sensor array are cascaded. Each capacitive sensing element is in series with
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Figure 1. Integrating a capacitive sensor array into a band-stop filter. (a) is a series four-element capacitive sensor array.
Each node (S1 to S4)represents a sensor element, which is in series with a inductor to form resonance; (b) is the equivalent
circuit. Each sensor element corresponds to one series LC tank.
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Figure 2. Simulation of the patch sensor and its capacitance change with the distance of an object.

an inductor, forming a series resonance. Thus the overall equivalent circuit can be given by the one shown in
Fig. 1(b). From there we can see that the capacitance value is related to the central frequency of the stop band.
Thus measurement of capacitance can be replaced by the measurement of other quantities, such as the stop
band frequency, and transmission coefficient measurement at these frequencies. This enables frequency domain
sensing method. Another advantage is that each resonant frequency of a sensing element can be controlled by
the series inductance, while he the variation of capacitance is reflected by the perturbation of resonant frequency.
This way the operating frequencies can be easily tuned.

Based on this principle, a four-element proximity sensor array working at different directions is designed.
The capacitive structure is realized by a circular patch. The capacitance of the structure can be simulated with
COMSOL Multiphysics. With an approaching target, the change in capacitance can also be modeled. Fig. 2
shows the numerical model and simulated capacitance change with the distance of an approaching object, which
is a block of copper. The patch has a radius of 9 mm. It is on the top of a 40 mm by 40 mm square, 1.2 mm-thick
FR4 substrate (relative permittivity e = 4.5). The other side of the substrate is covered by copper as ground
plane. A coax connector is placed as the center of the patch for excitation. The input impedance from the coax
port is simulated. Distance of object to sensor is varied from 1 mm to 30 mm. From the curve shown in Fig. 2,
we can see that the capacitance of the sensor changes from 10.2 pF to 11.6 pF.

Such capacitors can be integrated into a band-stop filter. As shown in Fig. 3, four capacitors with the same
nominal value of 10.2 pF are integrated in the filter. Each capacitor is connected to a transmission line through
an inductor with different values. In order to relate each capacitor to a different resonance, the four stop band
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Figure 3. The schematic of sensor integrated band-stop filer circuit simulation. = 10.2 pF, L; (1 = 1,2,3,4) is
determined by different resonant frequencies.

should be separated far enough for good isolation. In the design, the stop bands are controlled by manipulating
the product of inductance (L) and capacitance (C) as it directly determines the stop band frequency. In our
design, the inductance values are chosen to be 82 nH, 56 nH, 27 nH, and 8.2 nH, respectively. The corresponding
resonant frequencies are designed to be at 174 MHz, 211 MHz, 303 MHz, and 550 MHz, respectively. In order
to simplify the design, all sensing elements are with the same dimension as simulated in Fig. 2, and all the
capacitors and inductors are ideal components with infinite Q in the simulation. Besides the aforementioned
capacitors and inductors, transmission line effect has been taken into account in the circuit simulation. There
are two types of transmission lines in the simulation: MLIN1 and MLIN2. MLINT1 is for the feeding network,
and MLIN2 is for connecting each of the LC tank. They are all 50 €2 transmission lines. In the simulation, four
capacitors are swept from 10.2 pF to 11.6 pF, respectively, representing the simulated capacitance change change
as shown in Fig. 2.

The circuit simulation result is shown in Fig. 4. From the figures we can see that the four stop bands
are decoupled in frequency spectrum, which shows the independent control of the resonant frequency. Also,
with the variation of the capacitance in one element, the corresponding notch frequency changes, with all other
notches practically unaffected. It should be noted that the simulated resonant frequencies deviate from previous
calculations. This is because of the transmission line effect, especially the MLIN2 in Fig. 3. However, despite of
the shifting of the resonant frequencies, it does not affect the isolation of the resonant frequencies. Therefore, it
is still clear to see that all the capacitive sensing elements are decoupled with each other, and each of them is
represented by one notch frequency.

3. FABRICATION AND MEASUREMENT

The sensor element and the feeding network are designed with Agilent Advanced Design System (ADS), which
are shown in Fig. 5(a) and (b). The sensing element is designed on a 3-layer PCB, with the substrate of FR4.
The top layer is the circular patch, which is connected to a 50 €2 transmission line on the bottom layer through
a via. The middle layer is the ground plane, which is 1.2 mm below the top layer and 0.3 mm above the bottom
layer. The feeding network is a folded transmission line designed on a 1.6 mm-thick 2-layer PCB (FR4 substrate).
A folded shape is adopted because the sensors are arranged in different directions. All the dimensions are also
listed in the figure. Four capacitive sensor elements are wrapped on a cube. The feeding network is connected
to the four sensing elements from the inside of the cube. All the ground planes are soldered together. Two SMA
connectors are mounted on the feeding network PCB. Fig. 5(c) and (d) are pictures of the fabricated four-element
multi-directional capacitive proximity sensing array.

Measurements are done with a network analyzer. The setup is shown in Fig. 6. A target object (metal
block) is placed in front of each face of the sensor. The S-parameters are recorded with different object-to-sensor
distances from four different directions. In the measurements, S-parameters are recorded for the object with a
distance ranging from 2 mm to 20 mm with a step size of 2 mm. Fig. 6 shows the measured magnitude of So;
for the object coming from different directions. By comparing the four subfigures, it is clear to see that object
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Figure 4. Transmission spectrum given by circuit simulations. The four sub-figures indicate the change in capacitance
at four sensing elements with different inductance values: face A (Ly = 82 nH), B (L2 = 56 nH), C (L3 = 27 nH), D
(L4 = 8.2 nH). In each subfigure, curves with different colors represent different capacitance values.

coming from different directions causes resonant frequency shift of the corresponding sensing element while keeps
all other resonances unaffected. Compared with the simulation results shown in Fig. 4, the resonant frequency
is different, which is due to the non-ideal capacitance and inductance, as well as the manual soldering during
fabrication which causes extra parasitics.

Also the resonant frequency shifts to the lower band when the object approaches, which is due to the increase
of capacitance. At a frequency slightly above the resonance, the magnitude of Ss; increases due to that shift
in resonant frequency. Therefore, it is possible to detect the object by examining the magnitude of So; at
those frequencies. Also, the most sensitive part is the frequency region closed to the resonance. Therefore, four
frequencies which are right above each resonant frequency will give the best performance for sensing purpose.
Base on measurement results in Fig. 7, 140 MHz, 180 MHz, 240 MHz and 340 MHz are chosen for So; magnitude
sensing analysis. The change of Sy; at these four frequencies versus the distance of the target object is plotted for
those cases where the object is approaching from different directions. In all the curves at a particular frequency,
only one curve is obviously different from the other three, which indicate this frequency is sensitive only to
objects in that direction. Also, from Fig. 8, the sensing range can be estimated. If the power measurement
uncertainty is as low as 0.5 dB, the sensing range of the designed sensor is about 8 mm.

From the comparison between the measurement (Fig. 7) and the simulation (Fig. 4), we find that the quality
factor of the resonance is significantly reduced. This is due to the dielectric loss in the substrate and ohmic
loss in the metallic structures. This significantly affects the sensitivity. Different sensing structures with higher
quality factor can be designed in order to improve the sensitivity. Besides, low loss substrate will also improve
the sensitivity.
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Figure 5. The designed layout and the fabricated sensor. (a)The layout of the sensor element; (b) the layout of the feeding
network, with the top layer shown in black and bottom layer shown in green; (c)and (d) are pictures of the fabricated

sensor.

Figure 6. The measurement setup.
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Figure 7. Transmission spectrum given by measurement results. The four sub-figures indicate the change in capacitance
at four sensing elements with different inductance values: face A (L; = 82 nH), B (L = 56 nH), C (L3 = 27 nH), D
(L4 = 8.2 nH). In each subfigure, curves with different colors represent different distances between target and sensing

element.
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Figure 8. The measurement results. Four subfigures are for the S2; at different frequencies. Four curves in each subfigure

represent the object coming from four different directions.



4. CONCLUSION

In summary, a multi-directional capacitive proximity sensor array based on band-stop filter design is proposed.
A four-element capacitive proximity sensor array is integrated into a quad-band band-stop filter by arranging
sensor elements with in series with lumped inductors. All of the four stop bands are decoupled with each
other, which is realized by choosing different inductance values. The capacitance can be measured by measuring
the shift of the corresponding stop band frequency or the change of the S3; near the corresponding resonant
frequency. A multi-direction capacitive proximity sensor is designed and fabricated. The measurement results
show the capability of detecting and distinguishing target objects from different directions with a sensing range
of about 8 mm. The presented frequency-domain sensing method can be extended to other capacitive sensing
array arrangements.
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