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Abstract. Driven by the needs of special measurements, a non-contract capacitance
sensor is designed, which utilizes two parallel special shape copper-foil surfaces in the
inductive electrode and takes capacitance of the capacitor as the sensitive source. If there
is a target medium approaching the electrode within a certain distance, the capacity of the
capacitor will change and be converted into a special voltage signal by the conditioning
circuit, which thereby could be utilized to detect the presence of objects such as the media.
The experiments prove the presented sensor could be used to detect not only metallic and
non-metallic objects, but also liquid substances, and it has the features of low cost, high
stability, high sensitivity and adjustability.
Keywords: Non-contact, High sensitivity, Planar capacitance sensor

1. Introduction. Sensors are the main ways and means to obtain information in nature
or in the field of production. Sensor technology has already been applied in a wide range
of areas such as the development of the universe, ocean exploration, environmental protec-
tion, resource investigation, medical diagnosis, and even the protection of cultural relics
[1-4,13]. In modern industrial production, especially in the automatic production process,
a variety of sensors have been proposed to monitor and control the various parameters to
guarantee the working of equipment and the quality of products[15-17].

Capacitive sensor has the characteristics of average effect, simple structure, high reso-
lution and high measurement accuracy, which can realize non-contact measurement and
work under such severe conditions as high temperature, radiation and vibration. It has
been widely used not only in the measurement of pressure, displacement, acceleration,
vibration and humidity, but also in that of the mechanical parameters such as precision
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spindle rotary precision, acceleration and so on[14]; it is particularly suitable for mea-
suring the liquid level, burden, the moisture of the grain, non-metal material coating, oil
film thickness, density and thickness. But the leakage resistance and nonlinearity of ca-
pacitive sensor to some extent limit its application. With the continuous development of
electronic technology, especially the wide application of integrated circuits, these short-
comings have been overcome to a certain extent, thus enabling a wider application of
capacitive sensors[18-20].

In recent years, the traditional sensors have been gradually replaced by sensors of new
types which are miniaturized, digital, intelligent, systematic, and networkable[11]. They
not only promote the transformation of traditional industries, but also enact the estab-
lishment of a new industry that is a new economic growth point of the 21st century[12].

2. Principle and type of capacitive sensor. The basic working principle of capacitive
sensors can be illustrated with a flat plate capacitor shown in Figure 1.

Figure 1. Plate condenser

Let the effective area of the overlapping of two electrodes be A, the distance between
the two polar plates d, the dielectric constant of the medium between the plates , when
plate edge effects are neglected, the capacitance of a parallel plate capacitor C is defined
as follows:

C =
εA

d
(1)

Its obvious that if two of the three parameters (e.g. and A) are kept constant and
the third parameter (e.g. d) changes, the electric capacity C will change. Therefore, its
meaningful that a functional relation between the changing parameter and the measured
parameter could be defined. So the capacitive sensors can be divided into three types:
(a)the variable area type by changing the plate area; (b)the variable gap type by changing
the distance between the plates; (c)the variable dielectric constant type by changing the
dielectric as constant whose principle diagram is shown in Figure 2.

Figure 2. Variable dielectric constant capacitor

When non-air medium is charged between two plates of the capacitor, because different
media have different relative dielectric constants, the capacitance of the capacitor varies
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according to the different media inserted . The variable dielectric constant capacitive
sensors are more popular in detecting the thickness of the flake materials (e.g. paper,
insulating film), the humidity of solid substances (e.g. food, textiles, wood, coal etc.),
and even the liquid level and solution concentration of containers. In particular, our work,
i.e. the design of non-contact capacitive sensor, is mainly based on the variable dielectric
constant type[5].

3. Circuit composition and principle design. This paper aims to design a non-
contact sensor with high stability, low cost and high sensitivity, which is capable of de-
tecting a small amount of liquid flowing through or approaching the sensor surface or
medium, and converting the detected into the output signal. The designed non-contact
sensor can be used for non-contact measurement of metal, non-metal liquid and solid
substances[6] and its qualification requirements are as follows: (a)the detecting distance
is 0∼20mm, and adjustable; (b)the working voltage: 10∼24V; (c)the output current: less
than or equal to 200mA; (d)the working temperature: -10∼75◦C.

3.1. Circuit diagram. The overall circuit of the non-contact capacitance sensor is shown
in Figure 3.

Figure 3. Total circuit diagram

In figure 3, the rectangular wave generating circuit provides the signal source with
stable frequency and amplitude for the following circuits; and the inductive electrode of
the capacitance sensor functions as a capacitance and is connected in the F/V conversion
circuit. The target medium coming closer toward or passing by the plates of the capacitor
triggers the change of the dielectric constant in-between the plates, correspondingly causes
change in the capacity of the capacitor, and further yields the F/V conversion circuit
signal change which is eventually converted into a voltage signal[7]. The voltage signal is
processed by the signal processing circuit and the switching value is output. The output
protection circuit prevents the circuit damage caused by over current [8].

3.2. Principle design of signal generator circuit and F/V converter circuit. In
order to improve the sensitivity and stability of the sensor, the circuit structure as shown
in Figure 4 is designed.

Figure 4. Rectangular wave generating circuit and F/V conversion circuit diagram
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In the above design, the rectangular wave with stable amplitude and frequency produced
by the generating circuit is used as a source signal which is further divided into two paths:
one passes through the equivalent capacitance C of the induction plate, and the RC phase
shift and inverting circuit; the other firstly goes through the duty cycle control circuit
and a two-stage reverse correction, then its superimposed onto the former path of signal.
If there is no medium interference, the superposed signal will be a constant high electric
level. Otherwise, if the medium is close to or passes by the induction plate, it will produce
a cycled rectangular negative pulse which can be sent to the signal processing circuit.

3.2.1. RC delay circuit design. Figure 5 is a simple RC delay circuit consisting of the
resistance and capacitance.

Figure 5. RC Delay circuit

The delay time is

T = −RClnUi − U0

Ui

(2)

where R is measured in ohm and C in F, Ui stands for the voltage between the series
resistance and capacitance and U0 the output voltage of the capacitor.

Suppose the capacitor C is the induction plate, since the capacitor can be initialized
as some pF in the experiments and for minimizing the frequency of the rectangle wave
signal source, by formula (2) the resistance R should be maximized as possible, e.g. 1M
ohm. However, it should be pointed out that if R is too large, so would the noise be.

Given the input voltage Ui as 5V, the output voltage U0 = V T+ = 2.38V , through the
formula (2), the delay time is about 6.5uS. So the minimal period of self excitation signal
source should be at least satisfying the formula (3).

Tmin ≥ 13uS (3)

3.2.2. Design of rectangular wave generating circuit. Taking low cost into consideration,
two Schmitt Inverters and a simple resistor capacitor are used to constitute a non-
symmetrical multi harmonic oscillator, the output signal waveform of which is stable
and easy to realize, as shown in Figure 6.

Its oscillation frequency is:

f =
1

T
=

1

2.2RFC
(4)

Through the analysis of RC delay circuit, if the T=50uS, RF=100K, by the formula
(4) we have C ≈227pF and the nominal value C=220pF.
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Figure 6. Asymmetric multivibrator /Asymmetric multi harmonic oscillator

3.2.3. Design of F/V conversion circuit. The circuit schematic diagram is shown in Figure
7. R1, C1, U1A, and U1B jointly generate the oscillation output square wave signal of
the multi harmonic oscillator. The output signal is divided into two paths: one passes
through R6, CX delay circuit and U1C phase-inverter; the other goes through U1F and
U1E the two-stage complementary phase reversal. In order to realize the signal isolation,
two paths of signals after flowing through the diode are reversed and superposed to output
high level. R8 and C2 constitute the filter circuit, which is used to filter out a very narrow
interference negative pulse. When there is no change in the dielectric capacitor, a high
level signal is always generated; when the capacitor medium changes, CX increases, one
path of signal is delayed, and the two paths of signal are no longer complementary, the
narrow negative pulse with stable cycle is produced and transmitted to a signal processing
circuit. The resistances R2, R3, R4, R5 and potentiometer RW1 constitute the duty cycle
control circuit, which adjusts the sensitivity of the sensor by adjusting the duty ratio of
the signal.

Figure 7. The square wave generating circuit and F/V conversion circuit

3.2.4. Design of signal processing circuit. When the object is close to the sensor plate
(medium), the output frequency of the F/V circuit is fixed and the negative pulse width
very narrow, which thus cannot be directly output to drive the load [12]. Consequently,
the charging circuit composed of R9 and C3 and the discharge circuit consisting of R10
and C3, RC as well as the shaping circuit have to be used to absorb the narrow pulse, as
shown in Figure 8.

Suppose the initial voltage value of the capacitor isV0, V1 is the eventual voltage value
that can be charged or discharged into the capacitor, Vt the voltage value of time t, the
time constant τ = RC , we can obtain
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Figure 8. The signal for processing circuit

Vt = V0 + (V1 − V0)
(

1 − e−
t
τ

)
(5)

As shown in Figure 8, after phrase-reversed by the inverter U1D, the negative pulse
produced by the F/V conversion circuit becomes periodic rectangle wave with very small
duty cycle and fixed frequency; the rectangular wave charges the capacitor C3 through
a smaller resistor R9, whose charging time constant can be calculated by the following
formula:

τ1 = R9C3 = 1000 × 0.1 × 10−6 = 0.0001 (S) (6)

After charging and before the next periodic pulse, the capacitor C3 discharges through
the resistance R10. Because the discharge time constant is:

τ2 = R10C3 = 106 × 0.1 × 10−6 = 0.1 (S) (7)

Derived from the formula (6) and (7), we have τ1 << τ2 .
So, when inductive medium of the inductive electrode of the sensor changes, the voltage

of the capacitor C3 stays at high level, and low level signal is output. Otherwise, when
there is no medium change and no charging pulse, the voltage remains at low level and
high level signal is produced.

This level, after the three stage inversion of U2C, U2E and U2D, controls Q2NPN
triode

′
s OC gate in Figure 3-9 to turn off.

3.2.5. Design of the output protection circuit. In Figure 9, a 1.5 ohm resistor is connected
to the output triode Q2

′
s emitter. When the output is overcurrent or short-circuited, with

the increase of iE, the pressure drop on the resistance R16 is increased. If the increase is
sufficient to enableQ1

′
s turn-on, the potential of the input end of the inverter U2F will

drop, and the output end output the high level. By clamping the voltage of both ends of
U2D and U2E through the diodes D5 and D6, U2D outputs low level to turn off Q2

′
s OC

gate to fulfill the function of over-current protection. And the voltage regulator diode D9
plays the role of the output side over-voltage protection.

4. The debugging and experiment of the key circuit principle.

4.1. The square wave circuit debugging. In order to make the sensor have a wider
range of sensitivity adjustment, the period of the rectangular wave has to be reduced.
Change the resistance R1 in Figure 7 from 100K to 47K and by formula (4), the oscillation
frequency is as follows:
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Figure 9. The output protection circuit

f =
1

T
≈ 44KHz (8)

Figure 10 shows the measured capacitorC1
′
s charging and discharging waveforms of the

multi harmonic oscillator. Figure 11 gives the output waveform of the multi harmonic os-
cillator, where the amplitude is about 5V, the frequency is 44.2KHz, which are consistent
with the calculated parameters.

Figure 10. Capacitor charg-
ing and discharging waveform

Figure 11. Multi harmonic
oscillator output waveform

4.2. Adjustment of the output signal in the case of medium change between
the induction plates.

4.2.1. The output signal in the case of no medium change in the periphery of the induction
plate. Figure 12 shows the U1C and U1D output observed with a double trace oscilloscope.
When there is no media change surrounding the induction plate, the two paths of signals
are just complementary. Figure 13 presents the waveform superimposed on R8 of the two
signals and the output is high level.

4.2.2. The output signal in the case of medium change in the periphery of the induction
plate. When the induction plate is close to the object and the medium is changed, the
capacitance C1

′
s capacity increases sufficiently to be able to trigger the switch of the fol-

lowing circuit. As can be seen from the Figure 14, when the induction plate is close to the
object, the capacitance is significantly increased, which results in a significant backward
delay in the CH2 waveform, and two paths of signal are no longer fully complementary.
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Figure 12. U1C and U1E
output signal

Figure 13. Superimposed
voltage waveform

Figure 15 shows the waveform of the signal superimposed on R8, and the continuous neg-
ative pulse signal generated which is sufficient to trigger the switch level of the following
circuit.

Figure 14. U1C and U1E
output signal

Figure 15. After the R8
overlay voltage waveform

4.3. F/V conversion circuit and signal processing circuit debugging.

4.3.1. Treatment of very narrow pulse interference. In some special occasions, there may
be a tiny change of the output signals of U1D and U1C, which may produce the burr
interference as shown in Figure 16. In that case, the resistor R9 of the signal processing
circuit in Figure 8 could be adjusted from 1K to 2.2K, so as to effectively attenuate the
burr interference brought by the F / V conversion circuit. Through the R9 attenuation,
as could be seen in Figure 17, the sharp pulses are mostly flattened.

Figure 16. Signal interfer-
ence burr

Figure 17. Burr signal af-
ter attenuation
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4.3.2. Output circuit. The negative pulse in Figure 15, after going through the U1F in-
verter, remains in the same frequency, as shown in figure 18. The periodic sharp pulse
charges capacitor C3 through D3. Due to the high impedance effect of D3 and Q1, C3

′
s

charging and discharging time constants are of huge difference, resulting in voltage at
both ends of the R10 remaining basically unchanged at a high level, which is consistent
with the calculation obtained in section 2.3.4, as shown in Figure 19. As this high level
continues to function at the gate of 2N7000, VGS=5V, OD

′
s gate is on, Dout

′
s output

voltage low, and the indicator light off.

Figure 18. U1D invertin
output spike

Figure 19. Voltage wave-
form on the R10

4.3.3. Design and test of induction electrode. For practical application, the two plates of
the capacitor are turned into 180, as shown in Figure 20. The electric field lines between
the plates are changed from straight ones to arc.

Figure 20. Capacitor plate

Of the two electrode plates of the expanded capacitor, one is connected with the resis-
tance, and the other with the ground. When there is an object coming close to the plane
of the two plates, due to the change of dielectric constant, the capacitance will change [9].
Therefore, the expansion of the capacitor plate will make the induction more convenient
and be more practical [10]. Different shapes of the plates by way of corrosion affect the
electric field distribution between the plates. Some induction plate samples are presented
in Figure 21 and Table 1 presents the experimental records of maximal induction dis-
tances by using the induction plates in figure 5. The outer region of an induction plate is
connected with the resistance R, and the inner with the ground.

The experiments were conducted at the same time, in the same location, and with the
same medium change (water flowing through the plates). As indicated by the experimental
results in Table 1, with the gaps between Plates 1, 2 and 3 enlarged somewhat, the
induction distances become greater too. The larger the areas of the plates, as indicated
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Figure 21. Induction plate samples

Table 1. Induction distance test record table

No 1 2 3 4 5 6 7 8 9
Maximal In-
duction Dis-
tancemm

3.0 11.8 30.2 1.0 5.5 20.1 1.9 19.0 15.8

by Plates 4, 5 and 6 (connected with the resistance R), the greater the measured induction
distances are. The impact of the induction plate shapes as shown by the Plates 1 and 7,
2 and 8, 6 and 9 (round or square) on the induction distance is not obvious. In a word,
it can be concluded that the shape and the size of the plate have greater influence on the
sensitivity of the sensor.

5. Conclusions. The capacitive sensor we design in the paper, in the case of non-contact,
even if a small amount of water flows over or close to the surface of the plate, can be
sensitive to the change of the media, and converted to the corresponding signal output.
The model has the advantage that the shape of the induction plate can be changed at
will and used in various occasions. For example, the induction plate can be made into
a small round plane to detect whether there is any object approaching; it also can be
made into a circular posted on the outside of a pipeline to monitor the flow of liquid
inside; it can also be in strip shape to detect the liquid level. Another advantage is that
the detection distance is adjustable, which means that our design can adapt to a wide
range of operating voltages. However, this kind of sensor also needs to be prevented from
interference, such as an object with a high dielectric constant from any direction when
coming close to the sensor board can trigger the sensor action. To solve the problem, the
feasible approach is to add a shielding to limit the range of induction.
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